
1m 

ar 

CHARACTERIZATION AND REGULATION 
OF THE speA GENE IN ESCHERICHIA COLI 

by 

Robert C. Moore, Jr. 

Dissertation submitted to the Faculty of the 

Virginia Polytechnic Institute and State University 

in partial fulfillment of the requirements of the degree 

DOCTOR OF PHILOSOPHY 

in 

Veterinary Medical Sciences 

APPROVED: 

Abe yl 
S.M. Boyle/ Chairman 

pa. ae 
    

    

  

D. Dean ©_AJ. Johnson 

Cc OL SN ure 
“G. Lacy \ T. Larson 

uo om 

aR rT poe 
7 N. $riranganathan 

August, 1990 

Blacksburg, Virginia



ABSTRACT 

In Escherichia coli, the speA gene encodes biosynthetic arginine decarboxylase (ADC), 

the first enyme in a putrescine biosynthetic pathway. ADC converts arginine to agmatine, 

which is hydrolyzed by agmatine ureohydrolase, encoded by the speB gene, to putrescine and 

urea. ADC is negatively regulated by mechanisms requiring either cAMP and cAMP 

receptor protein (CRP) or putrescine. A 3,236 base pair (bp) BalI-Accl restriction fragment 

derived from plasmid pKAS, which contains a 7.5 kilobase (kb) E. coli genomic fragment 

in pBR322, was subcloned into pG@EM-3Z to produce plasmids pRM15 and pRM59. Both 

pRM15 and pRMS9 overexpress ADC and the DNA sequence of the Ball-AccI fragment 

in each plasmid was determined. A 2,119 bp restriction fragment containing 730 bp 5’ to 

speA, the speA promoter, and 1,389 bp (463 amino acids) of the 5’-end of speA was used to 

construct transcriptional (pRM161 and pRM162) and translational (pRM65) speA-lacZ 

fusion plasmids. The presence of the predicted 160,000 and 157,000 dalton ADC::6- 

galactosidase hybrid proteins produced by pRM65 was confirmed by Western blots. Single 

copies of transcriptional or translational speA-lacZ fusions were transferred to the 

chromosomes of E. coli strains CB806, KC14-1, and MC4100 using lambda phage. The 

presence of a second copy of the sped promoter in the E. coli chromosome did not affect 

cAMP or putrescine-mediated regulation of ADC or the growth rate of any of the strains. 

E. coli strains carrying single copies of speA-lacZ fusions were grown in the absence or 

presence of either cAMP or putresine, or both. The B-galactosidase activities of each strain 

was measured and compared to the ADC activity. Addition of 5 to 10 mM cAMP to the 

strains inhibited ADC activity, but did not effect B-galactosidase activity, indicating post-



translational control of ADC. The sensitivity of each strain to 10 mM cAMP and the degree 

of the inhibition (4 to 40%) was strain dependent. Addition of 10 mM putrescine repressed 

speA-lacZ fusions (40 to 47%) and inhibited ADC activity in all strains. The inhibition of 

ADC activity in E. coli strains supplemented with both 5 mM cAMP and 10 mM putrescine 

was additive. As the expression of the speA-lacZ fusions were repressed by 10 mM 

putrescine, but not by 5 mM cAMP, cAMP and putrescine regulate ADC by independent 

mechanisms.
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INTRODUCTION 

POLYAMINES IN E. coli 

Description of polyamines 

Polyamines are low molecular weight (<500 Da), aliphatic cations present in all cells. 

The most common polyamines are putrescine (a diamine) and its derivative, spermidine (a 

triamine). Prokaryotes usually contain levels of putrescine several fold higher than 

spermidine. Eukaryotes contain putrescine, but generally have higher levels of spermidine 

and spermine. Spermine (a tetra-amine) is present in all eukaryotic cells, but is absent in 

most prokaryotes. At physiological pHs, these basic compounds have a high affinity for all 

negatively charged components of the cell. Polyamines affect many biological processes in 

Escherichia coli, including DNA replication (Geiger and Morris, 1980; Seyfried and Morris, 

1979), RNA transcription (Abraham, 1968), protein synthesis (Algranati and Goldemberg, 

1977; Atkins et al., 1975), and biogenesis of ribosomes (Echandi and Algranati, 1975a; 

Igarashi et al., 1981). Intracellular levels of polyamines and polyamine derivatives influence 

the growth rate of cells. As the growth rate of cells increase, the intracellular concentration 

of polyamines and polyamine biosynthetic enzymes also increases (Boyle et al., 1977). E. 

colt polyamine auxotrophs have reduced rates of growth and nucleic acid synthesis compared 

to auxotrophs supplemented with polyamines (Dion and Cohen, 1972b). Acetylated and 

oxidized derivatives of polyamines when added exogenously, inhibit many functions in 

bacteria and mammalian cells. For example, oxidized spermine inhibits nucleic acid and 

protein synthesis in both E. coli and tissue culture. Polyamine derivatives also inactivate 

DNA and RNA viruses (Bachrach, 1973; Cohen, 1971). 
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The mechanisms regulating intracellular polyamine levels and the expression of 

polyamine biosynthetic enzymes are influenced by a variety of effectors. This complex 

control of expression is not surprising considering the myriad of processes that polyamines 

appear to influence. Although the existence of polyamines has been known for over 300 

years, specific physiological roles have yet to be clearly defined. Research on polyamines 

has been reviewed for bacteria (Tabor and Tabor, 1985), plants (Smith, 1985), fungi 

(Stevens and Winther, 1979), and animals (Pegg, 1986). This introduction will focus on the 

synthesis and regulation of polyamines, their biosynthetic enzymes, and cAMP-mediated 

gene regulation in bacteria. 

Discovery and growth requirement 

Antoni van Leeuwenhoek first described polyamines in 1678 in a report to the Royal 

Society of England on the study of human semen. He wrote "When this matter had stood 

a little while, some three-sided bodies were seen in it, terminating at either end in a point; 

some of the length of the smallest grain of sand, and some were a little bigger" 

(Leeuwenhoek, 1678). We now know that Leeuwenhoek was describing the inorganic 

phosphate of the polyamine, spermine. It was not until 1888, after this polyamine had been 

found in other animal tissue, that A. Ladenburg and J. Abel chose the name spermine due 

to its high concentrations in semen (Ladenburg and Abel, 1888). 

Polyamines were reported to be required for growth in 1948 by Herbst and Snell 

(Herbst and Snell, 1948). They isolated a factor, putrescine, from orange juice that was 

essential for normal growth of the bacterium Haemophilus parainfluenzae (Herbst and Snell, 

1948). The putrescine requirement of H. parainfluenzae was confirmed in 1981 by March 

and Boyle (March and Boyle, 1981), who showed that the bacterium lacked putrescine 

biosynthetic enzymes and was unable to synthesize putrescine. Polyamine mutants of



Aspergillus nidulans (Sneath, 1955), Neurospora crassa (Deters et al. 1974), and 

Saccharomyces (Cohn et al., 1980; Whitney and Morris, 1978) were later isolated that also 

require putrescine for optimum growth. The use of naturally occurring and induced 

polyamine mutants remains a valuable tool in understanding the biosynthesis and regulation 

of polyamines and their role in cell metabolism. 

Polyamine transport 

Little is known about how polyamines are transported across the cell envelope. 

Putrescine and spermidine are actively transported into the cell against a gradient (Tabor 

and Tabor, 1966, 1985). H6ltje (1978) found that polyamines entered the cell by the same 

transport system used by streptomycin and is dependent on a proton motive force 

(Kashiwagi et al., 1986). The import of putrescine in E. coli is strongly inhibited by 

monovalent cations. The divalent magnesium ion inhibited the uptake of spermidine and 

spermine, but not putrescine. Although the intracellular concentrations of free polyamines 

remains undetermined in E. coli, the levels are probably very low due to the high affinity 

of polyamines for many of the negatively charged components of the cell. Boyle et al. 

(1977) calculated that the concentration of putrescine and spermidine in E. coli would be 

42 mM if they were unbound. 

Excretion of putrescine is also an energy dependent process. There is an inverse 

relationship between intracellular putrescine levels in E. coli and the osmolality of the 

culture medium (Munro et al., 1972). E. coli excrete putrescine when grown in a high 

osmolality culture, resulting in decreased intracellular putrescine levels (Munro et al., 1972; 

Munro and Sauerbier, 1973). The replacement of K* ions with Nat in a Kt transport 

mutant leads to a five- to eight-fold increase in putrescine production (Rubenstein et al., 

1972). E. coli treated with a-methylornithine, an inhibitor of ornithine decarboxylase,



resulted in a 60% decrease in intracellular putrescine and spermidine, yet the Na* and KT 

concentrations were unaffected (Gunther and Peter, 1979). Therefore, polyamines do not 

appear to play a significant role in osmoregulation. 

Polyamine regulation of growth rate 

A number of findings suggests that the stimulatory effect of putrescine and spermidine 

on the growth of polyamine-starved bacteria is due to the control of ornithine synthesis by 

polyamines. Cunningham-Rundles and Maas (1975) used an E. coli polyamine auxotroph 

to show that arginine can partially replace the polyamine requirement for growth. The 

ability of arginine to increase the growth rate can be explained by either of two mechanisms. 

Arginine could reduce intracellular ornithine levels by feedback inhibition and repression of 

the arginine biosynthetic pathway or arginine could induce putrescine biosynthesis. It is now 

clear that arginine effects the growth rate of FE. coli by controlling intracellular ornithine 

levels. E. coli polyamine auxotrophs grown in the absence of polyamines contained high 

levels of ornithine (Goldemberg and Algranati, 1977). When putrescine or spermidine was 

added to culture medium, almost all of the ornithine disappeared. Later studies by Cataldi 

and Algranati (1989) showed that the growth rate of several E. coli polyamine mutants 

grown in minimal medium decreased when intracellular concentrations of ornithine were 

high. In the absence of polyamines, the cellular ornithine concentration increased to levels 

that were toxic. Upon addition of either putrescine, spermidine, arginine, citrulline, or 

arginosuccinic acid, the growth rate increased. The addition of arginine did not alter 

intracellular polyamine levels, but the addition of arginine, putrescine, or spermidine caused 

a 40-fold reduction in intracellular ornithine levels. These results indicate that arginine and 

polyamines can regulate the growth rate of FE. coli by controlling ornithine biosynthesis and 

thus reducing the toxic effects of ornithine accumulation.



Polyamine starvation 

Polyamine starvation has a dramatic affect on protein synthesis in bacteria. There was 

a reduction in the elongation rates of B-galactosidase enzyme in polyamine-starved cells. 

The reduction was proportional to the growth rate (two-fold), with no change in the rate 

of protein turnover (Jorstad and Morris, 1974; Morris, 1973; Morris and Hansen, 1973). 

Polyamines can stimulate protein synthesis in vitro and enhance the fidelity of translation 

(Algranati and Goldemberg, 1977; McMurry and Algranati, 1986). The translation rate of 

an E. coli polyamine auxotroph increased several fold when supplemented with polyamines 

compared to polyamine starved cells (Echandi and Algranati, 1975a, 1975b). In eukaryotic 

systems, spermidine or spermine produces a greater stimulation of translation than does 

putrescine (Atkinset al., 1975). 

Polyamines and ribosomes 

Ribosomes were the first macromolecular structure found to contain polyamines 

(Algranti and Goldemberg, 1977). The role of polyamines in translation was analyzed by 

reconstituting ribosomes using 30S or 50S ribosomal subunits purified from either a 

polyamine-starved or -supplemented polyamine auxotroph (Echandi and Algranati, 1975a). 

In E. coli, the 30S subunit is responsible for formation of an initiation complex with mRNA 

and intiation factors. The 50S subunit aligns the aminoacylated tRNA anticodons with the 

mRNA codons. The reduced translation rate of polyamine starved cells was partially 

explained by the discovery that the 30S ribosomal subunit had a decreased affinity for the 

50S subunit. Therefore, these cells formed fewer functional ribosomes (Echandi and 

Algranati, 1975b). In 1981, Igarashi et al. measured levels of 30S subunit ribosomal proteins 

in ribosomes obtained from an E. coli polyamine auxotroph starved for polyamines (Igarashi 

et al., 1981). They found that ribosomes from polyamine depleted E. coli contained less



ribosomal protein S1 compared to the ribosomes from polyamine supplemented bacteria. 

This result was confirmed using an auxotroph blocked in a different step in polyamine 

biosynthesis. Igarashi concluded that the depletion of S1 was responsible for the reduced 

rate of translation in polyamine starved cells. 

Streptomycin, a cationic antibiotic, inhibits translation by binding to the 30S subunit of 

the ribosome. The antibiotic enters FE. coli via an inducible polyamine transport system 

(Hdltje, 1978). The interaction of streptomycin and ribosomes appears to require 

polyamines. Streptomycin added to a culture of a E. coli polyamine auxotroph reduced the 

level of protein synthesis only when the cells were supplemented with polyamines. 

Streptomycin inhibited the rate of translation less in polyamine starved cells. In contrast, 

the absence of polyamines conferred streptomycin resistance. In E. coli, a strA (also known 

as rpsL) point mutation alters the structure or conformation of the $12 ribosomal protein 

in the 50S ribosomal subunit and produces a streptomycin resistant phenotype. Introduction 

of the strA mutation into an E. coli polyamine auxotroph produced a strain with an absolute 

requirement for polyamines (Tabor et al., 1981). This suggests that the addition of 

polyamines in vivo and in vitro improves the fidelity of translation by binding to the 50S 

ribosomal subunit to stabilize the polysome (Tabor and Tabor, 1985). 

Stringent response 

Amino acid starvation of E. coli results in the cessation of protein and RNA synthesis, 

and the accumulation of guanosine tetra- (ppGpp) and penta-phosphate (pppGpp). This 

stringent response causes a 10- to 20-fold reduction in the synthesis of ribosomal RNA and 

transfer RNA. As a result, there is an approximately three-fold reduction in total MRNA 

synthesis in the cell. A mutation in the E. coli relA locus produces a relaxed response to 

amino acid starvation. E. coli relA cells fail to produce ppGpp when starved for amino acids,



but remained blocked in protein synthesis. Consequently, rel4 cells do not coordinately 

inhibit the initiation of transcription of ribosomal RNA operons or reduce the transcriptional 

efficiency of the cell. The control of RNA synthesis, cellular RNA levels, and the stability 

of the RNA are unaltered in polyamine mutants starved for amino acids (Morris and 

Hansen, 1973b, 1973c; Srinivasan, 1973). These findings lead to the conclusion that 

putrescine and spermidine are not absolutely required for normal growth. 

Polyamines and nucleic acids 

By their basic nature, polyamines form strong non-covalent interactions with the acidic 

phosphate groups of nucleic acids (Bachrach, 1973; Cohen, 1971; Tabor and Tabor, 1976). 

Polyamines aid in the condensation of bacteriophage DNA into particles by reducing the 

electrostatic repulsion between phosphate groups in the backbone of the nucleic acid helix. 

For example, phage T4 DNA is packaged with enough putrescine and spermidine to 

neutralize approximately 50% of its negative charge (Ames and Dubin, 1960). Polyamines 

also affect the rate of DNA synthesis. A conditional putrescine auxotroph grown in the 

presence of exogenous arginine exhibited a rapid increase in RNA and DNA synthesis 

(Young and Srinivasan, 1972). When T4 phage infect an E. coli polyamine auxotroph, 

there is a reduction in the rate of phage DNA synthesis and maturation (Dion and Cohen, 

1972a). These effects are reversed by the addition of polyamines 15 min prior to infection. 

Polyamine limited growth of E. coli reduced the rate of DNA replication fork movement 

in proportion to the growth rate (Geiger and Morris, 1978, 1980). Under normal growth 

conditions, the growth rate affects the initiation, but not the movement of the replication 

fork. 

Polyamines and DNA supercoiling 

Polyamines may affect the degree of supercoiling of the bacterial chromosome.



Spermidine stimulates Micrococcus luteus DNA gyrase in vitro, increasing the degree of 

negative supercoiling of the circular DNA chromosome. (Liu and Wang, 1978). Conversely, 

spermidine inhibits topoisomerase I, which relaxes supercoiled DNA (Lipetz et al., 1980). 

Therefore, spermidine has the potential to increase the degree of negative supercoiling of 

DNA. The degree of supercoiling can influence the expression of bacterial genes both in 

vivo and in vitro (Horwitz and Loeb, 1988). For example, DNA gyrase expression is induced 

in bacteria as the degree of supercoiling decreases (Menzel and Gellert, 1987). 

