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ABSTRACT 

Escherichia coli 5’-nucleotidase is a periplasmically localised enzyme capable of 

hydrolysing a broad range of substrates, including all 5’-ribo- and 5’-

deoxyribonucleotides, uridine diphosphate sugars, and a number of synthetic substrates 

such as bis (ρ-nitrophenyl) phosphate.  The enzyme has been shown to contain at least 

one zinc ion following purification, and to have two metal binding sites in the catalytic 

cleft.  5’-Nucleotidase activity is significantly stimulated by the addition of particular 

divalent metal ions, most notably cobalt which results in a 30-50 fold increase in 

activity.  Significant sequence homology between the E. coli 5’-nucleotidase and 

members of the Ser/Thr protein phosphatase family in the catalytic site has lead to 5’-

nucleotidase being included in this protein family.   

 

This thesis describes the development of a rapid purification methodology for milligram 

quantities of 5’-nucleotidase, and the investigation of a number of physical and 

biochemical properties of the enzyme with the aim of comparing these properties to 

those of certain catalytic site mutants.  The molecular weight of the mature protein was 

estimated as 58219 daltons, with a specific activity for 5’-AMP, in the presence of 4 

mM Co2+ and 13 mM Ca2+ at pH 6.0, of 730 µmol/min/mg.  The presence of up to two 

zinc ions associated with the purified enzyme was observed using ICP-ES analysis, 

suggesting both metal ion binding sites are occupied by zinc in vivo, and some degree of 

displacement of zinc by cobalt could be observed.  Mass spectrometry data, gathered at 

60 and 70 mS orifice potential, suggested the presence of a small proportion of material 

with a mass 118 to 130 daltons greater than the main 5’-nucleotidase mass estimation.  

This study suggests that this mass difference, only evident at the lower orifice potential, 

is due to the presence of two zinc ions closely associated with 5’-nucleotidase. 
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To account for the observed high level of activation of 5’-nucleotidase activity by 

particular divalent metal ions, this thesis describes a proposed model in which these 

divalent ions may displace the zinc ion at one of the metal ion binding sites.  This 

displacement only occurs at one of the two metal ion binding sites, with the other metal 

binding site retaining the zinc ion already present.  Studies with purified enzyme, each 

with a single amino acid substitution, lend support to this hypothesis and suggest the 

identity of the metal ion binding site at which displacement occurs. 

 

Seven key catalytic site residues (Asp-41, His-43, Asp-84, His-117, Glu-118, His-217 

and His-252) were selected on the basis of sequence conservation within the Ser/Thr 

protein phosphatases and 5’-nucleotidases.  X-ray crystallographic data published by 

others during this study implicated five of the selected residues (Asp-41, His-43, Asp-

84, His-217 and His-252) directly in metal ion binding, including two residues from 

each metal ion binding site and one directly involved in both sites (Asp-84).  The 

remaining two residues (His-117 and Glu-118) are highly conserved but were not 

thought to play direct roles in metal ion binding.  The seven selected residues were 

modified by site-directed mutagenesis, and the effect of the amino acid substitutions 

upon the kinetic properties of 5’-nucleotidase activity was determined.  Residues 

hypothesised to be involved in metal ion displacement, and subsequent activation of 5’-

nucleotidase activity, were identified by reductions in metal ion affinity and increased 

levels of activation by cobalt compared to the wild type 5’-nucleotidase.  This study 

suggests that the metal binding site, M2, that includes residues Asp-84, His-217 and 

His-252, is involved in metal ion displacement, while the other metal binding site, M1, 

is not.  This, in turn, suggests the metal binding sites are functionally non-equivalent 
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and kinetically distinct.  No residues were identified in this study as playing significant 

roles in substrate binding, as there was no significant reduction observed in affinity for 

5’-AMP observed in any of the catalytic site mutants.   
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CHAPTER 1: INTRODUCTION 

 

1-1 5’-NUCLEOTIDASES: AN OVERVIEW 

5’-Nucleotidase activity was initially described in heart and skeletal muscle tissue (Reis, 

1934), and has subsequently been described in other vertebrate tissues, invertebrates 

such as insects, plant cells and bacteria (Ipata, 1968; Volknadt et al, 1991; Willadsen et 

al, 1989; Drummond and Yamamoto, 1971; Melo and Glaser, 1966).  They have been 

reported in various subcellular locations (mitochondria, microsomes, Golgi apparatus 

and cytosol), as well as membrane-bound, surface located forms.  5’-Nucleotidases 

catalyse hydrolysis of phosphates from the 5’ carbon of the ribose or deoxyribose sugar 

of a 5’-nucleotide.  A broad range of substrate specificities have also been reported, 

from 5’-mono-, 5’-di- and 5’-trinucleotides, to complex nucleotides such as UDP-

glucose (Lee and Ford, 1988; Ruiz et al, 1989; Volknandt et al, 1991; Zimmermann, 

1992).  Enzymes with 5’-nucleotidase activity have been implicated in a diverse range 

of biological functions, ranging from complete hydrolysis of extracellular ATP to cell-

cell interactions.  Expression of 5’-nucleotidase in eukaryotic cells may be regulated by 

external factors; this enzyme may be transiently expressed during cell development or 

its expression altered during disease (Dixon and Purdom, 1954; DePierre and 

Karnovsky, 1974; Sundermann, 1990). 

