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Aspartate transcarbamoylase (ATCase) of Pseudomonas putida 

consists of two different polypeptides, PyrB and PyrC' (Schurr et al, 

1995). The role of the PyrC1 and the assembly of PyrB and PyrC' have 

been studied. The ATCase made in vitro of P.putida PyrB with 

P.putida PyrC', and of E.coli Pyr B with P.putida PyrC' were generated 

under two different conditions, denaturation and renaturation, and 

untreated. It was found that PyrC' plays a role in the enzymatic 

regulation by ATP, CTP and UTP. In addition to playing a role in 

substrate binding, the PyrB polypeptide is also involved in effector 

binding (Kumar et al., manuscript in preparation). The most 

energetically preferred form of the P.putida WT is a dodecamer with 

a molecular mass of 480 kDa. The ratio between the PyrB and the 

PyrC is 1:1. In studies of nucleotide binding, it was discovered that 

the P.putida PyrB was phosphorylated by a protein kinase in the cell 



extract. In the presence of 20 mM EDTA, this phosphorylation was 

inhibited and the inhibition could be overcome by the addition of 

divalent cations such as Zn^+ and Mg2+. This result suggested that 

the phophorylation reaction required divalent cations. In the CAD 

complex of eukaryotes, phosphorylations of the CPSase and the linker 

region between ATCase and DHOase did not occur in the presence of 

UTP and it was hypothesized (Carrey, 1993) that UTP and 

phosphorylation(s) regulated the conformational change in the 

enzyme complex. Therefore, the same idea was approached with 

P.putida ATCase, where it was found that 1.0 mM UTP inhibited the 

phosphorylation of PyrB by more than 50%. These results suggested 

that the regulation of the conformational change of the P.putida 

ATCase might be similar to that of CAD. Furthermore, peptide 

mapping for phosphorylation sites was performed on P.putida 

ATCase WT, WT -11 amino acids and WT -34 amino acids from the N-

terminus of the PyrB polypeptide. The results showed that the 

phosphorylation sites were located on the fragment that contained 

amino acid number-35 to amino acid number-112 from the N-

terminus of the PyrB polypeptide. 
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CHAPTER 1 

ASSEMBLY OF P.putida ASPARTATE TRANSCARBAMOYLASE 

INTRODUCTION 

Deoxyribonucleic acid (DNA) and ribonucleic acid (RNA) are the 

molecules retaining genetic information which is passed to 

subsequent generations. The nucleic acids are arranged into 

nucleotide sequences that are transcribed and translated yielding 

proteins and cell constituents. Pyrimidines and purines are building 

blocks in the DNA and RNA molecules; therefore, the study of 

pyrimidine biosynthesis and regulation is significant. Pyrimidines are 

six-membered, aromatic heterocyclic ring compounds which are 

synthesized by de novo pathway in all organisms and reused from 

DNA and RNA (mostly mRNA which is less stable than other RNA 

molecules) degradation by salvage pathways in most organisms. 

Pyrimidine nucleosides consist of two different molecules: a 

pyrimidine base and a ribose or 2'- deoxyribose, while pyrimidine 

nucleotides contain nucleosides and one or more phosphate groups. 

Besides playing the role as building blocks of nucleic acids, the 



Figure 1. Pyrimidine biosynthetic pathway of Escherichia coli and 

Salmonella typhimurium. The enzymes are indicated by their gene 

symbols: pyrA (carAB) - carbamoylphosphate synthetase; pyrBI -

aspartate transcarbaifloylase; pyrC - dihydroorotase; pyrD -

dihydroorotate dehydrogenase; pyrE - orotate 

phosphoribosyltransferase; pyrF - OMP decarboxylase; pyrG - CTP 

synthetase; pyrH - UMP kinase; ndk - nucleoside diphosphate 

kinase. Adapted from Neuhard & Nygaard, 1987. 
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pyrimidine ring is a component of coenzyme such as acetyl coenzyme 

A (acetyl CoA) and nicotinamide adenine dinucleotide (NAD). These 

coenzymes involve in many metabolic pathways. The pyrimidine 

nucleotides also have functions in the formation of intermediates in 

catabolism and anabolism of carbohydrates. 

In the de novo pathway to uridine 5'- triphosphate (UTP; Fig. 1), 

there are eight enzymatic steps and one more step is required from 

UTP to form another pyrimidine nucleotide, cytidine 5'- triphosphate 

(Fig. 1). It was found (O' Donovan & Neuhard, 1970; Grogan & 

Gunsalus, 1993) that the pyrimidine biosynthetic pathway appears to 

be universal in all organisms. There are three branch pathways 

associated with pyrimidine biosynthesis: arginine pathway (Fig. 1), 

dTTP formation pathway (Fig. 2), and dCTP formation pathway 

(Fig. 2). 

Pyrimidine biosynthetic pathway. 

The pyrimidine biosynthetic pathway consists of nine enzymatic 

steps. First, bicarbonate, glutamine which is the ammonium ion donor 

for this reaction, and two molecules of adenosine 5'- triphosphate 

(ATP) are utilized by carbamoylphosphate synthetase (CPSase). The 

reaction yields one molecule of carbamoylphosphate and one 



Figure 2. Three branch pathways associated with the pyrimidine 

biosynthetic pathway.' The enzymes are indicated by numbers: 1-

ribonucleoside diphosphate reductase; 2 - nucleoside diphosphate 

kinase; 3 - dCTP deaminase; 4 - dUTP pyrophosphatase; 5 -

thymidilate synthase; 6 - dTMP kinase. Adapted from Lehninger 

et al., 1993. 
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molecule of adenosine 5'- diphosphate (ADP) (Anderson & Meister, 

1965; Kalman et al., 1966). Carbamoylphosphate (CP) is a precursor 

molecule for both arginine and pyrimidine biosynthesis (Abdelal et 

al., 1969). In Gram negative bacteria, CPSase consists of two subunits, 

glutaminase and carbamoylphosphate synthetase, this two-subunit 

enzyme synthesizes carbamoylphosphate to satisfy both pathways. 

In lower eukaryotes and Gram positive bacteria {Bacillus), this two-

subunit enzyme synthesizes the product that only satisfies the 

arginine biosynthesis (Van den Hoff et al., 1995). Another CPSase is 

required for pyrimidine biosynthesis. In higher eukaryotes, two 

CPSases are found, CPSasel and CPSasell. The CPSasel synthesizes 

the product to satisfy the arginine pathway while the CPSasell 

synthesizes the product for the pyrimidine pathway (Herve et al., 

1993). 

Second, aspartate transcarbamoylase (ATCase) catalyzes the 

formation of carbamoylaspartate (CAA) by utilizing one molecule of 

CP and one molecule of aspartate. This step is the first committed 

step in the pathway; therefore, the enzyme is intensively studied. 

The ATCase carbamoylates the aspartate molecule yielding CAA and 

inorganic phosphate. The structure and regulation of this enzyme are 

discussed later in this chapter. 



Figure 3. Genetic organization of genes in the pyrimidine pathway 

in some bacteria. Genes encoded for polypeptides that have 

nontranslated bases between them in a polycistronic mRNA are 

connected by a black line. Genes exhibited coupling of translation 
* "*• # 

are drawn by overlapping bars on separate lines. The proteins are 

indicated by their gene symbols: bbc - protein involved in 

feedback inhibition of the ATCase-DHOase complex; pyrAA -

glutaminase; pyrB - aspartate transcarbamoylase; pyrl - ATCase 

regulatory polypeptide; pyrC - dihydroorotase; pyrC' - inactive 

DHOase-like polypeptide; pyrR - regulatory protein; pyrAB -

carbamoylphosphate synthetase; upp - uracil 

phosphoribosyltransferase carA - glutaminase; carB -

carbamoylphosphate synthetase. Genes are not drawn to scale. 

Adapted from: Schurr et al., 1995; Van de Casteele et al., 1994 and 

Van de Casteele et a/., 1997. 
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Third, the CAA molecule is cyclized and one molecule of water is 

released by the activity of the enzyme dihydroorotase (DHOase). The 

product of the reaction is dihydroorotate (DHO). The fourth step 

involves an oxidation reaction of DHO to orotate and the reaction is 

catalyzed by the enzyme dihydroorotate dehydrogenase (DHO 

dehase). In this reaction, NAD+ molecule functions as the hydrogen 

acceptor yielding NADH+H+. 

Next, the first pyrimidine nucleotide, orotidine 5' monophosphate 

(OMP), is formed and a molecule of pyrophosphate is released. This 

fifth step involves transferring of ribose 5' phosphate from the donor 

molecule, 5'-phosphoribosyl-r-pyrophosphate (PRPP). The reaction 

is catalyzed by the enzyme orotate phosphoribosyltransferase 

(OPRTase). The following step is a decarboxylation reaction of the 

OMP molecule by the enzyme OMP decarboxylase (OMPdecase). A 

molecule of uridine 5'-monophosphate (UMP) is produced and a 

molecule of carbon dioxide is released in this reaction. 

UMP is a precusor for the further synthesis of all pyrimidine 

nucleoside triphosphates. In the next step, uridine-5'-diphosphate 

(UDP) is produced by transferring the phosphate group from ATP to 

the UMP molecule. The reaction is carried by the highly specific UMP 

kinase. Then, uridine-5'-triphosphate (UTP) is formed by 
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phosphorylation activity of a non-specific enzyme, nucleside 

diphosphate kinase (NDK), and one ATP molecule is utilized. In the 

last step of the pathway, the UTP molecule is converted to cytidine-

S'-triphosphate (CTP) by the enzyme CTP synthethase which involves 

the transfer of an amino group from glutamine. The reaction of the 

final step is analogous to the reaction of the first step of the pathway 

which is catalyzed by CPSase. 

Genetic organization. 

The genes encoded by the enzymes in pyrimidine biosynthesis . 

pathway are arranged differently in different bacteria. In 

Pseudomonas, these genes are found at different locations on the 

chromosome (Holloway et al., 1990). ATCase of P.putida is encoded 

by pyrB. This protein is catalytically inactive unless a DHOase-like 

polypeptide, which is encoded by an adjacent downstream gene of 

pyrB (Fig.3), assembles to form an active dodecameric ATCase. The 

gene that encodes the DHOase-like protein is designated pyrC' which 

has a four base pair overlap with pyrB (Schurr et al., 1995). A 

separate pyrC , encoding the catalytically active DHOase, is located at 

another location on the chromosome (D.Brichta, personal 

communication). 
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The enzymes involved in pyrimidine nucleotide biosynthesis in 

Bacillus are encoded by six pyr genes (Lerner et al., 1987) which are 

organized into an operon (Quinn et al., 1991). Their gene expression 

is repressed by pyrimidines (Potvin et al., 1975) and tightly 

regulated (Paulus et al., 1982). In the gene cluster, there are six 

cistrons overlapping and these six genes encode the six enzymes in 

the pyrimidine biosynthesis pathway (Turner et al., 1994). 

The mechanism for control of gene expression has been well 

studied in E.coli. The ATCase genes are arranged into an operon 

which is known as pyrBI operon (Fig.3). The operon is regulated by a 

rho-independent attenuator system (Roof et al., 1982). The 

transcriptional termination at the pyrBI attenuator is regulated by 

relative rates of transcription and translation within the leader 

region. When the intracellular level of UTP is low because of 

pyrimidine limitation, RNA polymerase stalls at the transcriptional 

pause site. The pause provides enough time for the ribosome to 

translate and to catch up with the RNA polymerase. When the RNA 

polymerase moves from the pause site, the terminator hairpin 

structure is disrupted by the coupling of the translation of the 

ribosome; therefore, the pyrBI operon is expressed. In contrast, when 

the intracellular level of the UTP is high, RNA polymerase transcribes 
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the leader region with only a brief pause so that the ribosome is 

unable to couple closely with the RNA polymerase. Therefore, the 

terminator hairpin is formed and termination occurs (Landick et al., 

1992). 

The genes for the pyrimidine biosynthetic pathway of some 

microorganisms that live in extreme environments have also been 

studied. Genetic organization of ATCase genes from a psychrophilic 

deep-sea bacterium, Vibrio strain 2693, was studied (Xu et al., 1998). 

The genes are arranged into an operon analogous to the E.coli pyrBl 

and also show strong sequence similarity to that of E.coli. These 

genes encode catalytic and regulatory polypeptides. The holoenzyme 

has different effector response characteristics from the E.coli ATCase 

and the enzyme is inhibited only by CTP. The enzyme has optimum 

temperature for its activity at 30-35°C while the optimum growth 

temperature is at 6°C. 

Pyrococcus abyssi is a deep-sea hyperthermophilic 

archaebacterium with the optimum growth temperature of 96°C. The 

genetic organization of this microorganism is also similar to that of 

the Enterobacteriaceae, with the genes arranged into a pyrBI operon 

which codes for the catalytic and regulatory polypeptides (Fig. 3) 

(Purcarea et al., 1997). The catalytic polypeptide encoding gene has 
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Figure 4. Genetic organization of genes in the pyrimidine 

pathway in eukaryotes. Genes coded for proteins that are 

covalently linked or possessed fused activities are drawn as 

continuous bars. The'Saccharomyces cerevisiae proteins are 

indicated by their genes symbol, ura2, which consists of four 

domains indicated by the number of base pairs from the start of 

the gene: 1-400 - glutaminase domain (GATase); 440-1480 -

carbamoylphosphate synthetase (CPSase); 1490-1819 -

dihydroorotase (DHOase)-like domain;-1907-2212 - aspartate 

transcarbamoylase domain (ATCase). White spaces are interdomain 

linker regions. Genes are not drawn to scale. Adapted from: Herve 

et al., 1993 and Schurr et al., 1995. 
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high similarity in primary sequence to that of E.coli and other enteric 

enzymes. Unlike the pyrB gene, the Pyrococcus abyssi pyrl and E.coli 

pyrl are not highly conserved. The holoenzyme of Pyrococcus 

exhibits the same effector responses as the E.coli holoenzyme at 37°C 

where it is inhibited by only CTP at 90°C (Cunin, 1997). A similar 

genetic arrangement is also found in Sulfolobus solfataricus (Cunin, 

1997). 

Gene arrangement in Thermus strain Z05 has been studied by Van 

de Casteele (Van de Casteele et al., 1997) (Fig. 3). The gene cluster 

consists of pyrR, pyrB, bbc and pyrC. In Thermus, pyrR and pyrB are 

contiguous unlike Bacillus where the genes are separated by a 150-

200 nucleotides intercistronic regions. This Thermus species has an 

optimum growth temperature of 85°C. The amino acid sequence of 

its ATCase has high similarity (50% similarity) to that of 

Pseudomonas. Thermus ATCase is unstable at high temperature 

unless associated with the DHOase and the bbc gene product plays a 

role in feedback inhibition of ATCase. 

In eukaryotes, genes involving the pyrimidine biosynthetic 

pathway are organized into gene clusters which are different in 

lower eukaryotes including yeasts and in higher eukaryotes 

including mammals (Fig. 4). This enzyme complex in eukaryotes is 
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Figure 5. Reaction catalyzed by aspartate transcarbamoylase. 
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Figure 6. Schematic diagram of E.coli ATCase trimer. A bar-

indicate an active site which is shared between two adjacent 

monomers. Adapted from Creighton, 1993. 
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Figure 7. Views of the overall quaternary structure of the three 

classes of bacterial ATCase. 



class A ATCases 

C a t a l y t i c T r i m e r 

22 

45 kDa 

36 k Da 

Class 3 ATCases 

Catalytic Trimax 

Regulatory Diner 

17 kDa 

34 kDa 

Class c ATCases 

C a t a l y t i c T r i n e r 34 kDa 



23 

known as CAD (CPSase-ATCase-DHOase) complex. The genes of 

Saccharomyces cerevisiae have been sequenced and it was found 

that the gene encoding CPSase and ATCase polypeptides (ura2) is 

separated by an intercistronic region, which is homologous to DHOase 

genes but exhibits no DHOase activity (Herve et al., 1993). In 

mammals, the CPSase and ATCase encoding genes are joined by an 

active DHOase encoding gene making up CAD. In addition, 

transcription of the ura2 gene is down-regulated by UTP and during 

pyrimidine starvation, transcription of ural, ura3, ura4 and uralO 

genes is increased three to eight-fold. Pprlp, which is a DNA binding 

protein, is responsible for this increase. It was found that the protein 

binds to approximately 100 to 200 bp upstream of the translational 

start sites of the ura genes (Flynn & Reece, 1999). 

Aspartate transcarbamoylase. 

ATCase is the enzyme that catalyzes the first committed step in 

the de novo pathway of pyrimidines. It transfers the carbamoyl 

group of carbamoylphosphate to the alpha amino group of L-

aspartate to form carbamoylphosphate and a phosphate group is 

released (Fig. 5). As the enzyme catalyzing the first committed step 

in the pathway understanding its structure, regulation, and catalytic 

mechanism is significant. In addition, this knowledge can lead to the 
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Figure 8. Amino acid sequence of Pseudomonas putida PyrB 

polypeptide. Adapted from Schurr et al., 1995. 
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10 20 30 40 50 60 
MTPIDAKRPL QLNDQGQLRH FLSLDGLPRE LLTEILDTAD SFLEVGARAV KKVPLLRGKT 

70 80 90 100 110 120 
VCNVFFENST RTRTTFELAA QRLSADVISL NVSTSSTSKG ETLFDTLRNL EAMAADMFW 

130 140 150 160 170 180 
RHSDSGAAHFIAEHVCPDVA VINGGDGRHA HPTQGMLDML TIRRHKGSFE NLSVAIVGDI 

190 200 210 220 230 240 
LHSRVARSDM LALKALGCPDIRVIGPKTLIPIGIEQYGVK VYTDLREGLK DVDWIMLRL 

250 260 270 280 290 300 
QRERMAGGLL PSEGEFYRLF GLTTARLACA KPDAIVMHPG PINRGVEffiS AVADGKHSVI 

310 320 330 
LNQVTYGIAV RMAVLSMAMS GQNAQRQFDQ ENAQ* 
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Figure 9. Amino acid sequence of P.putida P y r C polypeptide. 