AMINO ACID DECARBOXYLASES 

Description 

In 1940, during an investigation of the mechanism of amine production, Gale discovered 

six amino acid decarboxylases, including those specific for arginine, ornithine, and lysine 

(Gale, 1940). The expression of each of these enzymes required an acidic culture pH 

(pH<6) and the presence of its substrate. Later studies of putrescine biosynthesis in E. coli 

revealed the existence of two sets of arginine and ornithine decarboxylases (Morris and 

Pardee, 1965, 1966). The biosynthetic decarboxylases are responsible for the synthesis of 

putrescine in cells grown in neutral minimal medium. The biodegradative decarboxylases 

degrade arginine and ornithine in cells grown in an acidic enriched medium. Biosynthetic 

amino acid decarboxylases are found in all strains of E. coli, but the biodegradative forms 

are often absent. For example, biodegradative ornithine decarboxylase is found in only one 

of ten strains of EF. coli (Applebaum et al., 1977). Biodegradative amino acid 

decarboxylases are thought to have evolved by divergence from the biosynthetic forms 

(Applebaum et al., 1977) and serve as an adaptive mechanism to regulate intracellular pH 

in cells grown in an acidic culture (Gale, 1946).



Biodegradative amino acid decarboxylases 

In 1946, Gale proposed that amino acid decarboxylases might be important in 

maintaining the intracellular bicarbonate concentration under acidic growth conditions (Gale, 

1946). The physiological role of biodegradative decarboxylases was investigated using an E. 

coli strain with defective biodegradative arginine (ADI) and ornithine decarboxylases. These 

enzymes were found to be required for growth in an acidic medium. In 1972, Recsei and 

Snell (1972) isolated and characterized a mutant of Lactobacillus that lacked histidine 

decarboxylase but retained ornithine decarboxylase. This mutant was unable to grow at a 

culture pH of 4.3 even when supplemented with histidine. When ornithine was added to the 

culture, both the wild type and the mutant grew at pH 4.3. These results indicated that the 

major defect in the histidine decarboxylase mutant was its inability to regulate the culture 

medium pH; decarboxylation of ornithine restored that ability. Based on these results, 

Recsei and Snell proposed that biodegradative amino acid decarboxylases function to 

neutralize the acid byproducts of carbohydrate fermentation by consuming protons. 

E. coli produces ADI when grown anaerobically in an enriched acidic medium containing 

arginine. Under these growth conditions the enzyme represents approximately 3% of the 

total protein in a crude extract. ADI has been purified to homogeneity, crystallized, and has 

a pH optimum of 5.2 (Blethen et al., 1968; Boeker and Snell, 1968; Boeker et al., 1969, 

1971). Arginine is the preferred substrate, but cadaverine and ornithine can be used at a 

low rate. The enzyme requires pyridoxal phosphate for activity, with 10 pyridoxal phosphate 

binding sites per molecule. The pyridoxal phosphate binds to the lysine next to a histidine 

residue, like several other amino acid decarboxylases (Boeker et al., 1969). The ADI gene 

maps to a region between 89 and 2 minutes on the E. coli chromosome (Maas et al., 1970). 

Recently, Mud/ac fusions were constructed to the E. coli K-12 ADI (Auger et al., 1989).
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These fusions have been mapped by P1 transduction to 93.4 minutes, near the mel4B 

operon. 

Biodegradative ornithine decarboxylase has been purified to homogeneity from E. coli 

strain UW44 cultured in a rich medium containing excess ornithine (Applebaum et al., 1975, 

1977; Morris and Boeker, 1983). The enzyme has a pH optimum of 6.9, much higher than 

most biodegradative decarboxylases. In these growth conditions ornithine decarboxylase 

represents approximately 7% of the total protein in a crude extract. At pH 7.0 ornithine 

decarboxylase exists as a dimer, is specific for ornithine and requires pyridoxal phosphate 

for activity. 

Biosynthetic amino acid decarboxylases 

A second form of ornithine decarboxylase, unlike the form described by Gale, was 

discovered by Morris and Pardee (Morris and Pardee, 1965, 1966) during a study of 

polyamine biosynthesis. Biodegradative ornithine decarboxylase was not induced when E. 

coli is grown in neutral minimal medium, yet the bacteria still decarboxylated ornithine. 

This biosynthetic form of ornithine decarboxylase (ODC) is found in all strains of E. colli. 

The enzyme has been purified to homogeneity and represents approximately 0.023% of the 

total protein. The activity is specific for ornithine, having less than 0.1% decarboxylase 

activity toward arginine or lysine. Native ODC is a dimer, with identical subunits of 80,000 

Da. The enzyme has a pH optimum of 8.1 (compared to 6.9 for the biodegradative form), 

and requires pyridoxal phosphate. ODC does not react with antibodies produced to the 

biodegradative form. The regulation of ODC is very complex. The enzyme is inhibited by 

both putrescine and spermidine (Applebaum et al., 1977; HGltta et al., 1974), repressed by 

cAMP (Wright and Boyle, 1982), and activated by guanosine triphosphate (GTP) and other 

nucleotides (Applebaum et al., 1977; Hdllta et al., 1974). The E. coli speC gene, encoding
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ODC has been cloned (Boyle et al., 1984) and sequenced (Barrosa et al., 1990). Deletion 

mutants lacking ODC activity have been obtained (Hafner et al., 1979a). The speC gene 

maps to 63.4 min on the E. coli chromosome (Boyle et al., 1984; Cunningham-Rundles and 

Maas, 1975; Hafner et al., 1979a). ODC activity assays have localized the gene to pLC20-5 

in the Clarke-Carbon library (Clarke and Carbon, 1976). Southern hybridization using a 

speC probe has localized the gene to lambda clones 3D11 and 1G7 from the Kohara library 

(Satishchandran et al., 1990). These lambda clones map to 64.0 min. on the E. coli K-12 

chromosome (Bachmann, 1987, Satishchandran et al., 1990). 

POLYAMINE BIOSYNTHESIS 

Purescine biosynthetic pathways 

If putrescine was only produced by the decarboxylation of ornithine, arginine levels 

would regulate cellular putrescine levels. In 1961, Maas (Maas, 1961) reported that arginine 

repressed the formation of most of the enzymes of the arginine biosynthetic pathway. In 

E. coli, arginine controls the formation of ornithine (and arginine) through feedback 

inhibition of N-acetylglutamate synthetase. Therefore, an additional pathway would be 

necessary for the formation of putrescine when exogenous arginine is available, as in the 

intestine, or the bacterium would be starved for putrescine. An alternative solution to 

ornithine limitation in the presence of arginine would be to hydrolyze arginine to ornithine. 

The ornithine obtained from arginine could then be used by ODC to produce putrescine. 

Many eukaryotes and some bacteria possess an arginase which hydrolyzes arginine to 

ornithine. FE. coli lacks arginase and is therefore incapable of converting arginine to 

ornithine. 

A second pathway (Pathway IT) leading to the production of putrescine was discovered
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that uses biosynthetic arginine decarboxylase (ADC) to convert arginine to agmatine 

(Morris and Pardee, 1966). The agmatine is hydrolyzed to putrescine and urea by a second 

enzyme, agmatine ureohydrolase (AUH). In unsupplemented medium, 75 to 90% of the 

putrescine in E. coli is synthesized by the ornithine pathway (Morris et al., 1970). When an 

E. coli culture was supplemented with arginine, the ornithine pool decreased to undetectable 

levels, and no putrescine was produced from ornithine (Morris and Koffron, 1969). 

Removal of the exogenous arginine resulted in a four- to fifty-fold reduction in the rate of 

conversion of arginine to putrescine, depending on the strain (Morris and Koffron, 1969; 

Morriset al., 1970). There was little effect on the rate of protein synthesis when exogenous 

arginine was removed due to sufficient endogenous arginine synthesis. As the specific 

activities of ADC and AUH did not change following arginine supplementation (Morris et 

al., 1970), Morris proposed that the intracellular concentration of ornithine controlled which 

of the two pathways was used to produce putrescine. Consequently, arginine acts as a signal 

for derepression of Pathway II (putrescine via arginine) and repression of Pathway I 

(putrescine via ornithine). The absence of arginase in FE. coli may have required the 

evolution of these two parallel pathways for putrescine synthesis in the presence of 

exogenous arginine. 

Biosynthetic arginine decarboxylase 

ADC was isolated from E. coli strain UW44 grown aerobically in a minimal medium at 

neutral pH and represented approximately 0.07% of the total protein from these cells. The 

enzyme has been purified to homogeneity and crystallized (Wu and Morris, 1973). Arginine, 

but not ornithine or lysine, acts as a substrate. Native ADC is a tetramer with a molecular 

mass of 280,000 daltons (Da). ADC differs from biodegradative arginine decarboxylase in 

several characteristics. The biosynthetic form has a pH optimum of 8.4, compared to 5.2
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for the biodegradative form. The enzyme has an absolute requirement for Mgt + and binds 

two pyridoxal phosphate molecules. 

When Wu and Morris (Wu and Morris, 1973) initially purified biosynthetic arginine 

decarboxylase, their preparation resolved into two major and three minor bands on a native 

gel. On denaturing gels, the two major bands migrated with molecular masses 

corresponding to 74- and 70,000 Da. After separating the major bands on a native gel, it 

was determined that both forms decarboxylated arginine. Radiolabeling of minicell 

preparations containing a plasmid bearing the speA gene, encoding ADC, confirmed the 

existence of these two monomeric forms (Boyle et al., 1984). Immunoprecipitation of ADC 

isolated from pulse-labeled E. coli also showed two major bands of 74- and 70,000 Da, with 

minor bands of 30- to 40,000 Da (Buch and Boyle, 1985a). The minor bands disappeared 

when the label was chased, suggesting that they were probably nascent chains of arginine 

decarboxylase. The same pulse-chase experiments showed that the 74,000 Da precursor 

polypeptides are processed to a 70,000 Da mature form (Buch and Boyle, 1985a). Selective 

disruption of the cell envelope revealed that the 70,000 Da, but not the 74,000 Da species, 

is localized within the inner periplasmic space. The translocation of the ADC monomer into 

the periplasm was confirmed using an E. coli strain that can be blocked in protein transport 

(Buch and Boyle, 1985a). When transport was blocked, the 74,000 Da, but not the 70,000 

Da species, accumulated in the cytoplasm. These results explained the previous finding by 

Tabor (1969b) that E. coli produced more putrescine from exogenous arginine than from 

endogenous arginine. It has been estimated that approximately 80% of the exogenous 

arginine is converted into protein and 20% to polyamines. An E. coli mutant blocked in 

arginine biosynthesis between acetylornithine and ornithine formation was grown in a 

chemostat with limiting amounts of labelled citrulline and arginine. Approximately 40 to
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60% of the putrescine produced by these bacteria was derived from exogenous arginine. 

It is now clear that the periplasmic location of ADC allows the enzyme to channel 

exogenous arginine preferentially into putrescine. The agmatine produced by ADC during 

the import of arginine is converted to putrescine in the cytoplasm by AUH. 

The speA, speB, and metK genes 

An 8.0 kb EcoRI fragment containing the speA, speB, and metK genes was identified on 

plasmid pLC2-5 from the Clarke-Carbon E. coli genomic library (Hafner et al., 1979b). This 

fragment was cloned into the EcoRI site of pBR322 to create plasmid pKAS5 (Tabor et al., 

1983; Boyle et al., 1984). £. coli transformed with plasmid pKA5 overexpresses ADC 

(speA), AUH (speB), and methionine adenosyltransferase (MAT) (metK). E. coli deletion 

mutants that are defective in biosynthetic arginine decarboxylase have been isolated (Hafner 

et al., 1979a; Tabor et al., 1983b). The sped gene maps to 62.8 min on the E. coli map 

(Hafner et al., 1979a) or 63.5 min on the E. coli K-12 map (Satishchandran et al., 1990). 

Southern hybridization using a speA probe localized the gene to lambda clones 1H10 and 

23G4S of the Kohara library (Satishchandran et al., 1990). The speA gene is duplicated in 

E. coli strain UW44 (Satishchandran, personal communications). A genomic fragment 

including the metK, speA, and at least part of the speB gene is duplicated as an inverted 

repeat directly adjacent to the original genes in the 63 min region. The function of this 

second set of genes is currently under investigation. 

Agmatine ureohydrolase 

AUH, the second enzyme in Pathway II, converts the agmatine produced by ADC into 

putrescine and urea (Morris and Pardee, 1966). Hydrolysis of agmatine by AUH is the only 

known pathway for urea production in E. coli (Morris and Koffron, 1967). Except for a few 

ureopathogenic strains, FE. coli lacks urease and urea accumulates in the medium as
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putrescine is synthesized from Pathway II. Thus, urea produced by E. coli is usually an 

indication of the putrescine production through Pathway II. Mutants in speB were isolated 

by screening for strains defective in urea production (Morris and Jorstad, 1970) or for 

strains requiring putrescine when grown in the presence of exogenous arginine (Hirschfield 

et al., 1970; Maas et al., 1970; Hafner et al., 1979a; Morris and Jorstad, 1970; Tabor et al., 

1983). The gene encoding AUH, speB, has been cloned (Tabor et al., 1983; Boyle et al., 

1984) and sequenced (Szumanski and Boyle, 1990). AUH was purified to homogeneity from 

overproducing a strain transformed with a plasmid encoding speB (Satishchandran and 

Boyle, 1984). There does not appear to a biodegradative form of AUH (Satishchandran and 

Boyle, 1984). Agmatine induces the expression of AUH (Satishchandran and Boyle, 1984). 

Unlike arginine and ornithine decarboxylases, AUH expression is not inhibited by putrescine 

or spermidine. However, AUH expression is repressed by cAMP and cAMP receptor 

protein (CRP) (Satishchandran and Boyle, 1984). Both monocistronic and polycistronic 

mRNA encoded by speB have been identified (Szumanski and Boyle, 1990). There appears 

to be a rho-independent terminator located between the sped and speB genes. How 

transcription of the speB genes occurs if this structure terminates transcription, or if it plays 

a role in regulating speB is unknown. The speB gene maps to 62.9 min on the Kohara E. 

coli map and 63.5 min on the E. coli K-12 chromosome (Moore and Boyle, 1990; 

Satishchandran et al., 1990). Southern hybridization using a speB probe localized the gene 

to lambda clones 1H10 and 23G4S of the Kohara library (Satishchandran et al., 1990). 

Spermidine synthesis 

In E. coli, putrescine can be converted into the tri-amine, spermidine. MAT, encoded 

by the metK gene, adenylates methionine to produce S-adenosylmethionine (SAM). The 

metK gene was isolated from the Clarke-Carbon plasmid library and cloned on a plasmid,
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pKAS (Tabor et al., 1983; Boyle et al., 1984). It has not been possible to obtain deletion 

mutants in metK as these mutations are lethal. The metK gene maps to 63.7 min on the E. 

coli K-12 chromosome (Satishchandran et al., 1990). Southern hybridization with a metK 

probe located the gene on lambda clones 1H10 and 23G4S from the Kohara library 

(Satishchandran et al., 1990). A second copy of the metK gene has been identified in the 

64 min region of the E. coli chromosome (Satishchandran, personal communications). The 

conversion of putrescine to spermidine requires S-adenosylmethionine decarboxylase (speD), 

spermidine synthase (speE) and S-adenosylmethionine (SAM), an intermediate in many 

metabolic pathways. Purified E. coli SAM decarboxylase is composed of six identical 

subunits, with a molecular mass of 108,000 Da (Markham et al., 1982, 1983; Wickner et al., 

1970). In contrast to most other decarboxylases, SAM decarboxylase requires pyruvate, not 

pyridoxal phosphate, as a cofactor. Spermidine synthase catalyses the conversion of 

putrescine and decarboxylated SAM to spermidine and thiomethyladenosine (Tabor et al., 

1958; Hannonen et al., 1972; Raina and Hannonen, 1971). Purified spermidine synthase 

contains two subunits, each with a molecular mass of 73,000 Da. Cadaverine and spermidine 

can act as substrates, but at slower rates than with putrescine (Bowman et al., 1973). 

The speD and speE genes form an operon, located at 2.9 minutes on the E. coli 

chromosome (Xie et al., 1989). The speD and speE genes have been cloned and sequenced. 

Both point and deletion mutants of speD have been isolated (Hafner et al., 1979a; Tabor 

and Tabor, 1976; Tabor et al., 1978, 1983). Tight speD mutants grow at 75% of the wild 

type rate and contain twice as much putrescine as wild type E. coli (Tabor et al., 1978). 

These mutants grew at twice the rate compared to strains depleted of putrescine. This 

result implies that putrescine can substitute, albeit less efficiently, for the growth promoting 

effects of spermidine.
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Spermine synthesis 

A second aminopropyltransferase has been purified from animal tissue. This enzyme 

catalyzes the transfer of a second aminopropyl group, also derived from SAM, to spermidine 

to produce the tetra-amine, spermine (Hannonen et al., 1972; Raina and Hannonen, 1971). 

Spermine is not usually found in E. coli., although small amounts were detected in speA, 

speB, speC mutants grown in the presence of spermidine (Hafner et al., 1979b). 

