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Arginine decarboxylase is a key enzyme involved in the polyamine pathway of 

organisms. Pyruvoyl-dependent arginine decarboxylases are expressed in the form of pro-

enzymes that self-cleave to form N-terminal β and C-terminal α subunits generating  an 

active pyruvoyl group at the α terminus. We have identified an archaeal homolog of a 

pyruvoyl-dependent arginine decarboxylase in Chlamydophila pneumoniae that could 

play a role in the persistence of the organism in the host. The recombinant enzyme 

showed highest activity at pH 3.4, which is the lowest optimum pH ever reported for a 

pyruvoyl dependent arginine decarboxylase. The proton-consuming decarboxylation 

raises intracellular pH, and thereby plays a role in acid-resistance. It could inhibit the pro-

inflammatory nitric oxide synthase resulting in asymptomatic infection. A variant protein 

Thr52Ser  at the predicted cleavage site showed less pro-enzyme cleavage and activity 

compared to the wild-type. The homologs of arginine decarboxylase and flanking 

arginine-agmatine antiporter were also found in different biovariants of Chlamydia 

trachomatis. In the invasive L2 strain of C. trachomatis, the presence of a nonsense 
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codon in the gene encoding arginine decarboxylase enzyme prevented the expression of 

an active enzyme. The variant protein with tryptophan replacing nonsense codon restored 

arginine decarboxylase activity. The non-invasive D strain of C. trachomatis had an 

intact arginine decarboxylase gene, but it was recombinantly expressed as a proenzyme 

that was uncleaved. The arginine-agmatine antiporters from both the strains were active 

and transported tritiated arginine into their cells. The polyamine pathway of the 

crenarchaeon Sulfolobus solfataricus uses arginine to make putrescine, but the organism 

lacks homologs of arginine decarboxylase. However, it has two paralogs of pyruvoyl 

dependent S-adenosylmethionine decarboxylase − SSO0536 and SSO0585. These 

enzymes were recombinantly expressed as pro-enzymes that self-cleaved into β and α 

subunits. Even with a 47% amino acid sequence identity, the SSO0536 protein exhibited 

significant arginine decarboxylase activity whereas SSO0585 protein had significant S-

adenosylmethionine decarboxylase activity. This is the first report of an S-

adenosylmethionine decarboxylase enzyme showing alternative decarboxylase activity. 

The chimeric protein with the α-subunit of SSO0585 and β-subunit of SSO0536 had 

arginine decarboxylase activity, suggesting that the residues responsible for substrate 

recognition are located in the amino terminus. 
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         CHAPTER1 

Introduction 

Polyamines are essential cell components, which are critical regulators of cell 

growth, cell differentiation and cell death. They were first discovered by Antonie van 

Leeuwenhock in 1678 from human semen (van Leeuwenhoek, 1678). The most common 

examples of polyamines include agmatine, putrescine [1,4-butanediamine or 

tetramethylene diamine], spermidine [N-(3-aminopropyl)-1,4-butanediamine or 

aminopropyl-tetramethylene diamine] and spermine [N,N′-bis(3-aminopropyl)-1,4-butane 

diamine or diaminopropyl-tetramethylene diamine]. With pKa values of approximately 10 

(Moinard et al., 2005), they are positively charged at physiological pH and are often 

referred to as polycations. They bind electrostatically to the polyanionic biomolecules in 

cells, like DNA and RNA, and stabilize their structures (Wallace et al., 2003). 

Polyamines form complexes with the phospholipids and proteins of the membranes and 

increase their rigidity (Wallace et al., 2003). They have been implicated as lipid 

antioxidants (Tadolini, 1988) and regulators of several membrane-bound enzymes 

(Wright et al., 1978). The plethora of roles played by these chemical entities extends 

from nucleic acid and protein synthesis to repair of extracellular matrix, cell adhesion and 

signaling processes. Polyamine homeostasis is a tightly regulated system since its 

depletion can inhibit cellular proliferation and migration, whereas an excessive 

accumulation results in apoptosis and cell transformation (Moinard et al., 2005). 

 

Polyamines are ubiquitous molecules distributed in bacteria, eukaryotes and 

archaea (Hamana and Matsuzaki, 1992). Mutations in polyamine biosynthetic enzymes of 
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bacterial, yeast and mammalian cells resulted in cells auxotrophic for polyamines 

(Marton and Pegg, 1995). Polyamines occur in varying concentrations in all cell types, 

with the highest levels reported in rapid-turnover tissues (Coffino, 2000; Jeevanandam 

and Petersen, 2001).  

 

This introduction will include an overview on polyamine metabolism, pyruvoyl-

dependent arginine decarboxylases, processing and catalysis of pyruvoyl enzymes, 

chlamydial pathogenesis and the crenarchaeal polyamine pathway. The focus of this 

dissertation is on the identification and characterization of pyruvoyl dependent arginine 

decarboxylases from Chlamydophila pneumoniae, Chlamydia trachomatis and Sulfolobus 

solfataricus. 

 

1.1.POLYAMINE METABOLISM 

In eukaryotes, all the polyamines are formed from two amino acids, L-arginine 

and L-methionine, by different interdependent enzyme reactions (Figure 1.1). L-arginine 

is decarboxylated by arginine decarboxylase (ArgDC) (EC 4.1.1.19) to form agmatine. 

Agmatine is then hydrolyzed by agmatine ureohydrolase (AUH) (agmatinase; EC 

3.5.3.11) yielding putrescine, which is the precursor for larger polyamines. Putrescine 

synthesis can also proceed via another pathway in which L-arginine gets converted to 

ornithine and urea by arginase (EC 3.5.3.1). Ornithine gets decarboxylated by ornithine 

decarboxylase (ODC) (EC 4.1.1.17) to putrescine. The putrescine combines with the 

aminopropyl group from decarboxylated S-adenosylmethionine to form spermidine via 

spermidine synthase (EC 2.5.1.16), and spermine through another aminopropyl 

transferase reaction by spermine synthase (EC 2.5.1.22) (Wallace et al., 2003). The 

synthesis of decarboxylated S-adenosylmethionine from L-methionine involves two 
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steps-conversion to S-adenosylmethionine (AdoMet) by S-adenosylmethionine synthetase 

[ATP: L-methionine S-adenosyltransferase or MAT (methionine adenosyltransferase) 

(EC 2.5.1.6) is the first step. The second step is the decarboxylation of AdoMet by S-

adenosylmethionine decarboxylase (AdoMetDC) (EC 4.1.1.50) to generate decarboxy-

AdoMet (S-adenosyl (5′)-3-methylthiopropylamine), the only donor of the aminopropyl 

moiety of polyamines. The synthesis of spermine and spermidine is dependent on the 

availability of the essential amino acid methionine (Moinard et al., 2005). 

 

A retroconversion pathway ensures the recycling of putrescine and spermidine 

from spermidine and spermine respectively. In the first step, SSAT (spermidine/spermine 

N1-acetyltransferase; EC 2.3.1.57) using acetyl coenzyme A catalyzes the conversion of 

spermine to N1-acetylspermine and spermidine to N1-acetylspermidine respectively 

(Wallace et al., 2003). The N1-acetyl derivatives act as substrates for FAD (Flavin 

adenine dinucleotide)-dependent polyamine oxidases  (EC 1.5.3.11), generating spermine 

and spermidine respectively (Bolkenius and Seiler, 1981). The acetylated products of the 

polyamine pathway are seldom observed in normal cells as they are exported out from the 

cell (Wallace, 1987). 

 

A novel enzyme ‘spermine oxidase’ (SMO) was discovered in 2002 which can 

directly convert spermine to spermidine without the intermediate acetylation step (Vujcic 

et al., 2002; Wang et al., 2001).The recombinant form of this enzyme has a low oxidation 

efficiency for N1-acetylspermine and it does not recognize spermidine as a substrate 

(Wang et al., 2003). 
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Inhibition of polyamine synthesis  broadly affects the cell cycle, making the 

enzymes in the polyamine pathway attractive drug targets against cancer and parasitic 

infections (Marton and Pegg, 1995). 
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Figure 1.1. Polyamine biosynthesis pathway 

In eukaryotes, arginine gets decarboxylated to form agmatine, which then 
undergoes hydrolysis generating putrescine. S-adenosylmethionine formed from L-
methionine is decarboxylated to form decarboxy-AdoMet which is the sole aminopropyl 
donor. Putrescine accepts the aminopropyl group to form spermidine, which then accepts 
another aminopropyl group to form spermine. 
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1.2. ARGININE DECARBOXYLASE 

Arginine decarboxylase is an important enzyme from the polyamine pathway, 

which decarboxylates arginine to form agmatine and carbon dioxide. It is found in higher 

plants, bacteria and archaea, but its presence in mammals is controversial (Morris, 2004). 

Most of the arginine decarboxylases belong to the class of enzymes that use pyridoxal 5′-

phosphate (PLP) as a co-enzyme for activity. Examples include inducible ArgDC (AdiA) 

from E. coli which functions in an arginine-dependent acid resistance system (Blethen et 

al., 1968; Sandmeier et al., 1994) and the E. coli biosynthetic form (SpeA) that is 

involved in polyamine biosynthesis (Wu and Morris, 1973).  

 

  However, there is a small group of enzymes that have a covalently attached 

pyruvoyl group, which serves as the prosthetic group for Schiff’s base formation with the 

substrate. These proteins are translated as pro-enzymes (π), which self-cleave by an 

autocatalytic mechanism to yield a smaller β fragment at the amino-terminus and a larger   

α fragment at the carboxyl-terminus. The arginine decarboxylases from the methanogenic 

archaeon Methanocaldococcus jannaschi, (Graham et al., 2002) is an example of a 

pyruvoyl-dependent enzyme that participates in polyamine metabolism. 

 

Both the cofactors – the PLP and the pyruvoyl group - carry out efficient catalysis 

by Schiff’s base formation with the substrate as well as by providing an electron sink for 

stabilizing the negatively charged intermediate formed during decarboxylation (Gallagher 

et al., 1989). 
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1.3. PYRUVOYL DEPENDENT ARGININE DECARBOXYLASE  

A pyruvoyl-dependent arginine decarboxylase was first discovered in 2002 in the 

hyperthermophilic euryarchaeon Methanocaldococcus jannaschii (MjArgDC) (Graham et 

al., 2002). This thermostable enzyme was expressed as a pro-enzyme, which self-cleaved 

into a 5-kDa β subunit and a 12-kDa α subunit that contains the reactive pyruvoyl group. 

Although its sequence revealed no similarity to the previously characterized pyruvoyl-

dependent enzymes, conserved active site residues resembled that of pyruvoyl-dependent 

histidine decarboxylases (PvlHisDC) from Lactobacillus sp. 30a (Huynh et al., 1984). 

Crystallography studies showed that MjArgDC is a homotrimer and each protomer fold 

has a core topology similar to PvlHisDC (Tolbert et al., 2003). 

 

1.3.1 Pyruvoyl prosthetic group formation 

A pyruvoyl-dependent enzyme is synthesized as a pro-enzyme with a key serine 

residue, which gets converted into a pyruvate prosthetic group on activation. The 

processing of the pro-enzyme takes place by non-hydrolytic serinolysis, which is an auto-

catalytic mechanism (Recsei et al., 1983). The formation of pyruvoyl group by cleavage 

of the pro-enzyme into an amino-terminal β fragment and a carboxyl-terminal α fragment 

is explained by Figure 1.2. In the first step, the hydroxyl oxygen of the serine residue 

attacks the amide carbonyl of the preceding amino acid. The resultant intermediate ester 

then undergoes β elimination to obtain an intact β chain and an α chain with 

dehydroalanine at the amino-terminus. The pyruvate is then formed from the amino 

terminus of the α chain by hydrolysis and removal of ammonia (Recsei et al., 1983; 

Recsei and Snell, 1985; van Poelje and Snell, 1990). This mechanism is supported by the 
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18O labeling experiments with His prodecarboxylase (Recsei et al., 1983; Recsei and 

Snell, 1984). The intermediate ester has also been structurally characterized from S-

adenosyl methionine decarboxylase (Ekstrom et al., 2001)  and aspartate decarboxylase 

(Albert et al., 1998). It was noted that monovalent cations can increase the histidine 

prodecarboxylase cleavage (van Poelje and Snell, 1988), while putrescine can improve 

the processing time for human AdoMet prodecarboxylase (Stanley et al., 1994). 
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Figure 1.2. Pyruvoyl group formation 

Various steps in pyruvoyl group generation are depicted starting with the inactive pro-
enzyme and ending with self-cleaved active β chain and α chain with pyruvoyl group. 
Adapted from (Hackert and Pegg, 1998). 
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1.3.2. Mechanism of decarboxylation 

Decarboxylation, which is a thermodynamically favorable process, involves 

replacement of a C-C bond with a stable C-H bond as shown in the equation below. 

R-COO-  +  H+   R-  + H++ CO2  R-H + CO2 

 

The negative charge formed during decarboxylation is stabilized by the electron 

sink provided by the pyruvoyl group in pyruvoyl-dependent enzymes or pyridoxal 5′-

phosphate (PLP) in the case of PLP-dependent enzymes. The mechanism employed by 

pyruvoyl-dependent decarboxylases involves a Schiff’s base-dependent decarboxylation  

comprising  four steps outlined below (Figure 1.3) (Recsei and Snell, 1970; Recsei and 

Snell, 1984). 

 

1. Schiff’s base formation: The α–amino group of the substrate amino acid reacts with the 

pyruvoyl carbonyl group generating an iminium ion (protonated Schiff’s base), which has 

a double bond between the substrate amine nitrogen and the α–carbon of the pyruvoyl 

group. 

2. Loss of CO2 from the substrate: Following the loss of carboxyl group, the negative 

charge is transferred to the α–carbon of the substrate amino acid resulting in a transient 

carbanion. The covalently-bound pyruvoyl cofactor stabilizes the carbanion intermediate 

by a resonance network (Gallagher et al., 1989). 

3. Protonation: The α-carbon of the substrate receives a proton from a suitable donor in 

the enzyme. This is a crucial step in decarboxylation process since an incorrect 

protonation at the pyruvoyl α–carbon causes transamination resulting in covalently bound 

alanine. 
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4. Hydrolysis of Schiff’s base: This step releases the final decarboxylated product along 

with the regeneration of the pyruvoyl group for further decarboxylation reactions. 

 

The covalent binding of the substrate to the cofactor has been verified in 

PvlHisDC by trapping the bound form. This was done by incubating the enzyme with L-

[ring-2-14C]histidine in the presence of sodium borohydride, which chemically reduced 

the double bond producing a labeled substrate attached to the cofactor (Recsei and Snell, 

1970). 
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Figure 1.3. Decarboxylation mechanism by the pyruvoyl group 

The pyruvoyl group forms a Schiff’s base with the aminoacid substrate and 
decarboxylates it generating a carbanion. This is followed by proton replacement and 
hydrolysis to yield product & to regenerate the pyruvoyl group. Adapted from the 
reference (Hackert and Pegg, 1998). 
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1.3.3. Advantages of pyruvoyl-dependent enzymes 

Pyruvoyl dependent decarboxylase enzymes enjoy a catalytic advantage over the 

PLP-dependent enzymes in that the co-factor is covalently bound to the enzyme 

throughout the turnover, avoiding the need for competition with other enzymes for 

available cofactor. Conversely, the covalently bound nature can pose a disadvantage too. 

During decarboxylation, substrate-mediated transamination may occur as a side reaction 

due to incorrect protonation at the α-carbon of the cofactor instead of α-carbon of the 

product (Figure 1.3) (Choi and Churchich, 1986; O'Leary and Baughn, 1975; Stevenson 

et al., 1990). This results in a covalently bound alanine, which leads to an irreversible 

loss of enzyme activity in pyruvoyl-dependent enzymes while in PLP-dependent 

enzymes, the resultant pyridoxamine 5-phosphate can be replaced by another PLP 

molecule since there is no covalent binding (Hackert and Pegg, 1998). 

 

1.4. CHLAMYDIAL INFECTION 

Chlamydiae are obligately intracellular parasites responsible for causing a broad 

range of human and animal diseases. They are aerobic organisms classified under Gram 

negative bacteria. They can survive efficiently in the host for months to years causing 

asymptomatic infection. They circumvent the host endocytic pathway by inhabiting a 

nonacidic vacuole which is believed not to fuse with the lysosome (Hammerschlag, 

2002).  

 

The term “Chlamydia” is broadly used to denote the most common bacterial 

sexually transmitted disease caused by Chlamydia trachomatis. It is the most commonly 
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reported cause of infectious disease in the US (Weinstock et al., 2004). In 2006, 1.03 

million cases of chlamydial infection were reported to the CDC (Centers for Disease 

Control and Prevention) from 50 states and District of Columbia, a 5.6 % increase from 

the 2005 data (CDC, 2007). Chlamydia trachomatis can also cause trachoma, leading to 

blindness and according to WHO (World Health Organization), it causes about 3.6% of 

the blindness cases reported (Resnikoff et al., 2004). There are three biovariants of C. 

trachomatis: trachoma (serotypes A-C) and two sexually transmitted pathovars: serotypes 

D-K and lymphogranuloma venereum (LGV). Trachoma isolates and the sexually 

transmitted serotypes D-K are non-invasive in nature, whereas the LGV strain is invasive 

(Thomson et al., 2008). The LGV strain has a wide geographical distribution, the 

prevalence is highest in tropics and subtropics (Schachter, 1999).They are endemic in 

parts of Africa, South East Asia, South America and the Carribean (Behets et al., 1999; 

Mabey and Peeling, 2002; Viravan et al., 1996). Recently , disease outbreaks caused by 

L2 strain were reported in Europe and USA which triggered more research into the 

causative organism (Kapoor, 2008). 

 

Chlamydophila pneumoniae on the other hand is a respiratory pathogen causing 

atypical pneumonia, bronchitis and other respiratory diseases. On average, C.pneumoniae 

is responsible for about 10% of the reported cases of community-acquired pneumonia and 

5% of bronchitis and sinusitis (Kuo et al., 1995) This primarily affects children 5-9 years 

of age (Aldous et al., 1992), as evidenced by the seroprevalence of C. pneumoniae 

antibodies in a serum sample study in Seattle. This organism has also been implicated in 

the development and progression of atherosclerosis (Vink et al., 2001) and coronary heart 

disease (Kalayoglu et al., 2002). 
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1.4.1. Chlamydial lifecycle 

Chlamydiae have a unique biphasic life cycle with two morphologically distinct 

developmental stages- the smaller extracellular elementary bodies (300 nm diameter) and 

the larger intracellular reproductive reticulate bodies (1 µm diameter). During infection, 

the infectious elementary bodies (EB) attach themselves to the host epithelial cells and 

get phagocytized. Once inside the host cell, chlamydiae are localized into the phagosome 

forming chlamydia inclusions, which do not fuse with the lysosome. The EBs then 

differentiate into reticulate bodies (RBs) and multiply by binary fission by utilizing the 

host cell energy resources. After about 36 hours, the RBs revert back to EBs without 

disrupting host cell functions. After approximately 48 hours, cell lysis is triggered and 

infectious EBs are released by cytolysis, exocytosis or extrusion of the whole cell 

contents (Christiansen et al., 2004; Hammerschlag, 2002; Kuo et al., 1995). 

 

1.4.2. Chlamydophila  pneumoniae arginine decarboxylase (CpArgDC) 

The availability of complete genome sequences of chlamydial species has 

facilitated a better understanding of host-pathogen interactions and persistence of 

chlamydial infections. Homologs of an euryarchaeal pyruvoyl-dependent arginine 

decarboxylase enzyme were discovered in Chlamydia sp. while carrying out polyamine 

biosynthesis studies in the hydrothermal-vent dwelling archaeon Methanocaldococcus 

jannaschii (Graham et al., 2002). However no other enzymes of polyamine biosynthesis 

were observed in chlamydia, which suggested that they obtain their polyamines from 

their host. In the genome sequence of C. pneumoniae, the arginine decarboxylase gene 

was located adjacent to a putative cationic amino acid transporter similar to the 

arginine/ornithine antiporter (arcD from Pseudomonas aeruginosa) and the 

putrescine/ornithine antiporter (potE from E. coli). Together the arginine decarboxylase 
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and the antiporter could form a system which transports arginine from the host into the 

chlamydial inclusion, decarboxylates it into agmatine and transports it back to the host 

cell.  

 

To determine the role of C. pneumoniae CPn1032 homolog of PvlArgDC, we 

expressed this protein recombinantly in E. coli and purified it. The heterologously 

expressed protein self-cleaved at the expected cleavage site to give an active arginine 

decarboxylase enzyme. This enzyme had optimum activity at pH 3.4, which suggested it 

being part of an acid-resistance mechanism. In support of this model, this chlamydial 

gene complemented an adiA mutation in E. coli, restoring arginine-dependent acid 

resistance. The acidophilic nature of ArgDC from C. pneumonia suggests that these 

organisms may encounter an unknown acid condition or that it has an alternate effect on 

host metabolism or host infection due to its effect on nitric oxide synthase activity. 