Adapted from Schurr et al., 1995. 
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10 20 30 40 50 60 
MTISILGARV IDPKTGLDQV TDLHLDGGRI AAIGAAPAGF SASRTIQADG WAAPGLVDL 

70 80 90 100 110 120 
GVSLREPGYS RKGNIRSETR AAVAGGVTSL CCPPQTRPVL DTLAVAELIL DRAREAANSK 

130 140 150 160 170 180 
VYPIGALTKG LEGEQLAELV ALRDTGCVAF GNGLKQIPNN RTLARALEYA ATFDLTVVFH 

190 200 210 220 230 240 
SQDRDLAEGG LAHEGAMASFLGLPGIPESA ETVALARNLL LVEQSGVRAH FAQITSARGA 

250 260 270 280 290 300 
QLIAQAQELG LPVTADVALY QLELTDESVR QFSSLYHVQP PLRTAKDRDG LRAAVKSGVI 

310 320 ' 330 340 350 360 
QAISSHHQPH ERDAKLAPFG ATEPGISSVE LLLPLAMTLV QDGLLDLPTL LARLSSGPAA 

370 380 390 400 410 420 
ALRVPAGELK VGGAADLVLF DPQASTVAGE QWSSRGENCP FIGHCLPGAV RYTLVDGHVC 

430 
HGPE* 
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understanding of the evolutionary history of this enzyme. The 

evolutionary relationships of this enzyme have been studied by 

comparing amino acid sequences from various organisms (van den 

Hoff et al., 1995). More than 60 sequences are kn.own at present. 

It was found that the catalytic activity of ATCase is present in a 

trimer of identical subunits (Honzatko et al., 1982; Rosenbusch & 

Weber, 1971; Stevens et al., 1991). Each subunit contains half of an 

active site (Fig. 6); therefore, three active sites reside in a trimer 

which is not regulated per se. Enzyme activity is regulated 

differently in each type of ATCase. 

Bacterial ATCases have been divided into three classes based on 

molecular masses of the holoenzyme, quaternary structure, and 

enzyme kinetics (Wild et al., 1980; Bethell & Jones, 1969) (Fig. 7) 

(Table 1). Class A ATCase is the class that contains the largest ATCase 

including the ATCase from Pseudomonas putida. The molecular mass 

of the enzyme complex is about 480 kDa. The holoenzyme is a 

dodecamer (Bergh & Evans, 1993) which consists of two types of 

polypeptides. The pyrB gene is 1,005 bp long and encodes 334 amino 

acids (Fig. 8) (Schurr et al., 1995). The polypeptide encoded by pyrB 

has the size of 36.4 kDa. The pyrC' gene is 1,275 bp long and encodes 

a polypeptide of 424 amino acids (Fig. 9). The polypeptide encoded 
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by pyrC' has the size of 44.2 kDa (Schurr et al., 1995). This PyrC' is a 

DHOase-like polypeptide with no detectable DHOase activity. 

However PyrC' polypeptides are required for the activity of the 

holoenzyme. The dodecameric enzyme complex contains six subunits 

of PyrB and six subunits of PyrC' (Schurr et al, 1995) and the ratio of 

the two polypeptides is 1:1 (Bergh & Evans, 1993). Kinetics of the 

enzyme has been studied (Bethell & Jones, 1969; Neumann & Jones, 

1964; Linscott, 1996) and it is found that the class A enzyme exhibits 

Michaelis-Menten kinetics. The enzyme is inhibited by nucleotide 

triphosphate (ATP, CTP and UTP) which are competitive with 

carbamoylphosphate and noncompetitive with aspartate. The role of 

PyrC' is still unknown. 

It was expected that the PyrC' functioned as a source of nucleotide 

binding sites but Bergh & Evans, 1993 and Schurr et al., 1995 

showed that the nucleotide binding sites were located on the PyrB 

polypeptides. Therefore, the role of the PyrC' remained unknown 

and a goal of this research was to study the possible role of the PyrC' 

of P.putida. Similar enzyme characteristics have also been found in 

P.fluorescens and P.syringae (Shepherdson & McPhail, 1993). 

Class B ATCase is the most thoroughly studied amoung the three 

classes. The best representative of class B ATCase is E.coli ATCase 
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which also is used as a model in the study of allosteric enzymes 

(Creighton, 1993). There are two forms of the enzyme that have 

activity, trimers and dodecamers (Foltermann et al., 1979; Wild et al., 

1980). The dodecameric form, which is the holoenzyme, has the 

molecular mass of 300 kDa (Fig. 7). The trimeric form, which is 

obtained by mercuric ion treatment of the holoenzyme, has the 

molecular mass of 100 kDa (Blackburn & Schachman, 1977; 

Foltermann et al., 1984; Subramani & Schachman, 1981). The 

holoenzyme consists of two types of polypeptide chains, catalytic 

polypeptides encoded by pyrB and regulatory polypeptides encoded 

by pyrl. The catalytic polypeptide has a molecular mass of 34 kDa 

and the regulatory polypeptide has a molecular mass of 17 kDa 

(Kantrowitz & Lipscomb, 1988). The dodecameric enzyme, which 

consists of two catalytic trimers and three regulatory dimers, 

exhibits sigmoidal kinetics while the catalytic trimer exhibits 

Michaelis-Menten kinetics when velocity versus substrate plots are 

made. The holoenzyme is activated by ATP and inhibited by CTP and 

UTP. These effectors allosterically affect the enzyme and these 

allosteric effects involve only the KM of the enzyme (Creighton, 

1993). The trimeric form of the enzyme, which lacks the regulatory 
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Figure 10. A view of the quaternary structure of the T-state of 

E.coli ATCase, available on the Internet at http://pdb.pdb.bnl.gov. 

http://pdb.pdb.bnl.gov
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Figure 11. A view of the quaternary structure of the R-state of 

E.coli ATCase, available on the Internet at http://pdb.pdb.bnl.gov. 

http://pdb.pdb.bnl.gov


35 



36 

polypeptides, has no effector response (Yang & Schachman, 1980; 

Roland et al, 1985; Wild et al, 1989). 

The three-dimensional structure and X-ray crystallography of the 

E.coli ATCase has been successfully studied (Gouaux & Lipscomb, 

1988). The crystal structures show that there are two domains on 

each catalytic polypeptide and two on each regulatory polypeptide. 

Each domain of the catalytic polypeptide chain binds one of the two 

substrates. One domain of the regulatory polypeptide functions as a 

Zn^+ binding domain and the other is the allosteric effector binding 

site. The Zn^+ binding domain, which is approximately 70 amino 

acids in size (Zhou & Schachman, 1993), is critical in linking the 

allosteric domain to the catalytic polypeptide chain. The allosteric 

effect of the E.coli ATCase follows the concerted model of Monod, 

Wyman and Changeux (Monod et al., 1965). The enzyme exists in two 

states, T-state (Fig. 10) and R-state (Fig. 11). The T-state is the 

unliganded enzyme which has low-affinity to the substrates. The R-

state is the state of the enzyme after the binding of the substrate 

molecules which leads to a change in quaternary structure 

(Creighton, 1993) of the enzyme. 

In addition, it was reported that the ATCase catalytic trimers could 

be cleaved by chymotrypsin into shorter fragments which could then 



37 

be reconstituted in high yield to reform trimers. These associated 

and reconstituted catalytic trimers can be associated with the 

regulatory polypeptides to form the holoenzyme which exists in R-

state (Powers et al., 1993; Yang et al., 1993). 

A number of ATCase enzymes from different members of the 

Enterobacteriaceae has been studied and classified into the class B 

ATCase where there are differences in the enzymatic regulation 

compared to that of E.coli ATCase. For example, 20 strains of Yersinia 

enterocolitica and Yersinia enterocolitica-like bacteria were tested 

for effector responses of the ATCase. It was found that the effector 

response properties can be divided into three categories, the first 

group with no effector response, the second group with activation by 

ATP and CTP, and the third group with the activation by ATP and 

inhibition by CTP and UTP (Foltermann et al., 1981). Salmonella 

typhimurium ATCase like that of E.coli shows activation by ATP and 

inhibition by CTP while the ATCase of Aeromonas hydrophila, 

Enterobacter liquefaciens, and Serratia marcescens shows activation 

by ATP and CTP (Wild et al., 1980). These organisms of the 

Enterobacteriaceae show differences in the effector response pattern 

while the molecular mass of these enzymes is similar. 
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The class C ATCases have the molecular mass of 100 kDa, the 

smallest size amoung all three classes. The enzymatic activity is not 

regulated by nucleotide triphosphate and the enzyme exhibits typical 

Michaelis-Menten kinetics for both of its substrates (Baker et al., 

1995). ATCase from Bacillus subtilis typifies this class. The 

holoenzyme is active as a trimer which consists of three 33.5 kDa 

polypeptide chains (Fig. 7) (Brabson & Switzer, 1975). Some Gram-

positive and Gram negative bacteria also have class C ATCases. For 

example, not only Streptococcus faecalis (Chang et al., 1974) and 

Staphylococcus epidermidis (Kenny et al., 1996), which are Gram-

positive bacteria, but also Stenotrophomonas maltophilia, 

Xanthomonas campestris, and Lysobacter enzymogenes (Kenny et al., 

1996), which are Gram-negative bacteria, were found to have class C 

ATCase. 

Some bacteria that reside in extreme environments produce 

ATCase that have unusual proproties. A deep-sea psychrophile, 

Vibrio strain 2693, has ATCase with its maximum activity between 

30-35°C while the optimum growth temperature of the organism is 

6°C. The enzyme is categorized in class B due to the molecular mass 

of 320 kDa. Difference in enzyme regulation from that of E.coli 

ATCase regulation was observed. The ATCase is inhibited only by CTP 
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(Xu et al., 1998). Some thermophilic ATCases have also been studied. 

The ATCase from Thermotoga maritima has the size of 363 kDa, and 

the catalytic and the regulatory domains are associated in one 

polypeptide chain. Its activity is inhibited by UTP and CTP, and 

activated by ATP (Van de Casteele et al., 1994; Cunin, 1997). 

Thermus aquaticus produces two types of the ATCase enzymes, one 

of about the same size as the E.coli trimers or Bacillus holoenzyme 

(100 kDa) and the other like the holoenzyme of Pseudomonas at 480 

kDa. The holoenzyme contains both ATCase and DHOase activity and 

the ATCase activity is inhibited by UTP. A deep-sea 

hyperthermophilic archaeon, Pyrococcus abyssi has been studied and 

its ATCase has the molecular weight of 310,000 (Purcarea et al., 

1994; Cunin, 1997). The ATCase from P.abyssi exhibits the same 

regulatory pattern as the E.coli ATCase at 37°C while at 90°C, its 

activity is inhibited by CTP only. Sulfolobus solfataricus ATCase also 

presents very strong similarity to E.coli ATCase based on size but its 

regulation pattern is different. The enzyme is activated by all three 

nucleotide triphosphates (Cunin, 1997). 

In fungi and animals pyrimidine biosynthetic enzymes, at least two 

of the first three enzymes in the pathway are covalently joined to 

form multifunctional enzyme complexes. In most of the higher 
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Figure 12. A model of the domain structure of CAD. The 

enzymatic domains are indicated by the abbreviations: ATCase -

aspartate transcarbamoylase domain; DHOase - dihydroorotase 

domain; GLN - glutaminase domain; CPSase - carbamoylphosphate 

synthetase domain. Adapted from Carrey, 1993. 
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eukaryotes, the 240 kDa multienzyme polypeptide CAD contains 

three enzymatic activities, CPSasell, ATCase, and DHOase activities 

(Kelly et al, 1986; Hemmens & Carrey, 1995). The DHOase domain is 

located between the CPSase and ATCase domains. The same domain 

arrangement is also found in Drosophila, Dictyostelium, hamsters and 

human. In yeast, Saccharomyces, ura2 gene product has a molecular 

mass of 245 kDa (Souciet et al., 1989) containing CPSase and ATCase 

activities and an inactive DHOase between CPSase and ATCase. The 

DHOase activity encoded by ura4 is found as a monofunctional 

DHOase (Hemmens & Carrey, 1995). The second step of the pathway 

catalyzed by the ATCase component of CAD is not under allosteric 

control. Instead, the CPSase is allosterically regulated by UTP 

(inhibited) and PRPP (activated) (Evans et al., 1993). The CAD 

polypeptide spontaneously associates into trimers and hexamers 

(Coleman et al., 1977) (Fig. 12). An association around the ATCase 

domain establishes trimers while dimeric interaction between 

DHOase domains of adjacent trimers create hexamers (Davidson et al., 

1993; Carrey, 1993). It was suggested that the multi-domain 

structure was established for the advantage of substrate channelling 

(Lue & Kaplan, 1970). This structure may be suitable to facilitate 

diffusion of the labile substrates between active sites that are close 
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together in space (Carrey, 1993). This same channelling system has 

also been reported in the yeast enzyme (Penverne & Herve, 1983). 

In plants, the enzymes involved in the pyrimidine biosynthetic 

pathway have not been characterized to the same extent. There was 

a discovery of the wheat germ ATCase by Yon et al (Yon et al., 1982). 

It was shown that the ATCase is a trimer with neither CPSase nor 

DHOase association. Each monomer is a 36 kDa polypeptide chain 

(Bartlett et al., 1994). The enzyme activity is inhibited by ATP, CTP 

and UTP with the greatest inhibition by UMP (Achar et al., 1974). 

Rabbit antisera were raised against the purified enzyme and the 

results showed a dominant immunopositive band at 36 kDa and 

weak immunopositive bands at 45 and 55 kDa. Therefore, the 45 and 

55 kDa bands are structurally related to the 36 kDa polypeptides and 

these 45 and 55 kDa polypeptides could be precursor proteins of 

ATCase polypeptides. All the enzymatic activities in the pyrimidine 

de novo pathway except DHOdehase were found to be located in the 

chloroplast while the proteins are possibly synthesized on cytosolic 

ribosomes (Bartlett et al., 1994). Effector responses of some 

organisms are summarized in Table 2. 
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METHODS 

Competent cells preparation. 

In order to construct transformants, competent cells of E.coli TB2 

and EK 1104, which are pyrBI ~ strains, were prepared according to 

the method of Dagert and Ehrich (Dagert and Ehrich, 1970). The 

competent cells were used as the host cells containing transformed 

plasmids. A single colony of the bacteria was used to inoculate 50 ml 

of Luria-Bertani (LB) broth (0.5 g of tryptone, 0.25 g of yeast extract 

and 0.25 sodium chloride in 50 ml distilled water). The bacterial 

culture was grown on a shaker at 200 rpm, 37°C until the optical 

density at 650 nm reached 0.2. The culture was chilled for 10 min on 

ice followed by harvesting the cells by centrifugation at 1500xg for 

30 min at 4°C (Sorvall Instrument, RT6000B refrigerated centrifuge). 

The cell pellet was resuspended in 20 ml ice cold 0.1M CaCl2, and the 

cell suspension was incubated on an ice-water slurry (0°C) for 20-25 

min. The cells were harvested by centrifugation under the same 

conditions. Then the pellet was resuspended in 500 ^1 of 0.1 M CaCl2 

and it was kept on ice-water slurry for 24 h. An aliquot of 100 |il of 

d s 
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the competent cells was mixed with 3-5 ng of plasmid DNA. The 

procedure for the transformation is described in the next section. 

Construction of transformants. 

Transformants containing plasmids, pMJS29, pKDIO, pCD2, pBJR28 

and pLS300 were constructed. The plasmid, pMJS29, contained 

P.putida pyrBC. The plasmid, pKDIO, contained P.putida pyrB and the 

plasmid, pCD2, contained P.putida pyrC'. The plasmid, pBJR28, 

contained E.coli pyrB and the plasmid, pLS300, contained Bacillus sp. 

pyrBC (Fig. 13). The plasmids were transformed into competent cells 

according to the method of Dagert and Ehrich (Dagert and Ehrich, 

1979). All the plasmids were transferred separately into the 

competent cells. A mixture of 100 |ll1 of competent cells and 3-5 ng of 

plasmid DNA was placed on an ice-water slurry for 20 min and then 

incubated at 42°C for 2 min. The mixture was transferred to 2 ml of 

LB broth and then incubated at 37°C for 1 h with shaking at 200 

rpm. Appropriate dilutions of the culture were plated onto selective 

medium containing LB broth and ampicillin at 100 ngml"1. The 

bacterial cells that contained the plasmids were selected on the LB 

medium containing ampicillin at 100 jig ml"1. Some transformant 
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Figure 13. Schematic illustrations of the plasmids used in the 

transformations: pMJS29 contained P.putida pyrBC'; pKDIO 

contained P.putida pyrB; pCD2 contained P.putida pyrC'pBJR28 

contained E.coli pyrB and pLS300 contained Bacillus pyrBC. 

Adapted from Kumar (manuscript in preparation) and Lerner et 

al., 1987. 
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colonies were picked and grown in 5 ml LB broth (8 g of tryptone, 5 

g of yeast extract, and 5 g of sodium chloride in 1 liter) plus 

ampicillin at 100 jig ml"1 at 37°C. Then rapid plasmid preparations 

were carried out as appropriate (Zhou et al, 1990). 

Rapid plasmid preparations. 

The culture was grown overnight under the conditions described 

above, and then 1.5 ml of the culture was harvested in a microfuge 

tube by centrifugation at 15,000xg for 30 s (Savant, High speed 

centrifuge). The supernatant was discarded leaving about 50 (il of the 

supernate with the cell pellet. The cell pellet was resuspended in 300 

j L i l of TENS buffer. The buffer contained 3.875 ml of TE buffer (1.08 g 

of Tris and 400 ^1 of 0.5 M EDTA in 100 ml ddH20), 1.0 ml of 0.5 M 

NaOH and 125 |il of 20%SDS (sodium dodecyl sulfate). The mixture 

was vigorously mixed on a vortexer until it became sticky. The 

mixture should be placed on ice if the time before proceeding to the 

next step was more than 10 min. To precipitate cell debris and 

chromosomal DNA, 150 (il of 3.0 M of sodium acetate pH 5.2 was 

added to the mixture and mixed on a vortexer for 2-5 s. The cell 

debris and the chromosomal DNA were removed by centrifugation at 

15,000xg for 2 min. The supernatant was transferred to a fresh 
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microfuge tube and 900 nl of 100% ethanol at -20°C was mixed to 

the supernatant. Plasmid DNA and RNA pellet was obtained by 

centrifugation at 15,000xg at 4°C for 2 min. The pellet was rinsed 

twice with 70% ethanol and dried under vacuum for 5 min. Then it 

was resuspended in 20-40 jil of TE buffer. 

Next plasmid DNA preparations were treated with RNAase at 62° C 

for 10 min to remove RNA in the preparations. Then, the plasmid 

DNA was cut with restriction enzymes in order to determine if the 

plasmids contained the DNA fragment. 

Restriction digest of the plasmid DNAs. 