REGULATION OF POLYAMINE LEVELS 

Pathways and effectors 

Intracellular polyamine levels in E. coli are regulated by a number of interactive 

pathways and enzyme effectors (see Figs. 1 and 2). More detailed information on the E. 

coli polyamine biosynthetic pathways and their regulation can be found in reviews on 

arginine biosynthesis and metabolism (Glansdorff, 1987; Cunin et al., 1986), polyamines in 

microorganisms (Tabor and Tabor, 1985), and amino acid decarboxylases (Morris and 

Fillingame, 1974). Both ornithine and arginine are part of the arginine biosynthetic pathway 

(Fig. 2). These substrates can be used by either of two parallel pathways leading to the 

formation of putrescine. The arginine and pyrimidine biosynthetic pathways compete for 

carbomylphosphate, an intermediate in both pathways (Fig. 2). Arginine feedback inhibits 

arginine biosynthesis, limiting ornithine pools. Methionine is converted to S- 

adenosylmethionine (SAM), an intermediate in a number of biosynthetic pathways, including 

spermidine synthesis. The polyamine biosynthetic enzymes are also regulated by several 

effectors. Arginine and ornithine decarboxylases are both competitively inhibited by 

putrescine and spermidine (Morris et al., 1970). There is a reduction in the amount of 

4co, released from labelled ornithine or arginine when E. coli grown in a chemostat are



18 

1 
COOH C-NH COOH CH, COOH 

NH {CH{CH{CH2CHNH, NHCH CH ICH )CHNH> SCH4CH2CHNH, 

L ORNITHINE t ARGININE t METHIONINE 

NH metK -CO) CO, *ATP. PP Pp, MAT 
M +4 

speA Zeon LEN g 
ADC N C \ 

speC | | CH COOH NH» 

C- NH Sy N= CHICHOH] 2CHCH SCH CHCHNH? 

| | |! 
NHCH)CH)CH CH ND 0 CH 

AGMATINE S ADENOSYLMETHIONINE SAM 

spe8 

AUH 

UREA | 
c Zz 

N~ Som 
NH2CH)CH,CH2CH2NH> | \| CH 

: HC c fo. ‘ 
DIAMINOBUTANE Sy 7 N= CHICHOH) 2 CHCHS|CHCH2CH NH | 
Putrescine | | 

DECARBOXYLATED ADENOSYLMETHIONINE 

dSAM 
NH, 

| 
Cc Z N . N~ Nem \ 

[NH2CH7CH2CH|NHCH)CHCH)CH NH) | {| CH 

SPERMIDINE HC 7 © ~ NO CHICHOHI)CHCH)SCH, 

|_,_ 
ME THYLTHIOADENOSINE 
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coli. The bacterium lacks arginase and cannot convert arginine to ornithine. ODC 
is ornithine decarboxylase; ADC is arginine decarboxylase; AUH is agmatine 
ureohydrolase; MAT is_ methionine adenosyltransferase; SAM _ is_ S- 

adenosylmethionine. Taken from Tabor and Tabor, 1985.
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supplemented with putrescine or spermidine (Tabor and Tabor, 1969b). Although the actual 

amounts of ADC and ODC were not determined in these experiments, the activities of both 

enzymes decreased in vivo and in vitro, indicating both repression and inhibition. While 

these observations clearly show that putrescine and spermidine cause a reduction in the 

activities of ADC and ODC, it is not clear how this regulation occurs. The activity of the 

enzymes could be controlled at the level of transcription, translation, or post-translation. 

Polyamines are known in influence the rate and fidelity of both transcription and translation. 

Thus, these polyamines may negatively regulate ADC by reducing either the rate of mRNA 

synthesis or translation of the mRNA into protein. There are reports that putrescine 

induces the synthesis of ODC and ADC "antizymes" that noncompetitively inhibit the 

enzymes activities (Fong et al., 1976; Kyriakidis et al., 1978). The term antizymes refers to 

regulatory proteins that are specifically induced by an endproduct of the enzyme (Heller et 

al., 1976). ODC antizymes have been reported in cultured cancer and normal mammalian 

cells (Fong et al., 1976; Heller et al., 1976), rat liver, (Fujita et al., 1984), germinating barley 

(Kyriakidis, 1983), and E. coli (Kyriakidis et al., 1978; Heller et al., 1983). Three ODC 

antizyme proteins were reported in FE. coli, one with an acidic pI of 3.5 and two with basic 

a pI of 9.5 (Heller et al., 1983). The basic proteins, designated antizyme 1 and antizyme 2, 

also inhibit ADC activity, but have no effect on the activity of any biodegradative 

decarboxylases. Antizyme 1 and 2 contain amino acid sequences that are identical to E. coli 

ribosomal proteins $20/L26 and L34, respectively (Panagiotidis and Canellakis, 1984). 

Kashiwagi and Igarashi (1987) have shown that other ribosomal proteins inhibit ODC 

activity competitively. Ribosome-bound antizymes did not inhibit ODC and ribosomes 

eliminated antizyme inhibition of the enzyme. It remains unclear whether these basic 

antizymes function as inhibitors of ODC activity in vivo.
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Regulation of the spe genes by cAMP and cAMP receptor protein 

The expression of the putrescine biosynthetic enzymes is inhibited by a mechanism 

requiring cyclic adenosine-3’,5’-monophosphate (CAMP) and cAMP receptor protein (CRP) 

(Wright and Boyle, 1982). E. coli strain KC14 contains wild type adenylate cyclase (cya) and 

cAMP receptor protein (crp) genes and produces increased ADC, AUH, and ODC activities 

when grown in the presence of glucose. EF. coli KC13 has a deletion in the cya gene and 

therefore is unable to synthesize cAMP. In the absence of cAMP, E. coli KC13 showed a 

derepression of the putrescine biosynthetic genes. Addition of cAMP to the culture medium 

restored repression to wild type levels. E. coli KC42 has a second deletion in the crp gene 

encoding CRP. Addition of cAMP to E. coli strain KC42 (cya, crp) failed to restore 

repression to wild type levels, indicating that CRP is required for cAMP-mediated 

repression of the putrescine biosynthetic enzymes. Because the intracellular concentration 

of cAMP is inversely related to the growth rate of E. coli, cAMP levels act to coordinate the 

production of polyamines with the rate of growth. 

It should be noted that ODC and ADC present in some strains of E. coli do not respond 

to repression by glucose (Shaibe et al., 1985a). Halpern’s group showed that the ADC and 

ODC synthesis of the cya derivative of E. coli strain CS101B, unlike strain KC13 (cya) or 

strain CA8303 (cya), was not affected by cAMP. The synthesis of B-galactosidase in the cya 

or crp derivatives of CS101B was repressed by glucose and induced by the addition of 

cAMP. After confirming that cAMP repressed ODC and ADC in strain CA8303, Halpern 

concluded that the discepancy in results of the two laboratories can be explained by 

differences in the strains used in each study. An additional difference in strains was in their 

growth rate on glucose and succinate; strain CA8303 had a much slower growth rate than 

strain CS101B or its derivatives.
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cAMP LEVELS AND GENE REGULATION 

cAMP control of gene expression 

In bacteria, cAMP acts as a secondary messenger to signal changes in the glucose 

concentration. The greater the limitation of glucose as a carbon source, the greater the 

intracellular cAMP concentration (Alpher and Ames, 1977; Buettner et al., 1973; Epstein 

et al., 1975; Pastan and Adhya, 1976). cAMP-CRP controls a number of biological 

phenomena, including transcriptional initiation (Ullmann et al., 1979), cell division (Utsumi 

et al., 1981), cell morphology (Aono et al., 1978; Harwood and Peterkofsky, 1975), and the 

life cycle of phages (Hong et al. et al., 1971; Grodzicker, 1972). At least 30 operons are 

controlled by cAMP in E. coli (Pastan and Adhya, 1976). Of these approximately 20 genes 

are positively regulated by cAMP-CRP (Rickenberg, 1974; Pastan and Adhya, 1976). A 

model for the cAMP-mediated stimulation of genes was proposed in 1970 by Pastan and 

Perlman (Pastan and Perlman, 1970) for the E. coli lactose operon in which the addition of 

lactose or a lactose derivative induced the operon. This "catabolite repression" could be 

overcome by the addition of cAMP to the growth medium (Pastan and Perlman, 1970). A 

drop in glucose levels results in the derepression of many catabolic operons, depending on 

what sugars are available in the medium. 

Regulation of cAMP levels 

In E. coli, the level of cAMP is determined by its rate of synthesis by adenylate cyclase, 

the rate of degradation by phosphodiesterase (cpd), and the rate of excretion by an energy 

dependent mechanism. Degradation of cAMP by cAMP phosphodiesterase does not play 

a major role in determining cAMP levels, since cAMP levels in E. coli cAMP 

phosphodiesterase mutants vary inversely with the carbon source (Buettner et al., 1973). 

The rate of excretion of cAMP from E. coli grown on different carbon sources does not
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vary, Suggesting that excretion does not regulate cAMP levels (Epstein et al., 1975). 

One mechanism regulating cellular cAMP levels involves a _ sugar-dependent 

phosphoenolpyruvate:sugar phosphotransferase system (PTS) inhibition of adenylate cyclase 

activity (Harwood and Peterkofsky, 1975; Dills et al., 1980). Bacteria grown with glycerol 

synthesize more cAMP than bacteria growing on glucose, but produce less adenylate cyclase 

(Janacek et al., 1979). It should be noted that partially purified adenylate cyclase is 

extremely labile and exhibits very low activities compared to those found in vivo (Majerfeld 

et al., 1981). Therefore, the best procedure for determining adenylate cyclase activity uses 

toluenized cells (Harwood and Peterkofsky, 1975). The inhibition of cAMP synthesis is 

partially responsible for catabolite repression (Pastan and Adhya, 1976; Epstein et al., 1975). 

The ability of the cell to synthesize cAMP upon removal of a carbon source permits the 

bacterium to adapt to conditions of catabolite repression very rapidly. 

Regulation of adenylate cyclase activity by cAMP-CRP 

The activity of adenylate cyclase is severely inhibited by the cAMP-CRP complex. CRP- 

deficient E. coli synthesize more adenylate cyclase than does the parent strain, but the 

partial repression of adenylate cyclase does not explain the difference in the amount of 

cAMP produced by wild type and crp derivatives (Majerfeld et al., 1981). The in vivo rates 

of synthesis of cAMP synthesis are several hundred-fold higher in E. coli crp mutants 

compared to the wild type without a parallel increase in adenylate cyclase activities (Joseph 

et al., 1982). An E. coli strain carrying the crp gene on a plasmid that overproduces CRP 

severely inhibited adenylate cyclase activity, although the in vivo rate of cAMP synthesis is 

similar to the parental strain. These results indicate that CRP controls the activity rather 

than the synthesis of adenylate cyclase. 

The cya gene from Salmonella typhimurium has been cloned and overexpressed in E. coli
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on a multicopy plasmid (Wang et al., 1981). Adenylate cyclase was overproduced 20-fold, 

but the cAMP level increased only 60%. The rate of excretion of cAMP in the 

overproducing strain was only 75% higher than the wild type and phosphodiesterase activity 

was unaltered. These results suggest that the activity of S$. typhimurium adenylate cyclase 

is inhibited when cya is overexpressed. 

Bankaitis & Bassford (1982) investigated the regulation of cya in vivo using cya-lac 

transcriptional and translational fusions. cAMP levels produced extremely weak effects on 

the cya-lac fusions and were not considered physiologically significant. They proposed that 

cAMP-CRP complex is involved, directly or indirectly, as a negative element in the post- 

translational regulation of adenylate cyclase. 

Botsford & Drexler (1978) proposed a model for regulation of cya at the transcriptional 

level. There is evidence indicating that at least part of the regulation of cya by cAMP-CRP 

is at the level of transcription (Jovanovich, 1985; Aiba, 1985; Mori and Aiba, 1985; 

Kawamukai et al., 1985). Aiba et al. showed that a crp E. coli produced about five-fold 

more cya mRNA than do wild type cells (Aiba, 1985). DNA footprinting experiments 

revealed that cAMP-CRP protects a region between +11 and -20 bp in the S’-end of the 

cya gene containing a CRP consensus sequence. The difference in the transcription rate of 

cya in vivo and in vitro are insufficient to explain the increased cAMP synthesis in crp 

mutants. This indicates that the control of cAMP synthesis also involves regulation of 

adenylate cyclase activity. 

The autogenous regulation of adenylate cyclase and CRP by the cAMP-CRP complex 

ensures that the proper concentration of cAMP and CRP will be maintained under a variety 

of growth conditions. In the presence of glucose, the expression of cya and crp are 

derepressed due to low levels of cAMP. Although cells accumulate adenylate cyclase and



CRP, the cAMP level remains low because both CRP and glucose independently inhibit the 

activity of adenylate cyclase. When glucose is depleted, the inhibition of adenylate cyclase 

is removed and the cells immediately begin to synthesize cAMP. An increase in intracellular 

cAMP levels results in a rapid increase in the levels of cAMP-CRP complex in the cells. 

cAMP-CRP binds to specific DNA sequences to effect gene and operon expression, 

including the repression of crp. As cAMP-CRP levels increase, the rate of transcription of 

cya and crp decrease and adenylate cyclase activity is inhibited. This ensures that the 

appropriate concentrations of cAMP and CRP are maintained during growth in fluctuating 

environmental conditions. 

Direct regulation of transcription by cAMP-CRP 

The cAMP-CRP complex regulates many genes in E. coli by binding to specific 

sequences within or near promoter sequences. The mechanism by which cAMP-CRP 

regulates gene expression is usually direct, by affecting the initiation of transcription (de 

Crombrugghe et al., 1984). Most CRP binding sites are 22-bp long and begin with the 

highly conserved sequence, 5’°-TGTGA-3’ and end with a second, symmetrically related 

motif. This two-fold symmetry appears to be important because a completely symmetrical 

site has a higher affinity for CRP than the best naturally occuring site (/ac) (Jansen et al., 

1987). The crp gene has been cloned and sequenced (Aiba et al., 1982; Cossart and 

Gicquel-Sanzey, 1982). In the absence of cAMP, CRP is a dimer of identical subunits (M, 

22,500), that shows weak, nonspecific binding to DNA. It is estimated that between 1,000 

to 3,000 dimers of CRP are present in the cell (Zubay, 1980; Guiso and Blazy, 1980). Each 

subunit of CRP contains two domains which are covalently connected by a hinge region 

(Aiba and Krakow, 1981; Eilen et al., 1978; McKay et al., 1982). The larger, amino-terminal 

domain is responsible for the subunit contacts that form the dimer and contains a pocket
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formed by a series of antiparallel B-sheets in which cAMP binds. cAMP acts as a ligand to 

induce a conformational change in CRP. One molecule of cAMP binds per CRP subunit, 

resulting in a conformation with a higher affinity for specific sites on DNA (Takahashi et 

al., 1979, 1983; Saxe and Revzin, 1979). The smaller, carboxy-terminal domain of CRP is 

responsible for binding to DNA. 

Indirect regulation of transcription by cAMP-CRP 

The cAMP-CRP complex also acts to regulate genes indirectly. When intracellular 

cAMP levels are high, the concentration of CRP levels off. cAMP-CRP strongly inhibited 

transcription of the crp gene in vitro (Aiba, 1983) and in vivo (Cossart and Gicquel-Sanzey, 

1985). This negative autogenous regulation of crp expression is a consequence of activation 

of a divergent promoter located within the crp promoter region that produces an antisense 

(divergent) RNA (Okamoto and Freundlich, 1986). This antisense RNA binds to the 5’-end 

of cp mRNA and inhibits crp transcription. Thus, CRP levels are autoregulated, preventing 

an increase in the non-specific binding of cCAMP-CRP to DNA. 

OBJECTIVES 

While many bacterial genes and operons are induced by cAMP, others are repressed. 

Examples of negatively regulated genes include speA, speB, speC (Wright and Boyle, 1982), 

crp (Aiba, 1983), cya (Majerfeld et al., 1981), glutamate synthase (Prusiner et al., 1972), 7mB 

(Glaser et al., 1980), spot 42 RNA (Sahagan and Dahlberg, 1979), and the P2 promoter of 

the galactose operon (Musso et al., 1977). These genes show a less than 10-fold repression 

by cAMP under the conditions studied. Mallick and Herrlich (1979) proposed that negative 

control by cAMP occurred at concentrations below those required for positive control. They 

suggested that two conformational states exist for CRP. One state saturates CRP with
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cAMP at low cAMP concentrations and negatively regulate genes. A second state saturates 

CRP with cAMP at high cAMP levels and positively regulates genes. The mechanism by 

which cAMP and CRP negatively regulate genes other than the crp gene remains unknown. 

In E. coli , the activity of ADC is derepressed 1.5 to three-fold in either cya or crp mutants. 

The addition of cAMP to cultures of wild type or cya strains causes 35 to 60% repression, 

but does not cause repression in crp strains. Thus, the focus of this dissertation is to 

determine if cAMP and putrescine regulate E. coli ADC at the transcriptional, translational, 

or post-translational level.
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INTRODUCTION 

Putrescine (1,4-diaminobutane), a diamine required for optimal growth, is produced in 

FE. coli and many plants by either of two pathways related to arginine biosynthesis 

(Glansdorff, 1987; Tabor and Tabor, 1985). In E. coli, biosynthetic arginine decarboxylase 

(ADC), encoded by the speA gene, acts upon arginine to produce agmatine, which is 

converted into putrescine by agmatine ureohydrolase (AUH). A second pathway uses 

ornithine decarboxylase (ODC) to produce putrescine directly from ornithine. While ODC 

is common to all cells, ADC appears to be unique to bacteria and plants. These two 

parallel pathways remain distinct in EF. coli as the species lacks arginase and is therefore 

unable to convert arginine to ornithine. In the absence of exogenous arginine, putrescine 

is produced primarily from the ODC pathway, but when arginine is added to the growth 

medium, ornithine levels decline due to inhibition of arginine biosynthesis (Tabor and Tabor, 

1969a). The ADC pathway thereby ensures that putrescine is produced in the presence of 

exogenous arginine (Morris and Koffron, 1970), e.g., in the intestinal tract. 