 

1.4.3. Chlamydia trachomatis arginine decarboxylase  

All three C. trachomatis genomes (Genital tract isolate UW-3, ocular isolate Har-

13 and lymphogranuloma strain L2) encode a pyruvoyl-dependent arginine 

decarboxylase (PvlArgDC) and an arginine/ornithine antiporter (ArcD). The coding 

sequences for these genes CT373 and CT374 are intact in D strain/UW-3. However, in 

strain L2, the PvlArgDC (CTL0627) carries a mutation and in the ocular strain Har-13, 

the ortholog of arcD carries multiple mutations (Thomson et al., 2008). Genital tract 

strain D/UW-3 strain and L2 strain resemble each other in their sexual mode of infection 

while they differ from each other in nature of infection. D strain is a non-invasive strain 

while L2 is an invasive strain causing inflammation of the lymph nodes. Arginine 
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decarboxylase has an inhibitory effect on pro-inflammatory nitric oxide which suggests 

that the variations in the ArgDC activities may be one of the reasons for the difference in 

disease outcomes of D strain and L2 strain.  

 

In this project, we have cloned and heterologously expressed the arginine 

decarboxylases from the invasive L2 strain and D strain. Their ArgDC activities were 

assayed to compare between the two strains. The L2 enzyme was found to be inactive 

since the gene sequence had a nonsense codon in the place of tryptophan in the α-subunit. 

When the tryptophan was replaced in the mutant protein, the enzyme regained its ArgDC 

activity. The D strain protein was expressed as an uncleaved pro-enzyme when expressed 

in E. coli. The arginine-agmatine antiporters from both the strains were found to be active 

by transport assays. 

 

1.5. POLYAMINES FROM CRENARCHAEA 

The Crenarchaeota includes sulfur metabolizing thermophiles, which can use 

sulfur as well as sulfur compounds by oxidation and/or reduction. They are facultatively 

autotrophic, acidophilic organisms (Brock et al., 1972), which are also the most 

hyperthermophilic among cultivated microorganisms. Sulfolobus solfataricus is the most 

extensively studied organism of the crenarchaeal branch of the Archaea. In addition to its 

evolutionary and  geochemical significance, it serves as a research model for biochemical 

studies on sulfur oxidation and autotrophic CO2 fixation (Brock et al., 1972). It grows at 

an optimum temperature of 87°C and pH 3.5 (De Rosa et al., 1978).  

 

Previous chromatographic studies on S. solfataricus  extracts  have shown the 

presence of polyamines like putrescine, spermidine, 1,3-diaminopropane, sym-
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norspermidine (caldine), sym-norspermine (thermine), with traces of spermine (De Rosa 

et al., 1976; Hamana et al., 1994). This suggested the existence of a canonical eukaryotic 

polyamine pathway in which ornithine is decarboxylated to putrescine, and S-

adenosylmethionine becomes decarboxylated to form the aminopropyl donor S-(5′-

adenosyl)-3-methylthiopropylamine and together they result in the formation of 

spermidine and spermine (De Rosa et al., 1978). Subsequently, propylamine transferase 

(Cacciapuoti et al., 1986) and S-adenosylmethionine decarboxylase (Cacciapuoti et al., 

1991) were purified from S. solfataricus. Propylamine transferase is the general 

terminology for the enzymes spermidine synthase and spermine synthase described 

earlier. In Sulfolobus solfataricus, this enzyme also produces norspermidine and 

norspermine from 1,3-diaminopropane and dcAdoMet (Figure 1.4) as shown by 

biogenetic studies done with labeled precursors (De Rosa et al., 1978). 

 

Polyamines have been reported to stabilize nucleic acids in thermophilic bacteria. 

In extreme thermophiles, longer polyamines can stabilize DNA more effectively than 

standard polyamines (Terui et al., 2005). Longer polyamines are flexible and have the 

ability to interact with both the strands of DNA across the minor and major groove, while 

binding to the bases within the helix at the same time. X-ray crystallography studies 

indicate that the terminal NH3
+ ends of spermine can form salt bridges with the phosphate 

oxygen atoms and one of the interior  –NH2
+- can form hydrogen bonds with the –OH or 

–NH groups of bases of the nucleic acid (Drew and Dickerson, 1981). Since double 

stranded DNA (dsDNA) and the stem region of tRNA are structurally similar to each 

other, polyamine interactions seen between dsDNA and spermine might also exist 

between RNA and other linear polyamines (Terui et al., 2005). 
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Figure 1.4. Proposed pathway for polyamine synthesis in S. solfataricus 

The polyamine synthesis pathway in crenarchaea is different from the eukaryotic 
pathway described earlier in two aspects. It has no ornithine decarboxylase to make 
putrescine and it has 1, 3-Diaminopropane which accepts aminopropyl group from 
dcAdoMet to form the unusual polyamines norspermidine and norspermine. PAT or 
propylamine transferase is the enzyme involved in the final step in making the higher 
polyamines. 
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1.5.1. Possibility for the existence of arginine decarboxylase in  Sulfolobus 
solfataricus 

Genome sequence analysis of thermophilic crenarchaea shows that 13 of its members 

encode orthologs of propylamine transferase (Cacciapuoti et al., 2007) and two homologs 

of the archaeal-type AdoMetDC (Giles and Graham, 2008). But none of these sequences 

encode ornithine decarboxylase which is required to make putrescine. Yet they have 

homologs of the agmatine ureohydrolase enzyme, which can make putrescine from 

agmatine (Goda et al., 2005). This suggests that polyamine synthesis in thermophilic 

crenarchaea proceeds via the L-arginine route as in Euryarchaeaota in which L-arginine 

gets decarboxylated into agmatine by arginine decarboxylase (Figure 1.4).    

 

The arginine decarboxylases can be either PLP-dependent as in bacteria (Wu and 

Morris, 1973) or pyruvoyl-dependent as in euryarchaea (Graham et al., 2002). No 

crenarchaea had homologs of PLP-dependent arginine decarboxylase, and only three 

(Cenarchaeum symbiosum, Nitrosopumilus maritimus and Thermofilum pendens) had 

euryarchaeal homologs. Based on this information, we predicted that crenarchaea have 

evolved a new arginine decarboxylase enzyme, which is evolutionarily unrelated to 

previously characterized arginine decarboxylases. 

 

In this project, both the AdoMetDC homologs from S. solfataricus have been 

heterologously expressed in E. coli. The proteins self-cleaved at the conserved serine 

residue generating active pyruvoyl groups, but at different cleavage rates as shown by 

densitometry. The SSO0585 protein decarboxylated AdoMet in line with its predicted 

function. The SSO0536 protein on the other hand had no AdoMetDC activity, instead it 

decarboxylated arginine very efficiently. This protein is the first member in the 
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AdoMetDC family with alternate substrate specificity. A chimeric protein generated from 

β-subunit of SSO0536 and α-subunit of SSO0585 showed only arginine decarboxylase 

activity, suggesting that the conserved amino acid changes in the β-subunit are related to 

substrate specificity. 
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CHAPTER 2 

Characterization of arginine decarboxylase from Chlamydophila 
pneumoniae 

2.1. OVERVIEW 

The evolutionary history of chlamydia reveals that it diverged into environmental 

and pathogenic species 700 million years ago (Horn et al., 2004). A recent study on 

anciently diverged “Candidatus Prototchlamydia amoebophila” strain UWE25 

(chlamydia-related symbiont of Acanthamoeba sp.) indicated that 711 coding DNA 

sequences were conserved between the pathogenic Chlamydia sp. and UWE25. These 

conserved gene sequences, the core gene set of all chlamydiae, account for 75% of the 

gene content of chlamydial genomes, which limits the lateral gene transfer events since 

their divergence. The fact that chlamydia is an intracellular parasite also restricts the 

chances for other lateral gene transfer events. Hence it was surprising to see chlamydial 

homologs of a pyruvoyl-dependent arginine decarboxylase recruited from the non-

pathogenic euryarchaeon Methanocaldococcus jannaschii (Graham et al., 2002). In C. 

pneumoniae CWL029, this protein is expressed from the CPn1032 locus. Though all 

sequenced chlamydial genomes possess CPn1032 orthologs, it is absent in UWE25. A 

sequence alignment of the arginine decarboxylases from M. jannaschii and each 

chlamydial homolog revealed only 27-31% identity, which indicated the possibility of an 

ancient gene transfer that subsequently evolved rapidly to give highly diverged 

sequences. The chlamydial sequences, however, shared almost 90% identity with each 

other (Figure 2.1). 
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                                                                                                                          ↓                                       
C.pneumoniae    ----MAYGTR---YPTLAFHTGGIGESDDGMPPQPFETFCYDSALLQAKIENFNIVPYTS 
C.trachomatis   ----MPYGTR---YPTLAFHTGGVGESDDGMPPQPFETFCYDSALLQAKIENFNIVPYTS 
C.tepidum       -------MSF---VPTKVFFTKGVGRHKEYL-------SSFELALRDAKIEKCNLVTVSS 
P.gingivalis    MS--KLVGNL---IPNTFFITKGSGESD-----LELHAGSYHMALFDAGISDFNIMTYSS 
M.jannaschii    MNAEINPLHAYFKLPNTVSLVAGSSEGETPL-------NAFDGALLNAGIGNVNLIRISS 
 
C.pneumoniae    VLPKELFGNIVPVDTCVKSFKHGAVLEVIMAGRGA-ALSDGTHAIATGIGICWG-KDKNG 
C.trachomatis   VLPKELFGNILPVDQCTKFFKHGAVLEVIMAGRGA-TVTDGTQAIATGVGICWG-KDKNG 
C.tepidum       IFPPKC--ERISVEEGLKHLKPGQITFAVMARN---STNENNRLISASVGVALP-ADESQ 
P.gingivalis    VLPAT--AHLATMDE-IDLPPFGSELKTIMA-V---SHGYQDEFVSAGVVYAWMYKDENF 
M.jannaschii    IMPPE--AEIVPLPKL----PMGALVP---TAYGYIISDVPGETISAAISVAIP-KDKSL 
                 
 
C.pneumoniae    ELIG-GWAAEY-----VEFFPTWIN-DEIAETHAKMWLKKSLQHELDLRSIAKHSEFQFF 
C.trachomatis   ELIR-GWAVEY-----VEFFPTWID-DEIAESHAKMWLKKSLQHELDLRSISKHSEFQYF 
C.tepidum       ---Y-GYLSEH-----HPYGETAEQSGEYAEDLAATMLATTLGIEFDPNKDWDEREGIYK 
P.gingivalis    DEKAGGLVCEVSGRYRIEELESRLI-RVINDLHQ------------KTYSQYYLGELNFI 
M.jannaschii    ----CGLIMEYEGKCSKK-------EAEKTVREMAKIGFEMRGWELD--------RIESI 
 
 
C.pneumoniae    HNYINIKQKFGFCLTALGF---LNFENAEPAKVN 
C.trachomatis   HNYINIIKKFGFCLTALGF---LNFENAAPAVIQ 
C.tepidum       MSG-KIVNSFNITESAEGETGMWTTVISCAVLLP 
P.gingivalis    TEGITIEKRYGTALAGLCF---MDFIQPEVQK-K 
M.jannaschii    AVEHT-VEKLG-CAFAA--AALW-YK-------- 

 

Figure 2.1. Protein sequence alignment of arginine decarboxylase homologs 

Multiple sequence alignment of C. pneumoniae CPn1032 protein (NCBI RefSeq 
accession no. NP_225226) with homologs from Chlamydia trachomatis (CT373;Swiss-
Prot accession no. O84378), Chlorobium tepidum (GenBank accession no. AAM71804), 
Porphyromonas gingivalis (RefSeq accession no.NP_905146) and Methanocaldococcus 
jannaschii (Swiss-Prot Accession no. Q57764).Conserved amino acids are shown in 
white on black background. An arrow indicates the site of protein cleavage and pyruvoyl 
group generation. Sequences were aligned using the T-COFFEE program (version 5.05) 
(Notredame et al., 2000) 
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Arginine decarboxylases perform a wide array of functions in microorganisms. 

The pyruvoyl-dependent arginine decarboxylase from Methanocaldococcus jannaschii is 

involved in polyamine synthesis by decarboxylating arginine to make agmatine. The 

agmatine is then hydrolyzed by agmatine ureohydrolase to putrescine, the backbone for 

synthesis of larger polyamines like spermidine and spermine (Figure 2.2). The pyridoxal 

5′ phosphate (PLP) dependent arginine decarboxylases from E. coli (AdiA) on the other 

hand belong to the arginine-dependent acid-resistance system (AR3) which enables the 

organisms to survive low pH. These biodegradative enzymes are induced by growth 

under low pH conditions in culture media enriched with amino acids (Gale, 1940). In 

addition to the AdiA, AR3 system includes an arginine-agmatine antiporter (AdiC) which 

imports arginine into the chlamydial inclusion and exports the decarboxylated product 

agmatine (Gong et al., 2003; Richard and Foster, 2004). At an external pH 2.5, this 

arginine-dependent system can facilitate the pH homoeostasis by increasing internal pH 

to 4.7 ±0.1 (Richard and Foster, 2004). This system also inverts the membrane potential 

so that the inside of the cell is positive (+80 mV), which slows down proton movement 

into the cell by repulsion (Foster, 2004). Yet another PLP-dependent arginine 

decarboxylase exists in E. coli, the biosynthetic SpeA, which functions in polyamine 

synthesis identical to its archaeal counterpart. 
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Figure 2.2. Decarboxylation of arginine 

The arginine decarboxylase enzyme (ArgDC; EC 4.1.1.19) decarboxylates arginine to 
make agmatine and CO2. The arginine decarboxylases can be either pyruvoyl-dependent 
or PLP-dependent. The agmatine ureohydrolase (AUH; 3.5.3.11) hydrolyzes agmatine to 
make putrescine, the diamine core of most polyamines. The genome sequence of C. 
pneumoniae lacks any AUH homologs. 
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The pyruvoyl-dependent arginine decarboxylase enzyme from M. jannaschii is 

expressed as a 17-kDa proenzyme which self-cleaves to become a 5-kDa β subunit in the 

amino terminus and a 12-kDa α subunit in the carboxy terminus. This process generates a 

pyruvoyl group at the serine residue of the cleaved α subunit (Graham et al., 2002). A 

crystal structure model of this enzyme was found to be homologous to the pyruvoyl-

dependent histidine decarboxylase from Lactobacillus (Tolbert et al., 2003). However, 

there was no similarity in the primary sequence level, where the enzymes shared a few 

conserved active site residues. 

 

Apparently, chlamydia, being an intracellular pathogen, has no requirement for 

any arginine decarboxylase enzyme. It lacks homologs of agmatine ureohydrolase or 

propylamine transferase, which are required for processing of higher polyamines. Also 

they do not encounter any acid conditions like lysosomal fusion during their infection 

cycle which necessitate any arginine-dependent acid resistance mechanisms (Fields and 

Hackstadt, 2002). Chlamydial inclusions escape lysosomal fusion by two distinct yet 

complementary mechanisms (Hackstadt, 1999). The purified chlamydial cell walls were 

shown to be endocytosed, but showed delayed fusion with lysosomes indicating that the 

cell wall complex probably has the factor(s) responsible for nonfusogenic nature of EB-

containing endosomes (Eissenberg et al., 1983; Levy and Moulder, 1982). Within a few 

hours of chlamydial infection, the chlamydial gene products alter the host cell response 

so that the inclusion becomes fusogenic with a subset of sphongomyelin-containing 

exocytic vesicles. Thus the mature chlamydial vesicles occupy a position distal to trans-

Golgi apparatus disguising as secretory vesicles which are not destined to fuse with the 

lysosome (Hackstadt et al., 1996). In accord with the above two mechanisms, the pH 

within inclusions was observed to be near neutral when tested using pH-sensitive 
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fluorescent probes (Schramm et al., 1996). Hence it is likely that chlamydia do not use 

this system for survival under acid conditions. 

 

In order to study the functions of C. pneumoniae CPn1032 arginine 

decarboxylase, we expressed this enzyme recombinantly in E. coli and purified it. The 

protein self-cleaved at the expected cleavage site Thr52 - Ser53 into α and β subunits, 

which is characteristic of all pyruvoyl dependent enzymes. The variant protein obtained 

by mutating Thr52 to Ser showed less cleavage and low specific activity compared to 

wild-type. The wild-type protein showed considerable thermostability similar to the 

PvlArgDC from methanogenic archaeon Methanocaldococcus jannaschii. The enzyme 

had maximal activity at an unexpectedly low pH 3.4, the lowest ever reported for a 

PLP/pyruvoyl dependent arginine decarboxylase, which raises the possibility of this 

enzyme being a component of an acid-resistance system. To support that hypothesis, it 

was found to complement adiA mutated E. coli restoring arginine-dependent acid 

resistance. The reasons for chlamydia to have such a system could be that it encounters 

an unknown acidic environment during its growth cycle or that it may have regulatory 

effects on host’s immune response by inhibiting nitric oxide synthase. 

 

 

2.2. EXPERIMENTAL PROCEDURES 

2.2.1. Strains and chemicals  

 The chromosomal DNA of Chlamydophila pneumoniae str. Kajaani 6 was gifted 

by Dr. Benjamin Wizel (The University of Texas Health Science Center at Tyler) (Ekman 

et al., 1993). Escherichia coli MG1655 strain was obtained from the E. coli Genetic 
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Stock Center (Yale). E. coli BL21 (DE3) (Novagen) was used for protein expression and 

E. coli DH5α was used as a general cloning host. The primers for the site-directed 

mutagenesis were ordered from Integrated DNA Technologies, Inc. E. coli JM105 cells 

with pPV7 plasmid encoding histidine decarboxylase from Lactobacillus 30a were 

generously gifted by Dr. Jon Robertus (Copeland et al., 1987). DFMA (α-

difluoromethylarginine) was synthesized by Dr. David Graham and DFMO (α-

difluoromethylornithine) was a gift from Dr. Patrick Woster (Wayne State University).  

 

2.2.2. Cloning and molecular biology   

The CPn1032 gene from C. pneumoniae (CWL029)  was cloned into NdeI and 

BamHI sites of pET-19b vector to create pDG122 by Dr. David Graham (Giles and 

Graham, 2007). pTG01 was generated by cloning the NdeI –BamHI fragment into pGEM 

3Zf(+) (Promega). Using appropriate primers, the same gene was cloned by Dr. Graham 

into NcoI and HindIII sites from pBAD/HisA to generate pDG339 (Giles and Graham, 

2007). The DNA sequences were verified at the Institute for Cellular and Molecular 

Biology Core Laboratories DNA sequencing facility (University of Texas at Austin) and 

observed to be identical to that of CWL029 (GenBank accession no.AE017160.1). The E. 

coli adiA gene was cloned into NcoI and KpnI sites of pBAD/HisA by Dr. David Graham 

to generate pDG352. 

 

2.2.3. Site-directed mutagenesis 

In order to replace Cpn1032 Thr52 with Ser, the plasmid pTG01 was mutagenized 

using the QuikChange II site-directed mutagenesis kit (Stratagene). The forward primer 

(5′-AATTTTAATATCGTCCCTTATTCATCTGTACTTCCTAAAGAGCTC-3′ and 

reverse primer (5′-GAGCTCTTTAGGAAGTACAGATGAATAAGGGACGATATT 
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AAAATT-3′) were used to incorporate the mutation resulting in the plasmid pTG02. The 

intended mutation in the DNA was confirmed by sequencing. The NdeI-BamHI segment 

from this plasmid was then subcloned into the pET-19b vector to generate the plasmid 

pTG04 for protein expression.  

 

2.2.4. Protein expression and purification 

 The plasmids pDG122 and pTG04 were transformed into E coli BL21 (DE3) and 

grown in Luria broth containing ampicillin (100 µg ml-1) at 37°C for 2 hours for protein 

expression. At OD600 0.6-0.7, the protein expression was induced with 28 mM α-D-

lactose. After 2 hrs incubation, the cells were pelleted and resuspended in 50 mM TES 

{N-[tris (hydroxymethyl) methyl]-2-aminoethanesulfonate}-NaOH (pH 7.0). It was then 

lysed using a French pressure mini cell (8,000 lb/in2 Thermo Electron), and sonicated on 

ice using a model 450 sonifier with a microtip (15W, 30% duty; Branson) to reduce 

lysate viscosity. Lysates were clarified by centrifugation at 14,000 ×g for 15 min. In 

order to obtain the soluble protein, the cell extract was centrifuged at 100,000 ×g in an 

ultracentrifuge at 4°C for 30 min. Protein expression was analyzed by sodium dodecyl 

sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) using the Schägger and von 

Jagow Tris-tricine system with 12% total and 3.3% cross-linked acrylamide (Schagger, 

1987). Coomassie blue R-250 dye or oxidative silver stain (Biorad) were used to stain the 

proteins in the SDS-PAGE gel. 

 

The recombinant protein expressed with the N-terminal polyhistidine tag (His10-

Cpn1032) was purified from other E. coli proteins using Ni2+affinity chromatography. 

Chromatography was performed using a 1-ml HisTrap HP nickel column in an AKTA 

prime system (GE healthcare) at a flow rate 1ml min-1. Protein was eluted from the 
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column with a linear gradient of 100% elution buffer [1 M imidazole, 500 mM sodium 

chloride and 20 mM sodium phosphate (pH 7.6)] over 20 min. The fractions were 

screened for the target protein on an SDS-PAGE gel. The affinity-purified protein was 

desalted with a 5 ml HiTrap Sepharose 25 column (GE Healthcare) equilibrated with 50 

mM MES [4-morpholinoethanesulfonate]-NaOH (pH 6)  in an AKTA prime system (GE 

healthcare). The purification of the mutant Thr52Ser was conducted similarly to that 

described above for wild-type. Total protein concentrations were determined using the 

Bio-Rad protein assay using bovine serum albumin (fraction V) as a standard. 