To determine the existence of the plasmids pMJS29 or pKDIO in the 

transformants, restriction mixtures were prepared in the following 

order in two sterile microfuge tubes; tubel contained 3 JLLI of plasmid 

DNA, 2 (j.1 oflOx EcoRl buffer and 15 |il of sterile distilled water, 

tube2 contained 1.5 |i.l of EcoRl, 2 p.1 of Hindlll, 1.5 |il of lOx EcoRl 

buffer, and 10 (il of sterile distilled water. Then 2 fxl of the mixture in 

tube 2 was mixed with tubel mixture and the reaction was 

incubated at 37°C for 1 1/2 h. 
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For determination of the existence of the plasmids pCD2, the 

restriction mixtures were prepared in the following order in two 

sterile microfuge tubes; tube 1 contained 3 (j.1 of plasmid DNA, 2 |xl of 

lOx EcoRl buffer and 15 (xl of sterile distilled water, tube 2 contained 

1.5 |jl of Eco^l, 1 nl of lOx EcoRI buffer and 7.5 p,l of sterile distilled 

water. Then 2 fil of the enzyme mixture was mixed with the mixture 

in tube 1 and the reaction mixture was incubated at 37° C for 1 1/2 

h. 

The restriction mixtures for digestion of pBJR28 were prepared in 

the following order in two sterile microfuge tubes; tube 1 contained 3 

|JL1 of plasmid DNA, 2 .̂1 of lOx NEB 2 buffer and 15 jil of sterile 

distilled water, tube 2 contained 1.5 jil of BamHl, 2 |xl of Pstl, 1.5 nl 

of lOx NEB 2 buffer and 10 p<l of sterile distilled water. Then 2 jxl of 

the restriction enzyme mixture was mixed with the DNA mixture and 

the reaction mixture was incubated at 37°C for 1 1/2 h. 

The restriction mixtures for digestion of pLS300 were prepared in 

the following order in two microfuge tubes; tube 1 contained 3 .̂1 of 

plasmid DNA, 2 jul of lOx NEB 2 buffer and 15 fxl of sterile distilled 

water, tube 2 contained 2 fil of Hindlll, 2 nl of lOx NEB 2 buffer and 
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16 (xl of sterile distilled water. Then 2 jxl of the restriction mixture 

was mixed with the DNA mixture and the reaction mixture was 

incubated at 37°C for 1 1/2 h. 

The reaction was stopped by addition of 5x agarose gel 

electrophoresis loading buffer containing 25% (v/v) glycerol, 0.5% 

(w/v) SDS, 0.1% (w/v) bromophenol blue, 0.1% (w/v) xylene cyanol 

and 50 mM EDTA (ethylenediaminetetraacetic acid). The reaction 

mixtures were analyzed by running on an agarose gel (1 g of agarose, 

2 jil of 10 mg ml"1 ethidium bromide stock solution in 100 ml of TBE 

buffer). The stock solution of 5xTBE buffer, which also used as 

electrophoresis buffer, contained 54 g of Tris, 27.5 g of boric acid and 

20 ml of 0.5 M EDTA, pH8.0 in 1000 ml ddH20 (Maniatis, et al, 1982). 

The gel was run at 40 V for 2 h. The digested fragments were 

observed under UV radiation. 

Media and growth conditions. 

All transformants were grown aerobically in 3 liters of LB broth in 

the presence of ampicillin at 100 jxg ml"1, and shaken at 37°C, 200 

rpm. The culture was grown to early stationary phase. The optical 

density at 600 nm was equal to 1.0. 
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Harvesting bacterial cultures. 

The bacterial culture was harvested by centrifugation at 10,000xg, 

4°C for 15 min using GSA rotor (Sorvall instrument, RC5C). The 

centrifugation were done by using 250 ml sterile centrifuge tubes. 

The weight of empty centrifuge tubes were recorded before 

centrifugation. The centrifuge tube contained the cell pellet was 

weighed and the wet weight of the pellet was calculated. This is 

significant in calculation of the amount of protein in purification 

steps. At 600 nm, the optical density of 1.0 would give about . 10-12 g 

wet weight of the cell pellet. 

Preparation of cell extracts. 

After the cells were harvested, 10-12 g of the cell pellet were 

resuspended in 10 ml of ATCase buffer. The buffer contained 10 mM 

Tris (pH 8.0), 20 mM EDTA, 20 mM ZnS04 and 0.5 mM beta-

mercaptoethanol. The cell suspension was transferred from a 

centrifuge tubes to a conical tube. The cells were sonicated using a 

Branson sonifier cell disruptor No.200, in continous mode, level 3 

output for total of 15 min at 5 min intervals. While the cell 

suspension was sonicated, the sample was kept in an ice-water 



54 

slurry to control the heating of the sample. The sonicated sample was 

transferred to a centrifuge tube for SA600 rotor. Then the cell debris 

was separated by centrifugation at 15,000xg, 4°C for 30 min (Sorvall 

Instrument, RC5C). The supernatant was obtained and kept at 4°C for 

further studies. 

Aspartate transcarbamoylase assay. 

ATCase activity was determined by measuring the amount of 

carbamoylaspartate (CAA) that was produced by the enzyme within 

20 min at 30°C. Assays were performed according to the method of 

Gerhart & Pardee (Gerhart & Pardee, 1962) with modifications using 

the color development procedure of Prescott & Jones (Prescott & 

Jones, 1969). Aspartate was added to start the enzyme reaction. 

Besides measuring the amount of CAA, the assays were done in 

order to determine the KM for aspartate (KMasp) and for 

carbamoylphosphate (KMcp). For KMasp determination, the assay tubes 

contained the following reagents in a final volume of 1 ml: 0.2 mM to 

5 mM potassium aspartate, protein sample, 100 JJ,1 of 50 mM 

dilithium carbamoylphosphate, 40 |xl of tri-buffer (Ellis & Morrison, 

1982); stock solution contains 0.051 M diethanolamine, 0.051 mM N-

ethylmorpholine, and 0.1 M MES adjusted to pH 9.5 and ddH20 to 
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volume. The optimal pH for the assay was first studied in the pH 

range of 6.5-10.0, and subsequent assays were done at the optimal 

pH. For K M C P determination, the assay tubes contained the following 

reagents in a final volume of 1 ml: 0.2 mM to 1 mM dilithium 

carbamoylphosphate, protein sample, 50 (xl of 200 mM potassium 

aspartate, 40 |il of tri-buffer pH 9.5, and ddH20 to volume. In the 

determination of K M a s p and Kjvicp> effector responses were examined 

by the addition of 1 mM final concentration of ATP, CTP and UTP to 

the assay tubes. 

To determine the amount of ATCase in protein samples, the assays 

were done at saturated aspartate and carbamoylphosphate 

concentrations. The reagents were added to the assay tubes in this 

order: 40 |j.l of tri-buffer, protein sample, 100 îl of 50 mM 

carbamoylphosphate (5 mM final concentration of 

carbamoylphosphate), ddH20 to the volume of 1 ml, and the reaction 

was initiated by addition of 50 JLLI of 200 mM aspartate (10 mM final 

concentration of aspartate). If the effector response were tested, the 

effector was added after this step. The reaction mix was incubated at 

30°C for 20 min. Then 1 ml of the color mix was pipetted into the 

reaction tubes. The color mix contained two parts of antipyrine 5 mg 
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ml"1 in 50% (v/v) of sulfuric acid and one part of 2,3-butanedione 

monoxime 8 mg ml"1 in 5% (v/v) acetic acid. The tubes were 

incubated in a 65° C water bath with exposure to light and they were 

capped by marbles to limit evaporation. The incubation period was 1 

to 1 1/2 h, the absorbance was read in a Perkin-Elmer Lambda 3A 

UV/VIS spectrophotometer at 466 nm. Two controls were used each 

assay, a positive control and a negative control. The positive control, 

which contained CAA, tri-buffer, ddH20, and color mix, was prepared 

to show that the assay condition was corrected. The negative control 

was used as blank for all the reading, the tubes contained all 

reagents except protein. 

The CAA concentration was determined by using CAA standard 

curve (Fig. 18). The standard curve was prepared by using known 

concentrations of CAA varying from 50 to 500 (imol, the reaction mix 

was the same as the standard assay including color development 

conditions. 

The specific activity of the enzyme (Y-axis) versus the 

concentration of aspartate or carbamoylphosphate (X-axis) was 

plotted to generate the kinetic curves. The KMasp and K M C P are the 
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concentrations of aspartate and carbamoylphosphate, respectively, 

where the reaction velocity is half of the maximum. 

To determine the ATCase activity of the protein hybrids in the 

study of P.putida ATCase assembly, the protein hybrids were 

prepared as described above and the ATCase activity of these 

proteins was determined by varying the aspartate concentration in 

the presence or absence of effectors. 

Protein concentration determination. 

Protein concentration in a sample can be measured in various 

ways, and each way has advantages and disadvantages. The method 

that was chosen to determine the protein concentrations was the 

method of Lowry et al (Lowry et al, 1951). A standard curve was 

generated by using BSA ranging from 0 ng to 100 ng. There were 11 

tubes of the BSA in 10 jxg increments as follows: the 0 |xg tube 

contained 200 fil ddH20, the 10 ng tube contained 10 p,l of 0.1%BSA 

(0.1% BSA in a 1 ml vial from Pierce (Pierce, Rockford, IL) in 190 (u.1 

ddH20, the rest of the tubes were set up accordingly. 

To assay the samples, appropriate volumes of the samples were 

used or appropriate dilutions were made when necessary, the ddH20 

was added to the volume of 200 jul. 
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To the standard and sample tubes, 800 jn.1 of alkaline copper 

reagent, which contained 0.5 ml of 2% sodium-potassium tartrate and 

0.5 ml of 1% copper sulfate in 49 ml of 2% sodium carbonate in 0.1 N 

sodium hydroxide, were added. Tubes were allowed to stand at room 

temperature for 10 min. Folin Ciocalteau (Lowry, et al., 1951) reagent 

was diluted 1:1 with ddH20 to yield 1 N of the reagent. The reagent 

was added to the tubes while mixing on a vortex mixer. The tubes 

were allowed to stand at room temperature for 30 min. The 

absorbance at 660 nm was read after the incubation. The BSA 

concentration (X-axis) and the A660 (Y-axis) were plotted to 

generate a standard curve. The amount of protein in the unknown 

samples was determined by using the standard curve (Fig. 14). 

Purification strategies. 

Three purification steps were utilized to purify P.putida ATCase 

from pMJS29, E.coli PyrB polypeptides from pBJR28, P.putida PyrB 

from pKDIO and P.putida PyrC' from pCD2. These steps are: 

streptomycin sulfate precipitation, ammonium sulfate fractionation, 

and Sephacryl S-300 gel filtration. These three steps were performed 

at 40C. 
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Streptomycin sulfate precipitation. 

A 10% (w/v) streptomycin sulfate solution, which was made by 

mixing 0.2 g of streptomycin sulfate with 2 ml of 10 mM phosphate 

buffer pH 7.5, was added to 10 ml of cell extract (Adair & Jones, 

1972). The final concentration of streptomycin sulfate in the solution 

was 2%. After slowly adding the streptomycin sulfate, the mixture 

was stirred for 2-3 h at 4°C. The precipitate was removed by 

centrifugation for 30 min at 15,000xg at 4°C. The supernatant was 

pipetted with Pasteur pipette to a dialysis tube. The dialysis tubes, 

were prepared according to the method of Maniatis (Maniatis et al., 

1982). The tubing was cut into pieces of 10-20 cm in length. The 

tubes were boiled for 10 min in a large volume of solution containing 

2% (w/v) sodium bicarbonate and 1 mM EDTA, and then rinsed 

throughly in deionized water. The dialysis tubes were boiled in 1 mM 

EDTA for 10 min, allowed to cool and stored in 50% ethanol at 5°C. 

The dialysis was done overnight against 2 liters of ATCase buffer. 

White precipitates were visualized after dialysis, the precipitates 

were removed by centrifugation under the same conditions as above. 

The supernatant was measured before the next purification step. 
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Ammonium-sulfate fractionations. 

Ammonium sulfate fractionation is a widely used technique for 

precipitating proteins, due to the effectiveness and the high 

solubility in water of the reagent. The addition of high salt 

concentration tends to decrease the solubility of globular proteins. 

This effect is known as salting-out effect which depends on the 

nature of the salt following the Hofmeister series. Interactions 

between protein molecules in water are described by Debye-Huckel 

theory (Creighton, 1993). 

Determination of the correct percent of ammonium sulfate 

saturation is significant in precipitation of the desired protein by 

ammonium sulfate fractionation. The differences in percentage of 

ammonium sulfate saturation depend on the sample source. To 

determine the correct percent fractionation, a sample was 

fractionated in 5% (w/v) ammonium sulfate saturation increments 

starting at 10% saturation at 4°C. At each step, the pellet was 

resuspended in 500 ^1 of ATCase buffer, while 500 |il of the 

supernatant was saved in a sterile microfuge tube. The pellet and the 

supernatant samples from each step were analyzed for ATCase 

activity. Therefore, the maximum ATCase activity for each sample 
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from streptomycin sulfate supernatants was determined. The 

percentage that yielded the maximum ATCase activity was between 

30% and 45% ammonium sulfate saturation at 4°C for pMJS29 

( Schurr, 1992) and pBJR28, between 40% and 50% ammonium 

sulfate saturation at 4°C for pKDIO and pCD2. It was critical to know 

that neither P.putida PyrB from pKDIO nor P.putida PyrC' from pCD2 

had detectable enzymatic activity unless the two polypeptides were 

assembled. Therefore, the maximum ATCase activity that had to be 

determined for the purification purpose for these two polypeptides 

could be measured by mixing the two polypeptide samples at each 

step of purification. 

In the purification step after streptomycin sulfate precipitation for 

pMJS29 and pBJR28, the 30% ammonium sulfate cut was made by 

slowly adding ammonium sulfate to the streptomycin sulfate 

supernatant until reaching the 30% saturation. The sample was 

stirred slowly and allowed to equilibrate at 4°C for 1 h. Supernatant 

was obtained by centrifugation at 15,000xg at 4°C for 30 min. Then 

it was transferred to a sterile conical tube and the volume was 

measured in order to calculate the amount of ammonium sulfate 
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added in the next saturation percentage. ATCase activity and protein 

concentration of the supernatant and precipitate were measured. 

The 45% ammonium sulfate cut was made by slowly adding 

ammonium sulfate to the 30% ammonium sulfate-cut-supernatant 

until reaching the 45% saturation. The sample was stirred and 

allowed to equilibrate at 4°C for 1 h. The precipitate was obtained by 

centrifugation at 15,000xg at 4°C for 30 min. The pellet was 

resuspended in 1 ml of ATCase buffer and stored at 4°C until the 

next purification step. ATCase activity and protein concentration 

were measured to be certained that the fraction with high ATCase 

activity was obtained, the 45% ammonium sulfate precipitated 

solution was dialyzed overnight against 2 liters of ATCase buffer at 

4«C. 

In the ammonium sulfate fractionations for pKDIO and pCD2, the 

40% and 50% cuts were made following the same conditions as of 

pMJS29 and pBJR28. In addition, the two polypeptide samples had to 

be mixed to reconstitute the ATCase holoenzyme for detectable 

activity during the purification as mentioned above. 
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Sephacryl S-300 HR column chromatography. 

A 1.5 cm x 70 cm prepacked Sephacryl S-300 HR Bio-Rad column 

was used as a gel filtration column which separates proteins based 

on size. This column can be used to separate proteins in the range of 

10 kDa to 1500 kDa. The experiments were performed at 4°C. A 

blank run was performed every time before using the column. 

After dialysis, the 45% or 50% ammonium sulfate precipitated 

solution was loaded onto the column. The volume of the sample 

should not exceed 1% of the total volume of the column in order to 

obtain the best performance of the column. The ATCase buffer was 

degassed before using as a running buffer. The column was 

connected to a peristaltic pump which was run at the speed of 1 ml 

min"1. The fractions were collected after the void volume. Eighty 

fractions were collected and the fraction size was 2.5 ml. The 

fractions were analyzed for the ATCase activity and then the 

maximal ATCase contained fractions were pooled. The ATCase 

activity and the protein concentration were determined before 

proceeding to the next purification step. 

The gel filtration column was calibrated by loading a set of known 

molecular mass proteins onto the column thereby generating a 

standard curve. The void volume (Vo) of the column, which is the 



64 

volume outside the particles, could be determined by introducing 

large molecules, Blue Dextran, to the column. The elution volumes 

(Ve) of the column were determined by passing known sizes protein 

samples, E.coli ATCase trimers, E.coli ATCase holoenzyme, and 

P.putida ATCase, through the column. The logarithm of the molecular 

mass of the known proteins was plotted on the X-axis, while the 

eluted volume values were plotted on the Y-axis (Creighton, 1993). 

The standard curve was established and the column was calibrated 

(Fig.15). 

Concentration of size-exclusion fractions. 

After size exclusion chromatography, the sample was concentrated 

by using a Centriprep-30 concentrator (Amicon, Inc., Beverly, MA). 

The concentrator was centrifuged at 1500xg for 30 min at 4°C. The 

sample volume was checked and the centrifugation was repeated 

under the same conditions until the appropriate working volume was 

obtained, approximately 1.5 ml. The concentrated sample was 

assayed for the ATCase activity and the protein concentration. 

Denaturation of the protein samples. 

According to the method of Burns and Schachman (Burns and 

Schachman, 1982), E.coli ATCase trimers were treated with 1.25 M 

NaSCN and inactive monomers were obtained. Therefore, the method 
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was developed to use with P.putida ATCase to denature the 

dodecameric enzyme complex. A 5.4 M NaSCN stock solution was 

made. The final concentration of 1.25 M of the denaturant was used 

with the reaction being carried out at room temperature for 40 min. 

Renaturation of the protein samples. 

Also according to the method of Burns and Schachman (Burns and 

Schachman, 1982; Rainer & Rainer, 1986), the inactive E.coli 

monomers were able to combine reversibly to form dimers and 

trimers by diluting the denaturation mixture 20-fold. The same 

scheme was followed in the renaturation of P.putida ATCase. The 

buffer that was used to dilute the denaturing agent was 0.1 M Tris-

HC1 pH 7.0 containing 1.21 g of Tris, adjusted pH to 7.0 and added 

ddH20 to 100 ml. The renaturing process was initiated by a 20-fold 

dilution of the denaturing agent and the mixture was incubated at 

room temperature. Then the mixture was concentrated to the 

working volume, approximately 20 jxl, by Microconcentrator-30 

(Amicon, Beverly, MA). The reassociated process was stopped at 

different time periods by addition of 2x nondenaturing 

polyacrylamide gel electrophoresis buffer or 2x SDS polyacrylamide 



66 

gel electrophoresis buffer depending on the electrophoresis analyzing 

method. 

Construction of ATCase hybrids. 

Two kinds of protein made in vitro, with P. putida PyrB and P. 

putida PyrC', and with E.coli PyrB and P.putida PyrC1, were 

constructed by further development of the method of Burns and 

Schachman. The PyrB and PyrC' were dissociated separately by the 

method described above. Then the two polypeptides were separately 

reassociated by a 20-fold dilution of the dissociating agent, the 

reaction mixture was incubated at room temperature for 15 min. The 

reassociation was followed by mixing the two polypeptides and 

incubating the polypeptide mixture for 30 min at room temperature. 