ADC can be found in two distinct forms: biodegradative and_ biosynthetic. 

Biodegradative arginine decarboxylase (ADI) is induced in some strains of E. coli when they
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are grown in an acidic enriched medium containing arginine (Gale, 1946; Morris and 

Boeker, 1983). Biodegradative amino acid decarboxylases appear to play a role in regulating 

pH by consuming protons and thus neutralizing the acidic products of carbohydrate 

fermentation (Gale, 1946). Biosynthetic ADC is produced when E. coli is grown in minimal 

media at neutral pH; approximately 0.07% of the protein found in E. coli UW44 crude 

extracts is biosynthetic ADC (Wu and Morris, 1973). Native biosynthetic ADC is a tetramer 

of 280,000 Da which requires both Mg? * and pyridoxal phosphate as cofactors (Morris and 

Fillingame, 1974; Wu and Morris, 1973). Monomers of ADC are synthesized as 74,000 Da 

precursor polypeptides which are posttranslationally processed to a 70,000 Da mature form 

which is localized within the inner periplasmic space (Buch and Boyle, 1985a). The 

periplasmic location of ADC explains the finding that more putrescine is produced from 

exogenous arginine than from endogenous arginine, since arginine can be preferentially 

channeled into putrescine as it is being transported into the cell (Tabor and Tabor, 1969b). 

The speA gene and ADC are subject to metabolic control. Putrescine and spermidine 

repress the speA gene and feedback inhibit ADC (Tabor and Tabor, 1969a). Cyclic AMP 

(cAMP) also negatively regulates speA gene expression either directly or indirectly via 

binding to cAMP receptor protein (CRP)(Wright and Boyle, 1982). The experiments 

described in this dissertation present the nucleotide sequence of the speA gene and compare 

the properties of the deduced ADC amino acid sequence to those of purified ADC (Wu and 

Morris, 1973) and other decarboxylases. 

MATERIALS AND METHODS 

Bacterial strains, plasmids, and media. 

The bacterial strains and plasmids used in this study are described in Table 1. E. coli
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Table 1. E. coli and plasmids used in Chapter I. 

  

  

Strain Genotype Source 

E. coli 

DHS5a F $80 lacZM15 (lacZYA-argF)U169 recAl endAl hsdR17_ BRL 
(ty mz,*) supE44 thi-1 lambda-gyrA96 relA 1 

CB806 F AlacZ lacYt galK rpsL thi recA56 phoA& Schneider 

Plasmids 

pKA5 pBR322 with a 8.0-kilobase (kb) EcoRI fragment Boyle 

pGEM-3Z High-copy number sequencing plasmid Promega 

pRM15 3.2 kb Ball-Accl fragment in pGEM-3Z This study 

pRMS59 3.2 kb AccI-Ball in reverse orientation in pGEM-3Z This study 

pMC1403 High-copy number JacZ translational fusion vector Casadaban 

PRM65 2.2 kb BamHI fragment in pMC1403 This study 
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strains were grown in either Luria broth (LB)(Maniatis et al., 1982) (1% tryptone, 0.5% yeast 

extract, and 1% NaCl), Terrific broth (1.4% tryptone, 2.7% yeast extract, 0.4% glycerol, 17 

mM KH 2PO 4 and 72 mM KjHPO 4)(Tarrot and Hobbs, 1987), or MOPS medium (Niedhardt 

et al., 1974) supplemented with 1 ug/ml thiamine, 0.2% glucose and 50 ug/ml of each 

naturally occurring L-amino acid except arginine. Ampicillin was used at 100 ug/ml. 

Enzymes and reagents. 

Restriction endonucleases, Klenow fragment of DNA polymerase I, Ty DNA ligase, 

exonucleases III and VII, and halogenated indolyl-B-D-galactoside (Bluo-Gal) were purchased 

from Bethesda Research Laboratories, Inc. (BRL)(Gaithersburg, MD). Sequenase was 

purchased from U. S. Biochemical Corp. (Cleveland, OH). Avian myeloblastosis reverse 

transcriptase was purchased from Boehringer Mannheim Biochemicals (Indianapolis, IN). [e- 

35 S|]dATP and 1 4C.L-arginine were from Dupont, NEN Research Products (Boston, MA). 

8-galactosidase affinity column and antisera were purchased from Sigma Chemical Co. (St. 

Louis, MO). SeaPlaque low-melt agarose was from FMC BioProducts (Rockland, ME). 

Plasmid screening. 

Plasmids were isolated and purified using standard methods (Maniatis et al., 1982). The 

size of supercoiled plasmid DNA was determined using a phenol-chloroform/quick screen 

method. Bacterial colonies were picked from a plate, resuspended in 40 ul 1X STE (20 mm 

TRIS, pH 7.5, 100 mM NaCl, 10 mM EDTA), lysed by the addition of one half volume of 

phenol-chloroform (1:1) and vortexed. RNaseA (50 ug/ml, final concentration) was mixed 

with supernatants, incubated at 37°C for 15 minutes and electrophoresed on a 0.8% agarose 

gel to separate chromosomal and plasmid DNA. Plasmid size was estimated by comparing the 

mobility of supercoiled forms of deletion plasmids to the vector (pGEM-3Z) and undeleted 

plasmid (pRM15).
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Subcloning of speA gene. 

The speA gene is located on a 8.0 kb EcoRI fragment on plasmid pKA5 (Boyle et al., 

1984). Plasmid pKAS5 was cleaved with Ball and AccI to produce a 3236 base-pair (bp) 

fragment (Fig. 3). Restriction fragments were blunt-ended by treatment with the Klenow 

fragment of DNA polymerase and separated by electrophoresis on a 0.7% low-melting 

SeaPlaque agarose gel (Struhl, 1986). The agarose containing the 3236 bp Ball-AccI 

fragment was excised, melted at 60°C, and the 3236 bp fragment ligated into the Smal site 

of pGEM-3Z. Ligation products were transformed (Hanahan, 1983) into E. coli DHSa. 

Clones containing plasmids bearing the sped gene were selected by their ability to 

overexpress ADC (see Enzyme Assays). 

To obtain deletions in the opposite orientation, the 3282 bp insert from pRM15 was 

removed by digestion with restriction endonucleases HindIII and EcoRI. Restriction 

products were blunt-ended by treatment with the Klenow fragment of DNA polymerase and 

separated by electrophoresis on a 0.7% SeaPlaque agarose gel. The blunt-ended 3282 bp 

HindiIl-EcoRI fragment was excised from the gel, ligated into the Smal site of a new 

pGEM-3Z and transformed into E. coli DH5a. Clones were assayed for their ability to 

overproduce ADC. Clone pRMS59 expressed levels of ADC comparable to that produced 

by pRM15 and was selected for further study. 

Exonuclease deletions of speA. 

Overlapping deletions of plasmid pRM15 were generated using exonuclease III 

(Henikoff 1984). Plasmid pRM15 was cleaved with SalI and SphI, digested with 

exonucleases III and VII, followed by treatment with the Klenow fragment of DNA 

polymerase to create blunt ends. Deleted DNA fragments were separated by 

electrophoresis in 0.7% SeaPlaque agarose; the DNA bands were excised, recircularized with



Plasmid Vector 
    

  

  

  

EcoRI Ball Acct EcoRl! PKAS pBR322 
| | ee id 

——_. 

speA N\ 

Ball Sacl Acct PRM1I5 pGEM-3Z 

a 

—— + —+— 
speB speA metK 

Accl BamHI Sac! BamHI Ball pRM59 pGEM-3Z 

—_—— > ——> 

metK speA speB 

BamHI Sac! BamHi PRM65 pMC1403 

| ____ ——_—_——< :: |acZ 

0.5 kb 

Figure 3. Physical map of plasmids. Thick lines indicate speA (arginine decarboxylase) 
gene; arrows, direction of transcription; arrow with bar, truncated speB (agmatine 
ureohydrolase) and metK (methionine adenosyltransferase) genes.
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Tg DNA ligase and transformed into E. coli DH5a. Deletion plasmids were sized using the 

phenol-chloroform quick screen method, then clones were screened for ADC enzyme activity 

to determine the approximate location of the sped gene within pRM15. Deletions of pRM59 

were constructed as previously described except that the deletions were not separated on 

a SeaPlaque gel following treatment with Klenow fragment. Plasmids were sized using the 

phenol-chloroform quick screen method and clones were analyzed with an ADC enzyme 

assay (Fig. 4). All plasmids were restriction mapped to confirm the extent of deletions. 

Dideoxy sequencing. 

Overlapping deletions were sequenced by the dideoxy-chain termination method of 

Sanger (Sanger et al., 1977) using SP6 and T7 sequencing primers (Promega Corp.). The 

DNA sequence was determined using either avian myeloblastosis reverse transcriptase 

(Houts, et al., 1979) or Sequenase following the protocols supplied except sequencing 

primers were hybridized following an alkaline denaturation. Plasmid DNA for sequencing 

reactions using avian myeloblastosis reverse transcriptase was purified by banding on CsCl 

gradients. Plasmid templates sequenced using Sequenase was isolated using a modified 

alkaline lysis method (Ish-Horowicz and Burke, 1981) from overnight 3 ml cultures. Both 

strands of overlapping DNA fragments were sequenced. 

Construction of a speA-lacZ fusion. 

A translational speA-lacZ fusion was constructed by digesting pRM15 with BamHI. The 

restriction fragments were separated by electrophoresis on a 0.7% SeaPlaque agarose gel. 

A 2,119 bp BamHI fragment was excised, ligated into the BamHI site of pMC1403 and 

transformed into E. coli DHSa. E. coli strains were screened for B-galactosidase production 

on LB plates containing 100 ug/ml ampicillin spread with 100 ulof a 20 mg/ml solution of 

Bluo-Gal. Plasmids containing speA-lacZ fusions were isolated and mapped with PstI and
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Deletion Analysis 

  

    

  

  

  

  

  

ADC Plasmid 

Bal | Sac | Acc | 

|__nenermrmmmmmmemmmmmmmmmmmg | + PRM15 
——+ a —_—_—-—> 

speB speA metK 

_ - pRM87 

—_ - pRM135 

| + pRMSO 

|! ! + pRM91 

| — - pRM93 

Ld 

0.5 kb 

Figure 4. Location of speA by deletion analysis. Region contained in deletion plasmids are 
indicated by thick lines. The speB and metK open reading frames are truncated in pRM15. 
Arginine decarboxylase activity is relative to E. coli DHS5e@ containing pRM1S and 
designation of plasmids is listed on the right.
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SacI to determine the orientation of the 2,119 bp insert within pMC1403. The orientation 

of the BamHI insert was confirmed by sequencing the JacZ junction. Plasmid pRM65 was 

chosen for further study. 

Western Blots. 

E. coli CB806 transformed with pRM65 was grown in a shaking waterbath at 37°C 

overnight in 5 ml of LB medium. Cells were recovered by centrifugation and lysed by 

sonication. ADC::8-galactosidase fusion proteins were separated using a Protosorb lacZ 

immunoaffinity column. Approximately 50 ug of protein was loaded into each well of a 3% 

stacking gel with a 5% polyacrylamide gel. Samples were loaded a second time in the 

reverse order to create a mirror image for an immunoblot. Following electrophoresis the 

gel was cut in two; one half was stained with Coomassie blue and the second half was 

blotted to a nitrocellulose membrane. The membrane was probed with 8-galactosidase 

antisera to identify B-galactosidase and ADC::8-galactosidase hybrid proteins. The size of 

the fusion proteins was estimated by comparison with the mobility of molecular weight 

standards. 

Protein determinations. 

Protein concentrations were determined using the Bradford method (Bradford, 

1976)(Bio-Rad Laboratories, Richmond, CA). 

Enzyme assays. 

E. coli strains were grown in a shaking waterbath at 37°C to a density of 70 Klett units 

in either LB or MOPS medium supplemented with thiamine (1 ug/ml), glucose (0.2%) and 

all amino acids (50 ug/ml) except arginine. 8-galactosidase activity was assayed by the 

method of Miller (1972). The lactose operon of EF. coli strains was induced by addition of 

isopropyl-8-D-thiogalactopyranoside (5 mM, final concentration). ADC activity was assayed
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by quantitation of 4co, released as previously described (Wright and Boyle, 1982). 

Computer Analysis. 

Analysis of the DNA sequence was carried out using the sequence analysis software 

from ICR (Fox Chase Cancer Institute) and the University of Wisconsin Genetic Computer 

Group sequence analysis software package installed on a VAX8800. The nucleic acid and 

predicted amino acid sequences of ADC were used to search for similar proteins in the 

GenEMBL and NBRF databases using the Wordsearch program. 

RESULTS 

Subcloning of speA gene. 

A plasmid, pLC2-5, was identified from Clarke-Carbon E. coli genomic library that 

overexpresses ADC (Clarke and Carbon, 1976). An 8,000 bp EcoRI fragment from pLC2-5 

was ligated into the EcoRI site of pBR322 yielding the hybrid plasmid pKA5 (Tabor et al., 

1983). This 8.0 kb EcoRI fragment carries the speA, speB and metK genes which 

overexpress ADC, AUH and methionine adenosyltransferase (MAT) respectively (Boyle et 

al., 1984). Deletion of a Ball fragment from pKAS5 was shown to effect AUH, but not ADC 

or MAT activity. A computer search of the metK gene sequence (Markham et al., 1984) 

revealed an AccI site approximately 3.2 kb downstream from the Bail site in pKAS, within 

the metK ORF (Fig. 3). A 3236 Ball-Accl fragment from pKAS5 was subcloned into pGEM- 

3Z and when clones containing recombinant plasmids were assayed for ADC activity, eight 

out of fifteen clones overproduced ADC. A single clone, pRM15, was chosen for further 

use. Crude extracts of E. coli DHSa cells containing pRM15 produced a 4.3-fold increase 

in ADC specific activity compared to E. coli DH5Sa@ and 1.5 times more activity than E. coli 

bearing pKA5. Crude extracts of FE. coli DH5a@ transformed with plasmid pRMS59 produced
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a 6.2-fold increase in ADC specific activity compared to E. coli DH5a@ and 2.8 times more 

than E. coli bearing pKA5. The apparent increase in the level of ADC expression of E. coli 

containing either pRM15 or pRM59 compared with cells containing pKA5 may be due to 

either the loss of a regulatory element present on pKAS5 or may simply be a reflection of 

the difference in the plasmid copy number. A slight increase in ADC activity of cells 

bearing pRMS59 is probably due to a transcriptional fusion between the speA gene and the 

lacZ promoter in the vector, pGEM-3Z. 

Sequence analysis. 

The sequence of the 3,236 base pair Ball-AccI fragment carried by pRM15 and pRM59 

was determined by the dideoxy-chain terminating method of Sanger (1977) for both strands 

from overlapping DNA fragments (Fig. 5). A large ORF (ORF1) contains 1,974 

nucleotides, begins with an AUG initiation codon (Met) at nucleotide 987 and ends with a 

GAG codon (Glu) at nucleotide 2,960. ORF1 is capable of encoding a 73,980 Da 

polypeptide consisting of 658 amino acids with a predicted isoelectric point of 4.70. 

Sequences resembling FE. coli consensus for -35 (TTCACA) and -10 (AATAAT) 

promoter regions are located at nucleotides 811 to 816 and 839 to 844 respectively. A 

possible CRP binding consensus sequence (TGTGC) was found at nucleotides 831 to 835, 

a ribosome binding site, GAGG, was present at nucleotides 977 to 980, and a potential 

transcription terminator was located at nucleotides 3,030 to 3,067. A probable pyridoxal 

phosphate binding site, H-K-L, is located in ADC from residues 298 to 300. 

Partial ORFs corresponding to the speB and metK genes were also identified (Fig. 3). 