 

Histidine decarboxylase protein from Lactobacillus 30a was expressed and 

purified by a modified version of the Copeland et al (1987) procedure. E. coli JM105 

cells with pPV7 plasmid were grown in Luria broth containing ampicillin (100 µg ml-1) at 

37°C overnight. The cells were pelleted by centrifugation and resuspended in 0.2 M 

ammonium acetate pH 4.8. Cells were lysed, sonicated and clarified as described above 

for the chlamydial arginine decarboxylase. The cell extract obtained after 

ultracentrifugation was then subjected to ammonium sulfate fractionation (Copeland et 

al., 1987). The precipitate obtained was dissolved in water and dialyzed against 0.1M 

potassium chloride using SpectraPor1 (MWCO 6000-8000) membrane. After dialysis, the 

sample was transferred to a 2ml microcentrifuge tube, placed in water bath until the 

temperature reached 68°C, and maintained at that temperature for 2.5 min. It was then 

cooled under running water, centrifuged to separate the supernatant from the pellet. After 

concentrating the supernatant by ultrafiltration (Nanosep 3K), the sample was loaded on a 

gel filtration column, Sephacryl S-200 Hiprep (16/60) in an AKTA prime system (GE 

healthcare). The protein was eluted using 0.2 M ammonium acetate (pH 4.8) at a flow 

rate 0.5 ml/min. The fractions were screened for the target protein on an SDS-PAGE gel. 
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2.2.5. Measurement of native protein size 

The native mass of the purified histidine-tagged Cpn1032 protein was determined 

using analytical size exclusion chromatography using a Biosep-SEC-S 3000 column (300 

× 7.8mm; Phenomenex) connected to a System Gold HPLC (Beckman-Coulter). The 

system was equilibrated and operated using isocratic elution with 100 mM sodium 

phosphate buffer (pH 6.8) at a flow rate 0.5 ml/min. The eluted protein was detected by 

its absorbance at 220 and 280 nm. Protein standards used to calibrate the column were β- 

amylase, carbonic anhydrase, vitamin B12, apoferritin, conalbumin, myoglobin, aldolase 

and cytochrome C (Helgadottir et al., 2007). Calibration plots were generated for 

molecular weights as well as for Stokes radii based on protein standards and unknowns 

were determined. 

 

2.2.6. Protein cleavage analysis 

The estimation of protein cleavage was done by densitometry analysis of SDS-

PAGE gels using Molecular Imaging software (version 4.0; Eastman Kodak). The 

method was standardized by analyzing various known dilutions of bovine serum albumin 

on an SDS- PAGE gel and quantifying them with respect to the intensity of gel bands. 

 

For matrix-assisted laser desorption time-of-flight (MALDI-TOF) mass 

spectrometry, the purified protein was applied to a Jupiter C4 column (4.6 by 50mm, 5 

µm; Phenomenex) with a Security Guard C4 cartridge (4 by 3mm; Phenomenex) that was 

equilibrated with 0.1% (v/v) trifluoroacetic acid in water. The protein was eluted using an 

elution buffer made of 0.1% trifluoroacetic acid in 2-propanol. The protein-containing 
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fractions were pooled, concentrated under vacuum and resuspended in 15 µl distilled 

water. From this protein solution, 2 µl was loaded on the target with sinapinic acid matrix 

(10 mg/ml in 50% ACN, 0.3% TFA in water). Mass spectra were acquired using a linear 

MALDI-TOF Voyager instrument (PerSeptive Biosystems) after obtaining a mass 

calibration profile using insulin, cytochrome C and aldolase proteins. For electrospray 

mass spectrometry, the affinity-purified protein His10-CPn1032 was desalted with 50 mM 

ammonium bicarbonate (pH 7.5) and analyzed at Mass Spectrometry Facility at 

University of Texas at Austin. 

 

To study the cleavage conditions, the enzyme His10-CPn1032 enzyme was 

incubated with 0.8 M potassium chloride or 15 mM spermine, spermidine, lysine or L-

arginine at 37°C for 24 hrs and samples drawn at various time points. The cleavage was 

analyzed by SDS- PAGE to observe the effects on enzyme cleavage. 

 

2.2.7. Identification of amino acid substrates 

Arginine decarboxylase assays were done using 0.5 µg purified protein and 50 

mM sodium citrate (pH 5.0) in 50-µl reaction mixtures. After pre-incubation at 37°C for 

10 min, the reaction was started by addition of 1 mM amino acid substrate. After 18 min 

incubation, the reaction was stopped by the addition of 50 µl methanol and chilled on ice 

for 20 min. This reaction mix was centrifuged to precipitate and remove the enzyme. 

Control reaction mixes contained amino acid substrates without enzyme. Primary amines 

in the supernatant were derivatized with naphthalene 2,3- dicarboxaldehyde (NDA) in the 

presence of cyanide ions and alkaline conditions to obtain a fluorescent 

cyanobenz[f]isoindole (CBI) derivative which was then analyzed by HPLC (Helgadottir 

et al., 2007; Kawasaki et al., 1989). The fluorescent derivative was prepared by mixing 
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100 µl of the supernatant with 0.1 M sodium borate buffer, 0.2 mM sodium cyanide and 

0.2 mM NDA (final volume 400 µl) and incubating in the dark for 30 min.The resultant 

derivative was applied to a reversed phase C18 column (4.6 by 250mm, 5µm; Axxium) 

with a Security Guard octyldecyl silane cartridge (4 by 3mm;Phenomenex) that was 

equilibrated with 50% (v/v) acetonitrile, 10 mM ammonium phosphate, 10 mM 

triethylamine and water (adjusted pH 2.5 with phosphoric acid). Isocratic elution was 

done using the mobile phase at a rate 1 ml/min. Fluorescence measurements were done 

using a FP2020 Intelligent Fluorescence Detector (Jasco) [excitation wavelength 420; 

emission wavelength 488nm] connected to the HPLC. Since the standard curve for the 

fluorescence of CBI derivatized agmatine was lower compared to arginine, agmatine 

production was calculated from peak areas using the standard addition method. The 

reaction conditions were standardized by conducting optimization assays - varying the 

amount of enzyme required to get detectable product, changing incubation times needed 

for derivatization as well as conducting precision experiments to determine the accuracy 

of auto sampler and manual pipetting. 

 

2.2.8 Arginine decarboxylase assay - radioactive method 

Decarboxylation of arginine was measured by capturing radiolabelled 14CO2 using 

the method described earlier (Graham et al., 2002). The enzyme was incubated with 10 

mM L-arginine HCl, 100 nCi of L-[U-14C] arginine (305 mCi/mmol) (Amersham 

Biosciences), 40 mM citric acid and 20 mM Na2HPO4 (pH 3.4) in a 100-µl final reaction 

volume. The reaction was conducted in 1.5 ml polypropylene microcentrifuge tubes with 

filter disks soaked in saturated barium hydroxide (Tabor et al., 1976). After 18 min 

incubation at 37°C, the reactions were terminated with  100 µl of 4 M HCl and heated at  

70°C for 15 min. Radioactivity collected on the filter was quantified by scintillation 
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counting in a Beckman-Coulter LS6000SC after adding 5 ml ScintiVerse BD fluid 

(Fisher). One unit of activity catalyzes the decarboxylation of 1µmol L-arginine per 

minute. The specific activities of purified enzyme (0.36 µg) for different substrate 

concentrations were fit to the hyperbolic Michealis-Menten-Henri equation by non-linear 

regression (KaleidaGraph 3.6 version) to generate steady-state kinetic parameters. 

 

The effect of pH on the enzyme activity was analyzed by radioactive assays at 

37°C with 0.36 µg purified enzyme,10 mM L-arginine and 100 mM glycine-HCl buffer 

(pH 1.5 or 2.2) or citrate-phosphate buffer (pH 2.6-6.2) (McIlvaine, 1921). The optimum 

temperature was determined by pre-incubating the enzyme at temperatures ranging from 

4°C -70°C. Reactions were initiated by adding arginine substrate and incubated at the 

same temperature. Thermal stability was determined by pre-incubating 0.25 µg protein at 

various temperatures ranging from 4°C -100°C for 10 min. The protein was brought back 

to room temperature, CBI derivatized and the fluorescent derivatives were analyzed as 

described earlier. 

 

2.2.9. Inhibitors and alternative substrates  

The potential inhibitors (15 mM) were pre-incubated with enzyme (0.2 µg) at 

37°C for 10 min before adding arginine to a concentration of 10 mM. After 18 min, the 

reaction was terminated, CBI derivatized and analyzed. Controls were done for each 

substrate by excluding enzyme from the reaction. Inhibitors tested included arginine 

analogues L-arginine methyl ester dihydrochloride, L-argininamide, L-citrulline, D-

arginine, L-homoarginine hydrochloride, NG-nitro L-arginine methyl ester hydrochloride, 

NG-methyl L-arginine acetate, Nα-acetyl L-arginine, amino acids L-ornithine, L-histidine 

and L-lysine. The carbonyl reactive agents O-methyl hydroxylamine hydrochloride 
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(ONBH) and O-(4-nitrobenzyl) hydroxylamine hydrochloride were tested as mechanism-

based inhibitors.  
 

The effect of potassium on enzyme activity was analyzed by incubating 0.2 µg 

enzyme with 150 mM potassium chloride for 10 min at 37°C, followed by 5 mM arginine 

addition. The reaction mixtures were CBI derivatized and analyzed as described earlier. 

The effect of polyamines spermine and spermidine (15 mM each) on enzyme activity was 

also studied by the same method. 

 

In order to discover alternative substrates, 1 mM of the respective substrate was 

incubated with 0.5 µg enzyme in a 50 µl reaction. The reaction mixtures were CBI 

derivatized and analyzed as described earlier. Controls were done for each substrate by 

excluding enzyme from the reaction. The potential substrates tested include the amino 

acids L-histidine, L-ornithine, L-lysine, L-aspartic acid, L-glutamine and L-citrulline, the 

polyamines spermine, spermidine and arginine analogs like L-homoarginine 

hydrochloride, L-canavanine and D-arginine. 

 

DFMA (α-difluoromethylarginine), a potential irreversible inhibitor of arginine 

decarboxylase, was tested for its ability to inhibit the ArgDC enzyme. After incubating 

the enzyme (0.2 µg) with DFMA (1 mM) at 37°C, aliquots were drawn at various time 

points and the substrate (0.2 mM L-arginine-HCl and 218 nCi L[1-14C]-arginine) was 

added. After incubation for 5 min, the reaction was terminated with 100 µl of 4 M HCl 

and 14CO2  was quantitated by scintillation counting. 
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The possibility of arginine being a substrate for histidine decarboxylase was 

analyzed by CBI derivatization followed by HPLC as described above. The purified 

HisDC enzyme (0.5 µg) was incubated with 15 mM arginine to assay arginine 

decarboxylase activity. In the control reaction, the enzyme was incubated with 15 mM 

histidine and assayed for HisDC activity. 

 

2.2.10. Arginine dependent acid - resistance assay 

The acid-resistance assay for chlamydial arginine decarboxylase was done using a 

modified complementation assay (Castanie-Cornet et al., 1999). The adiA mutant E. coli 

(DEG0121) was generated by Dr. David Graham as described earlier (Giles and Graham, 

2007). The E. coli cells were grown in 5 ml brain heart infusion broth (EMD) with 0.2% 

arabinose (w/v) at 37°C in 18 by 150 mm glass tubes with shaking at 275 rpm in a water 

bath with a 1-in. stroke length. At the end of 22 hr incubation, the cells (approximately 

3×107 in 20 µl) were added to pre-warmed, pH 2.5 minimal acid-shock medium (2 ml) 

containing 73 mM KH2PO4, 17 mM Na2HPO4, 10 mM sodium citrate, 0.4% glucose 

(v/v), 0.8 mM MgSO4 and 1.5 mM arginine. After adding the cells to acid-shock 

medium, samples were drawn at 1 and 2 hr intervals, serial dilutions made in acid shock 

medium lacking glucose or arginine (pH 7.0), and plated on LB plates with ampicillin 

(100 µg/ml). Cell survival was assayed by counting the colony-forming units (CFU) 

averaged from several dilutions after overnight growth at 37°C. Survival efficiency is 

described as the number of survivor colonies after a fixed time interval relative to the 

number of colonies detected immediately after introduction into acid shock media, 

expressed as a percentage. For the arginine decarboxylase assay of the cell extract, the 

cells after 22 hr incubation were pelleted by centrifugation and lysed by sonication and 

assayed by the radioactive method. 
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2.2.11. Immunoblotting with TX585 

A polyclonal antibody, TX585, was developed in a rabbit against the peptide 

sequence CELDLRSIAKHSEFQ which is in the alpha subunit of the Cpn1032 protein, 

by the Antibody Production Services at Covance. The serum containing the antibody was 

purified by Dr. David Graham using HisTrap protein G column (GE Healthcare; 5 ml). 

The antibody was eluted using 0.1 M acidic glycine buffer (pH 2.7). The collected 

fractions were neutralized using 1M Tris and concentrated by ultrafiltration (30 kDa 

MWCO). 

 

To find out the titer for the primary antibody, dot blot assays were done by 

spotting various dilutions of TX585 and heterologous CpArgDC on PVDF 

(Polyvinylidene Fluoride) membrane (0.45µm, BioTraceTM), incubating them with 

horseradish peroxidase (HRP)-tagged secondary antibodies, and developing them using 

the one step Super signal West Pico Mouse IgG detection kit (Thermo Scientific). 

Western blotting was used to analyze the binding of TX585 to the proenzyme and α 

subunit of CpArgDC protein. The proteins were separated on a 12% SDS-PAGE Tris-

glycine gel and blotted to PVDF membrane. The membrane was then incubated with the 

primary antibody TX585, followed by the HRP-conjugated antibody (Pierce) to see if the 

antibody binds to the expected subunits of the protein. The chemiluminescence was 

detected using an Image Station 4000R instrument (Carestream Health) with Molecular 

Imaging software (version 4.0; Eastman Kodak) with an exposure time 15 min. 
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2.3. RESULTS 

2.3.1. Expression and purification of His-tagged CpArgDC protein:  

The hypothetical arginine decarboxylase encoded by the gene locus Cpn1032 was 

recombinantly expressed with a deca-histidine tag at its N-terminus. Though most of the 

protein was in the insoluble portion of cell lysate, there was a significant amount of 

soluble protein that was used for further analysis. The soluble protein was purified by 

Ni2+ affinity chromatography and separated on an SDS-PAGE Tris-tricine gel which 

indicated 3 prominent bands with apparent molecular masses 25, 16 and 9 kDa (Figure 

2.3). They correspond to the expected masses of pro-enzyme (24,422 Da), the large alpha 

subunit (15,870 Da) and the small beta subunit (8,543 Da) respectively. A faint band 

corresponding to 21 kDa was also seen in the protein preparation. The insoluble protein 

fraction mainly comprised uncleaved proenzyme (π). 



 39

 

 

 

 

 

Figure 2.3. SDS-PAGE gel with the C. pneumoniae CPn1032 arginine decarboxylase 
protein (CpArgDC) 

CpArgDC is expressed in E. coli as a mixture of uncleaved proenzyme (π), and self-
cleaved α and β subunits. Lane M-protein markers with masses in kDa shown at the left;  
Lane 1-affinity purified His10-CPn1032; Lane 2-affinity-purified His10-CPn1032-Thr52Ser 
variant. 

kDa 
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Densitometry analysis of lane 1 in Figure 2.3 indicates that the proenzyme 

constitutes about 35% of the purified enzyme with 29% alpha and 28% beta fractions. 

Studies in a distantly related histidine decarboxylase enzyme indicated that 0.8 M 

potassium phosphate can enhance cleavage of proenzyme (Copeland et al., 1987). But 

there was no effect on cleavage when the chlamydial enzyme was incubated with 0.8 M 

potassium chloride for 10 hrs. Incubations with 15 mM spermine, spermidine, lysine or 

arginine for 24 hrs at 37°C showed no effect on cleavage of the enzyme. 

 

The enzyme activity decreased 84% when it was stored in MES buffer (pH 6) at 

4°C for 6 weeks. Storage stability at 4°C is approximately 3 weeks as no protein bands 

were visible when the protein was run on a SDS-PAGE gel after that period. 

 

2.3.2. Protein structure and cleavage site 

Analytical gel filtration analysis of purified His10 –CPn1032 protein indicated a 

single peak corresponding to an apparent molecular mass of 88 kDa and a Stokes radius 

37Å (Figure 2.4). This suggests the formation of a trimeric complex- (αβ)3 , (π)3 or a 

combination of cleaved and uncleaved fractions. 
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Figure 2.4. Calibration curves for analytical  chromatography 

The chromatography was conducted using Biosep-SEC-S 3000 column (300 × 7.8mm; 
Phenomenex) with 100 mM sodium phosphate buffer (pH 6.8) at a flow rate 0.5 ml/min. 
Protein standards- β-amylase, carbonic anhydrase, vitamin B12, apoferritin, conalbumin, 
myoglobin, aldolase and cytochrome C were used to create calibration curves with 
respect to mass (A) and Stokes radius (B).   
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MALDI-TOF MS analysis indicated well defined peaks at 24,459 m/z, 15,997 m/z 

and 8,511 m/z corresponding to the pro-enzyme, alpha and beta subunits respectively 

(Figure 2.5). An additional peak was observed at 16,960 m/z which could not be assigned. 

Electrospray mass spectrometry results indicate peaks at 24,283 Da (π ion) and 15,875 

Da (α-subunit ion) (Figure 2.6). Provided the cleavage of the pro-enzyme occurs between 

Thr52 and Ser53 of CPn1032, the expected masses are 24,290.3 Da (pro-enzyme), 

15,879.2 Da (alpha) and 8406.6 Da (beta). Hence the results obtained by MALDI-TOF 

and ESI-MS confirm the cleavage site between Thr52 and Ser53. 
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Figure 2.5. MALDI-TOF MS analysis of CpArgDC protein 

The protein sample was mixed with sinapinic matrix before loading on the target plate. 
The chromatogram indicated well defined peaks at 24,459 m/z, 15,997 m/z and 8,511 m/z 
corresponding to the pro-enzyme, alpha and beta subunits respectively. 
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Figure 2.6. Electrospray mass spectrometry analysis of CpArgDC protein 

The desalted protein was analyzed at Mass Spectrometry Facility at University of 

Texas at Austin. Electrospray mass spectrometry results indicate peaks at 24,283 Da (π 

ion) and 15,875 Da (α-subunit ion).  
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2.3.3. Effect of mutation on the cleavage site 

The sequence alignment of the chlamydial ArgDC with other pyruvoyl-dependent 

arginine decarboxylases (Figure 2.1) showed a serine residue in the place of Thr52. A 

variant of the corresponding residue Ser81Ala from PvlHisDC was impaired in cleavage 

which suggested the significance of serine at the cleavage site. In order to test if a 

substitution of Thr52 by serine can improve cleavage, a mutant Thr52Ser was created. But 

the mutant protein turned out to have only 12% cleaved protein as seen in lane 2 of 

Figure 2.3. The mutant protein was mainly expressed as a pro-enzyme (24.4 kDa) with  

less cleaved alpha (15.9 kDa) and beta (8.5 kDa) fractions. The unidentified protein band 

at 21 kDa, which was barely noticeable in the wild type CPn1032, was prominent in the 

mutant enzyme preparation.  

 

 2.3.4. Amino acid decarboxylation:  

The enzyme CPn1032 was tested for decarboxylase activity by incubating the 

potential substrates with the enzyme in discontinuous assays. The CBI derivatized 

potential substrates and product amines were separated by reversed phase liquid 

chromatography and fluorescence intensities were measured. The substrates tested 

include L-histidine, L-ornithine, L-lysine, L-aspartic acid, L-glutamine, L-citrulline, 

polyamines spermine, spermidine and arginine analogs L-homoarginine hydrochloride, 

L-canavanine and D-arginine. Among the various substrates tried, only arginine and its 

analog canavanine were found to be substrates for the enzyme, producing agmatine and 

γ-guanidinoxypropylamine respectively. The enzyme did not require organic or inorganic 

cofactors for activity. No enhancement in activity was observed with 150 mM potassium 

chloride.  
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A radioactive assay was used for quantitating decarboxylase activity. The enzyme 

showed highest specific activity at pH 3.4, which is the lowest optimum pH ever reported 

for any pyruvoyl/PLP dependent arginine decarboxylases. Activity showed a declining 

trend at pH lower than 3.4 as well as neutral pH (Figure 2.7.A). The Thr52Ser mutant had 

a 70% lesser activity compared to the wild type at pH 3.4, however the relative pH 

profiles for the variant was very similar to that of wild type. In order to account for the 

amount of active cleaved enzyme in the wild-type and mutant protein preparation, 

specific activity was corrected for cleavage and pH was plotted against this corrected rate 

(Figure 2.7.B). Another plot was made for pH Vs Log activity (Figure 2.8) to analyze the 

effects of pH on enzyme catalysis. The bell shape of the pH curves suggest the 

requirement of two groups to exist in specific ionic states for effective catalysis. On the 

other hand it can also be a single group that is required to be in two different ionization 

states in two steps of the reaction (Cornish-Bowden, 1976; Dixon, 1973). The peaks of 

pH curve tend to be sharper when the difference in pKa of the two significant groups is 

high (Cornish-Bowden, 1999). Imine formation takes place when the substrate is 

unprotonated (Dixon, 1973; Jencks, 1969), but decarboxylated product generation and 

release from the enzyme-substrate complex requires protonated state for the enzyme-

substrate complex. Since the pKa of carboxyl group of arginine substrate is close to 2, it 

is likely that the deprotonated form of this group facilitates decarboxylase activity. As 

seen in Figure 1.3, the imine group of enzyme-substrate complex needs protonation after 

the decarboxylation step and it is likely the reason why the pH curve declined after 

reaching the maximum activity. 
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Figure 2.7. Optimum pH determination 

A) The purified CPn1032 protein catalyzes the decarboxylation of L-arginine with a 
maximum activity at pH 3.4 (open boxes). The Thr52Ser variant protein also had similar 
pH profile as that of wild type (filled circles), except that it has a lower specific activity 
due to reduced cleavage. B) The rate of decarboxylation corrected for cleaved active 
protein, wild type CpArgDC (open boxes), mutant (filled circles). 
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Figure 2.8. pH Vs Log activity 

The activities of CpArgDC enzyme at various pH is obtained as described earlier.The pH 
is plotted against log activity to find pKa of the amino acid residues important for 
catalysis. 
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The effect of pH on proenzyme cleavage was also analyzed by SDS-PAGE gel 

after incubation of the enzyme at various pH (Figure 2.9). The gel indicated that the 

incubation of enzyme under low pH conditions did not enhance cleavage. 