Then the sample was further analyzed by ATCase assays in the 

presence and absence of effectors, 8% polyacrylamide gel 

electrophoresis followed by activity staining and 12% SDS-

polyacrylamide gel followed by Coomassie staining. 

Nondenaturing polyacrylamide gel electrophoresis and 

activity staining. 

Protein samples were prepared as described previously. The 

protein samples were mixed with 2x sample buffer containing 1.52 g 

of Tris, 20 ml of glycerol, 2.0 ml of 2-mercaptoethanol and 1 mg of 
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bromphenol blue, adjusted to pH 6.8, and added ddH20 to 100 ml. 

Nondenaturing polyacrylamide gels were prepared according to the 

method of Laemmli (Laemmli, 1970) and the method of Walker 

(Walker, 1996). Acrylamide/bisacrylamide stock solution, which 

contained 30 g of acrylamide, 0.8 g of N, N' methylene-bisacrylamide 

in 100 ml of ddH20, was made and stored in the dark at 4°C. A 

nondenaturing polyacrylamide gel is a discontinuous gel which 

consists of 8% separating gel and stacking gel. To prepare two 8% 

separating gel, the reagents were mixed in the following order: 4.00 

ml of 30% acrylamide/0.8% bisacrylamide stock solution, 3.75 ml of 

4xTris-HCl pH 8.8 (91 g Tris, adjusted to pH 8.8 and added ddH20 to 

500 ml), 7.25 ml of ddH20, and 50 |il of 10% ammonium persulfate. 

The ammonium persulfate was added to remove dissolved oxygen 

which can interfere with the polymerization reaction. Then 10 jxl of 

N, N, N', N'-tetramethylethylenediamine (TEMED) was added just 

prior to pouring. The mixture was gently swirled and then poured 

into the gel plates. A 2 cm gap was left at the top of the gel plates for 

pouring the stacking gel later. To the 2 cm gap, ddH20 was added to 

prevent drying. Within 30 min at room temperature, the gel was 

polymerized and a sharp line between the gel layer and the ddH20 
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layer was observed. The stacking gel mixture was made in the 

following order: 0.65 ml of 30% acrylamide/0.8% bisacrylamide, 1.25 

ml 4x tri-HCl pH 6.8 (6.05 g Tris, adjusted to pH 6.8 and added 

ddH20 to 100 ml), 25 ^1 of 10% ammonium persulfate, and 5 îl of 

TEMED (just prior to pouring). The ddH20 layer was poured off and 

the stacking gel mixture was poured into the gel plates. Then a comb 

was inserted immediately after pouring the stacking gel mixture in 

order to form the wells. The stacking gel was polymerized within 15-

20 min at room temperature. The gel was run in a Bio-Rad Mini-

Protean II cell at 150 V for 1 h 15 min at room temperature or 200 

V for 1 h at 4°C. The buffer contained 3.02 g of Tris, 14,4 g of glycine 

in 1 liter of ddH20 at pH 8.3 was used as the electrophoresis buffer. 

The ATCase activity can be detected directly on the gel by activity 

staining which was developed by Bothwell (Bothwell, 1975) and 

further modified by Kedzie (Kedzie, 1987). The activity staining was 

done by following these steps. After electrophoresis, the gel was 

washed with ice-cold 50 mM histidine pH 7.0, then the gel was 

exposed to the solution containing the two substrates, 5 ml of 1.0 M 

aspartate and 10 ml of 0.1 M carbamoylphosphate, for 10 min. The 

gel was washed three times with ice cold distilled water, each wash 
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should be done for 5-10 min in order to avoid a dark background 

after finishing the staining process. In this step, the free phosphates 

were released from the ATCase band and trapped in the gel. Then ice 

cold 50 mM histidine pH 7.0 containing 3 mM lead nitrate was added 

and the gel shaken in the solution for 10 min. The ice-cold distilled 

water was used to rinse the gel three times. If the protein samples 

contained ATCase, the ATCase band can be visualized as the white 

band after this step. In order to visualize the band clearly, a 1% 

sodium sulfide solution was added and incubated for approximately 

3-5 min. The solution was removed and the gel was rinsed several 

times with water during which the white ATCase band became dark 

brown. If the background were dark, it was removed by adding 0.7% 

nitric acid. 

Determination of molecular weight of ATCase. 

Two methods were utilized to determine molecular mass of ATCase 

protein samples. The first method used known molecular mass 

protein samples such as partially purified ATCase holoenzyme from 

E.coli, purified ATCase trimers from E.coli and purified ATCase from 

P.putida, plus Sigma protein molecular weight markers, urease and 

BSA . These samples were loaded onto an 8% nondenaturing 

polyacrylamide gel and run under the same conditions as those of 
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the unknown molecular weight samples. An activity stain was done 

(Bothwell, 1975; Kedzie, 1987) and the distance from the top of the 

gel to the active band and the distance from the top of the gel to the 

bottom of the gel were measured. The distance from the top of the 

gel to the active band divided by the distance from the top of the gel 

to the bottom of the gel yield mobility which was plotted on the X-

axis. The logarithm of the molecular mass of the known proteins was 

plotted on the Y-axis (Creighton, 1993). The molecular mass standard 

curve was generated by this procedure. The mobility of the unknown 

molecular mass protein sample was calculated and the molecular 

mass of the sample was determined by using the standard curve 

(Fig. 16). 

The second method used to determine the molecular mass of 

ATCase samples was by loading samples on a 4-20% Bio-Rad 

polyacrylamide ready-gel. The gel was run at 150 V for 3 h at room 

temperature using the same nondenaturing electrophoresis buffer as 

described previously. The same known partially purified ATCase 

samples and Sigma protein molecular weight markers were also used 

as standards. 

The stained gels were dried by using two cellulose sheets 

(Promega, Madison, WI). After the staining step was performed, the 
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gel was soaked for 15-30 min in 3% glycerol (v/v) solution to remove 

the remaining acetic acid which could cause the gel to crack during 

drying (Promega technical bulletin for gel drying kit). Then the gel 

was dried by using two cellulose sheets (Promega, Madison, WI). The 

gels can be permanently retained by this method. The active band 

does not disappear after a long period of storage, which occurs when 

the gel were dried on Whatman paper by using vacuum gel dryer. 

Sodium dodecyl sulfate denaturing polyacrylamide gel 

e lectrophoresis . 

A denaturing polyacrylamide gel may also be used as a 

discontinuous gel system, consisted of 12% separating gel and 

stacking gel. The SDS-polyacrylamide gel was prepared according to 

the method of Laemmli (Laemmli, 1970) and Walker (Walker, 1996). 

Acrylamide/bisacrylamide stock solution contained 30 g of 

acrylamide, 0.8 g of N, N' methylene-bisacrylamide in 100 ml of 

ddH20, the stock solution should be stored in the dark at 4°C. For 

preparing two 12% SDS-polyacrylamide gels, the reagents were 

mixed in the following order: 6 ml of 30% acrylamide/0.8% 

bisacrylamide stock solution, 3.75 ml of 4x Tris-HCl pH 8.8 (91 g of 

Tris, 2 g of SDS, adjusted pH to 8.8 and added ddH20 to 500 ml), 5.25 



72 

ml ddH20, and 50 p,l of 10% ammonium persulfate. The ammonium 

persulfate was added to remove dissolved oxygen which can 

interfere with the polymerization reaction. The 10 |xl of TEMED was 

added just prior to pouring and gently swirled. The mixture was 

poured into the gel plates, and a 2 cm gap was left at the top for the 

stacking gel. Next, ddH20 was added to the gap to prevent the 

drying. The polymerization reaction took place within 30 min at 

room temperature when a sharp line between the two layers was 

clearly observed. The stacking gel mixture was prepared in the 

following order: 0.65 ml of 30% acrylamide/0.8% bisacrylamide stock 

solution, 1.25 ml of 4x Tris-HCl pH 6.8 (6.05 g of Tris, 0.4 g of SDS, 

adjusted pH to 6.8 and added ddH20 to 100 ml), 25 jxl of 10% 

ammonium persulfate and 5 |xl of TEMED (just prior to pouring). The 

ddH20 layer on top of the separating gel was removed and the 

stacking gel mixture was poured into the plates. Then a comb was 

inserted immediately after pouring the stacking gel mixture in order 

to form wells. Within 15-20 min at room temperature, the stacking 

gel was polymerized. 

To prepare a sample before loading, two parts sample was mixed 

with one part of 2xSDS sample buffer containing 1.52 g of Tris, 20 ml 



73 

of glycerol, 2.0 g SDS, 2.0 ml of 2-mercaptoethanol, 1 mg of 

Bromophenol Blue, adjusted pH to 6.8 and added ddH20 to 100 ml. 

The sample and the sample buffer mixture were boiled for 5 min. 

The gel was run in a Bio-Rad Mini-Protean II cell at 150 V for 1 h 20 

min at room temperature or 200 V for 1 h at 4°C. The buffer 

containing 3.02 g of Tris, 14.4 g of glycine and 1 g of SDS in 1000 ml 

of ddH20 was used as the electrophoresis buffer. 

Promega mid-range protein markers pre-mixed in loading dye 

were used as standard molecular weight markers. The mid-range 

markers have molecular masses of: 97.4 kDa, 66.2 kDa, 55.0 kDa, 42.7 

kDa, 40.0 kDa, 31.0 kda, 21.5 kDa and 14.4 kDa. These standards are 

suitable for use with 12% SDS-polyacrylamide gel. To determine the 

molecular weight of the unknown protein samples, the samples were 

compared with the molecular weight protein standards after all the 

bands were visualized by Coomassie staining. The molecular mass 

standard curve for 12% SDS-PAGE was also generated using the first 

method described in the determination of molecular weight of 

ATCase (Fig. 17). 

The gel was stained by Coomassie Blue staining solution containing 

45% v/v methanol, 10% glacial acetic acid, and 0.1% w/v Coomassie 
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Brilliant Blue R-250 in ddH20. The gel was placed in a container with 

Coomassie staining solution and it was slowly shaken on a shaker for 

10 min. Then the gel was destained with 10% v/v methanol, 10% v/v 

glacial acetic acid in ddH20. The destaining was done twice for 30 

min each. Coomassie staining can detect protein in the milligram 

level. If the protein concentration is low at the nanogram level, silver 

staining can be done and it also can be done on Coomassie stained 

gel. The silver stained solutions from Pierce (Pierce, Rockford, 

IL)were used following the direction enclosed with the products. 

After the staining step was performed, the gel was soaked for 15-

30 min in 3% glycerol (v/v) solution to remove the remaining acetic 

acid which could cause the gel to crack during drying (Promega 

technical bulletin for gel drying kit). Then the gel was dried using 

two cellulose sheets (Promega, Madison, WI). The gel can be retained 

permanent ly. 

Electroelution. 

Electroelution was performed in order to elute proteins from 

polyacrylamide gels after the proteins were separated by 

electrophoresis. In the study of P.putida ATCase, the ATCase hybrids 

were generated as described above and the active bands were 

detected by activity staining. To study the protein subunits that 
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assembled to make an active ATCase, the active band was excised out 

of nondenaturing polyacrylamide gel. The gel piece was placed in a 

small (1.0 cm diameter) dialysis tube which was treated as described 

previously. Then the 200 |4.1 of electroelution buffer, which contained 

3.02 g of Tris, 14.4 g of glycine, and added ddH20 to 1000 ml at pH 

8.3 (Frederick, et al., 1992; Hunter & Sefton, 1991), was added to the 

dialysis tube. The dialysis tube was placed in an electrophoresis cell 

which was filled with 1000 ml of electroeleution buffer. Two 

conditions were used for electroelution. The electroelution was 

performed in the following order: applied 150 V at room 

temperature for 2 h, changed the buffer in the eleectrophoresis cell, 

and applied 100 V at 4°C for 9 h /or applied 150 V at 4°C for 4-5 h, 

changed the buffer in the electrophoresis cell, and applied 100V at 

4°C for 9 h. After the electroelution, the proteins dissolved in the 

buffer solution was carefully transferred to a microconcentrator-30 

whose membrane has the ability to remove proteins that have 

molecular masses below 30 kDa (Amicon, Inc., Beverly, MA). The 

microconcentrator-30 was centrifuged at 1500xg at 4°C for 10 min. 

The sample volume was checked and the centrifugation was repeated 

until the appropriate working volume was obtained. The 
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electroeluted sample was concentrated to 20 jj.1 to use in subunit 

analysis by SDS-polyacrylamide gel electrophoresis. 

Hummel-Dreyer method. 

To study ligand binding, where the ligand was also a protein in 

this case, gel filtration chromatography was used according to the 

method of Hummel and Dreyer (Neurath & Hill, 1975). The general 

principles of this method are: equilibrating the gel filtration column 

with a protein (ligand), chromatography with buffer containing the 

other protein (the second protein) and monitor the elution profile. 

The equilibrated state of the column is determined by the constant 

concentration of the protein that eluted from the column. After the 

column is preequilibrated, the other protein sample is introduced to 

the column and the buffer without the protein is used as the eluted 

buffer. The fractions are collected and each fraction is analyzed by 

SDS-polyacrylamide gel electrophoresis followed by Coomassie 

staining. It should be noted that the Coomassie staining of all the gels 

has to be done under the exact same conditions to minimize any 

errors that the staining might cause in densitometry. The density of 

the Coomassie stained bands of the two proteins was measured. 

Known concentrations of the two proteins were first run on SDS-

polyacrylamide gels, Coomassie-stained under the exact same 
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conditions followed by densitometry, and these were used as 

controls. The controls were then used to generate a standard curve. A 

standard curve is necessary to correlate the density of the bands and 

the concentration of the protein in the bands. The X-axis of the 

standard curve is the concentration of the protein and the Y-axis is 

the density of the corresponding band. The slope values of the two 

protein curves are calculated and the slope value of the 

preequilibrated protein is divided by the slope value of the second 

protein yielding a normalization factor. This factor is now multiplied 

by the density values of all the second protein bands. Then, the 

multiplied values are plotted on the Y-axis against the corresponding 

fraction numbers (X-axis). The Y-axis is designated as unit of density. 

The density values of the preequilibrated protein are also plotted 

against their corresponding fraction numbers on the same axis. There 

should be some fractions that represent the coexistence of the two 

proteins; therefore, the overlapping of the two protein peaks is 

observed. The ratio of the two proteins for the binding can be 

calculated from the area under the peaks. Furthermore, the 

molecular mass of the protein complex can be determined by the 

eluted volume of the protein complex. The volume is compared to the 

standard curve, which is generated by using known molecular mass 
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proteins, for molecular mass determination of the same gel filtration 

column. The method was performed to study the binding of the 

following proteins: P. putida PyrB with P.putida PyrC', and E.coli PyrB 

with P.putida PyrC1. 

In the binding study of P.putida PyrB and P.putida PyrC', the 

Sephacryl S-300 HR column was equilibrated with the starting 

amount of 15 mg of the partially purified PyrB protein. After the 

column was preequilibrated, 30 mg of the partially purified PyrC' 

protein was introduced to the column. The elution buffer (10 mM 

Tris-HCl pH 8.2, 1 mM EDTA, 20 |o,M zinc acetate, 0.5 mM 2-

mercaptoethanol and degassed) was used to run the column. The 

conditions of the gel filtration chromatography was the same as 

previously described in Sephacryl S-300 HR column chromatography. 

Fractions were collected and analyzed by SDS-PAGE followed by 

Coomassie staining and densitrometry. The calculations were done as 

described above. 

In the binding study of E.coli PyrB and P.putida PyrC', the same 

experimental conditions and the same amount of partially purified 

PyrB and PyrC' proteins as in the binding study of P.putida PyrB and 

P.putida PyrC' was used. 
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Dens i tometry . 

Densitometry was used in some of these experiments as a tool to 

further analyze the data. For example, in the phosphorylation studies 

of P.putida PyrB, the density of the phosphorylated protein band and 

Coomassie stained band of the same protein from each step of 

purification was measured by using densitometer leading to the 

determination of the phosphorylation rate in every steps of 

purification. In addition, this technique was also significant in 

analysis of the data from the Hummel-Dreyer experiments. 

The densitometer that was used in these experiments was a video 

based system. The video camera was connected to a computer which 

has a program (NIH Image, Version 1.6.1) that was able to capture 

pictures. A Coomassie-stained gel or an autoradiograph was placed 

on a light source. The camera was adjusted and a blue filter was 

placed in front of the camera lens, in case that the sample was a 

Coomassie stained gel, yielding a better picture on the computer 

screen. The picture was captured through the camera and the signal 

was transferred to the computer. Then the picture was captured on 

the computer screen and the density of the bands of interest was 

measured. The data were saved and printed out for further 

calculation and analysis. 
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Figure 14. Standard curve of protein concentration using Lowry 

method. 
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Figure 15. Standard curve for molecular weight determination of 

Sephacryl S-300 HR column. Void volume is 60 ml. 
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Figure 16. Standard curve for molecular weight determination of 

8% nondenaturing-PAGE and activity staining. 
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Figure 17. Standard curve for molecular weight determination of 

12% SDS-PAGE and Coomassie staining. 
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RESULTS 

Carbamoylaspartate standard curve. 

The amounts of carbamoylaspartate (CAA) synthesized during the 

aspartate transcarbamoylase assays were determined by using a 

CAA standard curve. The standard curve was prepared using known 

amounts of CAA (Fig. 18). The color development conditions were the 

same as the enzyme assays. The average of three readings was 

shown on each point on the standard curve. Each absorbance reading 

at 466 nm from an assay was compared to the standard curve and 

the amount of CAA formed during the assay was determined in jimol. 

Protein standard curve. 

The amounts of protein in samples were determined by using 

protein standard curve. The standard curve was prepared using 

known amounts of bovine serum albumin (Fig. 14). The Lowry 

method was performed to determine the amount of protein of 

standard protein samples and unknown samples. The amount of 

protein in each sample was used to calculate ATCase specific activity 

of the sample in |j,mol of CAA min 'mg"1 of protein. 

Q Q 
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Figure 18. Standard curve of carbamoylaspartate concentration. 
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Transformants containing plasmids. 

In order to determine if the transformants contained the plasmids 

that carried the DNA fragments of interest, rapid preparations and 

restriction digests of the plasmid DNAs were performed as described 

previously. The results are shown in Fig. 19. 

Partial purification of the aspartate transcarbamoylase 

from transformants. 

The first three steps used for partial purification of the pMJS29 

(P.putida ATCase) were used as previously described (Schurr, 1992). 