The speA and speB (ORF2) ORFs are found on the same DNA strand. ORF2 begins 140 

nucleotides downstream from ORF1, continues for 135 nucleotides (45 amino acids) and 

terminates at a Ball site within the agmatine ureohydrolase (speB) ORF. A 37 bpstem-loop
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GGT TTGOCTTOGTCAGOGGGOGAACACGGTGTACTACGCTOCATGCAGGAGGT TGCAATGAGCTOOCAGGAAGOCAGCAAGATG 
GlyLeuProSerSerAlaGlyGluHisGlyValLeuArgSerMetGlnGluValAlaMetSerSerGlnGlualaSerLysMet 

20 

CTGOGTACTTACAATATTGCCTOGTGGGGCAATAACTACTATGAOGT TAA OGAGCTGGGCCACATTAGOGTSTGCOOGGACOOG 
LeuargthrTyrAsntleAlaTrptrpslyasnAsniyrTyraspValAsnGluleuslyttisTleServalcysProAsprro 

GACGTCOOGGAAGCTOGOGTOGATCTOGOGCAGT TAGTGAAAACTUOGTGAAGCACAGGGOCAGCGICIGOCIGCACIGIICIGT 
AspVal ProG]uAlaArgValAspLeuAlaGlnLeuVallysThraArgG]luAlaGlnGlyGlnArgLeuProAlaLeuPhecys 

80 

TTOOCACAGATOXCTGCAGCA COGTTIGOGT TOCAT TAA CGOOGOGTTCAAA OG TGCGAGGGAATOCTAOGGCIATAAQGGOGAT 
PheProGlnileLeuslinHisArgLevArgSerTleAsnAlaAlaPheLysaArgAlaArgGluSerTyrGlyTyrAsrGlyAsp 

100 
. 

TACTTCCTIGTTTIATOOGATCAAAGTTAACCAGCACOGCOUGCGTGATTGAGTCOCIGATTCATTOGGGOGAACOSCTGGGTCTG 

TyDFheLeuVal TyrProfletysvalAsnGIniiskrgargvalTleGluserLeutleH\sSercly¢luProteuslyLeu 
140 

GAAGOCGGTTCCAAAGOOGAGTTGATGGCAGTACTGGCA CATGCTGGCATGA COOGTAGOGTCATOGICIGCAACGGTTATAAA 
GluAlaGlySerLysAlaGluLeuMetAlaValLeuAlaHisAlaGlyMetThrArgSerVal IleValCysAsrGlyTyrLys 

160 

GACOGOGAATATATOOSGOCTGGCATTAAT TGGOGAGAAGATGGSSECACAAGGTCTATCIGGTCATTGAGAAGATGTCAGAAATC 
AspArgGluTyrlleArgLeuAlaLeulleGlyGlulysMetGlyHisLysValTyrLeuVal IleGluLysMetSerGlulle 

180 200 

ve e ° ° 

GOCATTGIGCIGGATGAAGCAGAAOGTCIGAATGIOGT TOCTOGICIGGGOSTGCSIGCACGTCIGOSTICGCAGGGTTOGGGT 
MaTleVal LeakspGlun) 2G] aArgLeuAsnval Va) PrOArgLeuc ty Val Argh) aATGLeUATGSersinslysersty 

_ 220 - 

  

LystrpGlnserSerGlyGlyGlubysSerLysPheGlyLauAladlaThrclnvalLeusinLewWalGlufhrleuargGlu 
240 

Sack pinnepertast nares na oersitacnene ak puplalsaeyel 

OGTGAATOOGOGOGTTICTATGTGGAACTGCACAAGCTGGGOGSTCAATATTICAGTGCT TOGACG TOGGOGGOSGTCTGGGOGTS 
ArgGluSerAlaArgPheTyrValGluLeuHislysLeuG] yValAsnIleGlncysPheaAspValGlyGlyGlyLeuGlyVal 

300
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2016 

2108 

2184 

2268 

2352 

2436 

2520 

2604 

2688 

2772 

2856 

2940 

3024 

3108 

3192 

e e ° 

AspTyxGluGly TirAryserclnSerAspcysser Val AsrilyrGlyLeunsnGlulyrAlaksnasntleleTrpAlatie 
340 

GGOGATGOGTGTGAAGAAAAOGGTCTGOOGCATCOGAO0GG TAATCAOCCGAATOGGG TOG TGOSGTGACTGOGCATCACACOGTG 
GlyAspAlaCysGluGluAsnGlyLeuProbisProfhrvValllethrGluSerGlyArgAlaValThrAlaHisHisTnrval 

360 

    
       

  

            ee eeeie AL ROARS Cx AA A TSO) CAGE G TAATATCA AACGTRACGP 

LeuValSerAsnilez2eG) ypvalGluargAsnGlulyrihrvalPromhrAlaProAlaG]luAspAlaProArgAlaLeuGln 
386 

AGCATGTGGGAAACCTGGCAGGAGATGCACGAA COGGGAACTOGOCOSTICTCIGOGTGAATGGTTACACGACAGTCAGATGGAT 
SertetTrpGluthr TrpsinclumetHliscluproGly Mrargargser Leuargs]uTepLeultisAspsers let Asp 

420 
. ° . ° e ° 

LeuHisAspIleHisIleGlyTyrSerSerGlyIlePheSerLeuGlnGluArgAlaTrpAlaGluGlnLeuTyrLeuSerMet 
440 

Bam HJ . . . . 

TGOCATGAAGTGCAAAAGCAGCTGGATCOSCAAAACOGIGCICATOGTCOGATTATOGACGAGCTGCAGGAA OGTATGGOGGAC 
CystliseiwalGlnlys¢lnLeukspProGlnAsnArgAlaHisArgProtleTleAspGluLeucinGluArgMetALaAsp 

480 
. . . . 

LysMetTyrValAsnPheSerLeuPheG nSerMet ProAspAlaTrpGlyTleAspGlnLeuPheProVal LeuProLeuGlu 
500 

GlyLeulspGlnval ProGlukrgAtgA]aVal LeuLeukspl eThrcyshspserkspslyAlalleAspiisTyrIleAsp 
oO 

GtYASpGlyTleAlaThrThrMet Provet ProG]uTyrAspPros]uAsnProrrovietLeuGlyFheFheetvalélyala 
560 

e . e s ° e 

TyrGlnGlulleLeuGlyAsnMetHisAsnLeuPheGlyAspThrGluAlaValAspVal PheVal PheProAspGlySerVal 
580 

. . e e . . ° e 

Gluval GluLeusetAspG1uslyAspinrval AlaaspMetLeucinfyrvalGInLeukspProlysthrLeulevThrGin 
620 

TTCOGOGATCAAGTGAAGAAAA COGATCTTIGATGCTGAACTGCAACAACAGTTOCTIGAAGAGT TCGAGGCAGGITIGIACGGT 
PheArgAspG] nVallLysLysThrAspLeuAspaAlaGluLeuGlnGlncl nPheLeuGluGluPheGluAlaGlyLeulyrGly 

640 

  

  

ACCT TAGGTCATCARXTAOGATAACTCACEGSTTTCCANTGOCI TIGGTTTTTTACGCCTGCOGNTGAACTICCAGOOGTATGAC 
Thr LeuGlyHisGlnTyrAspAsnSerLeuValSerAsnAlaPheGly PheLeuArgLeuProMetAsnPheGlnProlyrasp 

AGOGATGCAGACTGGGTGATTACTGGOGIGOOGTTOGATATGGCCA 
SerAspAlaAsp?rpValileThrGlyValProPheaspMetaAla 

Figure 5. Nucleotide and deduced amino acid sequence of sped. Promoter and ribosome 

binding consensus sequences (boxed), CRP binding site and pyridoxal phosphate binding 

consensus (underlined), translation initiation sites of speB and metK (*), and rho- 

independent transcriptional terminator ( ** \ are indicated. Alternate 

Shine-Dalgarno (SD2, SD3), translation initiation (12, 13), and BamHI sites are indicated. 
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structure, located at nucleotide 3,031 to 3,067, is present in the 140 base pair intergenic 

region separating the speA and speB genes. The existence of this stem-loop structure was 

confirmed by S1 analysis (Szumanski and Boyle, 1990). The metK open reading frame 

(ORF3), divergent from speA, begins 794 nucleotides upstream from ORF1, continues for 

192 nucleotides (64 amino acids) and terminates at an AccI site within the methionine 

adenosyltransferase (metK) ORF (Markham et al., 1984). 

Identification of the speA gene and promoter. 

The location of the speA gene was determined by assessing the ability of clones bearing 

deletions in pRM15 or pRM59 to overexpress arginine decarboxylase (Fig. 4). ADC 

expression was maintained when 564 nucleotides (424 bases upstream of ORF1) of the 5’ 

end of the BalI-AccI fragment were removed. This treatment results in the loss of the metK 

ORF and a large portion of the intergenic region between the sped and metK genes. The 

ability to express ADC is lost when 355 nucleotides of the 3’ end of the BallI-AccI fragment 

are removed. In this case the speB ORF and 80 bp of ORF1, which encodes ADC, has 

been removed. 

The speA promoter and 1389 nucleotides (463 amino acids) of ORF1 were ligated to the 

lacZ gene in the vector pMC1403 to produce a speA-lacZ translational fusion, pRM65. E. 

coli CB806 bearing pRM65 produced a 42-fold increase in B-galactosidase activity relative 

to E. coli CB806 containing pMC1403 (1,250 Units in pRM65 and 30 Units in pMC1403). 

Western blots probed with 8-galactosidase antisera identified three proteins in E. coli DHSa 

containing pRM65: 160,000 and 156,000 Da ADC::8-galactosidase fusion proteins and a 

116,353 Da 8-galactosidase monomer (Fowler and Zabin, 1978)(Fig. 6). The 160,000 Da 

protein results from the fusion of 44,000 Da of ADC to the 116,353 Da of 8-galactosidase. 

The presence of an additional 156,000 Da fusion protein containing 41,000 Da of ADC is
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consistent with the processing of ADC; a 74,000 Da ADC precursor is processed to the 

70,000 Da form (Buch and Boyle, 1985a). The size of these two fusion proteins further 

suggests that translation initiates at or near the beginning of ORF1. The difference of 4,000 

Da in molecular weight of these two fusion proteins also suggests that the 160,000 Da form 

contains a signal peptide that is removed to produce the 156,000 Da form (Buch and Boyle, 

1985a). 

The predicted molecular mass of an ADC monomer, 73,980 Da, is identical to the 74,000 

Da estimated from denaturing gels (Buch and Boyle, 1985a; Wu and Morris, 1973). The 

deduced amino acid composition of ORF1 is also in good agreement with the amino acid 

analysis of ADC performed by Wu and Morris (1973)(Table 2). The results of deletion 

analysis, immunoblots of ADC::8-galactosidase fusion proteins, amino acid composition and 

molecular weight of a protein predicted by ORF1 all indicate that ORF1 encodes arginine 

decarboxylase. 

Sequence Comparisons of ADC and amino acid decarboxylases. 

The results of a computer search of the GenEMBL and NBRF databases revealed that 

ADC contains small regions of identity with five other decarboxylases and two arginases. 

A six amino acid region, D-V-G-G-G-L, is conserved in diaminopimelic acid decarboxylases 

(DapDC) from E. coli and Corynebacterium glutamicum (Fig. 7). This conserved region 

appears in the same relative position in each enzyme (53 to 57% towards the carboxy 

terminus) and is located eight amino acids from the presumed pyridoxal phosphate binding 

site in ADC, H-K-L. Both E. coli and C. glutamicum DapDCs were approximately 67% 

identical in this sequence. Yeast (D-V-G-G-G-F), mouse (D-I-G-G-G-F) and trypanosome 

(D-I-G-G-G-F) ornithine decarboxylase also appear to contain sequences with homology to 

ADC (D-V-G-G-G-L). These regions occur from 53 to 61% towards the carboxy end of
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Figure 6. Identification of ADC::8-galactosidase fusion proteins from E. coli CB806 
transformed with pRM65. Immunoblots were carried out as described in Materials and 
Methods. Protosorb column flow-through (lane 1), 8-galactosidase (lane 2), and 8- 
galactosidase and ADC::8-galactosidase fusion proteins (lane 3). Sizes (kilodalton) of 
molecular mass standards are indicated.
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Table 2. Comparison of amino acid composition of predicted and purified 
E. coli arginine decarboxylase. Taken from Wu and Morris (1973). 

  

  

  

  

Amino acid DNA 

analysis Sequence 

Amino 

acid No. % No. % 

Ala 52 7.6 48 7.3 

Arg 37 «5.4 38 «5.8 

Asx 72 10.5 66 10.0 

Asn 23 «3.5 

Asp 43 6.5 

Cys 7 1.0 8 1.2 

Glx 99 14.4 90 13.7 

Gin 360 5.5 

Glu 54 82 

Gly 53 7.7 S51 7.8 

His 17. 2.5 21 3.2 

Ile 28 4.1 33 5.0 

Leu 68 9.9 67 10.2 

Lys 19 2.7 18 2.7 

Met 25 3.6 24 3.7 

Phe 21 3.1 20 3.0 

Pro 33 48 28 43 

Ser 43 63 41 62 

Thr 27 «3.9 24 «3.7 

Trp 12. 1.7 9 1.4 

Tyr 27 3.9 25 3.8 

Val 47 68 47 7.1 

Total 687 658 

MW _ 74,000 Da 73,980 Da 

 



45 

ADC Amino Acid Comparison 

Cofactor binding Substrate binding 

    

  

  

    

   

   
   

  

ADI HS TIHKLIL NAL 

EcLDC EST A AF 

HaLDC 359 QSTIHKLILAAFSQASMIHVKGEINGG 392 

MmHDC 225 peepee sr ore ean 258 

ADC 295 |VIELJIHKLGVINIJQ\ICFDVGGGLGVDY/EG 328 

EcDapbC 200 RQVIEFGIQDL aaats\vViPYea 233 

CgDapDC 230 QIHSE|LG VIALP GGGIYG|/AIY|TA 263 

YstODC 259 AANEYGLPPLK GGGFQFESFK 292 

MusODG 212 AT.EVGFS.MH GGGIF.PGS.. 245 

TryODC 232 GT.ELGFN.MH GGGIF.PGT.. 265 

HumARG 209 LLG@RKKRPIHL .DG@LIDPSFTP 242 

RatARG 209 LLGRKKRPIHL -DIGLIDPVFTP 242   
AUH 219 ....GDMPVYLTIFD|/.DC/ILDPAFAP 252 

Figure 7. Comparison of ADC and other enzymes which recognize structurally similar 
substrates. Gaps (.) have been introduced to achieve the optimum alignment. Amino acids 
matching ADC are boxed, conservative changes relative to ADC (|), other matching 
residues (:), and mismatches (*) are indicated. EF. coli ADI (inducible), LDC (ECLDC), 
DapDC (ECDapDC), Hafnia alvei LDC (HALDC), Morganella morgenii HDC (MMHDC), 
Corynebacterium glutamicum DapDC (CGDapDC), yeast (YstODC), mouse (MusODC) 
and trypanosome (TryODC) ODCs, human arginase (HumARG), rat arginase (RatARG), 
and E. coli AUH.



each enzyme and were 83, 67, and 67% identical to the ADC sequences, respectively. 

Human and rat arginase both contain the sequence F-D-V-D-G-L near their carboxyl 

terminus. This arginase sequence is 71% identical to the region conserved in ADC (F-D-V- 

G-G-G-L). 

Mapping of the speA gene within the E. coli chromosome. 

The speA gene has been mapped by cotransduction to 62.8 (Hafner et al., 1977) minutes 

on the E. coli chromosome. The speB, speA and metK genes, in this gene order, have been 

identified on plasmid pKAS, which contains an 8.0 kb EcoRI fragment derived from the E. 

coli chromosome (Boyle et al., 1984). The DNA sequence reported in this paper contains 

the speA gene, intergenic regions, as well as partial sequences of the speB and metK genes. 

Since speB and metK have been sequenced (Markham et al., 1984; Szumanski and Boyle, 

1990), it was possible to produce a 6,530 bp continuous DNA sequence of this region in 

pKAS. A restriction map of this 6,530 bp sequence was generated and compared to the 

restriction map of the E. coli chromosome constructed by Kohara (1987). The speA gene 

is located at 62.9 minutes on Kohara’s map and is contained in lambda clones 1H10 and 

23G45. The presence of the speA gene on these lambda clones has been confirmed by 

Southern analysis using a speA probe (C. Satishchandran et al., 1990). 

DISCUSSION 

This paper describes the subcloning and nucleotide sequence of the speA gene encoding 

E. coli ADC. When ADC was originally purified and analyzed by Wu and Morris (Wu and 

Morris, 1973), they reported that purified ADC resolved into two major and three minor 

bands when electrophoresed on a native gel. On a denaturing gel these two major bands 

migrated with a molecular mass corresponding to 74,000 and 70,000 Da. When either the
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74 or 70,000 Da band were assayed for ADC activity, each species decarboxylated arginine. 

Isolation of ADC by immunoprecipitation of pulse-labeled E. coli also demonstrated two 

major bands corresponding to 74,000 and 70,000 Da, as well as minor bands in the 30- to 

40,000 Da range (Buch and Boyle, 1985a). These minor bands are probably nascent chains 

of ADC because they disappear when the label was chased. The DNA sequence of the 3.2 

kb Ball-AccI fragment in pRM15 revealed only one ORF (ORF1) capable of encoding a 

74,000 or 70,000 Da polypeptide. 