 

 
 

 

Figure 2.9. Effect of pH on cleavage of CpArgDC proenzyme 

The purified enzyme was incubated with citrate-phosphate buffer (pH range 2-7) at 37°C 
for 2 hrs before analyzing them on an SDS-PAGE gel. Lane M-protein markers with 
masses in kDa shown at the left; Lane 1- His10-CPn1032 incubated with citrate phosphate 
(CP) buffer pH 2; Lane 2- enzyme with CP buffer pH 3, Lane 3- enzyme with CP buffer 
pH 4, Lane 4- enzyme with CP buffer pH 5, Lane 5- enzyme with CP buffer pH 6, Lane 
6- enzyme with CP buffer pH 7. 
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The PvlArgDC from Methanocaldococcus jannaschi is extremely thermostable 

and it retains 50% of its activity after 20 min at 121°C (Graham et al., 2002). In order to 

test if this feature is inherited by CpArgDC, we incubated the chlamydial enzyme over a 

wide range of temperatures ranging from 4°C to 100°C for 10 min before assaying its 

activity at 37°C. The enzyme retained 70% of its activity at 22°C, 48% of its activity at 

50°C and about 13% of the initial activity at 100°C (Figure 2.10). 

 

 

 

 

 

 

 

 

 

Figure 2.10. Thermal stability of purified CPn1032 arginine decarboxylase 

The protein was incubated under various temperatures before bringing back to room 
temperature for CBI derivatization and HPLC analysis. The purified enzyme showed 
significant thermostability similar to its archaeal homolog, with 13% activity at 100°C. 
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4°C and 100°C. Specific activity showed an increasing trend up to 47°C (8.1 µmol 

CO2/min/mg) above which protein denaturation outweighed the increased rate constant 

(Figure 2.11). 
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Figure 2.11.Temperature dependence of purified CPn1032 arginine decarboxylase  

The enzyme was incubated at various temperatures and the rate was assayed at those 
temperatures by the radioactive method. Purified protein has maximal activity at 47°C, 
but it retains significant activity up to 80°C. 
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A steady-state kinetic analysis of the decarboxylation reaction was conducted by 

incubating the enzyme with various concentrations of L-[U-14C] arginine and measuring 

the initial rate. Using KaleidaGraph, the specific activities at various substrate 

concentrations were fit to the Michealis-Menten-Henri equation (Figure 2.12), and the 

kinetic parameters were obtained for the first order reaction. The Km value for L-arginine 

was 5 ± 1.0 mM and Vmax was 9.7 ± 0.80 U/mg which was comparable to those of the 

pyruvoyl dependent arginine decarboxylase from Methanocaldococcus jannaschii 

(Graham et al., 2002). The enzyme had a kcat of 6.9 sec-1 after accounting for the number 

of active sites analyzed by densitometry. 
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Figure 2.12. Steady-state kinetics for purified CPn1032 arginine decarboxylase 

The kinetic parameters Km 5 ± 1.0 mM, Vmax 9.7 ± 0.80 U/mg and kcat 6.9 sec-1 were 
obtained by fitting initial rates to the Michealis- Menten-Henri equation. 
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2.3.5. Alternate substrate for PvlHisDC 

Studies on the crystal structure of homologous arginine decarboxylase from M. 

jannaschii showed that some of the key active site residues are conserved when 

compared to the histidine decarboxylase from Lactobacillus 30a (Tolbert et al., 2003). 

Hence we examined whether this similarity extends to the level of cross substrate 

specificity i.e. whether the histidine decarboxylase enzyme has the ability to 

decarboxylate arginine as well. But the results showed that the histidine decarboxylase 

could not decarboxylate arginine, indicating the absence of alternate substrate specificity 

for the histidine decarboxylase. The limit of quantification for detection of histamine was 

calculated to be 51 nM from the HPLC data. 

 

2.3.6. Inhibitors of arginine decarboxylase activity 

Among the arginine analogs tried as potential inhibitors, L-argininamide was the 

most efficient one. A 2 mM argininamide concentration caused 64-69% inhibition in 

enzyme activity in the presence of 5 mM L-arginine. The carbonyl active agents like O-

methyl hydroxylamine hydrochloride and O-nitrobenzylhydroxylamine decreased the 

activity by 69% and 75% respectively. 

 

Bacterial arginine decarboxylases like those from E. coli, Pseudomonas 

aeruginosa and Klebsiella pneumoniae have been shown to be irreversibly inhibited by 

the enzyme activated α-difluoromethyl arginine (Kallio et al., 1981). DFMA binds to a 

cysteine residue in the enzyme resulting in an adduct which is irreversibly bound to the 

enzyme. This mechanism of inhibition is similar to the inactivation of mammalian 

ornithine decarboxylase by a similar inhibitor α-difluoromethyl ornithine (DFMO) 

(Metcalf, 1978). Due to the specific mechanism of inhibition, DFMO irreversibly 
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inactivated the ornithine decarboxylase from Pseudomonas, but not from E. coli or 

Klebsiella (Kallio, 1980). The incubation with the inhibitor DFMA did not show any 

significant decrease in the chlamydial arginine decarboxylase activity in the initial 15 min 

when compared to the control (no inhibitor) or DFMO incubation (Figure 2.13). Even 

after 30 min, the decline in activity for the DFMA was very similar to DFMO which 

indicates that DFMA is not an efficient inhibitor for CpArgDC. 
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Figure 2.13. Effect of DFMA (α-difluoromethylarginine) on CpArgDC activity 

The mechanism-based inhibitor DFMA did not cause any significant inhibition of 
chlamydial arginine decarboxylase activity. The slight decline in activity after 30 min 
was similar to that with DFMO (α-difluoromethylornithine), which shows that DFMA is 
not a specific inhibitor of CpArgDC activity. 
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2.3.7. Complementation of E. coli adiA 

A PLP-dependent arginine decarboxylase (AdiA) and a trans-membrane arginine-

agmatine antiporter (AdiC) are components of an acid resistance system that protects E. 

coli from exposure to strong acid conditions in the stomach (Gong et al., 2003; Iyer et al., 

2003; Lin et al., 1995). This system, which is activated by low pH under anaerobic 

conditions, protects the cell from acid stress by consuming intracellular protons during 

decarboxylation. Once the arginine gets transported into the cell by the antiporter, it gets 

decarboxylated utilizing positively charged protons which helps to maintain a stable pH. 

Decarboxylation results in a positively charged product agmatine which aids in reversing 

transmembrane potential to repel the inflow of protons (Richard and Foster, 2004). 

However since the Arg+ is exchanged for Agm2+ there is a possibility of inner membrane 

hyperpolarization which necessitates an electrical shunt (Iyer et al, 2002). In E. coli, a 

chloride transporter protein (ClC-ec1) has been reported which is activated under acid-

shock conditions. Under low pH conditions, this protein activates Cl- currents functioning 

as a H+-Cl- exchange transporter with a likely stiochiometric ratio of 2 Cl-/H+(Accardi 

and Miller, 2004). But no ion channels were detectable by sequence similarity in different 

strains of C.pneumoniae or C. trachomatis (Harte and Ouzounis, 2002). 

 

Since the catalytic properties of CPn1032 resembled AdiA and the gene sequence 

adjacent to CPn1032 encoded an arginine-agmatine antiporter, there is a possibility of an 

analogous system in C. pneumoniae. In order to verify this hypothesis, we tested if 

CPn1032 can complement adiA null mutation in E. coli DEG0121. 
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The CpArgDC gene was expressed in DEG0121 cells using a PBAD promoter from 

the plasmid pDG339. Cells were grown to stationary phase with 0.2 % arabinose and the 

cell lysate obtained was used to measure decarboxylase activity. The negative controls 

for arginine decarboxylase assays, the adiA cells, showed no significant decarboxylase 

activity-DEG0121 cells had 0.1 ± 0.1 nmol/min/mg and DEG0121 cells with empty 

vector pBAD/HisA had 0.2 ± 0.3 nmol/min/mg activities (Figure 2.14.A). On the other 

hand, the DEG0121 cells expressing chlamydial arginine decarboxylase had arginine 

decarboxylase activities similar to the wild-type cells and DEG0121 cells expressing 

native E. coli AdiA protein. 

 

Acid shock experiments were conducted to check if CPn1032 can restore acid 

resistance in adiA E. coli cells. The cells from the same culture that were used for 

arginine decarboxylase activities were diluted into acid-shock medium pH 2.5 containing 

L-arginine. The adiA cells did not survive acid shock either with or without arginine 

(Figure 2.14.B). No cell survival was observed in DEG0121 cells with pBAD/HisA after 

1 hr, whereas about 9% survival was seen in wild-type MG1655 cells. Expression of 

CPn1032 rescued the cells from acid shock only in the presence of arginine, since the 

survival rates without arginine are similar to the adiA cells. In the presence of arginine, 

CPn1032 expression (pDG339) increased the survival rate to significantly higher levels 

compared to wild-type survival after 1 hr. The plasmid-based expression of adiA 

(pDG352) also increased the survival rate to 14%. Even after 2 hrs of acid exposure, 

CPn1032 continued to facilitate the survival of E. coli cells at a rate similar to that of 

wild-type and plasmid-based adiA expression. Thus we can conclude that CPn1032 

functions in vivo providing acid-resistance to the E. coli cells by decarboxylating 

arginine. 
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Figure 2.14. CPn1032 expression complements the adiA mutation in E. coli 
DEG0121  

(A) Mean arginine decarboxylase activities from cell extracts of five E. coli strains: 
DEG0121 (∆adiA2::kan) (adiA bars), DEG0121 carrying pBAD/HisA (as a vector 
control), DEG0121 carrying pDG339 (expressing CPn1032), DEG0121 carrying pDG352 
(expressing adiA), and MG1655 wild-type cells. Standard deviations are shown for each 
strain (n=3). Decarboxylase activities and total protein assays were performed as 
described in Experimental Procedures.(B) Arginine-dependent acid shock survival rates 
for the same E. coli strains after 1 hr (dark-gray bars) or 2 hr (light-gray bars) incubation 
at pH 2.5. The mean survival rates and sample standard deviations are shown for each 
sample (n=3). Assays were performed with or without 1.5 mM L-arginine, as indicated. 
Survival rates were less than 0.3% for the adiA mutant and adiA mutant pBAD/HisA 
strains, as well as in assays without arginine. 

A 

B 
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2.3.8. Titer for CPn1032 specific antibody-TX585 

The TX 585 antibody raised against the peptide sequence from the α-subunit of 

CPn1032 bound to the pro-enzyme and alpha subunit of CPn1032 as expected (Figure 

2.15). By conducting dot blot studies, it was shown that the minimum amount of primary 

antibody needed for visible signal detection is 20 ng and that for CpArgDC protein is 100 

ng. 

 

 

Figure 2.15. Western blotting with CPn1032 arginine decarboxylase specific 
antibody TX585 

Lane M-Protein Marker, Lane 1- 1 µg CpArgDC protein incubated with 0.1 µg TX 585 
antibody, Lane 2-Negative control 6.7 µg Sulfolobus solfataricus ArgDC. 
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2.4. DISCUSSION 

The arginine decarboxylases from M. jannaschii and C. pneumoniae turned out to 

resemble each other very closely in their biochemical properties in spite of low sequence 

similarity. Both enzymes had a high thermostability, a feature which would benefit the 

hyperthermophilic archaea  since the polyamines are reported to stabilize nucleic acid 

conformations at high temperatures (Friedman and Oshima, 1989; Heerschap et al., 

1985). In chlamydia, however, the thermostability feature is likely not to be of help since 

the intracellular pathogen lives near 37°C. Most of the arginine analogs and carbonyl-

reactive nucleophiles that inhibited the M. jannaschii enzyme also curbed the activity of 

the chlamydial homolog. The kinetic properties also resembled each other in that they 

had a high Km  for L-arginine and lower turnover rates compared to their PLP-dependent 

counterparts (Table 2.1). The high Km  is likely a regulatory mechanism for preventing 

arginine depletion since arginine decarboxylation is effectively irreversible. Inside mouse 

macrophages, the arginine concentration ranges from 0.3 mM to 0.6 mM, depending on 

the cell’s state (Shearer et al., 1997), however, the information about arginine 

concentration in chlamydial inclusion vesicle or chlamydial cytoplasm is limited. 
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Table 2.1. Kinetic parameters of arginine decarboxylases and histidine 
decarboxylases 

 
 
  
             Enzyme  (Reference)                                                 Cofactor   pH optimum   Km      kcat      kcat/ /Km     
 
                                                                                                                                    (mM)     (s-1 )     (M-1s-1) 
 
    
 C. pneumoniae ArgDC                                                    Pyruvoyl      3.4     5.0       6.9     1.4 ×103    
 
 M. jannaschii  ArgDC (Graham et al., 2002)                  Pyruvoyl       6.0     7.1       2.7    3.8 ×102    
 
 Lactobacillus HisDC (Copeland et al., 1987)                  Pyruvoyl      4.8     0.4       47     1.2 ×105    
 
 E. coli- inducible ArgDC (AdiA)                                     PLP             5.2     0.65     700   1.1 ×106 

 (Blethen et al., 1968)                                                             
 
 E. coli-biosynthetic ArgDC (SpeA)                                 PLP                  8.4      0.03     19     6.2 ×105  
  (Wu and Morris, 1973)                                             
  
 PBCV-1 ArgDC (Shah et al., 2004)                                 PLP            8.2      0.45     15     3.3 ×104     
 
 Morganella morganii HisDC (Tanase et al., 1985)        PLP             6.5      1.2        51     4.3 ×104    
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While comparing the cleavage efficiencies for the pyruvoyl-dependent arginine 

decarboxylases from C. pneumoniae and M. jannaschii, the latter one had better cleavage 

efficiency. On comparing the sequences, the CpArgDC enzyme had a threonine residue 

in the place of a well-conserved serine residue adjacent to the cleavage site, but this did 

not adversely affect cleavage. The mutant Thr52Ser which replaced the threonine with 

serine had even lesser cleavage than the wild type protein. The self-cleavage of the 

pyruvoyl group of enzymes is an autocatalytic mechanism, but the possibility of rate 

acceleration by correct folding of the protein by chaperones cannot be ruled out (Hackert 

and Pegg, 1998). 

 

The pH optimum reported for the chlamydial enzyme is the lowest ever reported 

for any PLP/pyruvoyl-dependent arginine decarboxylase. Even though the inducible E. 

coli AdiA and Lactobacillus histidine decarboxylase (HisDC) function in acid resistance 

systems, their pH optima are 1.5 pH units more than that for the chlamydial homolog. 

The pyruvoyl dependent HisDC from Lactobacillus showed an increase in activity at low 

pH. In HisDC,  the helix involved in substrate binding is stabilized at the active site, but 

with a change in pH to neutral or alkaline range, the conformation changes resulting in 

unwinding of helix destroying the substrate binding pocket (Schelp et al., 2001). This 

feature is not seen in the M. jannaschii arginine decarboxylase structure (Tolbert et al., 

2003). 

 

From the complementation studies, it is indicated that the E. coli AdiA protein 

can be substituted with the chlamydial enzyme suggesting that CpArgDC is a part of the 

arginine dependent acid-resistance system (AR3). In the acid-shock assays, the survival 

rates for mutant E. coli with CpArgDC were comparable to that of wild-type. Both these 
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rates were higher than the negligible survival rates of adiA mutants. Since the chlamydial 

organisms have no biosynthetic enzymes for arginine synthesis, they should import it 

from the host using a transport system. The sequence of C. pneumoniae (CWL029) 

reveals that the arginine decarboxylase CPn1032 is a part of a gene cluster encoding a 

putative cytoplasmic membrane transporter (CPn1031) and a putative outer membrane 

porin (CPn1033). A most recent study in our lab indicates that the CPn1031 protein can 

catalyze the exchange of L-arginine for agmatine and that this transport is enhanced by 

the outer membrane porin, CPn1033 (Smith and Graham, 2008). This chlamydial 

arginine: agmatine system can complement an E. coli mutant missing the native arginine-

dependent acid resistance system. This suggests the existence of a mechanism in 

chlamydia in which arginine is transported into the chlamydia from the host, gets 

decarboxylated by CPn1032 decarboxylase enzyme and the product agmatine gets 

transported back into the host. 

 

A convergent evolution appears to have occurred in the E. coli and chlamydial 

decarboxylation systems. AdiA is not homologous to CPn1032 and the E. coli AdiC 

transporter has no similarity to the CPn1031 transporter. Yet the CPn1032 is highly 

conserved among all the chlamydial genomes and their acid-resistance system is 

analogous to that of E. coli. The ortholog of CPn1032 from C. trachomatis is expressed 

during middle-late period of the infection cycle (Nicholson et al., 2003). The expression 

of this enzyme could take place during re-differentiation of reticulate body to the 

elementary body within the inclusion vesicle and this is likely to remain active until next 

infection. Having a pyruvoyl dependent enzyme with a high Km in the initial stages of 

infection may be advantageous to the chlamydial cells. 

 



 66

Enteric bacteria like E. coli and Shigella sp. require an acid-resistance system to 

survive harsh gastric barriers, but it is unknown why an obligately intracellular parasite 

like chlamydia has such a system. The chlamydial cells are known not to fuse with the 

acidic lysosome and there are no reports indicating that these organisms encounter acid 

conditions in any step in their lifecycle. However, our studies suggest that chlamydia 

might be encountering an unknown acidic environment and the decarboxylation system 

can counter vesicle acidification by raising pH. However our model cannot explain the 

requirement of vesicular Na+  K+ ATPase activity for maintaining neutral pH (Schramm et 

al., 1996). On the other hand, this system may have alternate functions like depleting 

arginine from the host cell inhibiting the synthesis of proteins and nitric oxide (Morris, 

2006). 

 

The decarboxylation reaction depletes arginine which is also the substrate for 

inducible nitric oxide synthase (iNOS), the enzyme that generates citrulline and nitric 

oxide from arginine. Nitric oxide has an inhibitory effect on the multiplication of C. 

pneumoniae by reducing the infectivity of the organisms (Carratelli et al., 2005). 

Agmatine inhibits iNOS mediated nitric oxide generation in cytokine stimulated cell 

culture preparations, and by increasing the agmatine conversion to  γ-

guanidinobutyraldehyde by addition of diamine oxidase, there was an additive effect on 

inhibition (Satriano et al., 2001). This suggests that the decarboxylation system might be 

a virulence mechanism since it can reduce arginine substrate for iNOS as well as produce 

iNOS inhibitors. The macrophage NO production was observed to protect mice from 

high-dose chlamydial lung infection (Huang et al., 2002) and reduced chronic genital 

infection and disease (Ramsey et al., 2001). Nevertheless there is still some ambiguity 

about the role of NO in host response to chlamydiae due to host-specific differences in 
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gamma interferon-mediated responses (Nelson et al., 2005) and intricate effects of NO on 

host cell processes (Roshick et al., 2006). 

 

The localization of the arginine decarboxylase enzyme is not known, it could be 

exported by a type III secretion system. The functional arginine/agmatine transporter 

discovered in our lab suggests that the arginine decarboxylase remains within the 

chlamydial cell. Further studies are underway in the lab to study the expression level of 

CpArgDC in vivo. Since the antibody TX585 developed against the chlamydial enzyme 

was found to bind to the heterologously expressed protein, studies are being done to see if 

they bind to arginine decarboxylase from C. pneumoniae infected cell culture. This would 

give us some information about the stage at which the enzyme is expressed (RB/EB) as 

well as the level of expression in vivo. 
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CHAPTER 3 

A comparison of the arginine uptake and decarboxylation mechanisms 
from the L2 and D strains of Chlamydia trachomatis 

3.1. OVERVIEW 

 Chlamydia trachomatis isolates have been classified into 15 different 

serovariants based on the major outer membrane protein (OmpA). L1, L2 and L3 are 

three serovars of C. trachomatis that cause the systemic disease lymphogranuloma 

venereum (LGV). These sexually transmitted strains are much more invasive than 

serovars A-K and they attack lymphatic and subepithelial tissues (Schachter and Osoba, 

1983). They can infect monocytes and disseminate into local lymph nodes causing large 

swellings (buboes) (Thomson et al., 2008).  