The Sephacryl HR-300 and the HPLC steps which were used for 

purification of pMJS29, are discussed in Chapter2. Partial purification 

steps of pKDIO (P.putida PyrB), pCD2 (P.putida PyrC') and pBJR28 

were carried out carefully. The appropriate ammonium sulfate 

fractionations of pKDIO and pCD2 were found to be 40% and 50%. The 

two proteins have to be mixed as mentioned in Methods in order to 

detect the ATCase activity. The pBJR28 ATCase (E.coli trimers) are 

fractionated at 30 and 45% of ammonium sulfate. The partial 

purification of these three proteins was completed at this step. A 

summary of the results of partially purification strategies of the 

samples is shown in Table 3. In each step of partial purification, 



92 

Figure 19. Restriction digest of the plasmid DNA extracted from 

the transformants shown on 1% agarose gel. Lane 1 contains 

lambda DNA ladder. Lane 2 contains restriction digest of purified 

pMJS29, used as a control. Lane 3 contains restriction digest of 

pMJS29 extracted from the transformant. Lane 4 contains lambda 

DNA ladder. Lane 5 contains restriction digest of purified pKDIO, 

used as a control. Lane 6 contains restriction digest of pKDIO 

extracted from the transformant. Lane 7 contains lambda ladder. 

Lane 8 contains restriction digest of purified pBJR28, used as a 

control. Lane 9 contains restriction digest of pBJR28 extracted from 

the transformant. Lane 10 contains lambda DNA ladder. Lane 11 

contains restriction digest of purified pCD2, used as a control. Lane 

12 contains restriction digest of pCD2 extracted from the 

transformant. Lane 13 contains lambda DNA ladder. Lane 14 

contains restriction digest of purified pLS300. Lane 15 contains 

restriction digest of pLS300 extracted from the transformant. 



93 

c 
C M 

O *•"* 
r c t/"i 
h f ( / ) r r ) 
r c 0% vjD ^ 
CM 

< N f ^ 
r ^ f M 
r n o 
C N £ N 



94 

T3 
C 

Q 

w 

m 
>» 

Pu 

a 
2̂ 
3 ft. 

00 
CM 
P4 
>—i CQ 
(X 

CQ 
V-4 
>> cu 

Q 

c*i 

ON CM 00 t—J 
s 
a 

<3 

s 
ft. 

S 
o 

OS 

U 
H < 

o 
cd 

s 
Ou 

<i> 
'So 

> 
/—s 
CM Q 

<+-4 
O 

U 
a. 

00 w 

3 U 
CO U4 a> >% 
Ctf CU 
CO "XS 
V 'C 

2 
CQ 

s 
ft. 

H 

a 
o 
03 *0 

£ 3 

•T3 O o c 
« s bfij 
o- =t 
CO w 

< 
< 
u 
U-4 •—• 
o o 

B | 
3 3 
o 
B < 

a 
<3 ^ 
o g 
u, 
O* bO 

_ a, 
13 w 
o 
H 

( 3 

"S « 
o g 
CU « 

+-« 
o *5 

o -o W)| 
8 S 
<«5 

3 

as 
CM 
CO •—j 

2 
a* 

o r; 

a I 
2 Sj 
&"5 
22 o> 

55 Oj 

a -2 
3 03 
3 G 

0 .2 

1 ^ s «* 
< &; 

*n CM 
0 0 
0 0 

c 
o 
oj -rj 

S 3 
u 
3 ft* 

> * 

* > 

a B « -

o 
£ O 
S B ' 

CO* 3 

o 
B 
a 

c 
'S ~ 
§ S 

^ 6 
B w 

o 
H 

c 
n >» 
*> 03 
O 2 ^ * 

O *2 

S .5 

I * ' 
B » 
<*•« CO 

3 x 

00 

ctf 
»—* 

n 
a 

r-

co 
0 0 

vo 
\o 

VO 
8 
O 

<D 
c3 

c 
S - 2 
3 03 
G O 
§ .2 
i ^ S Ctt 
< £ 

v> 
r-
0 0 

0 O 
*n *n O O 
r~4 1—i 

0 0 
c4 

CM 
o 
o 

c 

s 5 
3 c« 
3 c 

O .2 

a " 
s | 2 
"<t <C <4-« 

c 
o 
03 "TJ 

c 
3 
CU 

*£ 

o e 
03 •*"« 

s 
o ̂  
S © 
o B 
Cu A CO 

*0 
Tt-
s 

V 
Ofi 
E 

< 
< 
u 
vm /""s 

0 o 
G S 
§ 3 
s < 

c 
'S — 
§ S 
°* "5b 
- 6 
(S3 w 

O 
H 

a 
"J? ^ 

^ ed 
O S 
O-

o "S 

3 
2 -o so 
S w a !2 co c 
< 3 w 

<N 
Q 
U 
Ou 

v> 
l> 

»n 
CO CM 

q in 

<u 

c 

s 
3 c9 
S a 

§ O 

as 

CM 

as 
>n 
av 
(N 

*0 CM CO 

CO 

rf 
B 
o 

& 
<+H *3 
CO 

c 
S -2 
3 03 
"3 ® 
o .2 
| o B & < & 



95 

these samples were analyzed by 12% SDS-PAGE followed by 

Coomassie staining and 8% native PAGE followed by activity staining. 

Kinetic and effector response of the ATCase hybrids. 

After partial purification, the samples were prepared using two 

different methods, one denaturation and renaturation as described 

previously and one untreated. Then the P.putida PyrB was mixed 

with P.putida PyrC', and the kinetic and effector response of the 

hybrids were studied. A comparable set of experiments was 

performed with the hybrids of E.coli PyrB and P.putida PyrC'. 

The results showed that the ATCase made in vitro of P.putida PyrB 

and P.putida PyrC' exhibit a hyperbolic aspartate saturation curve. 

These ATCases formed after denaturation and renaturation are 

activated approximately 35% by ATP and are not effected by CTP 

and UTP (Fig. 20). The Vmax was calculated from the plot of velocity 

versus aspartate concentration to be 22.5 jxmol min'mg"1 (Fig.20). 

The KMasp was calculated from the same plot to be 1.75 mM (Fig.20). 

These results are unlike those of the hybrids of the untreated 

proteins, which showed inhibition by all three nucleotide 

triphosphates (Fig. 21) with different percentages of inhibition. The 

hybrid enzyme is inhibited approximately 70% by ATP and 80-85% 

by CTP and UTP. The Vmax was calculated from the plot of velocity 
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versus aspartate concentration to be 90 |imol min 'mg"1 while the 

KMasp was calculated from the same plot to be 1.0 mM (Fig. 21). A 

control curve of the P.putida PyrB was generated in order to insure 

that the P.putida PyrB had no detectable enzymatic activity (Fig. 22). 

Some samples of P,putida PyrC' were assayed for the ATCase activity 

to ensure that the preparations had no ATCase activity (data not 

shown). 

The enzyme hybrids of the two proteins from the two different 

organisms, E.coli PyrB and P.putida PyrC' were formed by the same 

methods used for the hybrids of P.putida PyrB and P.putida PyrC1. 

The hybrids show hyperbolic aspartate saturation curves. As 

mentioned earlier, the E.coli PyrB is a catalytic trimer which exhibits 

no allosteric regulation by the nucleotide triphosphates (Fig. 23). In 

addition, the dissociation and reassociation of the trimers were also 

performed due to the report by Issaly (Issaly, et al, 1982) that the 

E.coli catalytic subunits contain a secondary site for the binding of 

ATP. This secondary site is hidden when catalytic and regulatory 

subunits are associated. The result shows inhibition approximately 

49% by ATP (Fig. 24). The hybrids formed after denaturation and 

renaturation exhibited inhibition approximately 23% by ATP and no 

significant response to CTP and UTP (Fig. 25). The KMasp was estimated 
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from a plot of velocity versus aspartate concentration to be 2.5 mM 

and the Vmax was approximately 340 fimol min'mg"1 (Fig. 25). In 

contrast, the hybrids of the untreated proteins showed no significant 

effect by all three nucleotides (Fig. 26). The Vmax was calculated from 

the plot of velocity versus aspartate concentration to be 280 fimol 

min'mg"1 and the KMasp was also calculated from the same plot to be 

4.0 mM and (Fig. 26). 

Analysis of the ATCase hybrids. 

The two protein hybrids were analyzed by using polyacrylamide 

gel electrophoresis techniques. The hybrid samples were loaded onto 

8% polyacrylamide gel electrophoresis followed by activity staining. 

It was found that the hybrids of P.putida PyrB and P.putida PyrC' 

had one active band at 480 kDa which is the same as the native 

P.putida ATCase (Fig. 27). Then, the active band was excised and the 

proteins were electroeluted under the conditions described 

previously. The electroeluted samples were further analyzed by 

running on 12% SDS-PAGE followed by Coomassie staining. The 

results showed that the active protein was consistent with 36 kDa 

protein (the size of P.putida PyrB monomers) and 45 kDa protein (the 

size of P.putida PyrC' monomers) (Fig. 27). 
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Figure 20. Plot of velocity (specific activity) versus varied 

aspartate concentrations• for the ATCase of P.putida PyrB and 

P.putida PyrC' formed after denaturation and renaturation at a 

fixed concentration of 5 mM of carbamoylphosphate in the absence 

and presence of effector molecules. NE = no effector molecule 

present. 
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Figure 21. Plot of velocity (specific activity) versus varied 

aspartate concentrations for the untreated ATCase of P.putida PyrB 

and P.putida PyrC' at a fixed concentration of 5 mM of 

carbamoylphosphate in the absence and presence of effector 

molecules. NE = no effector molecule present. 
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Figure 22. Plot of velocity (specific activity) versus varied 

aspartate concentrations for the P.putida PyrB, showing no 

significant level of the enzymatic activity. 
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Figure 23. Plot of velocity (specific activity) versus varied 

aspartate concentrations for untreated E.coli PyrB in the absence 

and presence of effector molecules. NE = no effector molecule 

presence. 
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Figure 24„ Plot of velocity (specific activity) versus varied 

aspartate concentrations for denatured and renatured of E.coli 

PyrB in the absence and presence of effector molecules. NE = no 

effector molecule presence. 
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Figure 25. Plot of velocity (specific activity) versus varied 

aspartate concentrations for the hybrids of E.coli PyrB and P.putida 

PyrC' formed after denaturation and renaturation at a fixed 

concentration of 5 mM of carbamoylphosphate in the absence and 

presence of effector molecules. NE = no effector molecule present. 
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Figure 26. Plot of velocity (specific activity) versus varied 

aspartate concentrations for the untreated hybrids of E.coli PyrB 

and P.putida PyrC' at a fixed concentration of 5 mM of 

carbamoylphosphate in the absence and presence of effector 

molecules. NE = no effector molecule present. 
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Figure 27. (a) 8% Activity stained gel of the hybrids between 

P.putida PyrB and P.putida PyrC'. (b) 12% SDS-PAGE of the ATCase 

active band at 480 kDa of the hybrids. Lane 1 contains P.putida 

cell extract. Lane 2 contains P.putida PyrB. Lane 3 contains 

P.putida PyrC'. Lane 4 contains the hybrids of P.putida PyrB and 

P.putida PyrC'. Lane 5 contains Promega mid-range markers. Lane 

6 contains P.putida PyrB. Lane 7 contains P.putida pyrC'. Lane 8 

and 9 contain the ATCase active band at 480 kDa of the hybrids. 



113 

(a) I. a ne i 

^ ^ *&* 

",s * ^ iY$ 
v «» >Y ><t t '̂/S 
• 4 C • i",T'«5?-' 
::f •' 

" " • ^ . ¥ : , 
- ti% > - ' 

T 'TSWW! 

W>' <;- ;̂ i: 

•< l ? " • •<,>. ̂ W*. >::v*k&< ' 

iMtkru 

(b) 
Lane < 

kH. 
'#7,4 • 

u«* 
ii.r* 
4*'10 * 

*4*MX* 

<Mk ill 

2M-
14,4 ~ 



114 

The analogous experiments were performed with the protein hybrids 

of E.coli PyrB and P.putida PyrC'. The activity stain gel showed two 

active bands, one with an approximate size of 100 kDa and one with 

an approximate size of 270 kDa (Fig. 28). These two active bands 

were further analyzed in the same manner as described above. It 

was found that the 100 kDa band, which is the same size as the E.coli 

trimer, was consistent with a 34 kDa polypeptide (the size of E.coli 

PyrB monomer) (Fig. 28). The 270 kDa band was consistent with a 34 

kDa polypeptide and 45 kDa polypeptide (Fig. 28). 

The same experimental design was also performed with Bacillus 

PyrBC and P.putida PyrC1. After activity staining, only one active 

band at 100 kDa was found (Fig. 29), which is the same size as the 

Bacillus PyrB trimer. The further analysis by 12% SDS-PAGE and 

Coomassie staining was not performed since no extra active band 

appeared. 

Protein-protein binding studies by Hummel-Dreyer method. 

To determine the binding interaction between two proteins, which 

are partially purified, the Hummel-Dreyer method was performed. 

After densitometry and calculations were done as described 

previously, the density of one protein was plotted against the net 

intensity of the other protein. The results were interpreted by 
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observing the overlap of the two protein peaks which identify the 

interaction between the two proteins. The result of the P.putida PyrB 

and P.putida PyrC' showed two overlapped peaks at approximately 

450-500 kDa (Fig. 30) compared to the standard curve of the 

Sephacryl HR S-300 column (Fig. 15). The result of the E.coli PyrB 

and P.putida PyrC' represented the overlapped peaks at 

approximately 250-300 kDa (Fig. 31). 

Analysis of the P.putida WT ATCase after denaturation and 

renaturation. 

The P.putida WT ATCase was completely denatured by treatment 

with NaSCN and incubated at room temperature for 20 min (Fig. 32). 

The samples were renatured as described previously using different 

time periods in order to detect intermediate forms of the ATCase. 

The samples were run on an 8% nondenaturing gel followed by 

activity staining. It was shown that the only active band found was 

at 480 kDa (Fig. 33). 

Determination of the protein ratios in the assembly of the 

P.putida ATCase WT and the ATCase hybrids. 

The ratio of the two proteins that assemble to form the ATCase 

hybrids or the P.putida ATCase WT was determined by coupling of 

two techniques, 12% SDS-PAGE and densitometry. The ratios of the 
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hybrids of P.putida PyrB and P.putida PyrC1, and E.coli PyrB and 

P.putida PyrC' were 1:1 (Table 4). The ratio of the two polypeptides 

of the P.putida ATCase WT, which is about 90% pure, was also 1:1 

(Table 4). 

Table 4. Ratios of the density of PyrB polypeptides and PyrC' polypeptides. 

*Average values of two experiments. 

ATCase/ATCase 
hybr ids 

Density of PyrB 
polypeptide 

Density of PyrC' 
polypeptide 

Ratio of the 
polypeptides 

P.putida WT 3240* 3194* 1:1 
ATCase made in 
vitro of P.putida 
PyrB and P.putida 
PyrC' 

992* 826* 1:1 

Hybrids of E.coli 
PyrB and P.putida 
PyrC' 

4806* 6222* 1:1 
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Figure 28. (a) 8% Activity stained gel of the hybrids between 

E.coli PyrB and P.putida PyrC'. (b) 12% SDS-PAGE of the ATCase 

active bands at 100 kDa and 250-270 kDa of the hybrids. Lane 1 

contains E.coli cell extract. Lane 2 contains E.coli PyrB. Lane 3 

contains P.putida PyrC'. Lane 4 contains the hybrids of E.coli PyrB 

and P.putida PyrC'. Lane 5 contains Promega mid-range markers. 

Lane 6 contains E.coli PyrB. Lane 7 contains P.putida PyrC'. Lane 8 

contains the ATCase active band at 250-270 kDa of the hybrids. 

Lane 9 contains the ATCase active band at 100 kDa of the hybrids. 
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Figure 29. 8% Activity stained gel of the hybrids between 

Bacillus PyrBC and P.putida PyrC'. Lane 1 contains P.putida cell 

extract. Lane 2 contains E.coli cell extract. Lane 3 and 4 contain 

E.coli PyrB. Lane 5 contains the hybrids of Bacillus PyrBC and 

P.putida PyrC'. Lane 6 contains P.putida PyrC'. Lane 7 contains 

Bacillus PyrBC. 
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Figure 30. Plot of unit of density versus fraction numbers of the 

hybrids between P.putida PyrB and P.putida PyrC'. The unit of 

density consists of three sets of parameters, density of the 45 kDa 

protein, net intensity of the 36 kDa protein obtained from 

multiplication of density of the 36 kDa protein and the 

normalization factor, and density of the reference bands. Void 

volume is 60 ml. 
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Figure 31. Plot of unit of density versus fraction numbers of the 

hybrids between E.coli PyrB and P.putida PyrC'. The unit of density 

consists of three sets of parameters, density of the 45 kDa protein, 

net intensity of the 34 kDa protein obtained from multiplication of 

density of the 34 kDa protein and the normalization factor, and 

density of the reference bands. Void volume is 60 ml. 
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Figure 32. Coomassie staining of 6% native-PAGE of partially 

purified P.putida ATCase wild type. Lane 1 contains Sigma native-

PAGE markers. Lane 2 contains partially purified P.putida ATCase. 

Lane 3 contains the sample after denaturation for 10 min. Lane 4 

contains the sample after denaturation for 20 min. Lane 5 contains 

the sample after denaturation for 30 min. 
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Figure 33. (a) Coomassie staining of 6% native-PAGE of partially 

purified P.putida ATCase wild type. Lane 1 contains Bio-Rad 

purified urease. Lane 2 contains partially purified P.putida ATCase. 

Lane 3 contains the sample after denaturation for 30 min and 

renaturation for 30 min. Lane 4 contains the sample after 

denaturation for 30 min and renaturation for 20 min. Lane 5 

contains the sample after denaturation for 30 min and 

renaturation for 10 min. (b) 6% Activity stained gel of the partially 

purified P.putida ATCase. Lane 6 contains the partially purified 

P.putida ATCase after denaturation for 30 min and renaturation 

for 10 min. Lane 7 contains the sample after denaturation for 30 

min and renaturation for 20 min. Lane 8 contains the sample after 

denaturation for 30 min and renaturation for 30 min. Lane 9 

contains the untreated partially purified P.putida ATCase. 
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DISCUSSION 

The assembly of the P.putida ATCase and the possible role of the 

PyrC' have been studied in this laboratory by using different 

experimental approaches. This part of the research is an approach 

towards a study of assembly of the ATCase holoenzyme of 

Pseudomonas. The PyrC' is required for the activity of the P.putida 

ATCase. It was thought that P.putida PyrC' might be involved in the 

regulation of the enzyme. Therefore, hybrids were generated to 

study this possibility. The result from the hybrid study of E.coli PyrB, 

which is an unregulated trimer, and P.putida PyrC' gave the 

possibility that regulation might be occurring. This suggests that the 

P.putida PyrC' might be involved in the regulation. These results are 

correlated with the results from studies using deletion mutants 

(Kumar, et al., manuscript in preparation). The deletion of 3 amino 

acids from the C-terminus of the PyrC' polypeptide increased the 

inhibition by CTP and changed the effect of UTP from inhibition to 

activation (approximately 25%) while ATP maintained the same 

effect on the enzyme, compared to the P.putida ATCase WT. When 6-

amino acids were deleted from the C-terminus of the PyrC', 
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there was inhibition by all three effectors, which is the same overall 

as the WT enzyme, only with the differences in percentage of the 

inhibition. In addition, the results from these deletion mutants 

suggest the involvement of N-terminus of P.putida PyrB and C-

terminus of P.putida PyrC' in the binding of the effectors. 