The loss of approximately 4,000 Da from a precursor is characteristic of the processing 

of a signal peptide during translocation (Oliver, 1985; Randall et al., 1987). The presence 

of a signal peptide in ADC was supported by the finding that the 74,000 Da species, but not 

the 70,000 Da species, accumulated in an E. coli strain unable to process signal sequences 

(Buch and Boyle, 1985a). Furthermore, selective disruption of the cell envelope showed that 

the 70,000 Da species is localized within the inner periplasmic space (Buch and Boyle, 

1985a). A review of prokaryotic signal peptides characteristics (Oliver, 1985; Randall et al., 

1987) indicates that the predicted amino terminus of ADC does not possess a typical signal 

sequence. Signal peptides usually contain three distinct regions; a positively charged amino 

terminus, a core of 12 to 20 primarily hydrophobic amino acid residues, followed by a signal 

peptidase processing site. Kyte-Doolittle hydropathy plots (not shown) indicate that a signal 

peptide starting at the beginning of ORF1 would have a hydrophobic core comprised of two 

short hydrophobic regions, but would possess a negatively charged amino terminus. 

However, a net positive charge on a signal peptide is not an absolute requirement for export 

to the periplasm (Iino et al., 1987; Inouye et al., 1982; Puziss et al., 1989; Vlasuk et al., 

1983). 

The rate of processing of precursor ADC to the mature form occurs with kinetics



atypical for most signal sequences (Buch and Boyle, 1985a). Signal peptides are usually 

processed very rapidly, usually within 30 to 60 seconds. Studies using site-directed 

mutagenesis on various E. coli signal peptides have shown that progressively decreasing the 

net charge on the amino terminus results in a corresponding decrease in the efficiency of 

translocation and a reduced rate of synthesis (Inouye et al., 1982; Puziss et al., 1989; Vlasuk 

et al., 1983). When the net charge of the signal peptide of E. coli prolipoprotein was 

decreased from +2 to -2, 12 min were required to completely convert prolipoprotein into 

lipoprotein, resulting in an accumulation of the precuror in the cytolasm. Pulse-chase 

experiments in E. coli showed that the ADC precursor requires approximately 6 min for 

ADC precursor to be converted into mature ADC (Buch and Boyle, 1985a). The slow 

processing rate suggests that ADC accumulates in the cytoplasm following synthesis and is 

processed posttranslationally. This appears to be the case as Morris et. al. (Morris and 

Koffron, 1969) found that 20% of the putrescine synthesized in an E. coli K-12 strain grown 

in the absence of arginine utilized the ADC-AUH pathway. Thus, a distribution of active 

ADC in the periplasm versus the cytoplasm might explain the partitioning of endogenously 

synthesized arginine between polyamine and protein synthesis. 

Most decarboxylases require pyridoxal phosphate as a cofactor for catalytic activity and 

many of these enzymes contain a pyridoxal phosphate binding consensus sequence, S-X-H-K. 

E. coli ADC, LDC and Morganella morganii HDC contain either the amino acid sequence 

S-X-H-K or simply H-K in their pyridoxal phosphate binding sites (Boeker et al., 1971; 

Fecker et al., 1986; Vaaler and Snell, 1989). The function of the histidine and lysine 

residues in the pyridoxal phosphate binding consensus sequence has been investigated in M. 

morganii HDC using site-directed mutagenesis (Vaaler and Snell, 1989). Studies indicated 

that Lys-232, homologous to Lys-299 in ADC, was involved in decarboxylation, but not in
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pyridoxal phosphate or histidine binding. His-231, homologous to His-298 in ADC, 

appeared to play a role in hydrogen bonding of HDC to histidine or pyridoxal phosphate. 

ADI and LDC are similar in subunit size, molecular weight and their pyridoxal phosphate 

binding sequences (Boeker et al., 1971; Morris and Boeker, 1983). In these enzymes 

pyridoxal phosphate binds to the €-amino group of the lysine residue within the conserved 

region, S-T-H-K-L-L (Morris and Boeker, 1983). The predicted pyridoxal phosphate binding 

site of H. alvei LDC is similar (nine of ten residues match) to the E. coli LDC pyridoxal 

phosphate binding site and also contains the amino acid sequence S-T-H-K-L-L (Fecker et 

al., 1986)(Fig. 7). Three of these conserved amino acids, H-K-L, are retained in biosynthetic 

ADC. The conservation of the amino acid sequence H-K-L in the pyridoxal phosphate 

binding sites of several amino acid decarboxylases and their similar relative positions within 

each enzyme (45 to 49% towards the carboxyl end) suggests that H-K-L serves as the 

pyridoxal phosphate binding site for biosynthetic ADC. 

Pyridoxal phosphate binding sites are usually followed by a hydrophobic sequence that 

is thought to form a hydrophobic pocket in which the cofactor or the substrate binds (Morris 

and Boeker, 1983). Eight residues from the presumed pyridoxal phosphate binding site of 

ADC begins an amino acid sequence, D-V-G-G-G-L, which is conserved (67 to 71% 

identical) in E. coli and Corynebacterium DapDCs and three eukaryotic ODCs. Hydropathy 

plots of each of these amino acid sequences (data not shown) reveals that all are predicted 

to produce a hydrophobic region. The possibility that this region is involved in substrate 

binding is supported by the observation that ADC, DapDCs and ODCs each recognize 

structurally similar substrates and catalyze similar reactions (each removes the C1 carboxyl 

group, Fig. 8). In contrast, H. alvei LDC and M. morganit HDC pyridoxal phosphate 

binding sites are followed by a hydrophobic sequence, but neither LDC or HDC show any
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homology with ADC in this region (Fig. 5). Human and rat arginases, which also use 

arginine as a substrate, contain a similar sequence, F-D-V-D-G-L, that is 71% identical to 

the conserved region of ADC. Interestingly, this sequence is within one of the most highly 

conserved regions between arginase and E. coli AUH, the second enzyme in the ADC 

pathway (Fig. 7, Fig. 8). 

The speA -10 and -35 promoter regions are separated by 21 bp, suggesting that the ADC 

promoter is weakly transcribed (Hawley and McClure, 1983). Preliminary experiments 

indicate that the speA promoter is indeed weakly transcribed since a speA-lacZ fusion borne 

on a multicopy plasmid produces less B-galactosidase activity than does a single copy 

chromosomal lacZ gene in E. coli. 

A polycistronic mRNA containing speA and speB is produced from the speA promoter. 

The speB gene is also capable of transcription from an additional promoter located within 

the 5’-end of the sped ORF to produce a monocistronic speB mRNA (Szumanski and Boyle, 

1990). A classical rho-independent terminator structure begins 69 bp downstream from the 

end of the speA ORF and ends 34 bp upstream of the speB ORF. This 37 bp structure has 

a 15-bp GC-rich stem (with one mismatch), a 7 base loop, and ends with seven consecutive 

U residues. The structure does not appear to function as an attenuator as it lacks a suitable 

ribosome binding site and contains a translation stop codon within the stem. How 

transcription of the speB gene occurs if this terminator-like structure exists in vivo is 

unknown, although it may play a role in regulating the expression of the speB gene. The 

speB gene, but not sped, is induced by agmatine, while both the sped and speB genes are 

repressed by cAMP. 

The presence of a CRP binding consensus sequence in the promoter region of speA is 

consistent with its inhibition by cAMP (Wright and Boyle, 1982). Presumably the
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Structurally Related Substrates 

COOH COOH COOH 
Joocrrcrrcrterccree [oo crcrerrc resect pte ten ett e etter ease 

H,N- CH H,N-CH H,N- CH H,N— CH 

(CH os (CH ys (CH as (CH 2s 
HN—- CH NH | NH NH 

| 
COOH H,N-C=NH, H,N-C=NH, 

Meso- Ornithine Arginine Agmatine 
Diaminopimelate g 9g 

(DapDC) (ODC) (ADC) (AUH) 

(Arginase) 

Figure 8. Structurally similar substrates used by enzymes containing the conserved sequence 
F-D-V-G-G-G-L (see Fig. 5). Dashed lines indicates the common structural skeleton 
recognized by each enzyme. Enzymes are in parentheses. All decarboxylases remove the 
carboxyl group in the C1 position. Arginase and agmatine ureohydrolase (AUH) remove the 
urea group from their respective substrates. ADC is biosynthetic arginine decarboxylase; 
DapDC is diaminopimelic acid decarboxylase; ODC is ornithine decarboxylase.
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cAMP-CRP complex would bind to this site and interfere with the initiation of transcription 

of the sped gene. However, preliminary experiments of E. coli bearing the speA-lacZ 

translational fusion plasmid pRM65 demonstrate that the production of ADC::B- 

galactosidase fusion protein is not inhibited by cAMP, in contrast to the induction of B- 

galactosidase synthesis by cAMP in control cells. Additional experiments indicate that two 

factors contribute to this apparent insensitivity of the plasmid borne speA-lacZ fusion to 

cAMP-mediated regulation. First, the high copy number of plasmid pRM65 influences the 

regulation of the speA gene by cAMP. Second, the degree of repression of ADC by cAMP 

appears to be strain dependent. This finding is not surprising, as the speA gene of some 

strains of E. coli are known to be insensitive to cAMP-mediated inhibition (Shaibe et al., 

1985a). We are currently attempting to clarify the role of cAMP-mediated regulation of the 

speA gene.



CHAPTER Il 

Regulation of the speA gene encoding biosynthetic arginine decarboxylase 
of Escherichia coli by cAMP, and putrescine 

INTRODUCTION 

Putrescine (diaminobutane) is an aliphatic cation that is required for optimum growth 

of all cells. Putrescine and other polyamines are involved in many biological processes, but 

their physiological role(s) remains unclear. Most eucaryotes possess a single putrescine 

biosynthetic pathway (Pathway I), in which ornithine decarboxylase (ODC) converts 

ornithine to putrescine. Bacteria and plants also have a second putrescine biosynthetic 

pathway (Pathway II). In bacteria, arginine is converted to agmatine by biosynthetic 

arginine decarboxylase (ADC), encoded by the sped gene. Agmatine is hydrolyzed to 

putrescine and urea by agmatine ureohydrolase (AUH), encoded by the speB gene. 

The presence of two parallel putrescine biosynthetic pathways is necessary in Escherichia 

colt because lacks arginase and therefore, cannot convert arginine to ornithine. In the 

presence of exogenous arginine, as in the intestine, the intracellular pool of ornithine 

becomes limiting due to arginine feedback repressing arginine biosynthesis (Tabor and 

Tabor, 1969a). Consequently, putrescine synthesis from Pathway I would decrease. Thus, 

Pathway II ensures that putrescine is produced as nutritional conditions change (Morris et 

al., 1970). 

Native ADC is a tetramer, with a molecular size of 280,000 Da. The enzyme requires 

magnesium and pyridoxal phosphate for activity (Morris and Fillingame, 1974; Wu and 

Morris, 1973). Monomers of ADC are synthesized as 74,000 Da precursor polypeptides that 

53
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are post-translationally processed to a 70,000 Da form during translocation to the inner 

periplasmic space (Buch and Boyle, 1985). This compartmentalization of ADC explains the 

finding that exogenous arginine is preferentially channeled into putrescine synthesis; 

approximately 20% of exogenous arginine is converted to putrescine, with the remainder 

being incorporated into protein (Tabor and Tabor, 1969b). In the periplasm, ADC is able 

to decarboxylate arginine to agmatine as the arginine is imported into the cell. Agmatine 

induces AUH activity in the cytoplasm, resulting in increased putrescine production from 

Pathway II. The speA and speB genes have been cloned (Tabor et al., 1983) and sequenced 

(Moore and Boyle, 1990; Szumanski and Boyle, 1990). A polycistronic messenger RNA 

(mRNA) is produced from the speA promoter, but the speB gene also produces a 

moncistronic mRNA (Szumanski and Boyle, 1990). The open reading frames (ORF) for 

ADC and AUH are separated by 140 bp that contains a rho-independent terminator (Moore 

and Boyle, 1990). It is not clear how a polycistronic mRNA containing speB is transcribed 

in the presence of this structure. 

The putrescine biosynthetic genes (speA, speB, speC) are subject to metabolic controls. 

All three genes are negatively regulated by a mechanism involving cAMP and cAMP 

receptor protein (CRP)(Wright and Boyle, 1982). In bacteria, the greater the limitation of 

a carbon source, the greater the intracellular concentration of cAMP (Alpher and Ames, 

1977; Buettner et al., 1973; Epstein et al., 1975; Pastan and Adhya, 1976). As the growth 

rate of E. coli increases, so does the bacterium’s need for putrescine. Thus, the level of 

cAMP acts as a signal to coordinate putrescine production with the growth rate of the 

bacterium. The amount and activity of ADC and ODC are also controlled by the putrescine 

concentration in E. coli, suggesting both inhibition and repression of the enzymes (Tabor 

and Tabor, 1969a). The experiments in this paper show that cAMP-CRP controls ADC
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expression indirectly by inhibiting the activity of the enzyme and that putrescine represses 

the speA gene at the level of transcription. The inhibition of ADC activity by cAMP-CRP 

and putrescine is additive, indicating these effectors regulate ADC by independent regulatory 

mechanisms. 

MATERIALS AND METHODS 

Bacterial strains, plasmids and media 

The bacterial strains and plasmids used in this study are described in Table 3. E. coli 

strains were grown in either 3-(N-morpholino)-propanesulfonic acid (MOPS) medium 

(Neidhardt et al., 1974) supplemented with 0.2% glucose, 1 ug/ml thiamine, and 50 ug/ml 

amino acids except arginine, Luria broth (LB)(1% tryptone, 0.5% yeast extract, and 1% 

NaCl)(Maniatis et al., 1982) or Terrific broth (TB) (1.4% tryptone, 2.7% yeast extract, 0.4% 

glycerol, 17 mM KH»POg, and 72 mM K,HPO,)(Tarrof and Hobbs, 1987). E. coli used 

for lysogen construction were grown in AYM medium (1% tryptone, 1% yeast extract, 

0.25% NaCl, and 0.2% maltose) (Simmons et al., 1987) and plated on MacConkey’s agar 

supplemented with ampicillin. Lambda infections used ATB top agar (1% tryptone, 0.5% 

NaCl, 10 mM MgSO, and 0.7% agar) and plates (Silhavy et al., 1984). E. coli used for P1 

infections used LGC broth (1% tryptone, 0.5% yeast extract, 1% NaCl, 0.2% glucose, 5 mM 

CaCl, and 10 mM MgCl,) and plates. Antibiotics were used at the following 

concentrations; ampicillin at 100 ug/ml, kanamycin at 20 ug/ml, and tetracycline at 12 ug/ml. 

Enzymes and reagents 

Restriction endonucleases, T4 DNA ligase, isopropylthio-8-galactopyranoside (IPTG), 

halogenated indolyl-8-D-galactopyranoside (Bluo-Gal), and NACS columns were purchased 

from Bethesda Research Laboratories, Inc. (BRL)(Gaithersburg, MD).
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Table 3. £. coli strains, plasmids, and bacteriophage used in Chapter II. 

  

Strain, plasmid, Description Reference or 

  

or bacteriophage source 

KC14 gal Kline 
KC14-1 A(argF-lac)U169 zah-735::Tn10 derivative of KC14 This study 
KCRM161 KC14-1 (ARM161) This study 
KCRM65 KC14-1 (ARM65) This study 
MC4100 F araD139 A(argF-lac)U169 rpsL150 

relA] fIbB5301 deoC] ptsF25 rbsR Casadaban 
MCRM161 MC4100 (ARM161) This study 
MCRM65 MC4100 (ARM65) This study 
CB806 F AlacZ lacY* galK rpsL thi recA56 phoA8 Schneider 
CBRM161 CB806 (ARM161) This study 
CBRM65 CB806 (ARM65) This study 
BD1412 Alac ara thi strA sup lac-pro Duncan 
SH205 Hfr A(argF-lac)U169 (zah-735::Tn10) Schweizer 
SH305 MC4100 AgipD102 recA] srl::Tn10 Schweizer 

Plasmids 
pCB267 lacZ transcriptional fusion vector Schneider 
pMC1403 lacZ translational fusion vector Casadaban 
pRM15 pGEM-3Z with a 3.2 kb AcclI-Ball fragment Moore 
pRM65 pMC1403 with a 2.1 kb BamHI fragment Moore 
pRM160 lacZ transcriptional fusion vector This study 
pRM161 pRM160 with a 2.1 kb BamHI fragment This study 
pRM162 pCB267 with a 2.1 kb BamHI fragment This study 
pRM200 pBR322 with a 884 bp PstI fragment This study 

Bacteriophage 
ARZS 4 lacZYA transcriptional fusion vector for recombination 

with plasmids pRM161 and pMC1403 Gunsalus 
ARM65 ARZS5 X pRM65 recombinant, Amp‘ This study 

4RM161 ARZS X pRM161 recombinant, Amp! This study 
P1::Tn5 Kan! Amp* Kuner 
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Ortho-nitrophenyl-8-D-galactopyranoside (ONPG) was purchased from Sigma Chemical Co. 

(St. Louis, MO). 1-!4C.L-arginine was from Dupont, NEN Research Products (Boston, 

MA). Nu-Sieve low-melt agarose was from FMC BioProducts (Rockland, ME). Southern 

hybridizations used the Genius hybridization kit from Boehringer Mannheim Biochemicals 

(Indianapolis, IN). 