 

Serotype D of C. trachomatis is another sexually transmitted strain which is non-

invasive in nature. These chlamydial infections are asymptomatic leading to pelvic 

inflammatory disease (PID) in women, which is the cause for ectopic pregnancy, 

infertility and chronic pelvic pain while it causes urethritis in men (CDC, 2007). Hence 

the nature of infection for L2 and D strains is entirely different even though both of them 

belong to the same species. 

 

Genome sequences are available for the D/UW-3/CX serotype as well as for LGV 

isolate L2/434/Bu which is commonly known as L2. The L2 sequence when compared 

with other C. trachomatis biovariants showed no additional genes that could be 

responsible for the difference in disease outcome. However there are some incidences of 
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functional gene loss as well as regions of heightened sequence variation at certain sites 

important for interstrain recombination (Thomson et al., 2008).  

 

 

Both the genital tract isolate D/UW-3/CX and the lymphogranuloma strain 

L2/434/Bu encode a pyruvoyl-dependent arginine decarboxylase (PvlArgDC) and an 

arginine/ornithine antiporter (ArcD). In D strain, the coding sequences for these genes 

(CT373 and CT374) are intact while in strain L2, the PvlArgDC (CTL0627) carries a 

nonsense mutation.  

 

Table 3.1 Gene loci of putative arginine decarboxylases and arginine-agmatine 
antiporters in different species of Chlamydia 

 
 
Chlamydia species                                             Gene locus 
 
                                                           Arginine decarboxylase               Antiporter                          
 
    
 C. pneumoniae                                  CPn1032                               CPn1031    
 
 C. trachomatis L2/434/Bu                 CTL0627                              CTL0628 
 
C. trachomatis D/UW-3/CX               CT373                                   CT374 
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The sequence alignment of the arginine decarboxylases from the L2 strain 

(CTL0627) and D strain (CT373) indicates 98% sequence identity (Fig 3.1). In 

comparison to the D strain, the notable differences in the L2 sequence include the 

presence of an ochre mutation at the 128th position and a Arg115Gly replacement.The 

sequence of arginine decarboxylase from C. pneumoniae (CpArgDC) is 95 % similar to 

CT373 with 89% identity.  

 

                                                                         
Dstrain/UW-3/CX   MPYGTRYPTLAFHTGGVGESDDGMPPQPFETFCYDSALLQAKIENFNIVPYTSVLPKELF  
L2/434/Bu         MPYGTRYPTLAFHTGGVGESDDGMPPQPFETFCYDSALLQAKIENFNIVPYTSVLPKELF  
C.pneumoniae      MAYGTRYPTLAFHTGGIGESDDGMPPQPFETFCYDSALLQAKIENFNIVPYTSVLPKELF  
                  *.**************:******************************************* 
 
Dstrain/UW-3/CX   GNILPVDQCTKFFKHGAVLEVIMAGRGATVTDGTQAIATGVGICWGKDKNGELIRGWAAE  
L2/434/Bu         GNILPVDQCTKFFKHGAVLEVIMAGRGATVTDGTQAIATGVGICWGKDKNGELIGGWAAE  
C.pneumoniae      GNIVPVDTCVKSFKHGAVLEVIMAGRGAALSDGTHAIATGIGICWGKDKNGELIGGWAAE  
                  ***:*** *.* ****************:::***:*****:************* ***** 
 
Dstrain/UW-3/CX   YVEFFPTWIDDEIAESHAKMWLKKSLQHELDLRSISKHSEFQYFHNYINIRKKFGFCLTA  
L2/434/Bu         YVEFFPT∆IDDEIAESHAKMWLKKSLQHELDLRSVSKHSEFQYFHNYINIRKKFGFCLTA  
C.pneumoniae      YVEFFPTWINDEIAETHAKMWLKKSLQHELDLRSIAKHSEFQFFHNYINIKQKFGFCLTA  
                  *********:*****:******************::******:*******::******** 
 
Dstrain/UW-3/CX   LGFLNFENAAPAVIQ 195 
L2/434/Bu         LGFLNFENAAPAVIQ 195 
C.pneumoniae      LGFLNFENAEPAKVN 195 
                  ********* ** :: 

 

Figure 3.1. Sequence alignment of arginine decarboxylases from chlamydial strains 

Multiple sequence alignment of arginine decarboxylases from Chlamydia trachomatis L2 
strain (CTL0627;NCBI RefSeq accession no. NC_010287), C. trachomatis D strain 
(CT373; NCBI RefSeq accession no. NC_000117.) and C. pneumoniae (CPn1032)  
(NCBI RefSeq accession no. NP_225226). Non-conserved amino acids are highlighted 
on grey background. An arrow indicates the site of protein cleavage and pyruvoyl group 
generation. ∆ indicates the ochre mutation in L2 strain. Asterisk indicate 100% identity, 
dot and semicolon indicate the degree of similarity. Sequences were aligned using the T-
COFFEE program (version 5.05) (Notredame et al., 2000) 

 ↓ 
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In addition to the CpArgDC (CPn1032), the arginine-agmatine antiporter 

(CPn1031) as well as the outer membrane protein (CPn1033) have been reported to play 

an important role in the arginine uptake and decarboxylation system in C. pneumoniae 

(Smith and Graham, 2008). Co-expression of CPn1031 and CPn1032 in E. coli showed 

significant whole cell arginine uptake as well as decarboxylase activity at pH 4-5, which 

is higher than the optimum pH for CpArgDC (pH 3.4). Co-expression of all the three 

chlamydial proteins significantly enhanced whole cell arginine uptake and decarboxylase 

activity, although it did not improve the arginine-dependent acid resistance. In the L2 

strain of C. trachomatis, the ArgDC, the antiporter and the flanking outer membrane 

porin protein were reported to be co-transcribed (Dr. Derek Fisher, Uniformed Services 

University of the Health Sciences, personal communication). The putative arginine-

agmatine antiporters of L2 strain (CTL0628) and D strain (CT374) could play a similar 

role in the enhancement of arginine uptake and decarboxylation. This study involves a 

comparison of arginine decarboxylases and the antiporter proteins of the L2 strain with 

that of the D strain, which may provide insights into the mechanisms responsible for 

variations in disease outcome. 

 

 

The arginine decarboxylase from the L2 strain (CTL0627) was not expressed 

recombinantly in E. coli due to the ochre mutation in the gene sequence. But when the 

nonsense codon was converted to a tryptophan, it was expressed as a proenzyme which 

self-cleaved into α and β subunits like any other pyruvoyl dependent enzyme. The 

Ochre128Trp protein had significant arginine decarboxylase activity and the kinetic 

parameters of the mutant were determined by radioactive assay. The arginine 

decarboxylase from the D strain (CT373) was recombinantly expressed in the form of a 
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pro-enzyme which did not self-cleave efficiently. It had only a background level ArgDC 

activity in the whole cell and cell-free extracts of D strain. The transporters of both the 

strains (CTL0628-L2 strain and CT374-D strain) were active and were able to take up 

tritiated arginine into the whole cells. 

 

3.2. EXPERIMENTAL PROCEDURES 

3.2.1. Strains  

E. coli BL21 (DE3) (Novagen) was used for protein expression and E. coli DH5α 

was used as a general cloning host. The primers for the site-directed mutagenesis were 

ordered from Invitrogen. The clones for L2 arginine decarboxylase and transporter 

(CTL0627 and CTL0628) as well as for D strain (CT373 and CT374) were donated by 

Dr. Derek Fisher (Uniformed Services University of the Health Sciences). 

 

3.2.2. Cloning and molecular biology   

The CTL0627 gene from L2 C. trachomatis was cloned into NdeI and BamHI 

sites of pET-19b vector to create pDG491 by Dr. David Graham. The forward primer     

5′-GGTCATATGCCTTACGGAACTCG-3′ and the reverse primer 5′-GCTGGATCC- 

TTATTGGATAACAGCAGGC-3′ were used for cloning CTL0627 into pET-19b 

(pDG491). The CT373 gene from D strain was cloned into pET-19b vector using the 

same L2 primers described above to make pTG17. The DNA sequences were verified at 

the Institute for Cellular and Molecular Biology Core Laboratories DNA sequencing 

facility (University of Texas at Austin). The CTL0627 and CTL0628 genes from the L2 

strain of C. trachomatis were cloned into HindIII and XhoI sites of pBAD/HisA to make 

pDG479. The forward primer 5′-CGGCTCGAGATGCCTTACGGAACTCG-3′ and 

reverse primer 5′-GCAAGCTTACAAATGGATTTTATTAGC-3′ were used to make the 
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above clone. The CT373 and CT374 genes from the D strain of C. trachomatis were 

cloned into HindIII and XhoI sites of pBAD/HisA vector to make pDG558 using the 

same primers described above for pDG479. The CPn1031 and CPn1032 genes from C. 

pneumoniae were cloned into NcoI and HindIII sites in pBAD/HisA vector to make 

pDG379 (Smith and Graham, 2008). The plasmids pDG479, pDG543, pDG558 and 

pDG379 were made by Dr. David Graham. 

 

The adiAYC mutant E. coli (DEG0147) was generated by Dr. David Graham as 

described earlier (Smith and Graham, 2008). The plasmids pDG479, pDG543, pDG558 

and pDG379 were transformed into E. coli (DEG0147) for protein expression. The 

plasmids pDG491 and pTG17 were transformed into E.coli str. BL21 (DE3) for protein 

expression. 

 

3.2.3. Site-directed mutagenesis 

In order to test if a substitution of ochre mutation in the L2 arginine 

decarboxylase (CTL0627) to Trp can activate protein, the plasmid pDG479 was 

mutagenized by Dr. David Graham using the QuikChange II site-directed mutagenesis kit 

(Stratagene). The forward primer (5′-ATTCTGCGATTTCATCATCGATCCAAGTT 

GGGAAAAACTCTACGTATTCTG-3′) and reverse primer (5'-CAGAATACGT- 

AGAGTTTTTCCCAACTTGGATCGATGATGAAATCGCAGAAT -3') were used to 

incorporate the mutation resulting in the plasmid pDG543. The intended mutation in the 

DNA was confirmed by sequencing. 
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3.2.4. Protein expression and purification 

 The plasmids pDG491 and pTG17 were transformed into E coli BL21 (DE3) and 

grown in Luria broth containing ampicillin (100 µg ml-1) at 37°C. At OD600 0.6-0.7, the 

protein expression was induced with 28 mM α-D-lactose. After 3 hrs incubation, the cells 

were pelleted and resuspended in 50 mM TES {N-[tris (hydroxymethyl) methyl]-2-

aminoethanesulfonate}-NaOH (pH 7.0). The E. coli DEG0147 cells carrying plasmids 

pBAD/HisA, pDG479, pDG543, pDG379, and pDG558 were grown aerobically at 37°C 

for 5 hours in Luria Broth medium supplemented with ampicillin (100 µgml-1) and 0.2 % 

L-arabinose.  

 

The cells were pelleted, lysed and sonicated using the method described in 

chapter 2.  Lysates were clarified by centrifugation at 14,000 ×g for 15 min. Protein 

expression was analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and stained as described in chapter 2. The recombinant proteins expressed 

with the N-terminal polyhistidine tags (His)6-CTL0627 and (His)10-CT373 were purified 

using Ni2+affinity chromatography and the fractions were screened for the target protein 

on an SDS-PAGE gel. The estimation of protein cleavage was done by densitometry 

analysis of SDS-PAGE gels using Molecular Imaging software (version 4.0; Eastman 

Kodak). 

 

3.2.5. Arginine uptake and decarboxylation using whole cells 

About 1 × 109 cells were pelleted from a 5 hr expression by centrifugation at 

18,000× g for 10 min. These cells were resuspended in E medium containing 73 mM 

KH2PO4, 17 mM Na2HPO4, 10 mM sodium citrate and 0.8 mM MgSO4 ( pH 4) pre-

warmed at 37°C (Vogel and Bonner, 1956). The reactions were initiated by adding 1 mM 
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L-arginine and 20 nCi L-[1-14C]-arginine (55 mCi mmol-1)  (Amersham Biosciences), 

and incubated at 37°C for 15 min. Reactions were terminated by the addition of 100 µl of 

4 M HCl and assayed as described before (Giles and Graham, 2007). 

 

3.2.6. Arginine decarboxylase assays using cell-free extract and purified proteins 

The cells were resuspended in 50 mM TES {N-[tris (hydroxymethyl) methyl]-2-

aminoethanesulfonate}-NaOH (pH 7.0) and lysed by sonication on ice. Centrifugation at 

18,000 × g for 15 min was used to remove insoluble particles. Total protein 

concentrations were determined using the Bradford assay (Pierce) with bovine serum 

albumin (BSA) as a standard. Arginine decarboxylase assays of the lysates were 

conducted as described before using 40-80 nCi L-[1-14C]-arginine (55 mCi mmol-1)  

(Amersham Biosciences)(Giles and Graham, 2007). 

 

  The optimum pH for decarboxylation by the L2 mutant (pDG543) was 

determined using L-[1-14C]-arginine (55 mCi mmol-1) by the method described in chapter 

2. The specific activities of the purified enzyme (0.8 µg) for different substrate 

concentrations were fit to the hyperbolic Michealis-Menten-Henri equation by non-linear 

regression (KaleidaGraph 3.6 version) to generate steady-state kinetic parameters. 

 

3.2.7. Cellular transport assays 

The ability of cells to take up arginine was measured using the method described 

earlier (Smith and Graham, 2008). After 5 hr protein expression with arabinose, 

approximately 1× 109 cells were pelleted by centrifugation at 18,000 × g for 10 min. 

They were resuspended in 0.1 ml of E medium (pH 5), pre-warmed at 37°C. Transport 
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was initiated by adding 1 mM L-arginine HCl with 2 µCi L-[2,3,4,5- 3H] arginine. After 

10 min incubation at 37°C, 1 ml of 0.1 M LiCl was added to stop the reaction. The cells 

were then collected by vacuum filtration on a polyethersulfonate membrane filter (0.2 

µm, 25 mm diameter, Pall). The filters containing the cells were washed with 2 ml of 

0.1M LiCl before taking for liquid scintillation counting. 

 

3.2.8. Western Blotting 

The expression levels of ArgDC proteins from both strains were detected by 

immunoblotting. Proteins were separated on an SDS-PAGE Tris-glycine gel and 

transferred to a PVDF membrane as described in chapter 2. A pre-stained protein marker 

(New England Biolabs) was used to measure the apparent molecular masses of proteins. 

For the analysis of T7-tagged proteins, (proteins with the T7 protein tag 

MASMTGGQQMG), the blots were incubated for 1 hour with T7-tag monoclonal 

antibody (1:5000) which has a horseradish peroxidase conjugate (Novagen). Blots were 

developed and chemiluminescence detected as described earlier. A positive control 

containing T7-tagged BSA was used to confirm the binding of T7 tagged protein with the 

antibody.  

 

3.3. RESULTS 

3.3.1. Expression and purification of C. trachomatis arginine decarboxylase proteins:  

The hypothetical arginine decarboxylase (CTL0627) from L2 C. trachomatis 

(pDG491) had a low level of recombinant protein expression. Though the inducers 

lactose, IPTG as well as the host strains BL21(DE3), BL21(DE3) CodonPlus-RIL were 
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tried, none had significant expression since there were no protein bands in SDS-PAGE 

gel corresponding to the expected molecular weights.  

 

The sequence alignment of the L2 ArgDC with other chlamydial pyruvoyl-

dependent arginine decarboxylases showed a tryptophan residue in the place of nonsense 

codon. In order to test if a substitution of the nonsense mutation to Trp can activate the 

protein, a mutation (Ochre128Trp) was created by site-directed mutagenesis. This mutant 

gene was cloned into pBAD/HisA vector (pDG543) and expressed in DEG0147 cells 

(∆adiAYC). The protein, expressed with a hexa-histidine tag at its amino terminus,  

appeared to be in the soluble fraction. The soluble protein was purified by Ni2+ affinity 

chromatography and ran on an SDS-PAGE gel. The mutant protein was mainly expressed 

as a pro-enzyme (25 kDa) with cleaved α (16 kDa) and β (10 kDa) fractions as seen in 

Figure 3.2. The expected molecular weights of the pro-enzyme, β and α-subunits 

correspond to 25.9, 9.9 and 15.9 kDa respectively. Two high molecular weight bands 

corresponding to 46 kDa and 39 kDa were also observed in the gel. Densitometry 

analysis indicated that proenzyme constituted 39 % of the total protein with 27% cleaved 

protein (20 % α and 7% β). 

 

The CT373 protein from D strain (pTG17) was recombinantly expressed as a 

soluble protein with a deca-histidine tag at its amino terminus. The soluble protein was 

purified by Ni2+ affinity chromatography and ran on a SDS-PAGE gel. The gel indicated 

an intense band at 26 kDa corresponding to the proenzyme (Fig 3.2). No other bands 

corresponding to the molecular weights of α and β subunits were observed indicating the 

inability of the proenzyme to cleave. The expected molecular weight for the pro-enzyme 
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24.6 kDa was in agreement with the protein band on the gel. An unknown band 

corresponding to 24 kDa was also seen in the gel.  

 

 

 

Figure 3.2 Expression of ArgDC protein from L2 and D strains 

The histidine tagged ArgDC proteins were affinity-purified, separated by 12 % Tris-
tricine SDS-PAGE and silver stained. Lane 1- Polypeptide marker, Lane 2- L2 ArgDC 
(His)6-Ochre128Trp expressed from pDG543 plasmid , Lane 3-D strain ArgDC (His)10-
CT373 expressed from pTG17 plasmid. 
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To monitor the heterologous expression of the L2 strain ArgDC (CTL0627) by 

western blotting, it was expressed from the pDG479 vector with a T7 tag. The soluble 

cell-free extracts were separated by SDS-PAGE, transferred to PVDF membrane and 

incubated with T7 tag monoclonal antibody HRP conjugate. No expression was observed 

in the control DEG0147 cells with pBAD/HisA as expected (Fig 3.3 ). The soluble 

extract from the L2 strain (His)6-Ochre128Trp-CTL0627 protein expressed in DEG0147 

cells showed an intense band at 25 kDa that was specifically bound by the T7 tag 

antibody (Fig 3.3.A). No visible signal was seen either in the whole cell, sonicate, soluble 

extract or the pellet from the L2 strain wild-type expressed in DEG0147 cells 

(pDG479)(Fig 3.3.A). 

 

 In the western blot in Fig 3.3.B, the soluble extract from the DEG0147 cells 

expressing D strain ArgDC (His)6-CT373 protein appeared as a 30 kDa band that was 

specifically bound by the T7 tag antibody. The positive control in the lane 1 (T7-tagged 

BSA) showed an intense band to indicate the binding of T7-tagged antibody.  
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Figure 3.3. Western blotting to detect protein expression 

A) Blot indicating that the L2 ArgDC (CTL0627) is not expressed recombinantly in E. 
coli DEG0147 cells (pDG479). Lane 1-Cell-free soluble extract from E. coli DEG0147 
(pBAD/HisA) control cells, Lane 2- cell-free soluble extract from E. coli DEG0147 
(pDG543) cells that express L2 strain ArgDC (Ochre128Trp) protein), Lane 3-6  L2 strain 
ArgDC wild-type cells, sonicate, soluble extract and insoluble pellet. 
 
B) Blot showing that CT373 from D strain is uncleaved. Lane 1- Positive control, Lane 2-
cell-free soluble extract from E. coli DEG0147(pDG558) cells that express D strain 
ArgDC(CT373) protein, Lane 3- cell-free soluble extract from E. coli DEG0147 
(pBAD/HisA) control cells. 
Both the blots were incubated with T7 tag antibody HRP conjugate (1:5000)  
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3.3.2. Comparison of arginine decarboxylase activity of L2 and D strain 

No arginine decarboxylase activity was detected in the cell-free extracts from L2 

(His)10-CTL0627 (pDG491) expressed in BL21(DE3) under various conditions. On the 

other hand, the L2 (His)6Ochre128Trp mutant protein (pDG543) expressed in DEG0147 

cells showed arginine decarboxylase activity. It decarboxylated arginine optimally at pH 

3.4 (Figure 3.4) with a specific activity of 0.5 µmol/min/mg. The low pH affinity of this  

protein was similar to the ArgDC from C. pneumoniae (Giles and Graham, 2007). 

Activity was low at pH less than 3.4 as well as at the neutral pH. 