The hybrids produced by denaturation and renaturation of 

P.putida PyrB and P.putida PyrC' showed that CTP and UTP have no 

significant effect on the hybrids while ATP exhibits the opposite type 

of regulation from P.putida WT enzyme. This suggests that after 

denaturation and renaturation of the proteins, CTP and UTP binding 

sites might be buried within the globular proteins causing no effect 

by both effectors. This might imply also that the CTP and UTP 

binding sites are close in space and that the two sites might be 

different from the ATP binding site. The alternating of the regulation 

type by ATP indicates that the treatment might have an effect on the 

protein folding causing the alteration of the ATP binding pocket. 

Moreover, the NaSCN treatment of E.coli trimers showed 49% 

inhibition by ATP. This suggested that the secondary ATP binding 

site, which is located on the catalytic polypeptides (Issaly, 1982) , 

was exposed and accessible for the ATP binding. The results of the 
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dissociated and reassociated hybrids of E.coli PyrB and P.putida PyrC' 

showed the same effect by ATP as the treated E.coli trimers, only 

different in the degree of inhibition. The lower degree of inhibition 

by ATP of these treated hybrids compared to that of the treated 

trimers might due to two possible reasons. First, the assembly of the 

P.putida PyrC' caused the secondary ATP binding site on the PyrB 

polypeptide to be partially masked. Consequently, the nucleotide was 

unable to function as effectively as it did in the trimer without 

P.putida PyrC' assembly. Therefore, the inhibition observed in the 

treated E.coli PyrB and P.putida PyrC' hybrids might be caused by 

the binding of ATP to the secondary site on the PyrB polypeptide. 

The second possibility is discussed in the next paragraph. 

It was thought that the hybrids should have the same regulatory 

response as native holoenzyme after the assembly of the possible 

regulatory protein (PyrC')- In contrast, the hybrids of the untreated 

E.coli PyrB and P.putida PyrC' showed no response to the nucleotides. 

This suggests two possibilities. First, the assembly of the P.putida 

PyrC' with the protein from a different organism, the E.coli PyrB, 

might cause the nucleotide binding sites to be buried or the binding 

sites could not be formed due to the unavailability of the appropriate 
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peptide fragments of the PyrB protein. These peptide fragments of 

the E.coli PyrB are likely to be available for the assembly only after 

the denaturation and renaturation. This leads to the second 

explanation. The second possibility is correlated with data from the 

deletion mutant experiments. The alteration of the regulatory effect 

was found only in the hybrids of the E.coli PyrB and P.putida PyrC' 

and not in hybrids of P.putida PyrB and P.putida PyrC'. Therefore, it 

suggests the involvement of PyrB and PyrC' proteins in the effector 

bindings. In addition, the hybrids of Bacillus PyrB and P.putida PyrC' 

cannot be formed in vitro. In nature, Bacillus ATCase is an 

unregulated trimer; therefore, this might be the cause of the inability 

of the PyrC' polypeptide to bind to the Bacillus PyrB. The Bacillus 

PyrB polypeptides might not have any possible sites to which the 

PyrC' polypeptides could bind for assembly. 

The results from the analysis of the P.putida ATCase after 

dissociation and reassociation suggested that the 480 kDa 

holoenzyme was the most energetically favored form of the enzyme 

and there was no detectable intermediate form of the enzyme. This 

was confirmed by the results from the Hummel-Dreyer experiments 

with P.putida PyrB and P.putida PyrC'. 
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The results from Hummel-Dreyer experiment and analysis of the 

ATCase hybrids of E.coli PyrB and P.putida PyrC' showed that the 

hybrid enzyme had the molecular mass of approximately 270 kDa. 

This enzyme hybrid may consist of a catalytic trimer (34 kDa for 

each monomer) and three of PyrC' monomers or two dimers of PyrC' 

(45 kDa for each monomer). The ratio between the two proteins, 

obtained from analysis of the 270 kDa protein band by using 

12%SDS-PAGE and densitometry, is 1:1; therefore, it is more likely 

that this enzyme hybrid contains three monomers of each protein. 

Conclusions 

The P.putida ATCase requires the participation of the PyrC1 in 

order to become active (Schurr et al, 1995). The PyrC' plays a role in 

the enzymatic regulation by ATP, CTP and UTP. In addition to playing 

a role in substrates binding sites, the PyrB is also involved in effector 

bindings. The other possible role of the P.putida PyrB is discussed in 

the next chapter. The most energetically favored form of the P.putida 

WT is a dodecamer with the molecular mass of 480 kDa. The ratio 

between the PyrB and the pyrC' is 1:1. 
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CHAPTER 2 

PHOSPHORYLATION OF Pseudomanas putida ASPARTATE 

TRANSCARBAMOYLASE 

INTRODUCTION 

Phosphorylat ion. 

Phosphorylation is considered to be a reversible covalent 

modification of enzymes and is the most frequently used type of 

modification. It plays a role in controlling enzymatic activities. This 

regulation involves two reactions by two types of enzymes. Protein 

kinases are responsible for phosphorylation and phosphatases are 

responsible for dephosphorylation (Creighton, 1993). Transferring a 

phosphate group from a phosphate donor onto an acceptor amino 

acid in a substrate protein is the definition of the protein kinase 

activity. This group of proteins is classified into subgroups based on 

the acceptor amino acid specificity instead of protein substrate 

specificity. They can be classified into five groups, protein-

serine/threonine kinases, protein-tyrosine kinases, protein-

histidine/arginine/lysine kinases, protein-cysteine kinases, and 
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protein-glutamyl/aspartyl kinases. The first two classes of enzymes 

are well known while the last three categories are less well 

characterized (Hunter, 1991). 

Phosphorylation of an enzyme affects the KM or the affinity for 

allosteric effectors of the enzyme. This modification reaction is 

frequently found to activate enzymes involved in degradation 

pathways, and it inactivates most enzymes involved in biosynthesis 

pathways (Creighton, 1993). Mostly, protein kinases are inhibited or 

activated by second messengers such as cAMP or Ca^+ ions whose, 

levels are controlled by signaling systems triggered by hormones or 

other physiological effectors. Some examples of enzymes that are 

phosphorylated for the purpose of regulation are glycogen 

phosphorylase, proteins involved in E.coli chemotaxis, and CAD which 

is discussed elsewhere in this chapter. 

Glycogen phosphorylase plays a critical role in controlling the 

metabolism of glycogen. It is regulated hormonally and allosterically, 

and the hormonal regulation occurs through the covalent 

modification process, phosphorylation. The known reactions of the 

regulation are summarized in Fig. 34 (Lehninger, 1993). 

The protein involved in E.coli chemotaxis is also regulated through 

the phosphorylation reaction. There are five proteins involved in this 
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Figure 34. Schematic illustration of glycogen phosphorylase 

showing the regulation- of the enzyme through phosphorylation. 

Adapted from Lehninger, 1993. 
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pathway, transmembrane receptor protein (Tar), CheW, CheA, CheY 

and CheZ (Hess et al., 1991). 

Involvement of the N-terminus of PyrB and the C-terminus 

of PyrC' in nucleotide binding. 

Sakash & Kantrowitz (Sakash & Kantrowitz, 1998) studied the 

role(s) of the N-terminus of the regulatory chain in E.coli by 

constructing mutants with deletions at the N-terminus. Site specific 

mutagenesis was utilized to construct the deletion mutants. It was 

found that the removal of the N-terminus amino acids might cause a 

conformational change of the enzyme which resulted in a shifting of 

T-state to R-state. The region is also involved in the binding of 

nucleotide effectors and the heterotropic mechanism, especially, UTP 

binding. 

The experiments with P.putida ATCase, which were performed by 

Kumar et al (Kumar et al., manuscript in preparation), were done 

using the same experimental design as was used in E.coli. Site specific 

mutagenesis was also utilized to construct the deletion mutants. 

There were five deletion mutants: deletion of 11 amino acids from 

the N-terminus of PyrB (N-ll aa), deletion of 34 amino acids from 

the N-terminus of PyrB (N-34 aa), deletion of 3 amino acids from the 

C-terminus of PyrC1 (C-3 aa), deletion of 6 amino acids from the C-
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terminus of PyrC' (C-6 aa), and deletion of 9 amino acids from the C-

terminus of PyrC' (C-9 aa). The known amino acid sequences of 

P.putida PyrB and PyrC1 are shown in Fig. 3 and Fig. 4, respectively. 

The kinetics of these mutant ATCases was studied and compared to 

the kinetics of the P.putida wild type ATCase. The P.putida ATCase is 

inhibited by ATP, CTP and UTP, while the ATCases from mutants N-

11 aa, N-34 aa, and C-3 aa are activated by UTP and inhibited by 

ATP and CTP. The ATCase from the C-9 aa mutant is inactive. In 

addition, the ATCase from C-6 aa mutant exhibited the same 

regulation as that of the wild type. These results suggested that the 

N-terminus of PyrB and the C-terminus of PyrC' are involved in the 

enzyme assembly and nucleotide effector binding. Furthermore, it 

suggested that UTP binds to a site that was different from the site of 

ATP and CTP binding. 

Besides the kinetic studies of the P.putida ATCase mutants, the 

nucleotide binding studies were done using alpha 32p_ATP. In these 

experiments, gamma 32p_ATP was used as negative controls. It was 

found that the P.putida wild type ATCase samples labeled with alpha 

and gamma 32p_ATP gave a band on 8% nondenaturing -PAGE and in 

the autoradiogram. These results suggested two possible types of 
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reactions, adenylation reaction or phosphorylation reaction of the 

protein. If the phosphorylation occurred, the gamma-phosphate 

would be transferred from the phosphate donor to the protein and 

the phosphate group covalently linked to the protein. Therefore, the 

phosphate group would still be linked to the protein after exposure 

to the denaturing conditions of the SDS-PAGE. In contrast, the 

adenylation reaction is the reaction that adenylyl group is 

transferred to the protein but is not covalently linked with the 

protein. Therefore, the adenylyl group would be detached from the 

protein after exposure to the denaturing conditions of SDS-PAGE. 

Then, the gamma 32p_ATP labeled sample was tested on 12% SDS-

PAGE in order to distinguished between the two types of reactions. A 

band of 30-40 kDa, which is approximately the size of P.putida PyrB, 

was found on the autoradiograph. The known amino acid sequence of 

P.putida PyrB was searched by using ScanProsite to indicate the 

possible sites for phosphorylation. It was shown that there are 11 

possible phosphorylation sites on the PyrB polypeptide (Fig. 35). 

Therefore, the phosphorylation hypothesis in P.putida ATCase was 

further tested which is discussed in this chapter. 
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Figure 35. Possible phosphorylation sites on the P.putida PyrB 

obtained from comparing the PyrB sequence with known 

phosphorylation sites, available on the Internet at http.// 

expasy.hcuge.ch. 
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Phosphorylation of carbamoylphosphate synthetase-

aspartate transcarbamoylase-dihydroorotase complex 

(CAD) in eukaryotes. 

Phosphorylation has never been observed in any ATCase except in 

that of CAD in eukaryotic cells (Carrey, 1993). Two phosphorylation 

sites were found in CAD, the first site on the CPSase domain and the 

other site on the linker region (approximately 120 amino acids) 

between ATCase and DHOase. It was significant that the 

phosphorylation did not occur in the presence of UTP. Therefore, it 

was hypothesized that the phosphorylation and the UTP binding 

might be involved in controlling the conformational change of the 

enzyme complex. In the presence of bound UTP, the enzyme was 

seen to be in the closed form while in the absence of UTP, a cAMP-

dependent protein kinase in the cell extract phosphorylated the 

enzyme at both sites and caused it to be in the open form (Carrey, 

1993) (Fig. 36). A similar study was begun for the P.putida ATCase 

due to discovering phophorylation on P.putida PyrB. The study of the 

effect of UTP on phosphorylation in P.putida PyrB was performed 

using physiological concentrations of UTP (Traut, 1994) (Table 5). 
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Figure 36. A model of CAD complex showing the effect of 

phosphorylation on the conformational change of the complex. 

Adapted from Carrey, 1993. 
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Table 5. Average concentrations of pyrimidine and purine compounds in human and 
all other species combined. Adapted from Traut (1994). 

Pyrimidine Concentration Purine Concentration 
compounds (HM) compounds (HM) 

Human General Human General 
cytosine 1.5 6.4±8.5 adenine 0.4 2.712.2 
cyt idine 0.6 4.7±2.7 adenosine 0.5 3.112.2 
CMP 67 34±1 9 AMP 82 2091176 
CDP 0.8 71±5 1 ADP 137 8491367 
CTP 91 278±243 ATP 2102 31521 1698 
uraci l 1.3 5.8±8.3 guanine 97 0.4 
u r id ine 5.2 10.4±8.7 guanosine 0.9 4.512.9 
UMP 1841127 GMP 32 64139 
UDP 3.5 155±113 GDP 36 159151 
UTP 253 5671460 GTP 305 4681224 
orotate <5 0.4 hypoxanthine 172 5701483 
orotidine 1 3 149 inosine 168 5.016.3 
OMP 8.0 IMP 23 6314 1 
thymine 2.4 
deoxythymidine 0.5 4.915.2 xanthine 20 25 
dTMP 1.4 0.5 
dTDP 2.4 1.5 XMP 7.3 3.8 
dTTP 17 37130 

deoxycytidine 0.7 14 dAMP 21 
dCMP 1.9 0.3 
dCDP 0.1 1.0 dATP 2.4 24122 
dCTP 4.5 . 29119 

deoxyuridine 0.6 0.6 dGMP 9.1 
dUMP 2.7 2.2 
dUDP 0.5 0.1 dGTP 2.7 5.214.5 
dUTP 0.7 0.210.2 
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Furthermore, it was reported by Hemmens & Carrey that in the 

presence of 0.2 mM UTP, trypsin digested CAD and yielded an active 

ATCase domain. Then the ATCase domain was further digested by 

elastase yielding four fragments with the largest fragment retaining 

phosphorylation site 2 (Serl859). When this largest fragment is 

phosphorylated, these four ATCase fragments were eluted together 

from ion-exchange columns in a different fraction from that of the 

unphosphorylated sample. This suggested that the phosphorylation 

of Serl859 involved the affinity of the domains for each other 

(Hemmens & Carrey, 1994). 

According to the preliminary studies of the phosphorylation in 

many proteins such as CAD and the discovery of the phosphorylation 

of the P.putida PyrB polypeptide, this research was conducted to 

study the possible role of the phosphorylation of the P.putida PyrB 

which might be involved in the assembly and the regulation of the 

P.putida ATCase. 



METHODS 

Construction of the transformant pMJS29. 

The pyrBC' from P.putida was inserted into pUC18 which is a 

multicopy plasmid. The plasmid construct is designated pMJS29. The 

plasmids were transformed into competent cells (Dagert & Ehrich, 

1979) of E.coli TB2 which contains a 20 kb deletion of the pyrBI-argl 

region. The bacterial cells that contained the plasmids were selected 

on the LB medium with ampicillin at 100 ng ml"1. Transformant 

colonies were picked and grown in 5 ml LB broth (8 g tryptone, 5 g 

yeast extract, and 5 g sodium chloride in 1 liter) plus ampicillin at 

100 |ig ml"1, at 37°C. Next, rapid plasmid preparations were carried 

out as appropriate (Zhou et al, 1990). Plasmid DNA was treated with 

RNAase at 60°C for 10 min to remove RNA in the preparations. Then 

the plasmid DNA was cut with restriction enzymes, EcoRI and 

Hindlll, in order to determine if the plasmids contained the pyrBC' 

DNA fragment. The restriction mixtures were prepared in the 

following order in a sterile microfuge tube; tubel contained 3 |j,l 
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plasmid DNA, 2 ^1 lOx EcoYZA buffer and 15 p.1 sterile distilled water, 

tube 2 contained 1.5 fil EcoRl, 2 \L\ Hindlll, 1.5 jxl lOx ZicoRI buffer, 

and 10 jxl sterile distilled water. Then 2 |il of the mixture in tube2 

was mixed with tubel mixture and the reaction mixture was 

incubated at 37°C for 1 1/2 h. The reaction mixture was analyzed by 

running on an agarose gel (1%) and the digested fragments were 

observed under UV radiation. 

Medium and growth condition. 

Three liters of culture containing pyrBC' were grown aerobically on 

a shaker at 200 rpm in LB broth in the presence of 100 jig ml"1 

ampicillin at 37°C. The culture was grown to early stationary phase 

where the optical density at 600 nanometers was 1.0. 

Harvesting bacterial cultures. 

The bacterial culture was harvested by centrifugation at 15,000xg, 

4°C for 15 min using GSA rotor (Sorvall Instrument, RC5C). The 

centrifugation were done by using 250 ml sterile centrifuge tubes. 

The weight of the empty centrifuge tubes were recorded before 

centrifugation. The centrifuge tube, containing the cell pellet, was 

weighed and the wet weight of the pellet was calculated. This is 

significant in calculation of the amount of protein in purification 
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steps. At 600 nm, the optical density of 1.0 would give about 10-12 g 

wet weight of the cell pellet from three liters of cells. 

Preparation of cell extracts. 

After the cells were harvested, 10-12 g of the cell pellets were 

resuspended in 10 ml of ATCase breaking buffer. The buffer 

contained 10 mM Tris (pH 8.0), 20 mM EDTA, 20 mM ZnSC>4 and 0.5 

mM beta-mercaptoethanol. The cell suspension was transferred from 

centrifuge tubes to a conical tube. The cells were sonicated using a 

Branson sonifier cell disruptor 200, in continuous mode, level. 3 

output for total of 15 min at 5 min intervals. While the cell 

suspension was sonicated, the sample was kept in an ice-water 

slurry to control the heating of the sample. The sonicated sample was 

transferred to a centrifuge tube for SA600 rotor. Then the cell debris 

was separated by centrifugation at 15,000xg, 4°C for 30 min (Sorvall 

Instrument, RC5C). The supernatant was retained at 4°C for further 

studies. 