 

The vertebrate 5’-nucleotidases have been grouped according to their cellular location 

and molecular and kinetic properties into four categories: one membrane-bound form 

and three soluble forms.  The membrane-bound form, ecto-5’-nucleotidase or e-N, 

occurs as a surface-located ectoenzyme anchored to the plasma membrane via a 
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glycosyl phophatidylinositol (GPI) anchor bound to the C-terminal serine residue of the 

mature protein (Ogata et al, 1990; Zimmermann, 1992; Resta et al, 1993).  The 

substrate specificity of this form of 5’-nucleotidase appears to be fairly broad, with 

UDP-glucose hydrolase activity reported from purified e-N derived from placental 

microsome fraction (Fox and Marchant, 1976) and electric ray electric organ 

(Volknandt et al, 1991).  FAD pyrophosphatase activity has been reported for 5’-

nucleotidase prepared from human placental trophoblastic microvilli (Lee and Ford, 

1988).  Zn2+ has been reported in a 2:1 molar ratio tightly bound to e-N from chicken 

gizzard, bull seminal plasma and snake venom, and activity of the enzyme is increased 

by the addition of Mg2+(Fini et al, 1990).  One of the soluble forms, e-Ns, appears to be 

derived from the membrane-bound e-N, and is recognized by antibodies raised against 

e-N (Zekri et al, 1988).  e-Ns has numerous close similarities to e-N, ranging from 

inhibition (by ATP, ADP, adenosine, 5’-[α,β-methylene]-disphosphate, concanavalin 

A) N-terminal sequence, and general kinetic characteristics (Fredholm and Lindgren, 

1983; Klemens et al, 1990; Fini et al, 1990).  The two other soluble cytosolic forms are 

differentiated upon the basis of their substrate affinities.  Cytoplasmic 5’-nucleotidase-I 

(c-N-I) has a high affinity for 5’-AMP, while cytoplasmic 5’-nucleotidase-II (c-N-II) 

has a high affinity for 5’-IMP (Truong et al, 1988; Skladanowski and Newby, 1990; 

Zimmermann, 1992).  Preliminary sequence data for c-N-I reveals no homology with e-

N, and the subunit molecular mass is significantly lower (40 kd for c-N-I compared to 

between 60 and 80 kd for e-N) (Yamazaki et al, 1991). 

 

Plant 5’-nucleotidases appear to vary considerably in functional and biochemical 

properties, and molecular masses between 50 and 69 kd have been reported, as well as a 

110 kd form in wheat germ.  No requirement for additional divalent ions has been 
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reported, and the range of substrate specificity appears to vary widely (Zimmermann, 

1992).  Yeast 5’-nucleotidase hydrolyses all ribo- and deoxyribonucleoside 5’-

phosphates, as well as possessing nucleotide pyrophosphatase activity.  It is incapable 

of hydrolysing sugar phosphates, and is activated by additional Co2+ or Ni2+.  It has 

been suggested that different active sites for pyrophosphatase and nucleoside 

phosphatase activity reside on the same protein (Takei et al, 1969). 

 

1-1-1 BACTERIAL 5’-NUCLEOTIDASES 

Bacterial 5’-nucleotidases have substantially different substrate specificities to the 

vertebrate enzymes, and are presumed to have different functional significance.  The 5’-

nucleotidases characterised thus far in bacteria share significant sequence identity 

(Resta et al, 1993; Zhuo et al, 1994; Innes, 1998), despite differences in cellular 

localisation and ion requirements.  A membrane-bound 5’-nucleotidase is found in 

halophilic and marine bacteria belonging to the genera Vibrio and Photobacterium 

(Tamao et al, 1991).  These 5’-nucleotidases hydrolyse 5’-tri-, 5’-di-, and 5’-

monophosphates, but do not hydrolyse 3’-nucleotides at all.  They have an absolute 

requirement for Cl- and one of either Mg2+, Mn2+, or Co2+ (Mg2+ results in the highest 

levels of activity);  Zn2+ is inhibitory.  Bacillus subtilis has two cytoplasmic 5’-

nucleotidases, one of which requires Mg2+ and is inhibited by Zn2+, Cu2+ and Fe2+ (Shiio 

and Ozaki, 1978). 