 

The D strain ArgDC (His)10-CT373 when expressed in pET 19b (pTG17) on the 

other hand lacked any arginine decarboxylase activity. No activity was expected in this 

uncleaved pro-enzyme since there was no active pyruvoyl group generation due to self-

cleavage. Studies in a distantly related histidine decarboxylase enzyme indicated that 

incubation in 150 mM potassium phosphate or 0.8 M potassium phosphate (pH 7.6) can 

enhance the cleavage and activity of the pro-enzyme (Copeland et al., 1987). But no 

significant effect was observed when the uncleaved ArgDC proenzyme (CT373) was 

incubated in the presence of 0.4 M potassium phosphate (pH 7.6). Incubation with 

polyamines like spermidine (25 mM) and spermine (25 mM) did not improve cleavage. 
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Figure  3.4. pH profile for L2 ArgDC mutant CTL0627 

The optimum pH for the mutant ArgDC protein (Ochre128Trp) from C.trachomatis L2 
strain was 3.4. 
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A steady-state kinetic analysis of the decarboxylation reaction was conducted for 

the L2 Ochre128Trp mutant and initial rate measured as described before. Using 

KaleidaGraph, the specific activities at various substrate concentrations were fit to the 

Michealis-Menten-Henri equation (Figure 3.5), and the kinetic parameters were obtained 

for the first order reaction. The Km value for L-arginine, 5.4 ± 3.7 mM was identical to 

that of the wild-type ArgDC from C. pneumoniae. The enzyme had a kcat of 2.3 sec-1 after 

accounting for the cleavage of the enzyme and a catalytic efficiency 4.3×102 M-1sec-1. 

The catalytic efficiency for the L2 mutant was comparable to that of the ArgDC from the 

archaeaon M. jannaschii while it was three folds less compared to that of C. pneumoniae. 
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Figure 3.5. Kinetic analysis for arginine decarboxylase activity of L2 mutant 
CTL0627 

The kinetic parameters for the L2 mutant Ochre128Trp CTL0627, Km 5.4 mM and Vmax 
1.4 µmol/min/mg were obtained by fitting initial rates to Michealis-Menten-Henri 
equation. 
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3.3.3. Arginine uptake and decarboxylation using whole cells 

In order to evaluate the arginine uptake and decarboxylation system in L2 and D 

strains of C. trachomatis, an E. coli str. DEG0147 was constructed by deleting the adi 

operon (∆adiAYC) that encodes an inducible arginine-dependent acid resistance system 

(Smith and Graham, 2008). The assay for arginine uptake and decarboxylation was 

performed using whole cells suspended in E media (pH 4). Control experiments with the 

whole DEG0147 cells containing pBAD/HisA did not release significant amounts of 
14CO2 when incubated with L-[1-14C] arginine (Figure 3.6.A). The DEG0147 cells that 

co-expressed arginine decarboxylase (CPn1031) and transporter genes (CPn1032) from 

C. pneumoniae showed a high level of arginine decarboxylation (2.8 µmol/min). On the 

other hand, the DEG0147 cells co-expressing the L2 ArgDC wild-type (CTL0627) and 

transporter (CTL0628) genes from C. trachomatis (pDG479) showed activity below the 

background. The activity of the cells co-expressing the mutant CTL0627 (Ochre128Trp) 

and the transporter (pDG543) was significant (0.2 µmol/min) compared to the wild type 

pDG479, but it was several folds less when compared with that of C. pneumoniae 

(pDG379). 

 

The cell-free lysates from DEG0147 cells carrying the plasmids described above 

(encoding ArgDC and the transporter genes) were assayed at pH 3.3 (Fig 3.6.B). No 

significant arginine decarboxylase activity was observed in the control DEG0147 

(pBAD/HisA) cell lysate as well as those carrying L2 ArgDC with ochre mutation 

(pDG479). The cell lysate with ArgDC and transporter from C. pneumoniae (pDG379) 

showed significant ArgDC activity (0.02 µmol/min) where as those from the mutant L2 

protein was slightly above the background. 
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Figure 3.6. Comparison of arginine decarboxylase activities of L2 CTL0627WT and 
Ochre128Trp mutant  

 A) Mean whole cell arginine decarboxylase activities: DEG0147 cells (1×109) containing pBAD-
HisA (vector control), pDG379 (CPn1031, CPn1032), pDG479 (CTL0627, CTL0628), pDG543 
(CTL0627Ochre128Trp, CTL0628) plasmids. The mean arginine decarboxylase activities and 
sample standard deviations are shown for each sample (n=3). 
B) Cell-free lysates of above samples 
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3.3.4. Arginine transport by arginine-agmatine antiporter 

The activities of the putative arginine-agmatine antiporters from L2 (CTL0628) 

and D strains (CT374) were compared by assaying their ability to transport L-[2,3,4,5-
3H] arginine into the cell. The E. coli cells used for the assay DEG0147 (∆adiAYC) cells 

lacked arginine decarboxylase as well as the arginine-agmatine transporter genes. The 

cells expressing CPn1031 and CPn1032 (pDG379) showed 0.4 % arginine uptake, which 

is the percentage of the radioactive arginine that is transported into the cells (Fig 3.6) 

This was comparable to the transport percentage reported earlier in C. pneumoniae 

(Smith and Graham, 2008). The DEG0147 cells with L2 ArgDC wild type gene showed 

no transport activity while the L2 mutant with the active ArgDC transported at a rate 

slightly above the background (0.1%). Since the arginine uptake percentages for the L2 

mutant was close to background, they were compared with the cells with pBAD/HisA 

(negative control) by t-test to see if the difference is significant. The difference was found 

to be significant indicating that L2 has an active arginine-agmatine antiporter (The 

probability for the compared values to be the same was calculated to be less than 0.05). 

 

 

The transporter from D strain on the other hand showed high efficiency with 0.6% 

tritiated arginine transported into the cell (Fig 3.7). This transport rate was compared with 

that of the cells with pBAD/HisA by t-test and found to be significantly different 

(Probability of compared values being the same was less than 0.05). The DEG0147 cells 

carrying pBAD/HisA (negative control) showed no transport while those with pDG379 

showed 0.4 % transport similar to the earlier studies mentioned above.  
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Figure 3.7. Arginine transport in L2 C. trachomatis 

E. coli DEG0147 cells (∆adiAYC::kan) containing pBAD-HisA (vector control), pDG379 
(CPn1031, CPn1032), pDG479 (CTL0627, CTL0628) and pDG543 (CTL0627ochre128Trp, 
CTL0628) plasmids were subjected to arginine transport assay. The cells that expressed the 
mutant CTL0627 (pDG543) transported L-[2,3,4,5-3H] arginine more effectively than the 
wild type. 
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Figure 3.8. Arginine transport of D strain C. trachomatis 

E. coli DEG0147 cells (∆adiAYC::kan) containing pBAD/HisA (vector control), pDG379 
(CPn1031, CPn1032) and pDG558 (CT373, CT374) plasmids were subjected to arginine 
transport assay. The cells that expressed D strain CT374 (pDG558) transported L-[2,3,4,5-
3H] arginine as effectively as its homolog from C. pneumoniae. 
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3.4. DISCUSSION 

The sequence comparisons indicate very high similarities among the CT373, 

CTL0627 and CPn1032 proteins. Yet there is a wide variation in their activities due to 

various reasons. The arginine decarboxylase from L2 strain (CTL0627) failed to express 

recombinantly in E. coli due to the presence of the nonsense codon within the gene 

sequence. Since all the three genes of the operon were shown to be co-transcribed in the 

L2 strain, the expression of ArgDC protein was probably prevented in the translation 

stage. Any kind of arginine decarboxylase activity was absent in the whole cell assay as 

well as the purified protein of the L2 wild-type. When the ochre mutation was replaced 

by tryptophan in the L2 mutant (pDG543), the arginine decarboxylase activity was 

restored.  

 

The arginine decarboxylase from the D strain (CT373) was expressed as an 

uncleaved proenzyme when expressed recombinantly with a deca-histidine tag. Since the 

incubation with polyamines or potassium phosphate did not enhance cleavage, the next 

attempt would be to unfold the protein completely using urea or guanidine and allowing it 

to fold slowly into an active cleaved protein. 

 

The uncleaved CT373 protein did not have significant arginine decarboxylase 

activity either in whole cell assay or purified protein as expected for any uncleaved 

pyruvoyl-dependent enzyme. A direct correlation between cleavage and activity was 

observed earlier in the studies on the ArgDC from C. pneumoniae where a mutation at the 

cleavage site reduced cleavage by 5 times and showed 70% less activity compared to the 
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wild type. The lack of ArgDC activity in CT373 is due to the absence of cleaved α-

subunit with active pyruvoyl group. A similar observation has been reported earlier for a 

pyruvoyl dependent histidine decarboxylase from Lactobacillus sp.(Copeland et al., 

1987). On recombinant expression in E. coli, the HisDC protein was <10% active and 

comprised 90% π-chain (uncleaved proenzyme). But when the same enzyme was purified 

from the native host Lactobacillus, the enzyme had no significant π-chain and was >90% 

active (Recsei and Snell, 1982). The lack of cleavage in CT373 protein may be due to the 

absence of an unknown factor in E. coli which may be present in the native host C. 

trachomatis. In vivo studies on the ArgDC enzyme purified from the native host would be 

required to find if it is cleaved and active. 

 

The activity of the arginine-agmatine antiporter measured by transport assays 

indicated that L2 had an active transporter only when the nonsense codon was replaced 

by tryptophan in the ArgDC. The D strain on the other hand had an active antiporter 

CT374 which showed arginine uptake percentages comparable to the CPn1031 from C. 

pneumoniae.  

 
A study of the internal pH of C. trachomatis inclusions indicated a similar 

homeostatic balance to the host cell (Dautry-Varsat et al., 2005) or pH close to 6.0 

(Schramm et al., 1996). Hence it was suggested that the presence of a system for arginine 

transport and decarboxylation is not the likely reason for the difference in disease 

outcomes for different genital tract biovariants (Thomson et al., 2008). But along with the 

pH regulation aspect, arginine decarboxylation system has an inhibitory effect on pro-

inflammatory nitric oxide, which can be a factor determining disease outcome. By 

depleting the arginine pool, the arginine decarboxylation can reduce the substrate for 
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inducible nitric oxide synthase (iNOS) thereby preventing inflammation and immune 

response. In another intracellular pathogen Helicobacter pylori, an arginine deiminase 

was used to deplete arginine which reduced iNOS abundance and activity (Chaturvedi et 

al., 2007; Gobert et al., 2001; Lee et al., 2003). Hence it would be interesting to conduct 

more in vivo studies on the D strain ArgDC enzyme to see if it is active so that the ability 

of arginine decarboxylation system to influence disease manifestations can be understood 

to a better extent. 
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 CHAPTER 4 

Arginine decarboxylase evolved from S-adenosylmethionine 
decarboxylase in Sulfolobus solfataricus 

4.1. OVERVIEW 

S-adenosylmethionine decarboxylase is a critical enzyme in the polyamine 

pathway and its activity is highly regulated during the cell cycle (Toms et al., 2004). In 

the polyamine biosynthesis pathway, S-adenosylmethionine decarboxylase catalyzes the 

formation of S-(5′-adenosyl)-3-methylthiopropylamine (decarboxy-AdoMet), the sole 

donor of an aminopropyl moiety for the synthesis of higher polyamines (Cacciapuoti et 

al., 1991). This enzyme is highly regulated in mammalian cells and the supply of 

decarboxylated AdoMet is dependent on the need for polyamines, with only 1-2 % 

available as the decarboxylated form (Pegg et al., 1986; Pegg et al., 1998). It is an 

important drug target for anti-parasitic agents as well as for cancer chemotherapeutic 

agents. 

 

The S-adenosylmethionine decarboxylases belong to the group of pyruvoyl 

dependent enzymes that use the covalently attached pyruvoyl group for catalysis. The 

AdoMetDCs have been classified into 2 classes based on sequence - Class 1 enzymes are 

seen in Bacteria and Archaea whereas Class 2 enzymes are seen in Eukarya. The 

AdoMetDCs from the euryarchaeon Methanocaldococcus jannaschii belongs to Class 

1B, which forms an (αβ)2 dimer and does not require Mg2+ or other activators (Toms et 

al., 2004). The genome sequence of Sulfolobus solfataricus shows two paralogs of 

AdoMetDC-SSO0536 and SSO0585. The mRNAs from these respective genes showed 
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two different half-lives, 7 min for SSO0536 and 17-20 min for SSO0585 (Andersson et 

al., 2006). This difference in half-lives was also seen in Sulfolobus acidocaldarius, which 

indicates that the roles played by these enzymes are likely to be diverse. The amino acid 

sequences of SSO0536 and SSO0585 share 47% identity (Figure 4.1) 
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SSO0585         ----------MGVELAFPKVVGKQVYGSLYECDEDVLKDTKRLEQIIKEAADIGNMNILD 
TmAdoMetDC      -----------------MKSLGRHLVAEFYECDREVLDNVQLIEQEMKQAAYESGATIVT 
APE0079         ------------MERREDVIVGKHVYGSLYGVPREKATDEEYLRGVVVRAAESAGATVHA 
BsAdoMetDC      ---------------MTMETMGRHVISELWGCDFDKLNDMDFIEKTFVNAALKSGAEVRE 
MjAdoMetDC      ----------------MLKYLGKHLILELWGCDPKALDDIEGIEKMLVDSVKACGATLIC 
SSO0536         MSEREVLQKINSPEGKEDRIIGKHVFGNLYDIDAERLNDKEFLEKLVLEAVDIAHMKLVE 
                                               *    

  
                                                                  ↓                                                                                                          
SSO0585         IKSWKIG-E--GVSVVAIILESHITIHTWPEYRFATVDVYSCGPHTSPLNAFRYIVEKLG 
TmAdoMetDC      STFHRFLPY--GVSGVVVISESHLTIHTWPEYGYAAIDLFTCGEDVDPWKAFEHLKKALK 
APE0079         VNSWTIPGEKGGVSVIVLVLESHLALHTWPEYDYATFDIYTCGEHTDPWKAFELLLSELK 
BsAdoMetDC      VAFHKFAPQ--GVSGVVIISESHLTIHSFPEHGYASIDVYTCGD-LDPNVAADYIAEALH 
MjAdoMetDC      VRTHKFSPQ--GATGVAVLAESHIAIHTYPEYGYAALDVFTCGEHTDPYKALEVIREFLK 
SSO0536         IKAWSFGGKKGGVSVIALVEESHIALHTWNEYNYATLDVYTCGEDSDPQSAFAHIVNALN 
                       ****  
 
 
 
SSO0585         AKRYTINEADRSSEF--------------- 
TmAdoMetDC      AKRVHVVEHERGRYDEIG-IPEDSPHKAAV 
APE0079         PRKYTVHYVDRSQE--KT-VLEAQPR---R 
BsAdoMetDC      ADTRENIEIPRGMG--PVQIKQAQAK--VL 
MjAdoMetDC      PKSIQIIDLKRGLM-ENG-TFELK------ 
SSO0536         PKRYQMFYADRSSQ---------------- 

 

 

 

Figure 4.1. Protein sequence alignment of AdoMetDC homologs 

Protein sequence alignment of the S. solfataricus ArgDC (SSO0536) protein with 
AdoMetDC from Aeropyrum pernix (APE0079; NP_ 146946.1), AdoMetDC from S. 
solfataricus (SSO0585), AdoMetDC from Bacillus subtilis (BsAdoMetDC; 
NP_390779.1), AdoMetDC from M. jannaschii (MjAdoMetDC;  NP_247288.1), and 
AdoMetDC from Thermatoga maritima (TmAdoMetDC; NP_228464.1). An arrow 
indicates the site of protein cleavage and pyruvoyl group formation at the conserved 
serine residue of the α-subunit. Asterisk below the alignment indicate aminoacid 
positions that correlate with substrate specificity. Sequences were aligned using the T-
COFFEE program (version 5.05) (Notredame et al., 2000). 
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Both the AdoMetDC homologs were cloned in E. coli and the proteins were 

heterologously expressed. The proteins self-cleaved at a conserved serine residue into 

amino-terminal β and carboxy terminal α-subunits, thereby generating a pyruvoyl group 

at the α-subunit. The SSO0585 protein decarboxylated AdoMet in a coupled assay with 

AdoMet synthetase and it is probably the same enzyme reported earlier (but not 

sequenced) (Cacciapuoti et al., 1991). The SSO0536 protein did not decarboxylate 

AdoMet, instead it efficiently decarboxylated L-arginine. Hence this protein belongs to a 

new class of arginine decarboxylases that developed through convergent evolution. 

SSO0536 is the first protein in the AdoMet decarboxylase family that can catalyze an 

alternate reaction. A chimeric protein generated with the β-subunit from SSO0536 and α-

subunit from SSO0585 showed specifically arginine decarboxylase activity, correlating 

conserved amino acid changes in the β-subunit with substrate specificity. 

 

4.2. EXPERIMENTAL METHODS 

4.2.1. Cloning, expression and purification of recombinant proteins 

 The SSO536 and SSO0585 genes from S. solfataricus P2 chromosomal DNA 

were cloned into pET19b plasmids by Dr. David Graham to generate pDG398 and pDG 

401 respectively. The chimeric proteins β536α585 (made by combining β subunit of 

SSO0536 and α subunit of SSO0585) and β585α536 (made by combining β subunit of 

SSO0585 and α subunit of SSO0536) were generated by Dr. David Graham using 

splicing- overlap-extension PCR (SOE-PCR), and cloned into pET19b to make pDG453 

(β536α585) and pDG483 (β585α536) respectively. 

 

For the expression of polyhistidine tagged proteins-His10 -SSO0536, His10 -

SSO0585, His10 -β536α585 and His10-β585α536, the respective plasmids were 
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transformed into E. coli BL21 (DE3). The expression and cell lysis were performed as 

described before in chapter 2 (Giles and Graham, 2007). The sonicate was heated at 70°C 

for 20 min before centrifugation at 18,000 × g for 15 min to get the soluble protein. The 

histidine tagged soluble proteins were purified using HisTrap HP nickel column in an 

AKTA prime FPLC system (Amersham). The fractions containing the protein were 

pooled and concentrated using ultrafiltration (Microsep 3K). This was further purified by 

MonoQ strong anion exchange column (5 ×50 mm, 10 µm, GE Healthcare). The column 

was equilibrated using 25 mM Tris-HCl (pH 7.6) and the protein elution was done by 

increasing the gradient to 100% of 25 mM Tris-HCl with 1M NaCl (pH 7.6). The protein 

samples were desalted using HiTrap Sephadex G-25 column (5 ml, GE Healthcare) in 50 

mM ammonium bicarbonate (pH 7.5) and concentrated by ultrafiltration. The AdoMet 

synthetase from Methanocaldococcus jannaschi (His10-MJ1208) was expressed and 

purified using the same method as described above by Mr. Kevin Park. Protein 

concentrations were determined using the Biorad assay. 

 

4.2.2. Protein size and cleavage site determination  

The protein samples were analyzed by SDS-PAGE using the Schägger and von 

Jagow Tris-tricine system and stained as described in chapter 2. A Biosep-SEC-S 3000 

column (300×7.8mm; Phenomenex) connected to a System Gold HPLC (Beckman-

Coulter) was used to determine the oligomeric state of the protein. The proteins detected 

by their absorbance at 280nm, were eluted out by isocratic elution using 100 mM sodium 

phosphate buffer (pH 6.8) at a flow rate 0.5 ml/min. An external mass as well as Stokes 

radii calibration profile were created using the protein standards cytidine, beta amylase, 

carbonic anhydrase, apoferritin, conalbumin, myoglobin, aldolase and cytochrome C. The 
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proteins were precipitated by trichloroacetic acid and analyzed by SDS-PAGE to 

determine the subunit composition of oligomeric protein. 
 

In electrospray mass spectrometry, the desalted protein was analyzed using a LCQ 

instrument (Thermo Finnigan) with an electrospray ion trap at the CRED (Center for 

Research on Environmental Disease) Analytical Instrumentation Facility Core at 

University of Texas at Austin. 

 

4.2.3. Arginine decarboxylase activity 

The decarboxylase activity of the enzyme was assayed using a 14CO2 capture 

method as described in chapter 2 (Giles and Graham, 2007). After pre-incubation at 70°C 

(80°C for kinetic assays), aliquots of the enzyme were incubated with 10 mM L-arginine-

HCl, 6.5 to 300nCi L-[1-14C]-arginine (55 mCi mmol-1)  (Amersham Biosciences) in the 

presence of citrate-phosphate buffer [12mM citric acid , 26 mM sodium phosphate (pH 

6)], 50 mM KCl, 1mM DTT, 0.5 mM EDTA at 80°C. After 5 min incubation, the 

reactions were terminated with 100 µl 4 M HCl and heated at 70°C for 15 min. One unit 

of activity catalyzes the decarboxylation of 1µmole L-arginine per minute. To determine 

the steady-state kinetic parameters, the initial rate data was fit to Michelis-Menten-Henri 

hyperbolic equation using a non-linear regression program (KaleidaGraph version 3.6). 

 

The pH dependence of enzyme activity was analyzed at 70°C by standard arginine 

decarboxylase assays using 2 µg of enzyme, 10 mM L-arginine HCl, 200 nCi L-[U-14C]-

arginine (305mCi mmol-1; GE Healthcare) and citrate-phosphate buffer (pH 2.8-6.0) or 

25 mM  sodium potassium phosphate buffer (pH 7.0-8.0) or 6 mM sodium borate buffer 

(pH 10.0). The effect of potassium chloride on activity was also tested under the same 
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conditions described above using citrate-phosphate buffer (pH 6.0) and 50 - 310 mM 

potassium chloride. 