Aspartate transcarbamoylase assay. 

ATCase activity was determined by measuring the amount of 

carbamoylaspartate (CAA) that was produced by the enzyme within 

20 min at 30°C. Assays were performed according to the method of 
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Gerhart & Pardee (Gerhart & Pardee, 1962) with modifications using 

the color development procedure of Prescott & Jones (Prescott & 

Jones, 1969). Aspartate was used as the starting reagent for the 

reaction. 

Besides measuring the amount of CAA, the assays were done in 

order to determine the KM for aspartate (KMasp) and for 

carbamoylphosphate (KMcp). For KMasp determination, the assay tubes 

contained the following reagents in a final volume of 1 ml: 0.2 mM to 

5 mM potassium aspartate, protein sample, 100 fxl of 50 mM 

dilithium carbamoylphosphate, 40 J L L I of tri-buffer (Ellis & Morrison, 

1982); stock solution contains 0.051 M diethanolamine, 0.051 mM N-

ethylmorpholine, and 0.1 M MES adjusted to pH 9.5 and ddH20 to 

volume. The pH for the assay was first studied in the pH range of 

6.5-10.0, and subsequent assays were done at the optimal pH. For 

KMcp determination, the assay tubes contained the following reagents 

in a final volume of 1 ml: 0.2 mM to 1 mM dilithium 

carbamoylphosphate, protein sample, 50 {il of 200 mM potassium 

aspartate, 40 |j.l of tri-buffer pH 9.5, and ddH20 to volume. In the 

determination of KMasp and KMcp, effector responses were examined by 
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the addition of 1 mM final concentration of ATP, CTP and UTP to the 

assay tubes. 

To determine the amount of ATCase in protein samples, the assays 

were done at saturated aspartate and carbamoylphosphate 

concentrations. The reagents were added to the assay tubes in this 

order: 40 |il of tri-buffer defined above, protein sample, 100 jxl of 50 

mM carbamoylphosphate (5 mM final concentration of 

carbamoylphosphate), ddH20 to the volume of 1 ml, and the reaction 

was initiated by addition of 50 |xl of 200 mM aspartate (10 mM final 

concentration of aspartate). When the effector response needed to be 

measured, the effector was added after this step. The reaction mix 

was incubated at 30°C for 20 min. Then 1 ml of the color mix was 

pipetted into the reaction tubes. The color mix contained two parts of 

antipyrine 5 mg ml"1 in 50% (v/v) of sulfuric acid and one part of 

2,3-butanedione monoxime 8 mg ml"1 in 5% (v/v) acetic acid. The 

tubes were incubated in a 65°C water bath with exposure to light 

and they were capped by marbles to limit evaporation. The 

incubation period was 1 to 1 1/2 h, the absorbance was read in a 

Perkin-Elmer Lambda 3A UV/VIS spectrophotometer at 466 nm. 

Two controls were used for each assay, a positive control and a 
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negative control. The positive control, which contained CAA, tri-

buffer, ddH20, and color mix, was prepared to show that the assay 

conditions were correct. The negative control was used as blank for 

all readings, with the tubes containing all reagents except protein. 

The CAA concentration was determined by using a CAA standard 

curve. The standard was prepared by using known concentrations of 

CAA varying from 50 to 500 nmol, the reaction mix was the same as 

the standard assay including color development conditions. 

The specific activity of the enzyme (Y-axis) versus the 

concentration of aspartate or carbamoylphosphate (X-axis) was 

plotted to generate the kinetic curves. The KMasp and KMcp are the 

concentrations of aspartate and carbamoylphosphate, respectively, 

when the reaction velocity is half of the maximum. 

Protein concentration determination. 

Protein concentration in a sample can be measured in various 

ways, and each way has advantages and disadvantages. The method 

that was chosen to determine the protein concentrations was the 

method of Lowry et al., (Lowry et al., 1951) The standard curve was 

generated by using BSA ranging from 0 |ig to 100 |ig. There were 11 

tubes of the BSA in 10 fig increments as follows: the 0 (j.g tube 
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contained 200 \i\ ddH20, the 10 (xg tube contained 10 ^1 of 0.1%BSA 

(0.1% BSA in a 1 ml vial from Pierce, Rockford, IL) in 190 jo.1 ddH20, 

the rest of the tubes were set up accordingly. 

To assay the samples, an appropriate volume of -the samples was 

used or the appropriate dilutions were made when necessary, the 

d d H 2 0 was added to the volume of 200 |xl. 

To the standard and sample tubes, 800 jul of alkaline copper 

reagent, which contained 0.5 ml of 2% sodium-potassium tartrate and 

0.5 ml of 1% copper sulfate mixed together before adding 49 ml of 

2% sodium carbonate in 0.1 N sodium hydroxide, were added. All of 

the above tubes were allowed to stand at room temperature for 10 

min. Folin Ciocalteau reagent was diluted 1:1 with ddH20 to yield 1 N 

of the reagent. The reagent was added to the tubes while mixing on a 

vortex mixer. The tubes were allowed to stand at room temperature 

for 30 min and the absorbance at 660 nm was read after the 

incubation. The BSA concentration (X-axis) and the A660 (Y-axis) 

were plotted to generate a standard curve. The amount of protein in 

the unknown samples was determined by using the standard curve. 
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Purification strategies. 

Four purification steps were utilized to purify ATCase from 

pMJS29. These steps are: streptomycin sulfate precipitation, 

ammonium sulfate fractionation, Sephacryl S-300 gel filtration, and 

HPLC-HIC. The first three steps were performed at 4°C and the last 

step was performed at room temperature. 

Streptomycin sulfate precipitation. 

A 10% (w/v) streptomycin sulfate solution, which was made by 

mixing 0.2 g of streptomycin sulfate with 2 ml of 10 mM phosphate 

buffer pH 7.5, was added to 10 ml of cell extract (Adair & Jones, 

1972). The final concentration of streptomycin sulfate in the solution 

was 2%. After slowly adding the streptomycin sulfate solution, the 

mixture was stirred for 2-3 h at 4°C. The precipitate was removed 

by centrifugation for 30 min at 15,000xg at 4«C. The supernatant 

was pipetted with Pasteur pipette to a dialysis tube. Dialysis was 

carried out overnight against 2 liters of ATCase buffer. A white 

precipitate was seen after dialysis. The precipitate was removed by 

centrifugation under the same conditions as above. ATCase activity of 

the supernatant was assayed before the next purification step. 
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Ammonium-sulfate fractionation. 

Determination of the correct percent ammonium sulfate saturation 

is significant in precipitation of the desired protein by ammonium 

sulfate fractionation. The differences in percentage of ammonium 

sulfate saturation depended on the sample source. To determine the 

correct percent fractionation, a sample was fractionated in 5% (w/v) 

ammonium sulfate saturation increments starting at 10% saturation 

at 4°C. At each step, the pellet was resuspended in 500 (0.1 of ATCase 

buffer, while 500 jxl of the supernatant was saved in a sterile 

microfuge tube. The pellet and the supernatant samples from each 

step were analyzed for ATCase activity. In this way, the maximum 

ATCase activity for pMJS29 from streptomycin sulfate supernatants 

was determined. The precipitated percentage that yielded the 

maximum ATCase activity was between 30% and 45% ammonium 

sulfate saturation at 4°C (Schurr et al., 1992). 

In the purification step after streptomycin sulfate precipitation, the 

30% ammonium sulfate cut was made by slowly adding ammonium 

sulfate to the streptomycin sulfate supernatant until reaching the 

30% saturation. The sample was stirred slowly and allowed to 

equilibrated at 4°C for 1 h. Supernatant was obtained by 
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centrifugation at 15,000xg at 4°C for 30 min. The supernatant was 

transferred to a sterile conical tube and the volume was measured in 

order to calculate the amount of ammonium sulfate to be added in 

the next step. ATCase activity and protein concentration of the 

supernatant and the precipitate were measured. 

The 45% ammonium sulfate cut was made by slowly adding 

ammonium sulfate to the 30% ammonium sulfate cut supernatant 

until reaching the 45% saturation. The sample was stirred and 

allowed to equilibrate at 4°C for 1 h. Precipitate was obtained by 

centrifugation at 15,000xg at 4°C for 30 min. The pellet was 

resuspended in 1 ml of ATCase buffer and stored at 4°C for the next 

purification step. ATCase activity and protein concentration were 

measured to be certained that the fraction with high ATCase activity 

was obtained. The 45% ammonium sulfate precipitated solution was 

dialyzed overnight against 2 liters of ATCase buffer at 4°C. 

Sephacryl S-300-HR column chromatography. 

A 1.5 cm x 70 cm prepacked Sephacryl S-300 HR Bio-Rad column 

was used as a gel filtration column which separates proteins based 

on size. This column can be used to separate proteins in the range of 
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10 kDa to 1500 kDa. The experiments were performed at 4°C. A 

blank run was performed every time before using the column. 

After dialysis, the 45% ammonium sulfate-precipitated-solution 

was loaded to the column. The volume of the sample should not 

exceed 1% of the total volume of the column in order to obtain the 

best performance of the column. The ATCase buffer was degassed 

before using as a running buffer. The column was connected to a 

peristaltic pump which was run at the speed of 1 ml min"1. The 

fractions were collected after the void volume. Eighty fractions were 

collected and the fraction size is 2.5 ml. The fractions were analyzed 

for the ATCase activity and then the maximal ATCase contained 

fractions were pooled. The ATCase activity and the protein 

concentration were determined before proceeding to the next 

purification step. 

Concentration of size-exclusion fractions. 

After size exclusion chromatography, the sample was concentrated 

by using a Centriprep-30 concentrator (Amicon, Inc., Beverly, MA). 

The concentrated sample was centrifuged at 1500xg for 30 min at 

4°C. The sample volume was checked and the centrifugation was 

repeated under the same condition until the appropriate working 
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volume was obtained, approximately 1.5 ml. The concentrated 

sample was assayed for the ATCase activity and the protein 

concentration. 

High performance liquid chromatography-Hydrophobic 

interaction column. 

HPLC was performed as the last step of the purification. The HPLC 

was done by using a hydrophobic interaction column, fast flow 

phenyl-Sepharose column. This purification technique was chosen by 

a computer program, where this program analyzed the nature of the 

sample and suggested the appropriate technique. Five milligram of 

the partially purified protein were loaded onto the column. Two 

types of buffers were used , buffer A is 50 mM phosphate pH 7.0 

with 1.0 M (NH4)2SC>4 and buffer B is 50 mM phosphate pH 7.0. The 

gradient was created from 0% of buffer B to 100% of buffer B in 60 

min. The flow rate was 2 ml min"1 and the fraction size was 0.5 ml. 

The protein concentration in each fraction was determined by 

spectrophotometry, using the ultraviolet radiation at the wavelength 

of 257 nm with the least sensitivity. The pressure of the system was 

0.3 Mega Pascal per square inch. The ATCase activity and the protein 
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concentration were determined according to methods described 

earlier in this chapter. 

Nondenaturing polyacrylamide gel electrophoresis and 

activity staining. 

The 8% nondenaturing polyacrylamide gels were prepared 

according to the method of Laemmli (Laemmli, 1970) and the 

method of Walker (Walker, 1996). The gels were electrophoresed at 

room temperature, 150 V for 1 h 20 min. If ATCase is present in the 

samples, the ATCase bands can be visualized on the gels after 

activity staining. The method was first developed by Bothwell 

(Bothwell, 1975) and modified by Kedzie (Kedzie, 1987). 

The activity staining was done as follows. After electrophoresis, the 

gel was washed with ice cold 50 mM histidine pH 7.0, then the gel 

was exposed to the solution containing the two substrates, 5 ml of 1.0 

M aspartate and 10 ml of 0.1 M carbamoylphosphate, for 10 min. The 

gel was washed three times with ice cold distilled water, each wash 

done for 5-10 min in order to avoid a dark background after 

finishing the staining process. In this step, free phosphate was 

released from the ATCase band and trapped in the gel. Then, ice-cold 

50 mM histidine pH 7.0 containing 3 mM lead nitrate was added and 
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the gel shaken in the solution for 10 min. The ice-cold distilled water 

was used to rinse the gel three times. If the protein samples 

contained ATCase, the ATCase band was visualized as the white band 

after this step. In order to visualize the band clearly, a 1% sodium 

sulfide solution was added and incubated for approximately 3-5 min. 

The solution was removed and the gel was rinsed several times with 

water during which the white ATCase band became dark brown. If 

the background were dark, it was removed by adding 0.7% nitric 

acid. The stained gel was dried by using two cellulose sheets 

(Promega, Madison, WI). 

Sodium dodecyl-sulfate polyacrylamide gel electrophoresis. 

The 12% polyacrylamide gels were prepared according to the 

method of Laemmli (Laemmli, 1970) and the method of Walker 

(Walker, 1996). The gels were electrophoresed at room temperature, 

150V for 80 min. Then Coomassie staining or silver staining were 

done to visualize the bands. The stained gel was also dried as 

previously described. 

Phosphorylation of P.putida PyrB. 

The HPLC purified ATCase and the partially purified P.putida 

ATCase were incubated with 10 fiCi of gamma 3 2 P-ATP at room 
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temperature for 20-30 min. After labeling, the ATCase band at 480 

kDa was separated using 8% nondenaturing polyacrylamide gel 

electrophoresis. An activity stain was performed on the gel as 

previously described to determine the size of the ATCase band. The 

band was excised and soaked in 10% SDS electrophoresis buffer for 

30 min to denature the protein in the gel piece and then boiled for 5 

min. Each gel piece was placed in a lane of a 12% SDS polyacrylamide 

gel and electrophoresis was done as previously described. 

Autophosphorylation of P.putida PyrB by P.putida PyrC'. 

In order to test the hypothesis of autophosphorylation of P.putida 

PyrB by its PyrC' component, the sample was prepared in two 

different ways. First, the sample was prepared as previously 

described for the phosphorylation of P.putida. Second, the ATCase 

band at 480 kDa was separated by electrophoresis of the partially 

purified P.putida ATCase sample on 8% native polyacrylamide gel. 

Activity staining was done to determine the 480 kDa, then the band 

was excised and followed by electroelution. The P.putida ATCase, 

which contained PyrB and PyrC', was incubated with 10 ^Ci of 

gamma 3 2 p.ATP for 20-30 min. After the labeling reaction, the two 

samples were analyzed by 12% SDS-PAGE. The gel was Coomassie-
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stained, dried by using cellulose sheets (Promega, Madison, WI) and 

then exposed to an X-ray film. 

Testing divalent cation requirement for phosphorylation. 

Zn^+ and Mg2+ were tested for the divalent cation requirement of 

the kinase that is responsible for the phosphorylation of the PyrB. 

The partially purified ATCase samples were incubated with 5 mM of 

zinc acetate and magnesium chloride at room temperature for 20 

min. The labeling process by gamma 32p_ATP was done in the same 

way as described for the phosphorylation of PyrB. 

Testing the effect of UTP on phosphorylation. 

Various amounts of UTP were added to the partially purified 

P.putida ATCase samples. UTP concentrations were varied from 0.2 

mM to 2.0 mM. The samples were incubated with UTP for 20 min at 

room temperature before the labeling reaction. Then the same 

experimental steps as described for the phosphorylation of P.putida 

PyrB were done. 

Peptide mapping for phosphorylation site (s). 

The peptide mapping was done in order to determine the location 

of the phosphorylation sites on the PyrB. The HPLC purified P.putida 

ATCase, 0.5 mg, was labeled with 80 |j.Ci of gamma 32p_ATP, the 
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reaction was carried at room temperature for 30 min. The labeled 

protein sample was boiled for 5 min, and the PyrB protein, molecular 

mass 36 kDa, was separated by 12% SDS-PAGE. Then, Coomassie 

staining was done to locate the 36 kDa band, which was then excised 

and followed by electroelution. 

The electroeluted sample was concentrated to 30 p.1 by using a 

Microconcentrator. The protein is cleaved at methionine residues by 

CNBr (Fig. 37). The sample was incubated with 5 mg of cyanogen 

bromide in 200 p.1 of 70% formic acid at room temperature for 1-7 h. 

The treated sample was dried by using a Speed-Vac, then the protein 

residues were dissolved in 100 jxl of distilled water in order to get 

rid of formic acid residues which might interfere with the 

electrophoresis. The sample was dried again on a Speed-Vac and 

then redissolved in 20 jil of SDS sample buffer (Luo et al., 1991; 

Smith, 1996). The CNBr cleavage sample, the control (before CNBr 

cleavage) and the low range molecular weight markers were loaded 

onto 16% SDS polyacrylamide gel (Judd, 1996). The acrylamide 

mixture was prepared in the following order: 4 ml of 

30%acrylamide/0.8%bis-acrylamide stock solution, 1.87 ml of 4x Tris 

pH 8.8, 1.62 ml of ddH20, 25 jxl of 10% ammonium persulfate, and 5 
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Figure 37. Reaction of peptide cleavage at methionine residues by 

cyanogen bromide. Adapted from Creighton, 1993. 
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|il of TEMED. The low molecular weight markers (Promega, Madison, 

WI) have molecular masses of 31.0 kDa, 20.4/19.7 kDa, 16.9 kDa, 

14.4 kDa, 8.1 kDa, 6.2 kDa, and 2.5 kDa. To determine sizes of the 

protein fragments, a molecular weight standard curve for 16%SDS-

PAGE was generated using the first method described in the 
j» 

determination of molecular mass of ATCase in chapter 1 (Fig.48). The 

gel was run by using tricine buffer pH 8.3 (3.02 g of Tris, 14.4 g of 

tricine and 1 g of SDS in 1000 ml of ddH20) as the electrophoresis 

buffer, the tricine was used as the trailing ion which allowed good 

resolution of small proteins (Schagger & Jagow, 1987).The 

electrophoresis was done at room temperature, 100 V for 2.0 h. The 

gel was Coomassie stained and dried by using cellulose sheets as 

described previously before exposed to an X-ray film for 7-14 days. 

Densitometry. 

Densitometry was used in some of these experiments as a tool to 

further analyze the data. For example, in the phosphorylation studies 

of P.putida PyrB, the density of the phosphorylated protein band and 

Coomassie stained band of the same protein from each step of 

purification was measured by using densitometer leading to the 
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determination of the phosphorylation rate in every steps of 

purification. 