Construction of a JacZ transcriptional fusion plasmid 

A transcriptional fusion vector for producing lambda lysogens was constructed by 

digesting plasmids pMC1403 (Casadaban et al., 1980) and pCB267 (Schneider and Beck, 

1986) with SmaI and SacI (Fig. 9). Each digest produced an approximately 1,930 bp Smal- 

Sacl restriction fragment and either a 7,970 bp or 6,170 bp fragment, respectively. The 1,930 

bp from pCB267 carries a multiple cloning site, the JacZ ribosome binding site and 1,951 

nucleotides of the lacZ ORF. Following digestion of pMC1403 and pCB267 with SmaI and 

Sacl, restriction fragments were separated on a 1.0 % Nu-Sieve gel. The gel bands 

containing the 7,970 bp fragment from pMC1403 and the 1,930 bp fragment from pCB267 

were excised, melted, ligated and transformed into E. coli DH5a. Exchanging this Smal- 

Sacl carrying the lacZ ribosome binding site with the SmaI-SacI fragment from pMC1403 

produced the transcriptional fusion vector, pRM160. Clones were selected that produced 

white, ampicillin resistant colonies on LB plates spread with 100 ul of Bluo-Gal (20 mg/ml). 

Recombinant plasmids were isolated and restriction sites were mapped to confirm their 

identity. 

Construction of transcriptional and translational spedtacZ fusions 

Transcriptional speA-lacZ fusions were constructed in plasmids pCB267 and pRM160, 

a derivative of pCB267. A 2,119 bp BamHI fragment containing the sped promoter and 

1,389 bp of the 5’-end of the sped gene was cloned into pRM160 and pCB267. Plasmid
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Figure 9. Construction of the transcriptional JacZ fusion plasmid pRM160. Plasmids 
pCB267 and pMC1403 were digested with SmaI and SacI. A 1.9 kb SmalI-SaclI restriction 
fragment from pMC1403 was removed and replaced by a 1.9 kb SmalI-SaclI fragment from 
pCB267 to produce pRM160.
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PpRM15 was digested with BamHI and the products were separated in a 1.0% Nu-Sieve gel. 

The band containing the 2,119 bp fragment was excised, melted, ligated into the BamHI site 

of pRM160 or pCB267, and transformed into E. coli DHS5a. Recombinant clones were 

selected on LB plates supplemented with ampicillin and spread with 100 ul of Bluo-Gal (20 

mg/ml). Plasmids were isolated from clones which produced blue, ampicillin resistant 

colonies. The identity and orientation of the 2,119 bp BamHI fragment in pRM161 or 

PRM162 was confirmed by restriction analysis. A translational speA-lacZ fusion carrying the 

same 2,119 bp BamHI fragment in plasmid pMC1403 has been previously described (see 

Fig. 3)(Moore and Boyle, 1990). 

P1 transduction of (argF-ac)U169 into E. coli KC14 

E. coli SH205 (zah-735::Tn10) carries A(argF-lac)U169 tightly linked with transposon 

Tnl0 (Schweizer and Boos, 1983). The selection of transductants is convenient due to the 

tetracycline resistance gene carried by Tn/0. The A(argF-lac)U169 (zah-735::Tn10) fragment 

was transduced to E. coli KC14 using a kanamycin resistant P1::Tn5 according to standard 

methods (Silhavy et al., 1984). Transductants were plated onto LB plates containing 

tetracycline and spread with Bluo-Gal. White, tetracycline resistant colonies were screened 

on LB or LB kanamycin plates spread with 100 ul of Bluo-Gal (20 mg/ml) to ensure that 

the P1 phage nor Tn5 had not integrated into the E. coli chromosome. E. coli KC14-1 was 

Lac’, tetracycline resistant and kanamycin sensitive and was chosen for studies of cAMP- 

and putrescine-mediated regulation of ADC. 

Construction of speA-lacZ lysogens 

E. coli MC4100 was transformed with either speA-lacZ fusion plasmid pRM161 or 

pRM65 and infected with lambda RZ5 (Jones and Gunsalus, 1987). Phage were harvested 

by treatment of the culture with chloroform and the cell debris was removed by



centrifugation. Lambda lysates were titered and used to produce lysogens in E. coli strains 

CB806, KC14-1, and MC4100. Lambda was preadsorbed to the bacteria for 20 minutes at 

room temperature and shaken for 2 h at 37°. Bacteria were plated on MacConkey lactose 

plates supplemented with 100 ug/ml ampicillin. Approximately ten Lact, ampicillin resistant 

clones were selected and assayed for 8-galactosidase activity. A lysogen containing a single 

speA-lacZ fusion was chosen based on its 6-galactosidase activity; the presence of a single 

lambda prophage was confirmed by Southern analysis. The presence of prophage in each 

E. coli strain was confirmed by UV induction of lambda phage. E. coli strains bearing 

transcriptional or translational speA-lacZ fusions were chosen for further study. 

Southern hybridizations 

Genomic DNA was isolated from E. coli strain KC14 and lysogens using CTAB 

(Ausubel et al., 1989). The DNA was digested with restriction enzyme XhoI and fragments 

separated on a 0.7% agarose gel. DNA bands were transferred to a Nytran nylon 

membrane by capillary blotting and cross-linked for 30 sec at 100 Watts (UV Stratolinker 

2400, Stratagene). Plasmid pRM15 was grown in TB, isolated, and purified on CsCl 

gradients. DNA restriction fragments for making probes for the speA and bla genes were 

obtained by digesting pRM15 with HinclII or with BglI and ScalI, respectively. The 

appropriate restriction fragments were separated on a 1% Nu-Sieve agarose gel and DNA 

extracted from the agarose using a NACS column. Probe DNA was labeled and hybridized 

according to the manufactors instructions. After the membrane was probed with bla DNA, 

the probe was removed, and the membrane was reprobed with a speA probe. 

Regulation of speA-lacZ by cAMP and putrescine 

A 5 ml culture of each E. coli strain was grown shaking overnight at 37° in MOPS 

medium supplemented with 0.2% glucose, 1 ug/ml thiamine, and 50 ug/ml amino acids
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except arginine. EE. coli strain KC14 was supplemented with IPTG (5 mM final 

concentration) to induce the lactose operon. The cultures were diluted into fresh media that 

either contained or lacked the appropriate effector; 5 mM or 10 mM (final concentration) 

cAMP or putrescine or 5S mM cAMP and 10 mM putrescine. Cells were grown for a 

minimum of three generations to a density of approximately 80 Klett Units and chilled on 

ice. Aliquots were removed from each culture, the absorbance at 600 nm recorded, and B- 

galactosidase activity determined. The remaining cells were harvested by centrifugation, 

washed with saline, and sonicated. 

Enzymes Assays and protein determination 

ADC activity was determined by decarboxylation of 14 arginine as previously described 

(Wright and Boyle, 1982). B-galactosidase activity was assayed by the method of Miller 

(1972). Protein concentrations were determined using the Bradford method (Bradford, 

1976). 

RESULTS 

Strain-specific repression of ADC by cAMP 

Because Shaibe et al. (1985a) had shown that ADC in certain strains of E. coli was not 

inhibited by cAMP supplementation, four strains of E. coli were tested. The amount of 

repression in these E. coli strains was found to be strain-specific. The specific activity of 

ADC from E. coli strains KC14, BD1412, CB806, and MC4100 grown in the presence of 

5 mM cAMP was approximately 62, 92, 84, and 81%, respectively, of the ADC activity of 

bacteria grown in the absence of cAMP. This reduction in ADC activity was reproducible 

and did not vary significantly among experiments. The lactose operon of strain KC14 

(cultured in 5 mM IPTG) was induced 1.5- to two-fold by the addition of 5 mM cAMP.
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Addition of 10 mM cAMP to cultures of E. coli KC14 increased the induction of the lactose 

operon of strain KC14 to 2.4-fold. 

Construction of a lac mutant of E. coli strain KC14 

The Lac’ E. coli KC14-1 was used as a host for speA-lacZ lambda lysogens in speA 

regulatory studies. All of the 34 tetracycline resistant clones recovered produced white 

colonies on LB plates spread with Bluo-Gal and were kanamycin sensitive, indicating that 

neither the P1::Tn5 or Tn5 had integrated into the E. coli chromosome. Six of these clones 

were grown to early log phase and assayed for £-galactosidase activity in LB media 

supplemented with ampicillin. None of the transductants produced any detectable B- 

galactosidase activity compared to 1,220 units of B-galactosidase produced by the parental 

strain, E. coli KC14. 

The lacZ and speA genes are well separated on the E. coli K-12 chromosome, located 

at 6 and 62.9 min, respectively. The ability of cAMP and CRP to repress the ADC activity 

in E. coli KC14-1 was tested using the parental strain KC14 as a control. Cultures of E. coli 

KC14 and KC14-1 grown in MOPS minimal medium supplemented with 5 mM cAMP 

produced 65% and 62% of the ADC activity of control cells. The lactose operon of E. coli 

KC14 expressed 1,225 units of 8-galactosidase when induced by IPTG and 5 mM cAMP, but 

KC14-1 produced no detectable 8-galactosidase activity. Furthermore, E. coli KC14 and 

KC14-1 grew at the same rate and the growth rates were not affected by the addition of 5 

mM cAMP to the medium. 

B-galactosidase activities of speA-lacZ fusions 

To determine whether B-galactosidase is being expressed from the speA promoter f- 

galactosidase activities of plasmid borne speA-lacZ fusions was assayed. E. coli CB806 was 

transformed with one of the following plasmids; pRM160, pMC1403, pRM161, pRM162 or
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pRM65 (Table 3). Bacteria were grown to mid-log phase, harvested and assayed for B- 

galactosidase activity (Table 4). The transcriptional speA-lacZ fusions pRM161 and 

pRM162 produced 124 and 98 units of B-galactosidase, respectively. The translational speA- 

lacZ fusion pRM65 produced 1,192 units of B-galactosidase. The 10-fold increase in B- 

galactosidase activity produced by the translational speA-lacZ fusion appears to be an 

artifact of the transcriptional fusion vectors pCB267 and pRM160. The translational 

termination codons preceeding the lacZ gene and the /acZ ribosome binding site in pRM160 

were derived from pCB267. Plasmids pRM161 and pRM162 each carry identical 2.1 kb 

BamHI fragments in which the speA reading frame uses a translation termination codon 

(TAG) that overlaps the lacZ ribosome binding site (AGAGGG). Apparently a ribosome 

that stalls at the TAG translation termination codon hinders intitiation of translation of the 

lacZ mRNA, resulting in a decrease in the B-galactosidase activity. 

Plasmid pCB267 contains a pair of divergently oriented indicator genes, lacZ and phoA, 

so that divergent promoter activity can be monitored. Plasmid pRM162 contains a speA- 

lacZ fusion in pCB267 using a 2.1 kb BamHI fragment identical to those carried by pRM65 

and pRM161. When pRM162 was assayed for promoter activity divergent to speA none was 

found. It is not known whether any metK regulatory sequences are contained in the 2.1 kb 

BamHI fragment. 

In order to accurately examine the influences of effectors on the speA promoter, single 

copies of the transcriptional and translational speA-lacZ fusions were transfered to the 

chromosomes of E. coli strains KC14-1, CB806, and MC4100. When each strain carrying 

either a transcriptional or a translational speA-lacZ fusion was assayed for B-galactosidase 

activity, fusions in E. coli CB806 produced the highest level of B-galactosidase and fusions 

in strain KC14-1 produced the least (Table 5, Fig. 10).



Table 4. B-galactosidase activities of transcriptional and translational speA-lacZ 
fusion carried on plasmids. Units of B-galactosidase are according to Miller (1972). 
* 2.1 kb BamHI fragment in pRM160; ** 2.1 kb BamHI fragment in pCB267. 

  

B-Galactosidase 

  

Strain Plasmid Type Activity 

KC14 none lac operon 1,990 

CB806 pRM160 vector 0 

CB806 pRM161. _ transcriptional 124 

CB806 pRM 162°" transcriptional 98 

CB806 pMC1403 vector 0 

CB806 PpRM65 translational 1,192 
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Table 5. ADC and B-galactosidase activities of E. coli strains grown in MOPS- 
glucose medium. ADC activity expressed as picomoles CO, formed per hour per 
mg protein. B-galactosidase activity is calculated according to Miller (1972). TS = 
transcriptional; TL = translational. 

  

  

  

  

Strain Fusion ADC” B-Galactosidase 

KC14 none 253 + 15.9 2235" + 165.5 

KC14-1 none 246 + 9.2 0 

AKCRM161 TS 264 + 18.0 8-16 

AKCRM65 TL 246 + 7.9 66 + 7.2 

CB806 none 141 + 6.4 0 

ACBRM161 TS 157 + 15.8 7-12 

ACBRM65 TL 143 + 9.8 433 + 35.4 

MC4100 none 280 + 5.1 0 

AMCRM65 TL 315 + 22.9 180 + 28.2 

  

* = Specific activity + standard deviation. 
** = lactose operon induced with 5 mM IPTG.



Strain Specific 
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with or without a lambda lysogen speA-lacZ Figure 10. ADC activities of E. coli strains
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The speA promoter appears to be weakly expressed. Although the translational speA- 

lacZ fusion in E. coli lysogen strain AKCRM65 produced more f-galactosidase activity than 

did the corresponding transcriptional fusion, the level of B-galactosidase expression remained 

lower than that produced by the lactose operon in strain KC14. 

Southern hybridization 

The presence of the B-lactamase gene in the chromosomes of E. coli strains bearing 

lambda lysogens was confirmed using a labeled 360 bp BglI-Scal restriction fragment derived 

from the bla gene of pRM15 (Fig. 11). Each of bands corresponding to a bla gene also 

contained sped DNA as determined by a sped probe (Fig. 11). DNA fragments that 

hybridized to the the speA probe, but not to the bla probe were considered to be derived 

from the speA gene instead of the speA-lacZ fusion. The presence of more than one signal 

from each XhoI digest appeared to be due to incomplete digestion of the genomic DNA. 

Regulation of ADC and speA by cAMP and putrescine 

The presence of a second copy of the speA promoter in the chromosome of E. coli 

strains containing speA-lacZ fusions did not produce any detectable effect on the speA 

regulation by 5 mM cAMP or 10 mM putrescine. The addition of 5 mM cAMP to cultures 

of E. coli strains carrying single copies of speA-lacZ fusions resulted in a strain-specific 

reduction in ADC activity (Table 6, Fig. 12). While the reduction varied with the strain 

tested, the B-galactosidase activity of both transcriptional and translational speA-lacZ fusions 

was not repressed. In contrast, the B-galactosidase activity of the lactose operon of strain 

KC14 increased 1.5-fold. The generation time of each strain remained constant when the 

bacteria were grown either in the presence or absence of 5 mM cAMP or 10 mM putrescine 

(Table 7). Thus, the changes in activity can not be attributed to a reduction in the growth 

rate. Increasing the cAMP concentration to 10 mM did not effect the growth of E. coli



  
bla speA 

Figure 11. Southern blots of E. coli Alysogen genomic DNA. Approximately 0.2 to 2.0 ug 
of genomic DNA was digested with 30 units of XhoI and separated on a 0.7% agarose gel. 
The membrane on the left was probed with a labeled 360 bp BgiI-Scal restriction fragment 
(bla) and the membrane on the right was probed with a 1,077 bp Hincll restriction fragment 
(sped). Lane M is molecular weight standards; lane C is positive control (linear pRM15); 
lane 1 is E. coli ACBRM65; lane 2 is ACBRM161; lane 3 is AKCRM65; lane 4 is 

AKCRM161; lane 5 is AMCRM6S5. Bands appearing in both Southern blots (} and size 
standards (bp) are indicated.
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Summary of ADC Activities 
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al Irying a translation Figure 12. Summary of relative ADC activities of E. coli strains ca 
speA-lacZ fusion.
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Table 7. Generation times (min) of various E. coli strains grown 
for three to four generations in MOPS-glucose medium. PG indicates 
poor growth due to inhibited growth rate. 

  

  

cAMP Putrescine cAMP -+ Putrescine 

Strain None 5mM 10mM 5mM 10mM  5mM+10 mM 

KC14 62 62 64 60 62 64 

AKCRM161 66 66 -- -- 64 65 

AKCRM65 __ 66 66 60 66 60 62 

ACBRM161_ 60 -- -- -- 60 58 

ACBRM65 = 55 50 PG 58 60 48 

AMCRM65— 42 34 lysis 40 50 lysis 
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KC14, AKCRM161 or AKCRM65, but increased the induction of the lactose operon of 

strain KC14 from the speA-lacZ fusions of strain AKCRM161 or AKCRM65 changed. 

These results indicate that cAMP and CRP do not repress the speA gene directly, but act 

indirectly to inhibit the activity of ADC. 