 

For optimum temperature determination, the enzyme was pre-incubated at 

temperatures ranging from 4°C - 90°C for 10 min. Reactions were initiated by the 

addition of radio-labeled arginine and the reaction was carried out at the same 

temperature. Thermal stability of the protein was assayed by pre-incubating 2 µg enzyme 

at temperatures 4°C - 90°C for 10 min in citrate-phosphate buffer. The activity was 

assayed at room temperature under the conditions described earlier. For assaying the 

native ArgDC activity of Sulfolobus solfataricus, these organisms were grown by Dr. 

Graham as described (Giles and Graham, 2008). 

 

4.2.4. Alternate substrates and inhibitors 

In order to see the effect of inhibitors on arginine decarboxylase activity, potential 

inhibitors (1 mM) were pre-incubated with 1 µg enzyme at 80°C for 10 min before 

addition of 0.2 mM arginine. The reactions were terminated after 5 min and the released 
14CO2 was quantified.  

 

The potential inhibitors tried included the arginine analogues L-arginine O-methyl 

ester , NG-nitro-L-arginine methyl ester, L-argininamide, L-citrulline, L-canavanine, D-

arginine, L- homoarginine, NG-methyl-L-arginine acetate, Nα-acetyl-L-arginine, L-

methionine, L-ornithine, L-histidine, L-lysine and the carbonyl reactive agents  O-methyl 

hydroxylamine hydrochloride (ONBH) and O-nitrobenzylhydroxylamine hydrochloride. 

Histidine, homoarginine and canavanine were also tested as potential substrates in 

reactions excluding arginine. Primary amino groups from the enzyme reaction product 
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were derivatized with naphthalene 2, 3 dicarboxaldehyde in the presence of cyanide ions 

and alkaline conditions to get a cyanobenz[f]isoindole (CBI) derivative (Helgadottir et 

al., 2007; Kawasaki et al., 1989). To a 100 µl reaction mix, 0.1 M sodium borate buffer, 

0.2 mM sodium cyanide and 0.2 mM NDA were added to make up to a final volume 400 

µl and this was incubated in the dark for 30 min. The resultant CBI derivative was 

analyzed by HPLC as described earlier (Giles and Graham, 2007). 

 

To determine the effect of mechanism-based inhibitors like DFMA (α-

difluoromethylarginine) and DFMO (α-difluoromethylornithine) on arginine 

decarboxylase activity, a 14CO2 capture method was used. The purified SSO0536 enzyme 

was incubated with or without 1 mM DFMA/DFMO at 80°C in a 1.5 ml microcentrifuge 

tube with mineral oil added as a top layer to prevent evaporation. At various time 

intervals, aliquots were drawn, 0.2 mM L-arginine-HCl and 218 nCi L[1-14C]-arginine  

added and incubated for another 5 min. The 14CO2 was quantitated by the method 

described earlier. 

 

4.2.5. S-adenosylmethionine decarboxylase activity 

S-adenosylmethionine decarboxylase activity was measured by a coupled 

radioactive assay using AdoMet synthetase to generate the S-adenosyl-L-[carboxyl-14C]-

methionine substrate. The reaction mix comprised His10-MJ1208 (6 µg) , 25 mM Hepes 

[4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid]-KOH (pH 8), 50 mM KCl, 10 mM 

MgCl2, 2 mM L-methionine, 100 nCi L[1-14C]-methionine(55 mCi mmol-1; American 

Radiolabeled Chemicals) and 9.5 mM ATP  in a 100 µl final volume. After 30 min 

incubation at 70°C, 1 µg decarboxylase enzyme (for chimera 5 µg enzyme) was added 
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and incubated for 5 min. The reaction was  terminated with 100 µl of 4M HCl  and 

radioactivity quantified by 14CO2 capture assay (Graham et al., 2002).  

 

4.3. RESULTS 

4.3.1. Arginine decarboxylase activity of cell extract 

An analysis of the polyamine pathway of S. solfataricus suggests the possibility 

of the existence of an arginine decarboxylase enzyme which can produce agmatine by 

decarboxylation of arginine. Hence the arginine decarboxylase activity was measured at 

80°C for the cell extract obtained from S. solfataricus grown to stationary phase in 

defined medium with glucose or casamino acids. For the glucose grown S. solfataricus 

cell-free extract, arginine was decarboxylated with a specific activity of 160 

pmol/min/mg while that grown on casamino acids had a specific activity of 400 

pmol/min/mg. This indicates that L-arginine is decarboxylated in the cells at pH 6 which 

is in agreement with the euryarchaeal pathway. 

 

4.3.2. Expression, purification and cleavage of AdoMetDC homologs 

 Both the AdoMetDC homologs were expressed recombinantly in E. coli in the 

soluble fraction as heat-stable proteins. On an SDS-PAGE gel, the affinity-purified His10-

SSO585 showed three bands corresponding to apparent molecular masses 21, 15 and 5 

kDa corresponding to the pro-enzyme, beta and alpha subunits respectively (Figure 4.2.). 

Densitometry studies indicated that in SSO0585 there was 77% cleaved protein (23% 

pro-enzyme, 53% beta and 24% alpha). The electrospray mass spectrometry showed ion-

series corresponding to pro-enzyme (16,602 Da observed, 16,680 Da expected), the 

methionine aminopeptidase-cleaved proenzyme (16,546 Da observed, 16,549 Da 
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expected) and the α-subunit (6,258 Da observed, 6,260 Da expected) (Fig 4.3). Other 

peaks observed at low ion abundance correspond to 11,758, 13,649 and 13,780 Da. The 

results from size exclusion chromatography indicated that His10-SSO0585 formed a 

dimeric complex with an apparent mass of 33 kDa and a Stokes radius of 26Å (Figure 

4.4). 

 

The purified His10-SSO0536 on an SDS-PAGE gel indicated bands with apparent 

molecular masses 21, 15 and 6 kDa corresponding to the pro-enzyme, beta and alpha 

subunits respectively. The protein purified from the heat treated lysate showed 46-54% 

cleavage into active protein whereas in unheated lysate, the cleavage was just 21%. ESI-

MS indicated ion peaks corresponding to the proenzyme (17,937 Da observed, 18,014 Da 

expected), the methionine aminopeptidase-cleaved proenzyme (17,880 Da observed, 

17,883 Da expected), the α-subunit (6,123 Da observed, 6,125 Da expected) and the β-

subunit (11,759 Da observed, 11,760 Da expected for aminopeptidase-cleaved subunit) 

(Figure 4.4). The size exclusion studies for His10-SSO0536 indicated an apparent mass of 

80 kDa and Stokes radius of 35Å, which suggests that it forms a tetramer (Figure 4.5). 

 

SDS-PAGE analysis of the protein fractions eluting from the column indicated 

that the oligomeric protein contained approximately 50% uncleaved proenzyme. Heating 

the unpurified proenzyme in crude E. coli lysate improved the cleavage of the pro-

enzyme, but incubating the purified enzyme at 80°C did not improve the cleavage of the 

enzyme. Incubation of the purified enzyme with carbonyl-reactive agents like O-

nitrobenzylhydroxylamine or methoxyamine at 80°C for 20 min did not result in any 

increase in proenzyme cleavage. 

 



 103

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2. SDS-PAGE gel showing SSO0536, SSO0585 and chimera proteins 

Heterologously expressed His10-SSO0536 and His10-SSO0585 were affinity-purified, 
separated by SDS-PAGE and silver stained. The proenzymes (π) as well as the 
corresponding self-cleaved subunits α and β can be seen. Lane M-polypeptide marker 
corresponding to the indicated molecular masses; Lane 1-0.9 µg His10-SSO0536; Lane 2- 
1.1 µg His10-SSO0585; Lane 3-18 µg His10-β536α585 chimera; Lane 4-9µg His10-
β585α536 chimera. 



 104

 

 

Figure 4.3. Electrospray mass spectrometry analysis of SSO0585 protein 

The chromatogram indicated ion-series corresponding to pro-enzyme (16,602 Da), the 
methionine aminopeptidase-cleaved proenzyme (16,546 Da) and the α-subunit (6,258 
Da). 
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Figure 4.4. Electrospray mass spectrometry analysis of SSO0536 protein 

The chromatogram indicated ion-series corresponding to the proenzyme (17,937 Da), the 
methionine aminopeptidase-cleaved proenzyme (17,880 Da), the α-subunit (6,123 Da) 
and the aminopeptidase-cleaved β-subunit (11,759 Da). 
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Figure 4.5. Standard curve for analytical size exclusion chromatography 

The chromatography was conducted using Biosep-SEC-S 3000 column (300 × 7.8mm; 
Phenomenex) with 100 mM sodium phosphate buffer (pH 6.8) at a flow rate 0.5 ml/min. 
Protein standards- β-amylase, carbonic anhydrase, vitamin B12, apoferritin, conalbumin, 
myoglobin, aldolase and cytochrome C were used to create calibration curves with 
respect to mass (A) and Stokes radius (B). 
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4.3.3. S-adenosylmethionine decarboxylase activity of SSO0585 

The S-adenosylmethionine decarboxylase activity of His10-SSO0585 was 

determined by a coupled assay using AdoMet synthetase. The net specific activity of 

decarboxylation was 0.11 µmol min-1mg-1at 70°C with a rate 2.3 min-1 (Figure 4.6). These 

results are comparable with the AdoMet decarboxylase activity of the native enzyme 

(0.012 µmol min-1mg-1), purified previously from S. solfataricus (Cacciapuoti et al., 

1991). On the other hand, the AdoMet decarboxylase activity from His10-SSO0536 was 

just the background level. At physiological pH 7.5, AdoMet is unstable and can degrade 

resulting in other volatile products (Hoffman, 1986) which could cause background 

activity. 
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Figure 4.6. The SSO0585 protein has AdoMet decarboxylase activity 

SSO0585 has S-adenosylmethionine decarboxylase activity which was detected using a 
radioactive assay. Reactions containing M.jannaschii AdoMet synthetase (Hamana and 
Matsuzaki), ATP, L-[1-14C]-methionine and buffer salts were pre-incubated at 70°C for 
30 min before the addition of decarboxylase (DCase) as indicated above in the chart. 
Reactions 1-3 were control reactions omitting MAT and decarboxylase enzymes, ATP, or 
decarboxylase, respectively. Reaction 4 contained 1µg His10-SSO0536 protein and 
reaction 5 had 1µg His10-SSO0585 protein. Reaction 6 contained 1µg His10-SSO0536 
protein but not MAT, as a control reaction. Reaction 7 contained 5 µg His10-β536α585 
chimeric protein and reaction 8 had 5 µg His10-β585α536 chimeric protein. 
Decarboxylase activities are indicated with the standard deviations from the triplicate 
experiments. 
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4.3.4. Arginine decarboxylase activity of SSO0536 

The purified enzyme His10-SSO0536 decarboxylated arginine with a specific 

activity of 0.5 µmol min-1mg-1at 70°C. The decarboxylation product agmatine was the 

only amine observed when the enzyme reaction was analyzed using HPLC. The 

confirmation of decarboxylation reaction was done by trapping 14CO2 in radioactive 

assays involving either L-[1-14C]-arginine or L-[U-14C]-arginine as enzyme substrates. 

 

The enzyme showed maximum activity at pH 6; thereafter it declined (Figure 

4.7). This optimum pH is consistent with that of other biosynthetic arginine 

decarboxylase enzymes. Addition of potassium chloride did not stimulate the arginine 

decarboxylase activity as seen in other pyruvoyl dependent decarboxylases like HisDC 

from Lactobacillus sp.  
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Figure 4.7. Optimum pH for SSO0536 arginine decarboxylase activity 

Maximum arginine decarboxylase activity was observed at pH 6. 
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True to its predicted thermophilic nature, the optimum temperature of the enzyme 

was 80°C (Figure 4.8.A), however, the enzyme remained active above the practical limits 

of the assay. The enzyme was highly thermostable similar to its homolog from M. 

jannaschii, retaining 80% of its original decarboxylase activity even after incubation at 

90°C for 10 min (Figure 4.8.B). 
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Figure 4.8. Temperature dependence of arginine decarboxylase activity of SSO0536 

(A) Optimum temperature for arginine decarboxylation is 80°C (Incubated and assayed at 
the same temperature) 
(B) Thermostability of His10-SSO536 protein (Incubated at respective temperatures and 
assayed at room temperature) 
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The decarboxylation reaction of His10-SSO536 protein was a first order reaction 

with respect to arginine and the kinetic parameters were obtained by fitting the specific 

activities to a Michealis-Menten-Henri equation (Figure 4.9). The Km 150 ± 28 µM and 

Vmax 1.1 ± 0.042 µmol min-1 mg-1are comparable to other arginine decarboxylases as seen 

in Table 4.1. Densitometry studies showed that 46% of the protein self-cleaved to 

generate the active pyruvoyl protein. The kcat value after adjusting for the amount of 

cleaved protein is 2.6 s-1 which is close to that of the euryarchaeal enzyme. The purified 

His10-SSO585 protein did not have any arginine decarboxylase activity (<0.001 U-1mg-1 

activity). 
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Figure 4.9. Kinetics of arginine decarboxylation by SSO0536 

The initial rates were fit to the Michealis-Menten-Henri equation using 
KaleidaGraph Version 3.6 and the kinetic parameters Km 150 ± 28 µM, Vmax 1.1 ± 0.042 
µmol/min/mg and kcat 2.6 sec-1 were obtained. 
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Table 4.1. Decarboxylase activities in 5 classes of ArgDC  

 
Class       Enzyme  (Reference)                                Cofactor      pH optimum    Km         kcat        kcat/ /Km     
 
                                                                                                                             mM       (s-1 )         (M-1s-1) 
   
1         E. coli SpeA  (Wu and Morris, 1973)                      PLP            8.4      0.03          19         6.2 × 105    
 
2         PBCV-1 DC   (Shah et al., 2004)                            PLP             8.2      0.45         15         3.3 × 104    
  
3         E. coli AdiA (Blethen et al., 1968)                          PLP            5.2      0.65         700        1.1 × 106    
  
4         M. jannaschii ArgDC  (Graham et al., 2002)          Pyruvoyl    6.0       7.1           2.7         3.8 × 102   
 
4        C. pneumoniae ArgDC (Giles and Graham, 2007)  Pyruvoyl    3.4       5.0           6.9        1.4 × 103    
  
5        S. solfataricus SSO0536 (this study)                       Pyruvoyl    6.0       0.2           2.6         1.3 × 104  
 
          S. .solfataricus β536α585 (this study)                      Pyruvoyl     N.D.    0.2           0.019     9.5 × 101 

    
          Non-enzymatic Gly (Snider, 2000)                          None                                                   2  × 10-17   
                          

 

N.D. Not Determined 

Modified from the paper (Giles and Graham, 2008) 
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4.3.5. Inhibitors and alternative substrates for SSO0536 

Among the arginine analogues, L-argininamide was the most potent inhibitor 

tested which almost completely abolished activity at a 1 mM concentration. L-arginine 

methyl ester inhibited the activity by slightly more than 70%, while the 1 mM canavanine 

reduced activity by 46%. The same concentration of L-histidine, L-homoarginine and  Nα 

–acetyl-L-arginine reduced the enzyme activity by 20-30%. No inhibition was observed 

with L-citrulline, D-arginine, NG–nitro-L-arginine methyl ester, NG-methyl-L-arginine 

acetate, L-methionine, L-ornithine or L-lysine. L-canavanine was found to be a substrate 

for SSO0536 and it was decarboxylated with 40% relative activity compared to L-

arginine. The potential substrates L-histidine and L-homoarginine were shown not to be 

substrates for the enzyme. 

 

Pre-incubation of the SSO0536 protein with 1 mM O-methylhydroxylamine or O-

(4-nitrobenzyl) hydroxylamine reduced activity by 50% due to a nucleophilic attack on 

the carbonyl group as seen in other pyruvoyl-dependent enzymes (Giles and Graham, 

2007). On the contrary, incubation with 1 mM phenylhydrazine did not have any 

inhibitory effect on decarboxylation. Incubation with 1 mM DFMO showed very slight 

reduction (20% reduction) in specific activity when compared to the control enzyme 

(Figure 4.10). The incubation with DFMA on the other hand showed a slight inhibition as 

soon as the inhibitor was added, but with subsequent incubation for 15 min, the rate 

sharply declined as low as 67%. 
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Figure 4.10. Inhibition of SSO0536 arginine decarboxylase activity by DFMA (α-
difluoromethylarginine) 

 
DFMA was found to be an inhibitor for the SSO0536 enzyme with about 67% inhibition 
after 15 min incubation 
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4.3.6. Activity of chimeric proteins 

Though there is low sequence similarity between eukaryotic and prokaryotic 

forms, Thermatoga maritima AdoMetDC (TmAdoMetDC) was shown to have a dimeric 

fold very similar to human AdoMetDC. In TmAdoMetDC, the site of pyruvoyl group 

formation Ser63 as well as the active site residues Ser55, His68 and Cys83 are conserved 

(Toms et al., 2004). A structural superposition of TmAdoMetDC proenzyme and the 

human counterpart complexed with the methyl ester of AdoMet indicates that Glu72, 

Phe49 and Cys83 play important roles in substrate binding and catalysis (Tolbert et al., 

2001). But all these residues are conserved in both crenarchaeal AdoMetDC and ArgDC 

paralogs. The alignment of crenarchaeal paralogs showed two regions where amino acid 

substitutions correlated with phylogenetically predicted functions. In the place of Cys15 in 

crenarchaeal and bacterial AdoMetDC, there is a hydrophobic residue - Ile32 in ArgDC 

paralogs, and there is a series of charged residues inserted in the loop between β strands 2 

and 3 of the ArgDC proteins (Giles and Graham, 2008). 

 

In TmAdoMetDC monomer model, Cys15 is located at the opposite end of the 

pyruvoyl group (22 Å apart), but in the dimeric model this is located 16Å from the 

pyruvoyl group of the adjacent protomer in a pocket at the dimer interface. This Cys15 

residue could affect the position of β-strands 4 and 5, which includes Glu72 that forms 

hydrogen bonds with the AdoMet ribose hydroxyl groups (Tolbert et al., 2001). In the 

same way, the loop between β-strands 2 and 3  is approximately 13Å from the pyruvoyl 

group of adjacent protomer, hence the charged residues inserted in the loop region can 

interact directly with the substrate (Giles and Graham, 2008). 
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Since the substrate-interacting residues lie in the β-part of the proteins, we made 

two chimeric proteins by swapping the subunits. The His10-β536α585 protein had three 

bands of apparent molecular masses 21, 18, 15 and 7 kDa on an SDS-PAGE gel (Figure 

4.2). This protein had 32% cleaved protein (57% pro-enzyme, 32 % beta and 0.3% alpha) 

which was less cleavage compared to His10-SSO0536 protein. However it decarboxylated 

arginine with a Km identical to the wild-type protein (Figure 4.11).The catalytic 

efficiency and turnover was about 130-fold lower compared to the wild-type even after 

accounting for the lower cleavage efficiency. The opposite chimera β585α536 had only 

5% cleaved protein (95% pro-enzyme, 4.5% beta) with apparent molecular masses 18, 16 

and 14 kDa. This protein lacked any detectable arginine decarboxylase activity. No 

AdoMetDC activity was observed in either chimera (Figure 4.3), but it might be because 

of the higher limit of detection for the AdoMet decarboxylase activity. We would not be 

able to detect activity with a 130-fold lower turnover rate as observed in β536α585. 

Therefore residues in the amino-terminal, the β-subunit of SSO0536, are responsible for 

contributing arginine decarboxylase activity to AdoMetDC scaffold, though additional 

amino acid residues in the α-subunit are required for efficient cleavage and turnover. 

 

.  
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Figure 4.11. Kinetics of arginine decarboxylation by β536α585 chimera 

The initial rates were fit to the Michealis-Menten-Henri equation using KaleidaGraph 
Version 3.6 and the kinetic parameters Km 200 ± 0.06 µM, Vmax 0.02 ± 0.001 
µmol/min/mg and kcat 0.019 sec-1 were obtained.. 
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4.4. DISCUSSION 

All the S-adenosylmethionine decarboxylases studied so far belong to the 

pyruvoyl dependent group of enzymes, and they do not share any similarity with any 

other class of pyruvoyl-dependent amino acid decarboxylases. The AdoMetDC sequences 

have diverged significantly in Bacteria, Archaea and Eukarya. Yet they share structure 

homology suggesting evolutionary links between different forms of enzymes (Toms et 

al., 2004). Previously it was believed that S-adenosylmethionine is the only substrate that 

can be decarboxylated by this protein family. This is the first report of an alternative 

decarboxylation by a member of this family. 

 

An AdoMetDC has been previously purified from S. solfataricus MT-4 which 

identified it as a thermostable protein with optimum activity at 75°C. It was shown to be 

a pyruvoyl-dependent enzyme which decarboxylated AdoMet with a specific activity of 

0.012 U/mg. Although no gene or protein sequence data was reported for this enzyme, it 

shares native molecular mass (32 kDa) and activity with the SSO0585. The MT-4 protein 

on an SDS-PAGE showed a single band in the earlier study, instead of the mixture of 

proenzyme, β and α-subunits as seen in SSO0585. The SSO0585 sequence distinguishes 

it as a member of the bacterial and archaeal AdoMetDC family (Figure 4.1). 