The densitometer that was used in these experiments was a video 

based system. The video camera was connected to a computer which 

has a program (NIH Image, Version 1.6.1) that was able to capture 

pictures. A Coomassie-stained gel or an autoradiograph was placed 

on a light source. The camera was adjusted and a blue filter was 

placed in front of the camera lens, in case that the sample is a 

Coomassie stained gel, yielding a better picture on the computer 

screen. The picture was captured through the camera and the signal 

was transferred to the computer. Then the picture was captured on 

the computer screen and the density of the bands of interest was 

measured. The data were saved and printed out for further 

calculation and analysis. 



RESULTS 

Purification of P.putida ATCase. 

P.putida wild type ATCase was purified as described in Methods 

and the results are shown in Figs. 38-40. The purified WT ATCase 

and partially purified WT ATCase were used in subsequent 

experiments. The HPLC purified ATCase was used in the peptide 

mapping for phosphorylation sites where the used of highly purified 

protein is necessary to minimize the errors from the contamination 

of other proteins that could cause the incorrect interpretation of the 

data. The protein kinase that was responsible for the 

phosphorylation reaction was purified out in every step of 

purification, which is shown in the result of phosphorylation of 

P.putida PyrB. This process caused the phosphorylated protein band 

to become lighter. Consequently, the partially purified ATCase was 

used in all experiments except for the peptide mapping for 

phosphorylation sites in order to easily observe the phosphorylated 

protein band. 
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Figure 38. Plot of activity of P.putida ATCase ammonium sulfate 

precipitated extract after fractionation on a Sephacryl S-300 

column versus fraction number. 
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Figure 39. The profile of the P.putida ATCase purified by HPLC-

phenyl-Sepharose column. 
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Figure 40. 12% SDS-PAGE of P.putida ATCase in various 

purification steps. Lane 1 contains Promega mid-range markers. 

Lane 2 contains P.putida cell extract. Lane 3 contains P.putida 

ATCase after streptomycin sulfate precipitation and ammonium 

sulfate fractionations. Lane 4 contains P.putida ATCase ATCase 

ammonium sulfate precipitated extract after fractionation on a 

Sephacryl S-300 column. Lane 5 contains HPLC purified P.putida 

ATCase by using phenyl-Sepharose column. 
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Phosphorylation of P.putida PyrB. 

The PyrB (36 kDa) of P.putida ATCase was shown to be 

phosphorylated by a protein kinase in the sonicate. In addition, the 

ratio of the density of the phosphorylated protein band on the 

autoradiograph and the density of the PyrB protein band on the 

Coomassie stained gel were measured by a densitometer in every 

step of purification as described in the Methods. The ratios were 

13:1, 22:1, 44:1 and 5:1 for cell extract, streptomycin sulfate 

precipitation-ammonium sulfate fractionations, Sephacryl S-300 

purified preparation and HPLC purified preparation, respectively. It 

showed that the phosphorylation reaction decreased in the last step 

of purification. This suggested that the kinase was purified out 

during HPLC purification (Figs. 41-43). 

Autophosphorylation of P.putida PyrB by P.putida PyrC'. 

Assembly of the PyrC' polypeptides is required for the activity of 

the P.putida ATCase and the role of the protein is still unknown. 

After the phosphorylation of the PyrB polypeptides was found, it was 

thought that the PyrC' might be involved in this covalent 

modification of the enzyme. In order to test the hypothesis that the 

PyrC' was the protein kinase responsible for the phosphorylation of 
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Figure 41. (a) 12% SDS-PAGE of P.putida ATCase obtained from 

excision of the 480 kDa band after running the samples on an 8% 

native-PAGE. Lane 1 contains HPLC purified P.putida ATCase. Lane 

2 contains partially purified P.putida ATCase. (b) Autoradiograph 

of P.putida ATCase on a 12% SDS-PAGE showing the 

phosphorylation band at 36 kDa. Lane 3-5 contain P.putida ATCase 

obtained from excision of the 480 kDa band after running the 

samples on an 8% native-PAGE. Lane 6 contains E.coli ATCase 

directly loaded on 12%SDS-PAGE. Lane 7 contains partially purified 

P.putida ATCase directly loaded on 12% SDS-PAGE. 

Note: All the samples used in autoradiogram in this figure and all 

subsequent figures were labeled with gamma 32P-ATP. 
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Figure 42.12% SDS-PAGE of P.putida ATCase in various 

purification steps. All of the samples were run on an 8% native-

PAGE and the active bands at 480 kDa were excised and run on . 

12% SDS-PAGE. Lane 1-2 contain P.putida cell extract. Lane 3-4 

P.putida ATCase after streptomycin sulfate precipitation and 

ammonium sulfate fractionations. Lane 5 contains P.putida ATCase 

ammonium sulfate precipitated extract after fractionation on a 

Sephacryl S-300 column. Lane 6-7 contain HPLC purified P.putida 

ATCase. 
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Figure 43. Autoradiograph of the 12% SDS-PAGE of P.putida 

ATCase shown in Fig. 42. Lane 1-2 contain P.putida cell extract. 

Lane 3-4 contain P.putida ATCase after streptomycin sulfate 

precipitation and ammonium sulfate fractionations. Lane 5 

contains P.putida ATCase ammonium sulfate precipitated extract 

after fractionation on a Sephacryl S-300 column. Lane 6-7 contain 

HPLC purified P.putida ATCase. 
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the PyrB, autophosphorylation experiments were performed to 

compare the two preparations that were set up in two different 

ways. The preparation in which the gamma 32p_ATP labeling was 

done to the PyrBC' showed the disappearance of the phosphorylation 

reaction, while the preparation which the gamma 32p_ATP labeling 

was done to the partial purified ATCase showed phosphorylation. 

This suggested that the phosphorylation was carried out by a protein 

kinase in the preparation and not by the PyrC' (Fig. 44). 

Divalent cation requirements for phosphorylation. 

Many known protein kinases have requirements for divalent 

cations in order to catalyze the reactions (Hess et al, 1991). 

Accordingly, the experiments were performed in order to detect a 

divalent cation requirement for the phosphorylation reaction of 

P.putida PyrB. Two divalent cations were chosen for these 

experiments, Mg2+ and Zn2+. The magnesium ion was chosen because 

of requirement for this ion in many enzymatic reactions, while the 

zinc ion was chosen on account of playing a crucial role in linking the 

regulatory polypeptide chain to the catalytic polypeptide chain in 

E.coli ATCase (Creighton, 1993). The results showed that the 

unknown protein kinase has a divalent cation requirement. The 

phosphorylation does not occur in the presence of 15 mM or more of 
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the chelating agent, EDTA (Fig. 45). It was found that the addition of 

Zn^+ and Mg2+ can complement for phosphorylation in EDTA treated 

samples (Fig. 46). 

Effect of UTP on phosphorylation. 

In CAD, phosphorylation of the amino acid residues on the CPSase 

and the linker region between ATCase and DHOase causes the 

electrostatic repulsion of the two phosphorylated sites; consequently, 

the enzyme complex is in the open form which is capable of catalysis. 

The presence of UTP causes the complex to exist in the closed form 

due to the binding of UTP to the enzyme complex that leads to the 

inhibition of the phosphorylation reactions. Therefore, the 

phosphorylation and the UTP binding have a role in alteration of the 

conformation of the enzyme complex which has a direct effect on 

enzymatic regulation (Carrey, 1993). After the phosphorylation of 

P.putida PyrB was found, it was expected that the similar situation 

might occur in P.putida ATCase. Therefore, these experiments were 

performed to test this hypothesis for P.putida ATCase. Different 

concentrations of UTP, from 0.2 mM to 2.0 mM, were added directly 

to the ATCase samples which all contained the same amount of 

protein. After the incubation with UTP and gamma 32p_ATP labeling, 

the samples were tested for phosphorylation. It was discovered that 
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the phosphorylation reaction decreased about 60% in the presence of 

1.0 mM UTP and more (Fig. 47). 

Peptide mapping for phosphorylation site(s). 

In order to determine the phosphorylation site (s) on P.putida 

ATCase PyrB polypeptide, peptide mapping for phosphorylation was 

performed. The molecular masses of the proteins were determined 

by comparing them to a standard curve for 16% SDS-PAGE (Fig. 48). 

The results showed that the fragment containing 112 amino acids 

(approximately 12 kDa) of the N-terminus of the PyrB polypeptides 

is the likely region where phosphorylation sites are located (Fig.49, 

50). In addition to the wild type enzyme, two different samples were 

tested for phosphorylation, one with 11 amino acids removed from 

the N-terminus of PyrB (N-llaa) and one with 34 amino acids 

removed from the N-terminus of PyrB (N-34aa), compared to the 

wild type in order to estimate the possible phosphorylation sites. 

Phosphorylation occurred in all three samples, N-ll aa, N-34aa and 

wild type ATCase samples (Fig. 46). Taken together with the results 

obtained from the peptide mapping experiments and from testing 

the phosphorylation of N-llaa and N-34aa samples suggest that the 

phosphorylation sites on the PyrB polypeptides are located between 

amino acid number 35 and 112. According to the possible 
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Figure 44. Autoradiograph of a 12% SDS-PAGE of partially 

purified P.putida ATCase. The experiment was performed to test 

the autophosphorylation of the PyrB by PyrC'. Lane 1-2 contain the 

electroeluted 480 kDa ATCase bands that were labeled by gamma 
32P-ATP after electroelution. Lane 3-4 contain the samples that 

were labeled by gamma 32P-ATP before running on 8% native-

PAGE and electroelution. 
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Figure 45. Autoradiograph of a 12% SDS-PAGE of partially 

purified P.putida ATCase in the absence of EDTA and in the 

presence of various concentrations of EDTA. Lane 1 contains the • 

sample in the absence of EDTA. Lane 2 contains the sample in the 

presence of 5 mM of EDTA. Lane 3 contains the sample in the 

presence of 10 mM of EDTA. Lane 4 contains the sample in the 

presence of 15 mM EDTA. Lane 5 contains the sample in the 

presence of 20 mM of EDTA. Lane 6 contains the sample in the 

presence of 25 mM EDTA. 
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Figure 46. (a) Autoradiograph of a 12% SDS-PAGE of purified 

P.putida ATCase from N - l l aa and N-34 aa deletion clones. The 

experiment was performed to pinpoint the phosphorylation sites 

on the PyrB. Lane 1 contains P.putida ATCase. Lane 2 contains N-

11 aa ATCase. Lane 3 contains N-34 aa ATCase. (b) Autoradiograph 

of a 12% SDS-PAGE of partially purified P.putida ATCase. The 

experiment was performed to test the divalent cation 

requirements for the phosphorylation. Lane 1 contains P.putida 

ATCase. Lane 4 contains P.putida ATCase in the presence of 5 mM 

EDTA. Lane 5 contains P.putida ATCase in the presence of 25 mM 

EDTA. Lane 6 contains P.putida ATCase in the presence of 25 mM 

EDTA and 5 mM of MgCl2. Lane 7 contains P.putida ATCase in the 

presence of 25 mM EDTA and 5 mM of ZnCl2. 
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Figure 47. Autoradiograph of a 12% SDS-PAGE of partially 

purified P.putida ATCase in the presence of various concentrations 

of UTP. Lane 1 contains P.putida ATCase. Lane 2 contains P.putida 

ATCase in the presence of 0.2 mM of UTP. Lane 3 contains P.putida 

ATCase in the presence of 0.5 mM of UTP. Lane 4 contains P.putida 

ATCase in the presence of 1 mM of UTP. Lane 5 contains P.putida 

ATCase in the presence of 2 mM of UTP. 
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Figure 48. Standard curve for molecular weight determination of 

16% SDS-PAGE. 
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phosphorylation site shown on Fig. 35, there are six sites where 

phosphorylation might occur on this fragment of the PyrB 

polypeptide. In addition, the labeled 36 kDa protein sample before 

CNBr cleavage had two bands after running the autoradiogram, one 

at 36 kDa and the other one at 15 kDa (Fig. 50), while the Coomassie 

stained gel of the sample had only one band at 36 kDa (Fig. 49). This 

band seen on the autoradiograph could be a breakdown product of 

the 36 kDa protein, a protein kinase or a nucleic acid contaminant. 

To determine the substance of the band, the same sample was 

overloaded onto 16% SDS-PAGE and run under the same conditions as 

used in the peptide mapping experiments. If the band on the 

autoradiograph were a labeled protein band, the band would appear 

after the Coomassie staining. The results showed no appearance of 

the band at 15 kDa after the staining (Fig. 51). An additional step 

was performed. The gel was silver stained. If the band were a nucleic 

acid contaminant, the band would appear after the staining. The 

result also showed no appearance of the band after the silver 

staining (data not shown). 
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Figure 49.16% SDS-PAGE of HPLC purified P.putida ATCase. The 

experiment was performed to indicate the fragment of PyrB that 

contains phosphorylation sites. Lane 1 contains Promega low-rarige 

molecular weight markers. Lane 2 contains P.putida PyrB (36 kDa) 

before CNBr cleavage, used as a control. Lane 3-4 contain P.putida 

PyrB after 7 h of CNBr cleavage. 
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Figure 50. Autoradiograph of the 16% SDS-PAGE shown in Fig.49, 

showing the fragment contained phosphorylation sites. Lane 1 

contains P.putida PyrB before cyanogen bromide cleavage 

(control). Lane 2-3 contain P.putida PyrB after 7 h of cyanogen 

bromide cleavage. 
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Figure 51. 16% SDS-PAGE of P.putida PyrB obtained by the- same 

method as those in the peptide mapping experiment. Lane 1 

contains Promega low-range molecular weight markers. Lane 2 

contains overloaded P.putida PyrB. 
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DISCUSSION 

Possible role of phosphorylation of PyrB polypeptide. 

Phosphorylation was found to occur in P.putida ATCase on the PyrB 

polypeptide. As seen for eukaryotic CAD complexes (Carrey, 1993), 

the phosphorylation reaction that occurred in PyrB polypeptide of 

P.putida ATCase might involve a conformational change of the 

enzyme. According to the possible phosphorylation sites of the PyrB 

(Fig. 35), there is a high possibility that the phosphorylation might 

occur at more than one site on the P.putida PyrB polypeptide. 

Therefore, the electrostatic repulsion could occur between the 

phosphorylation sites and cause the enzyme to exist in the open 

form. This form of the enzyme might be susceptible to the substrates; 

therefore, the enzyme has the capability to carry out the reaction. 

The phosphorylation reaction is carried out by a protein kinase in 

the preparations. The decreasing of the ratio of the density of the 

phosphorylated band on the autoradiograph and the density of the 

band on the Coomassie stained gel in the last step of purification 

suggested that this unknown protein kinase is purified out during 

this step of the purification. In addition, this covalent modification 
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reaction of the P.putida PyrB by the protein kinase has a 

requirement for divalent cations, with either zinc or magnesium ions 

being able to fulfill this requirement. There are many enzymes that 

require divalent cations in order to carry out the reaction. In general, 

ion binding sites are located in the interior of the protein. These sites 

are surrounded and interact simultaneously with the ions, yielding a 

cooperative effect (Creighton, 1993). Zinc ions are bound to sulfur 

atoms of cysteine residues , to imidazole nitrogen atoms of histidine 

residues, and to carboxyl oxygen atoms of glutamate or aspartate 

residues. Magnesium ions tend to be bound along with the phosphate 

groups of the phosphate donors (ligands) (Creighton, 1993). 

Therefore, this particular protein kinase also has ion binding sites, 

and these ion bindings are necessary for the protein to catalyze the 

phosphorylation reaction. 

According to the amino acid sequence of PyrB polypeptide (Fig. 8), 

cyanogen bromide cleavage would yield 12 polypeptide fragments. 

The possible sites (Fig.35) are located on 3 fragments, fragment of 

amino acids 1-112 (12 kDa) contained 7 possible sites, fragment of 

amino acids 161-190 (3 kDa) contained 1 possible site, and fragment 

of amino acids 248-278 (2 kDa) contained 2 possible sites for 



219 

phosphorylation. The results of the PyrB after cyanogen bromide 

cleavage on the Coomassie stained gel showed 6 bands because the 

other six bands were too small in size (200-800 Da) to be detected on 

the 16% SDS-polyacrylamide gel. A sharp band at 12 kDa was 

observed on the autoradiograph of the same sample. The sites on the 

protein, where phosphorylations occur, are located between amino 

acid number 35 and 112 from the N-terminus of the PyrB 

polypeptide which is correlated with the possible sites suggested by 

comparing the PyrB sequence with known phosphorylation sites. . 

Some smears were also observed on the autoradiograph besides the 

sharp band at 12 kDa, these might be a result of the uncompleted 

cleavage of some fragments by cyanogen bromide. 

Moreover, an extra band at 15 kDa besides the band at 36 kDa was 

observed on the autoradiograph of the labeled 36 kDa protein sample 

before CNBr cleavage. The protein samples were overloaded on two 

of the 16% SDS-PAGE, one gel was followed by Coomassie staining 

and the other gel was followed by silver staining. If the band on the 

autoradiograph is a labeled protein band, the band would appear 

after the gel is stained with Coomassie Blue R-250. The band would 

appear after silver staining but not after Coomassie staining, if the 
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band is a nucleic acid contaminant. The results showed no 

appearance of the band at 15 kDa after both types of the staining 

were performed. Therefore, the substance of the band is not a nucleic 

acid contaminant. It is possible that the band is a protein which is 

present in extremely low amount and highly phosphorylated. Such a 

protein might be the protein kinase that is responsible for the 

phosphorylation reaction of the P.putida PyrB. 

Involvement of UTP in phosphorylation. 

The effect of UTP on the phosphorylation reaction suggests that 

UTP and phosphorylation may be involved in the conformational 

change of the enzyme, resembling those seen for the CAD complex. 

As it was mentioned in the Results section, in the presence of 1.0 mM 

of UTP and above, the phosphorylation reaction was inhibited more 

than 50%. Moreover, it was found that the UTP binding site on the 

enzyme may be different from the ATP and CTP binding sites 

(Kumar, et al., manuscript in preparation); therefore, UTP might have 

a function in addition to inhibiting the enzyme. It is possible that at 

low concentrations of UTP, which itself is a product of the pyrimidine 

biosynthesis, the phosphorylation reaction occurs. Therefore, the 

enzyme is believed to be in the open form due to the electrostatic 
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repulsion allowing UTP to be synthesized. In contrast, at high 

intracellular concentrations of UTP (1.0 mM and above), the UTP 

molecules might bind to the site that is close to a phosphorylation 

site on the PyrB polypeptide. This could cause the phosphorylation to 

be inhibited; consequently, the electrostatic repulsion would not 

occur and the enzyme would be in the closed form. When the enzyme 

is in the closed form, UTP biosynthesis is inhibited. 

In conclusion, the phosphorylation of the P.putida PyrB and the 

effect of UTP in phosphorylation might play a role in the regulation 

of the enzymatic activity. This regulation might be involved with the 

conformational change of the enzyme where it controls the 

concentration of UTP within the cell. 
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