Addition of 10 mM putrescine to E. coli KC14 did not effect expression of p- 

galactosidase from the lactose operon. The ADC activity of cultures of strains AKCRM65 

and ACBRM65 were reduced 24% and 31% while the B-galactosidase activity was reduced 

41% and 40%, respectively (Table 6, Fig. 13). When cultures were grown in the presence 

of both 5 mM cAMP and 10 mM putrescine, the lactose operon of EF. coli strain KC14 was 

induced 2.3-fold. Strain AMCRM65 was induced to lytic growth when grown under these 

conditions. The ADC activity of FE. coli AKCRM65 and ACBRM65 was reduced 61% and 

46% and B-galactosidase activity was reduced 52% and 41%, respectively. These results 

suggest that cAMP does not directly repress speA transcription. Therefore, cAMP and 

putrescine reduce ADC activity via independent mechanisms because (i) ADC, but not the 

speA-lacZ fusions respond to cAMP, (ii) both ADC and the speA-lacZ fusions do respond 

to putrescine, and (ili) the effects of cAMP and putrescine on ADC and f-galactosidase 

activities are additive.
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Summary of B-Gal Activities 
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5 mM cAMP 10 mM cAMP 10 mM 5mM cAMP plus 

Putrescine 10 mM Putrescine 

MB Kc14 KCRM65_~_— [___.] CBRM65 MCRM65 

Figure 13. Summary of relative B-galactosidase activities of E. coli strains carrying a 
translational speA-lacZ fusion.
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DISCUSSION 

The cAMP-CRP complex regulates gene expression by a number of mechanisms. 

cAMP-CRP can act directly by binding near promoters of regulated genes to alter the rate 

of of transcription (de Crombrugghe et al., 1984; Ullmann et al., 1983) or the complex can 

inhibit the activity of an enzyme, as in the case of adenylate cyclase (cya) (Majerfeld et al., 

1981). cAMP-CRP could also control speA transcription indirectly by controlling the 

synthesis of a repressor protein or an antisense (divergent) RNA, as in crp gene (Okamoto 

and Freundlich, 1986). As a first step to determine whether transcriptional or post- 

translational mechanisms were operative in regulating ADC, we constructed transcriptional 

and translational speA-lacZ fusions and transfered single copies of either type of fusion to 

the chromosomes of several strains of E. coli. The presence of a second copy of the speA 

promoter in the E. coli chromosome did not alter either cAMP or putrescine mediated 

regulation of ADC activity. E. coli strains carrying speA-lacZ fusions as lysogens produced 

the same ADC specific activity and grew at the same rate as cells without the fusion. 

Therefore, any effector that is required for regulation of speA is not limiting in lysogenized 

cells (ie. diploid for speA promoter). 

The ADC::B-galactosidase hybrid protein contains 70% of the sped ORF beginning with 

the 5’-end (Moore and Boyle, 1990). The ADC::8-galactosidase fusion protein does not 

produce an active ADC in addition to B-galactosidase since the specific activity of ADC in 

cells bearing a translational speA-lacZ fusion remains the same as the host cells without the 

fusion. This finding is not unexpected as the deletion of 355 nucleotides (18% of speA) of 

the 3’-end of the sped ORF results in the loss of ADC activity (Moore and Boyle, 1990). 

Since the expression of B-galactosidase from E. coli strains carrying translational speA-lacZ 

fusions are not effected by cAMP, the regulation of ADC activity by cAMP-CRP does not
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appear to be at the transcriptional or translational level. It is still possible, however, that 

the 30% of the 3’-end of the sped mRNA missing in the speA-lacZ fusion is required for 

some type of translational regulation of ADC. 

In vitro and in vivo studies have shown cAMP-CRP regulates the activity of adenylate 

cyclase (cya) post-translationally, at the enzyme level (Majerfeld et al., 1981; Ullmann and 

Danchin, 1983). It appears that the activity of ADC is also regulated post-translationally 

either directly or indirectly by the cAMP-CRP complex. This was unexpected as the region 

upstream of speA contains a CRP-like binding sequence, 5’-TGTGC-3’ (consensus: 5’- 

TGTGA-3’), located near the sped promoter (Moore and Boyle, 1990). Gel retardation 

assays showed that changing the CRP binding sequence of the lactose operon from 5’- 

TGTGA-3’ to 5’--TGTGC-3’ reduced, but did not abolish, CRP binding (Jansen, 1987). 

Although this site may bind cAMP-CRP complex in sped, results of speA-lacZ fusion 

experiments indicate that cAMP-CRP does not control the expression of ADC at the 

transcriptional level. Neither the B-galactosidase activity of transcriptional or translational 

speA-lacZ fusions significantly decreased in response to cAMP, in contrast to the reduction 

in the ADC specific activities in the same cells. 

Because cAMP supplementation is known to alter the growth rate of EF. coli, a number 

of E. coli strains were tested for their responsiveness to cAMP. The effects on the growth 

rate and degree of regulation of sped expression by cAMP was determined to be strain- 

specific. The decrease in ADC specific activity varied from 9 to 40% depending on the 

strain of E. coli tested. This finding supports the observation by Shaibe et al. (Shaibe et al., 

1985a) that the activities of ADC and ODC from some E. coli strains are not regulated by 

cAMP. Shaibe et al. also noted that the cAMP-mediated regulation of ADC and ODC 

occurred in strains with a slow growth rate. The ability of E. coli strains to regulate ADC
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may be related to the intracellular level of cAMP in the cells before supplementation with 

cAMP. E. coli strain KC14 and its lysogenized derivatives growing in MOPS-glucose 

minimal medium have a slow generation time (62 min) that was not affected by the addition 

of 10 mM cAMP in the cultures. In contrast, lysogenized E. coli MC4100 had a fast 

generation time (42 min) in the same medium, but lambda phage were induced when the 

bacteria were grown with 10 mM cAMP. The slow growth rate of E. coli KC14 and its 

derivatives may reflect low intracellular levels of cAMP as cya mutants have been shown to 

have a slower growth rate compared to wild type bacteria (D’Ari, 1988). Addition of 

exogenous cAMP to the growth medium would be expected to have a greater effect on the 

ADC activity of E. coli strains containing low levels of cAMP. 

Addition of putrescine to the growth medium also results in reduced ADC expression. 

Our results support the observation of Tabor and Tabor (1969) that putrescine caused 

inhibition of ADC and repression of sped. The specific activity of ADC from E. coli grown 

in a chemostat decreased approximately 45% following the addition of 10 mM putrescine. 

The specific activity of ADC and f-galactosidase in E. coli strains carrying speA-lacZ fusions 

decreased 24 to 31% and 41 to 47%, repectively, in cultures containing 10 mM putrescine. 

The amount of repression of the speA gene by putrescine was determined to be independent 

of the strain tested. 

Based on in vitro studies, putrescine can competitively inhibit ADC activity (Tabor and 

Tabor, 1969). A possible means by which putrescine could negatively regulate ADC activity 

post-translationally would be if putrescine induced the synthesis of two basic proteins, called 

antizymes, that are known to inhibit the activity of ADC (Panagiotidis and Canellakis, 1984). 

These ADC antizymes have been identified as ribosomal proteins S20/L26 and L34 

(Panagiotidis and Canellakis, 1984). However, there are no published reports in which
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cAMP-CRP induces the synthesis of ribosomal proteins. 

The addition of 5 mM cAMP to cultures supplemented with 10 mM putrescine did not 

further decrease the B-galactosidase activity of speA-lacZ fusions. This result supports the 

conclusion that cAMP does not regulate speA transcription. The decrease in ADC activity 

in E. coli strains supplemented with 5 mM cAMP and 10 mM putrescine was additive, 

indicating independent regulatory mechanisms. The same observation was observed for 

ADC activity in E. coli KC14 (Leigh Busse, MLS. thesis, 1988, VPI and SU).



SUMMARY / FUTURE DIRECTIONS 

The following conclusions can be drawn from the experiments presented in this thesis: 

1. The speA gene encoding ADC is comprised of a 1974 bp ORF. 

a. The predicted amino acid composition and molecular size of the ORF, 73,980 Da, 

closely resembles that of purified ADC. 

b. The 5’-end of the ORF contains a signal sequence with a net negative charge 

c. The speA gene is separated from the speB gene by 140 bp that contains a rho- 

independent terminator. 

d. Restriction analysis of speA maps the gene to 62.9 minutes on the Kohara physical 

E. coli map. 

2. ADC has a consensus pyridoxal phosphate binding site as well as additional conserved 

amino acid sequences of enzymes which bind similar substrates. 

3. Transcriptional and translational speA-lacZ fusions indicate that the speA promoter is at 

least 10-fold weaker than the lacZ promoter. 

4. cAMP and CRP inhibit ADC activity either indirectly or directly at the post-translational 

level. 

5. Putrescine represses speA expression at the transcriptional level. 

6. cAMP-CRP complex and putrescine negatively control ADC through independent 

regulatory mechanisms. 

The translation of sped mRNA could initiate at either of three possible sites in the speA 

ORF. The amino acid sequence of the amino terminus of ADC has not been determined 

78
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because the ADC amino acid terminus is blocked. Thus, it is not clear at this time which 

of these sites actually functions in vivo. In an attempt to predict which of these sites actually 

functions in speA, the three potential signal peptides were searched for characteristics typical 

of E. coli signal peptides and signal peptidase cleavage sites. The amino terminus of each 

of the possible signal peptides carries a different charge (-2, -1, or +1), so the kinetics of 

translocation into the periplasm of wild type and mutant signal peptides was compared to 

the rate of transport of ADC. 

The first possible translation initiation site (site 1) would use a four bp Shine-Dalgarno 

sequence (GAGG), begin at the 5’-end of the speA ORF (Met), and would produce an 

ADC signal peptide with a net negative charge (-2). Most bacterial signal peptide contain 

a positively charged amino terminus and are rapidly transproted, usually within one min. 

Mutant E. coli maltose binding protein or lipoprotein signal peptides containing a negatively 

charged amino acid terminus are still translocated to the periplasm, but at a slower rate than 

the wild type. The kinetics of translocation of ADC closely resembles those of mutant signal 

peptides carrying a -2 charge, requiring six and eight min, respectively, to transport all 

precursor forms into the periplasm. The reduced rate of transport in signal peptide mutants 

does not appear to be dependent on the type of signal peptidase used to remove the signal 

peptide; maltose binding protein uses signal peptidase I (Lep) and lipoprotein uses signal 

peptide II (Lsp)(von Heijne, 1990). The predicted amino acid sequence of the sped ORF 

was searched for possible signal peptidase I cleavage sites using the so-called "(-3,-1)-rule" 

and for signal peptidase II cleavage sites using the consensus sequence, Leu-Ala-(Gly, Ala) 

| Cys. Processing of the ADC signal peptides does not appear to involve signal peptidase 

II as none of the potential ADC signal peptides contains a signal peptide consensus 

sequence in the appropriate location. No obvious signal peptidase I was identified for signal
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peptides originating at the 5’-end of the sped ORF. 

A second potential translation initiation site (site 2) begins with Met, 26 amino acids into 

the sped ORF. This site contains a larger, six bp Shine-Dalgarno sequence (AGGAGG) 

and would produce a signal peptide with a -1 charge. Attempts to identify a signal peptide 

processing site using the above criteria were unsuccessful. Finally, a signal peptide 

beginning at a Met, 35 amino acids into the sped ORF (site 3) would use a 6 bp Shine- 

Dalgarno sequence (AGGAAG) and possess a positively charged signal peptide (+1) 

characterisitic of most bacterial signal peptides. Postively charged signal peptides are usually 

translocated very quickly, usually within 30 to 60 seconds. Pulse chase experiments have 

shown that the ADC requires at least six min for the signal peptide to be processed. It is 

not clear how the rate of translocation of a positively charged ADC signal peptide is 

significantly reduced compared to other positively charged E. coli signal peptides. Site 3 

does not contain an obvious signal peptide I processing site. In summary, site 1 would 

produce a signal peptide with transport kinetics resembling that of ADC, while site 3 would 

produce a signal peptide with a characteristic postively charged amino terminus. It may be 

possible to determine the amino acid seqeunce of the precursor form of ADC. This would 

be possible by purifying ADC from E. coli grown in the presence of an inhibitor of signal 

peptidase, such as globomycin C, or E. coli mutants defective in signal peptidase I and signal 

peptidase II. 

The results in this dissertation have set the stage for defining the exact nature of the 

post-translational mechanism by which cAMP-CRP regulates ADC activity and putrescine 

represses speA expression. In the EF. coli strains KC14, CB806, and MC4100, there is a 

correlation between their ability to grow in high levels of cAMP (10 mM) and their and its 

derivatives grow in MOPS-glucose minimal medium at a relatively slow rate, with a
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generation of approximately 62 min. Derivatives of E. coli CB806 and MC4100 grow in the 

same medium at a faster rate, with generation times of approximately 40 and 50 min, 

respectively. The growth rates of E. coli KC14 and its derivatives were not affected, but 

growth of E. coli CB806 and MC4100 derivatives were severely inhibited by 10 mM cAMP. 

E. coli MC4100 appears to be the most sensitive to cAMP since the prophage in AMCRM65 

was induced, followed by lysis of the cells. Presumably, the intracellular level of cAMP in 

E. coli KC14 derivatives remains relatively low following the addition of exogenous cAMP. 

These results suggests that FE. coli KC14 either produces high levels of phosphodiesterase 

or transports cAMP inefficiently. 

The amount of repression of ADC activity by cAMP-CRP and the ability to grow in the 

presence of high levels of cAMP was determined to be strain-specific. The ADC activity 

of E. coli KC14 grown in MOPS-glucose minimal medium supplemented with 5 mM cAMP 

was reduced approximately 35 to 40% while the ADC activity in strains CB806 and MC4100 

was reduced 19 to 24%. The strain-specific response to exogenous cAMP may be due to 

different intracellular concentrations of cAMP in each strain. E. coli KC13 is deleted in the 

cya gene encoding adenylate cyclase and is unable to synthesize cAMP. When E. coli KC14 

(wild type) or KC13 (cya) are grown in the presence of 5 mM cAMP, the activity of ODC 

is repressed 40% and 60%, respectively (Leigh Busse, M.S. thesis, VPI and SU, 1988). The 

50% increase in ADC repression in FE. coli KC13 is probably due to a lower initial 

concentration of cAMP. If the initial concentration of cAMP was lower in E. coli KC14 and 

its derivatives, those strains should show a greater response to supplemented cAMP. Thus, 

the negative effects on ADC activity would also be greater. In order to validate these 

possibilities, it will be necessary to measure cAMP levels and phosphodiesterase activity in 

the various E. coli strains. It would even be possible to assess this genetically by introducing
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cya and cpd mutations into the strains. 

Whether cAMP-CRP regulates the activity of ADC directly or indirectly can be tested 

in vitro by adding cAMP to cell extracts containing low levels of cAMP and assaying ADC 

activity. E. coli KC13 cannot synthesize cAMP due to a mutated adenylate cyclase gene 

(cya). In the absence of cAMP, the crp gene is derepressed, and cellular CRP levels will be 

high. Thus, a cell lysate from FE. coli KC13 grown in MOPS-glucose medium should contain 

relatively high ADC activities compared to the wild type (E. coli KC14) due to the lack of 

cAMP-CRP complex. The addition of cAMP to this lysate will result in a decrease in the 

specific activity of ADC only if cAMP-CRP regulates ADC directly. 

Putrescine regulates ADC expression primarily at the transcriptional level. When 

bacteria were grown in the presence of 10 mM putrescine the decrease in B-galactosidase 

activity from the speA-lacZ fusions matched or was slightly greater than the decrease in the 

ADC activity. The increase in repression exhibited by B-galactosidase is probably due to the 

enzyme having a slower turnover rate or increased enzyme stablity compared to ADC. 

There was little inhibition of ADC by putrescine unless it also binds to the ADC::B- 

galactosidase hybrid protein to regulate B-galactosidase activity. This does not seem likely 

as the cells were washed free of putrescine prior to lysis and the concentration of 

intracellular putrescine was diluted at least 1,000-fold in the process of making cell extracts. 

If the synthesis of ADC antizymes are induced by putrescine, they did not significantly 

contribute to post-translational regulation of ADC activity. 

Putrescine could regulate speA directly by interacting with the sped promoter or 

indirectly by interacting with a regulatory protein. The direct interaction of putrescine with 

the speA promoter could be tested using an in vitro transcription assay. A purified DNA 

fragment containing the speA gene and 5’-regulatory region could be transcribed in the
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presence or absence of putrescine and the levels of sped mRNA measured. If the addition 

of putrescine results in a decrease in the rate of sped mRNA synthesis, then putrescine acts 

directly at the speA promoter, either by interacting with RNA polymerase or an initiation 

factor. 

Putrescine could also regulate ADC indirectly, by interacting with a repressor protein. 

The existence of a speA repressor protein could be tested using a gel-retardation assay or 

DNasel protection experiment. Crude lysates from E. coli grown in MOPS-glucose medium 

in the presence of putrescine would be incubated with a DNA fragment containing the speA 

promoter and 5’-regulatory region. If a putrescine interacts with a speA repressor protein 

to enhance its binding to the speA regulatory region, the mobility of the DNA fragment 

containing the speA operator site will be reduced in a gel-retardation assay. A DNAasel 

footprinting experiment using the same cell extract would reveal the site at which the 

regulatory protein binds.
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