 

Based on the human AdoMetDC crystal structure with AdoMet analogs, a few 

conserved sites are identified which can bind the adenosine moiety of the substrate 

(Tolbert et al., 2001). Glu247, which is absolutely conserved in all eukaryotic AdoMetDCs 

forms hydrogen bonds with the ribosyl 2′ and 3′-hydroxyl groups of AdoMet. The 

terminal carboxylate group of Glu67 at the β-subunit of human AdoMetDC forms 

hydrogen bond with adenine nitrogen. Both these residues are conserved in the two S. 
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solfataricus homologs which make it difficult to isolate the specificity determinants. 

Although the chimera studies using β536α585 indicated that arginine recognition is 

possible with the β-subunits, more studies in this direction would be essential to know the 

specifics of binding. 

 

DFMA was shown to inhibit arginine decarboxylase irreversibly by modification 

of a cysteine residue resulting in adduct formation in Chlorella virus (Shah et al., 2004). 

Though the mode of DFMA inhibition of SSO0536 is unknown, the only cysteine residue 

in the protein Cys102 is located at a position which is suitable for the adduct formation at 

the active site. When S. solfataricus cells grown in minimal media were treated with 

DFMA, their overall polyamine content as well as the growth rate was reduced. Also, 

these cells had 1,3 diaminopropane as the core polyamine in the place of putrescine, 

generating norspermine and norspermidine (Giles and Graham, 2008). 

 

Polyamine producing organisms have evolved convergently different ways to 

make putrescine. While most eukaryotes and bacteria use ornithine decarboxylation to 

make putrescine, archaea and some bacteria decarboxylate arginine to make agmatine and 

hydrolyze them to make putrescine. Arginine decarboxylases belong to either PLP-

dependent or pyruvoyl dependent decarboxylases, yet they appear to have evolved at 

least five times (Table 4.1). The three classes of PLP-dependent arginine decarboxylases 

share little sequence similarity, and the two classes of pyruvoyl dependent enzymes are 

also non-homologous. The PLP-dependent enzymes have higher specificity constants 

compared to the pyruvoyl-dependent ones. The differences between the rate constants of 

PLP-dependent and pyruvoyl-dependent enzymes are negligible when compared to the 

difference between the catalyzed and uncatalyzed reaction rates.  
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Class 1 and 2 group of enzymes belong to ornithine/arginine/diaminopimelate 

decarboxylase family of PLP dependent enzymes described earlier as group IV amino 

acid decarboxylases (Sandmeier et al., 1994). Class 1 ArgDC includes the PLP-dependent 

biosynthetic enzyme SpeA from E. coli (Wu and Morris, 1973). Class 2 includes arginine 

decarboxylases from Paramecium bursaria chlorella virus evolved from eukaryotic 

ornithine decarboxylases (Shah et al., 2004). Class 3 ArgDC enzymes comprises the 

ornithine/lysine/arginine decarboxylase family which includes the PLP-dependent 

arginine decarboxylase AdiA from E. coli, involved in arginine-dependent acid-resistance 

(Blethen et al., 1968). This set of enzymes also belongs to group III PLP-dependent 

amino acid decarboxylase family (Sandmeier et al., 1994). 

 

Both the classes 4 and 5 belong to the pyruvoyl-dependent arginine 

decarboxylases which self-cleave to generate the catalytic pyruvoyl group. Euryarchaeal 

arginine decarboxylase from M. jannaschii, which is involved in polyamine biosynthesis, 

belongs to class 4. These proteins were found to be homologous to HisDC from 

Lactobacillus sp. which is involved in acid resistance. The crystal structure of MjArgDC 

indicates a trimer comprising monomers with αββα fold topology similar to the HisDC 

from Lactobacillus. The active sites of the enzyme are located at the interface between 

two protomers facing towards the three fold axis of the trimer (Tolbert et al., 2003). 

Euryarchaeal homologs of this enzyme have been recruited by Chlamydia sp. to perform 

in a system analogous to the bacterial arginine-dependent acid resistance (Giles and 

Graham, 2007). Finally, the Class 5 enzymes described here convergently evolved from 

AdoMetDC scaffold in Crenarchaea. Their sequences resemble the AdoMetDC to a high 

degree, but a few residues in the substrate binding site make the enzymes specific for 
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arginine decarboxylation. The bacterial and archaeal AdoMetDCs have a dimer structure 

with protomers sharing αββα sandwich-fold topology (Tolbert et al., 2001; Toms et al., 

2004). The gel filtration data indicates that SSO585 forms a dimer structure similar to 

other AdoMetDCs, but SSO0536 was found to be a tetramer. The difference in 

quarternary structure may also be important in substrate specificity but the mechanism 

responsible for this feature is unknown. 

 

 It will be interesting to find out the substrate interacting residues from the newly 

discovered class of arginine decarboxylase SSO0536 protein using the crystal structure as 

well as the structural model studies. Site-directed mutagenesis of the amino acid residues 

involved in substrate specificity- Ile32 to Cys as well as the deletion of charged residues 

in the loop between β strands 2 and 3 would help to identify the amino acid residues that 

are responsible for making an enzyme specific for arginine decarboxylation rather than 

AdoMet decarboxylation.  
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CHAPTER 5 

Summary and future directions 

5.1. Summary 
 

The first section of this study describes the discovery of a self-cleaving arginine 

decarboxylase enzyme in Chlamydia, an intracellular parasitic bacterium. This enzyme 

decarboxylates arginine to agmatine but Chlamydia lacks agmatine ureohydrolase or 

propylamine transferase which are required to make higher polyamines.This enzyme is a 

member of the pyruvoyl dependent arginine decarboxylase family whose members self-

cleave into amino-terminal β and carboxy terminal α-subunits with the active pyruvoyl 

group. 

 

In C. pneumoniae, this enzyme was found to be expressed in the form of a pro-

enzyme which self-cleaves at a Ser-Thr site to generate the active pyruvoyl group at the 

α-subunit. The enzyme was highly thermostable, and it formed a (αβ)3 complex. A site-

directed mutagenesis at the expected cleavage site created a mutant with 5 times less 

cleavage and 70 % less activity compared to the wild-type protein. The enzyme catalyzed 

arginine decarboxylation optimally at pH 3.4, which is the lowest optimum pH ever 

reported for any pyruvoyl dependent decarboxylase. The CpArgDC gene also 

complemented a deletion of adiA in E. coli restoring arginine-dependent acid-resistance. 

Together with the arginine-agmatine antiporter (CPn1031), this could form an acid-

resistance mechanism which can increase the pH and reverse transmembrane potential. 

This study is the first evidence that C. pneumoniae might be encountering acid conditions 

in its lifecycle. Alternately this system could prevent detection by the immune system of 
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the host by depleting the arginine substrate for pro-inflammatory iNOS synthase as well 

as by producing inhibitors of nitric oxide synthase. 

 

The homologs of ArgDC and the antiporter were also found in different 

biovariants of C. trachomatis. In the invasive L2 strain of C. trachomatis, the presence of 

a nonsense codon in the gene encoding arginine decarboxylase enzyme prevented the 

expression of an active enzyme. The subsequent mutant studies that replaced the 

nonsense codon with tryptophan restored arginine decarboxylase activity. The kinetic 

parameters obtained for this mutant enzyme were comparable to its analogs from C. 

pneumoniae and M. jannaschii. The non-invasive D strain of C. trachomatis had an intact 

arginine decarboxylase gene, but it was recombinantly expressed in E. coli as a 

proenzyme that failed to self-cleave. There could be an unknown factor that helps the 

enzyme to cleave in the native host which was not there in E. coli. The arginine-agmatine 

antiporters from both the strains were active and were able to transport tritiated arginine 

into their cells. 

 

The second section of this dissertation is about the discovery of a new class of 

arginine decarboxylase in the crenarchaeon Sulfolobus solfataricus whose sequence is 

extremely similar to that of S-adenosylmethionine decarboxylase (AdoMetDC). This 

organism has two AdoMetDC homologs-SSO0536 and SSO0585, the former has arginine 

decarboxylase activity while the latter has AdoMet decarboxylase activity. Both the 

enzymes belonged to the family of pyruvoyl-dependent enzymes that self-cleave to 

generate active pyruvoyl group at the α-terminus. The chimeric protein made from the β-

subunit of SSO0536 and α-subunit of SSO0585 showed only arginine decarboxylase 
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activity which correlated conserved amino acid residues in the β-subunit with substrate 

specificity. 

  

5.2. Future studies 

Polyamines are ubiquitous cell components very essential for cell growth and 

survival. Hence the enzymes involved in the polyamine pathway have been studied as 

potential drug targets in developing anti-cancer treatments and anti-parasitic drugs. 

Arginine decarboxylase enzyme is a potential drug target, but since its existence is 

controversial in mammals, more experiments are needed to confirm their presence as well 

as expression levels.  

 

We have identified an active ArgDC enzyme in C. pneumoniae which belongs to 

the group of pyruvoyl dependent enzymes. This enzyme, due to its multi-faceted roles, 

can be developed as a potential drug target against persistent chlamydial infections. In 

our studies on ArgDC from C. pneumoniae, we have developed a polyclonal antibody 

(TX585) against a fragment of the CpArgDC protein which strongly binds to the 

heterologously expressed CpArgDC protein. Hence, we could use this antibody and 

easily determine the level of ArgDC expression in vivo by conducting immunoblotting 

experiments on the cell extract from the C. pneumoniae infected cells. The stage of the 

chlamydial lifecycle at which the protein expression takes place (either during reticulate 

body or the elementary body (EB) stage) would be also an interesting aspect to know. 

Since L-argininamide proved to be an effective inhibitor of heterologously expressed 

CpArgDC protein, it could be considered while designing drugs to treat C. pneumoniae 

infections. 
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 The probability of C. pneumoniae organisms encountering acid conditions is 

suggested by the arginine-dependent acid resistance (AR3) assays shown in the current 

study. Recent bioinformatic analyses have identified an amino acid sequence in C. 

pneumoniae which is 45 % similar to E. coli GadC, an important component of the 

glutamate-dependent acid resistance system (AR2) (Foster, 2004). It will be interesting to 

see if glutamate-dependent acid resistance system is also functional in C. pneumoniae 

which would further support the possibility of acid encounter in the chlamydial lifecycle. 

 

The invasive L2 and non-invasive D strains of C. trachomatis contrast each other 

in the nature of infection. The presence of the nonsense mutation in the L2 ArgDC makes 

it inactive, thereby causing no inhibition on pro-inflammatory iNOS. Since the D strain 

pro-enzyme was uncleaved and inactive in recombinant conditions, we cannot know the 

true nature of the enzyme in vivo. Hence more experiments need to be conducted in 

chlamydial cell extracts to study the D strain ArgDC enzyme and its effect on the nature 

of infection. Experiments are currently underway to facilitate cleavage of the pro-enzyme 

in order to activate it. The techniques planned to facilitate cleavage include unfolding of 

the protein by denaturation with detergents and letting it refold slowly into an active 

form. 

 

The discovery of an arginine decarboxylase enzyme in the crenarchaeon 

Sulfolobus solfataricus have helped us understand the pathway by which putrescine is 

being made in crenarchaea.The chimera studies in the ArgDC protein from S. solfataricus 

have shown that the β-subunit is responsible for substrate recognition in arginine 

decarboxylases. More mutant studies on the conserved residues of β-subunit will give 

more information about the specific amino acids involved in substrate recognition and 
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binding. Determination of crystal structure of this new class of ArgDC protein as well as 

molecular modeling studies will provide further insights into the mechanism of substrate 

binding. This would help us realize how even subtle changes in amino acid composition 

can make an enzyme specific for arginine rather than S-adenosylmethionine.  

 

DFMA (α-difluoromethylarginine) was found to be an efficient inhibitor of 

ArgDC from S. solfataricus, but it did not inhibit CpArgDC. The reason behind this is 

proposed to be the presence of Cys102 in ArgDC from S. solfataricus which results in the 

formation of an adduct irreversibly bound to the enzyme. This hypothesis can be 

validated by mutating this cysteine to alanine residue and studying the effect of DFMA 

on this mutant form.  

 

Recent studies in our lab have shown that there is significant arginine 

decarboxylation at pH 6 in whole cell assays using E. coli cells co-expressing chlamydial 

ArgDC, transporter and outer membrane porin protein (Smith and Graham, 2008). This 

activity has physiological relevance since this pH is close to that of the chlamydial 

inclusions. The decarboxylase assays using the purified CpArgDC enzyme described in 

this dissertation showed optimal activity at pH 3.4 and absence of decarboxylation at pH 

6. Since the whole cell assays are done in vivo using E. coli cells, they are likely to reflect 

the conditions within the chlamydial cells rather than the purified form. Hence the studies 

using whole cells suggest that the enzyme when expressed along with the members of the 

cluster - transporter and outer membrane protein - might be functional at pH 6 in the 

inclusions and can successfully deplete the host arginine pool. 
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This dissertation attempts to portray the wide plethora of roles played by the 

pyruvoyl dependent arginine decarboxylases, ranging from chlamydial persistence to 

synthesis of higher polyamines in polyamine synthesis pathway in crenarchaea. Future 

experiments will provide insights into the in vivo expressions of this enzyme which will 

help in developing this system as a drug target for treatment of diseases. 
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Appendix A : Western blotting 

(Modified from Graham Lab Protocols) 

 

1. Prepare and separate protein samples on an SDS-PAGE gel. Add pre-

stained protein marker to gauge protein separation and transfer 

efficiency. 

2. Soak the gel in cold Transfer buffer for 10-20 min post-electrophoresis. 

3. Cut PVDF transfer membrane and filter paper to approximately the 

same size as gel. The membrane should be slightly smaller than the gel 

Cut PVDF transfer membrane and filter paper to approximately the 

same size as your gel.  The membrane should be slightly smaller than 

the gel.  Cut a notch in the membrane to align it with the gel.  The filter 

paper must be smaller than the foam pads, but can be larger than the gel 

and membrane.  

4. Wet the PVDF membrane in 100% methanol. Then soak membrane in 

cold Transfer Buffer for 15 min. prior to use. Also wet 2 pieces of filter 

paper in Transfer Buffer. 

5. The transfer was done using a Mini VE semi-wet blotter (GE 

Healthcare). Make a transfer stack (sandwich) using the transfer 

module. Lay the black cathode (-) side of the transfer module flat on the 

bench. Insert a packing sponge and lay a piece of wet filter paper on 

top. Carefully place the equilibrated gel on top of the filter paper. 

Carefully align the wet membrane on top of the gel. Lay a piece of wet 

filter paper on top of the membrane. Insert two packing sponges. 
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6. Close the transfer module securely. 

7. Load the transfer module into the tank. Fill cassette with ~350 mL cold 

Transfer Buffer. 

8. Add ~1.7 L cold ddH2O and ice to the bottom of the tank to cool the 

cassette during transfer. 

9. Place the safety lid on top of the cassette. Connect leads to a high 

capacity power supply.  

10. Transfer at 110 mA for 2 hours. (Higher percentage acrylamide or 

bigger proteins needs longer transfer). Set the power supply on constant 

current to prevent overheating. The initial voltage should be ~25 V. 

Higher amperages may cause smearing due to overheating. 

11. Drain the buffer from the transfer module into a sink. Open the cassette. 

12. Label the membrane to indicate the transfer side and mark any 

prestained standards.  

13. Remove the membrane using gloves or forceps and transfer it to a dish 

slightly larger than the membrane.  Check that pre-stained MW protein 

standards have transferred efficiently. 

14. Rinse membrane briefly with double distilled water. 

15. The membrane can be stained to evaluate transfer efficiency or it can be 

immediately analyzed by Western blotting. 

16. Block the membrane by incubation (protein side up) in blocking buffer 

overnight. This blocking procedure minimizes antibody binding 

nonspecifically to the membrane.  

17. Decant the blocking solution. 
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18. Dilute primary antibody in 10 mL TBST buffer. Place the blotting dish 

on a slow shaking or rocking device for 1 hr to enhance mixing.  The 

antibody solution may be re-used several times.   

                             Typical titers: 

 

 Monoclonal HSV-Tag Ab  1:10,000 (1 µL mAb in 10 mL) 

 Polyclonals     1:100-1:1000 

 Hybridoma supernatants (Monoclonals) 1:10-1:100 

 Murine ascites fluid (Monoclonals)  ≥1:1000 

 

19. Decant the antibody solution into a clean tube. Freeze for future use. 

20. Wash the blot at room temperature with shaking four times for 5 min. 

in TBST buffer. This wash procedure removes unbound 1° antibody. 

21. Drain and incubate the blot in 10 mL secondary antibody solution with 

shaking, at room temperature for 1 hr. A typical working concentration 

for secondary antibodies is 0.6 µg/mL. You can save and reuse 

secondary Ab solution (at 4°C), supplementing with new antibody (ca. 

0.5 µg/mL) each time. 

22. Wash the blot at room temperature with shaking four times for 5 min. 

in TBST buffer. This wash procedure removes unbound secondary 

antibody. 

23. For detection of HRP conjugated antibody, add 5 mL each of Stable 

peroxide and Luminol/Enhancer solution from the Super signal West 

Pico Mouse IgG detection kit to the blot. Incubate at room temperature 

for 5 min with shaking. 
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24. Decant solution. Photograph wet membranes using Image Station 

4000R instrument (Carestream Health) with Molecular Imaging 

software (version 4.0; Eastman Kodak). 

 

Reagents: 

 Transfer Buffer:  

                         Tris base 25 mM             3.0 g 

  Glycine 192 mM 14.4 g 

                        SDS                                          0.75g 

  Methanol  200 ml 

  Dissolve Tris glycine and SDS in ~750 mL ddH2O 

  The pH should be between 8.2 and 8.5. Do not adjust. 

  Add methanol and dilute with double distilled water to 1 L. 

  Store at 4 °C. 

 

 Cold ddH2O Chill 2 L double distilled water at 4 °C. 

 

 TBST (Tris Saline) Buffer:  

                        Tris base 20 mM  2.4 g  

  NaCl             150 mM 8.8 g 

  Tween-20 0.1 % (v/v) 1.0 ml  

 Dissolve Tris and NaCl in double distilled water 

 Adjust pH to 7.6 with HCl. 

 Add Tween-20. 

.                      Dilute to 1 L with double distilled water. 
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 Store at room temperature indefinitely. 

               Blocking Buffer   3 % nonfat dry milk in TBST. 

  Prepare fresh. Store at 4°C. 

 

References: 

Novagen. 2003. HSV-Tag Monoclonal Antibody protocol. TB067 Rev. A 0603. 

Towbin, H., T. Staehelin, and J. Gordon. 1979. Proc. Natl. Acad. Sci. USA. 76: 

4350. 

Timmons, T.M. and B.S. Dunbar. 1990. Protein blotting and immunodetection. 

Methods in Enzymology 182:679-688. 

Winston, S.E., S.A. Fuller, and J.G.R. Hurrell. 1992. Western Blotting. in Short 

Protocols in Molecular Biology.  2nd ed. F. Ausubel et al. eds. John Wiley & Sons: New 

York. 
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Appendix B: List of microorganisms and plasmids 

 

Strain or plasmid               Description and partial genotype            Reference  

Chlamydophila pneumoniae      Kajaani 6                                         (Ekman et al., 1993) 

Escherichia coli strains 

BL21(DE3)                               Expression strain with T7 RNA       Novagen 

                                                  polymerase gene 

BL21(DE3)CodonPlus-RIL     Expression strain with extra             Stratagene         

                                                  tRNA for Arg, Ile, Leu 

MG1655                                   Sequenced strain (CGSC 7740)      (Blattner et al., 1997) 

 DH5α                                      General cloning host                        Invitrogen 

 DEG0121                                MG1655 ∆adiA2::kan                    (Giles and Graham, 2007) 

 JM105                                     pPV7 plasmid with HisDC             (Copeland et al., 1987) 

  DEG0147                              MG1655 ∆adiAYC::kan                  (Smith and Graham, 2008) 

Plasmids 

pBAD/HisA                           Expression vector with                      Invitrogen 

                                               pBAD promoter 

pET19b                                  Expression vector with                     Novagen 

                                               T7 promoter 

pGEM 3zf(+)                         Expression vector with T7,              Promega 

                                              SP6 promoter 

pDG122                                CPn1032 in pET19-b                        (Giles and Graham, 2007) 

pTG01                                   CPn1032 in pGEM 3zf(+)                (Giles and Graham, 2007) 
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pTG02                     CPn1032Thr52Ser in pGEM 3zf(+)              (Giles and Graham, 2007) 

pTG04                     CPn1032Thr52Ser in pET19b                        (Giles and Graham, 2007) 

pDG339                  CPn1032 in pBAD/HisA                               (Giles and Graham, 2007) 

pDG352                  E. coli adiA in pBAD/HisA                           (Giles and Graham, 2007) 

pDG379                 CPn1031,CPn1032 in pBAD/HisA                (Smith and Graham, 2008) 

pDG491                 CTL0627 in pET19b                                      This study 

pDG479                CTL0627,CTL0628 in pBAD/HisA               This study 

pDG543                CTL0627 Ochre 128Trp,CTL0628                 This study 

                              in pBAD/HisA 

pTG17                  CT373 in pET19b                                             This study 

pDG558               CT373,CT374 in pBAD/HisA                         This study 

pDG398               SSO0536 in pET19b                                         (Giles and Graham, 2008) 

pDG401               SSO0585 in pET19b                                         (Giles and Graham, 2008)     

pDG453               β536α585 in pET19b                                        (Giles and Graham, 2008) 

pDG483               β585α536 in pET19b                                        (Giles and Graham, 2008) 
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