 

1-2 E. COLI  5’-NUCLEOTIDASE 

5’-Nucleotidase activity was first reported in E. coli during a study into enzymes 

released by osmotic shock (Neu and Heppel, 1965), and almost simultaneously in a 

study into nucleotide diphosphate hexose pyrophosphatases (Melo and Glaser, 1966).  
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E. coli 5’-nucleotidase, the focus of this study, possesses a broad substrate specificity, 

hydrolysing all 5’-ribo and 5’-deoxyribonucleotides, including di- and triphosphates.  It 

is also a uridine diphosphate sugar hydrolase, cleaving UDP-D-glucose, UDP-D-

galactose, UDP-acetyl-D-glucosamine and UDP-N-acetyl-D-galactosamine at 

comparable rates (Glaser et al, 1967; Neu, 1967a; Ruiz et al, 1989).  This latter range of 

substrates has given the E. coli 5’-nucleotidase (referred to in this thesis as 5’-

nucleotidase – the sources of other 5’-nucleotidases will be indicated where necessary) 

another commonly used name, uridine diphosphate sugar hydrolase (USH). In addition, 

5’-nucleotidase hydrolyses a synthetic chromogenic compound, bis (ρ-nitrophenyl) 

phosphate. 

 

1-2-1 PHYSICAL PROPERTIES AND CELLULAR LOCALISATION OF E. COLI 5’-

NUCLEOTIDASE 

A range of molecular weight estimations have been reported for 5’-nucleotidase, by 

several different methods.  Neu (1967a) and Ruiz et al (1986) estimated a mass of 52 kd 

using sucrose gradient centrifugation, while Wyatt (1972) estimated mass at 46.77 kd 

using size exclusion chromatography.  Beacham and Wilson (1982) estimated a 

molecular weight of 61 kd using SDS-PAGE analysis, and Burns and Beacham (1986) 

calculated masses of 60750.6 for the cytoplasmic precursor and 58134.8 for the mature 

(secreted) protein from the coding region of the ushA gene.  The University of 

Wisconsin E. coli Genome Project calculated a molecular mass of 60829.89 for the gene 

product of the ushA gene open reading frame.  Broad and Smith (1981) used several 

techniques to estimate molecular mass, and proposed an asymmetric shape for the 

mature enzyme.  Their estimations for the mass of 5’-nucleotidase of 66 kd based upon 

SDS-PAGE analysis and 48.5 kd using size exclusion chromatography are comparable 
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with figures obtained by other authors.  A mass of between 15 and 30 kd was estimated 

based upon membrane filtration data, and an elongated shape was proposed to account 

for the enzyme’s ability to pass though a membrane that excludes globular proteins with 

a molecular weight of over 30 kd.  Broad and Smith proposed a theory for the release of 

enzymes by osmotic shock governed by molecular size, based upon molecular weight, 

shape and sub-unit structure.  This theory, drawn from analogy with ultrafiltration 

membranes, proposed enzyme release by osmotic shock to be independent of cellular 

localisation in a periplasmic space (Vázquez-Laslop et al, 2001). 

 

The periplasm, located between the cytoplasm and the outer cell wall (Kumamoto, 

1991), is the cellular location of 5’-nucleotidase and other enzymes released by osmotic 

shock and spheroplasting of E. coli (Neu, 1967b; Heppel, 1971; Yagil and Beacham, 

1975).  The mature, periplasmic protein is derived from a higher molecular weight 

precursor by proteolytic removal of a 25-amino acid signal peptide (Burns and 

Beacham, 1986).  The cytoplasmic precursor appears to be present in significant enough 

quantities that its activity may disrupt nucleic acid metabolism in the cell (Neu, 1967b; 

Glaser et al, 1967).  A cytoplasmic inhibitor has been identified and partially purified, 

but a detailed characterisation has never been accomplished, nor has the gene encoding 

the inhibitor been identified (Neu, 1967b, Glaser et al, 1967).  It has been proposed that 

the cytoplasmic inhibitor serves to prevent the 5’-nucleotidase cytoplasmic precursor 

from competing for substrate with biosynthetic enzymes, which would disrupt the 

nucleic acid metabolism of the cell (Neu, 1967b).  More recently, it has been proposed 

that the role of the inhibitor is to protect the intracellular nucleotide pool from 

cytoplasmic 5’-nucleotidase activity (Innes et al, 2001). 
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Growth of E. coli K37 on synthetic media supplemented with 65ZnCl2, followed by 

purification of 5’-nucleotidase, revealed that 65Zn co-purified with 5’-nucleotidase, to 

the extent of 0.7 g atom per mole of enzyme (Dvorak and Heppel, 1968b).  Subsequent 

acid treatment of the isotope-associated enzyme resulted in release of 65Zn, and loss of 

activity.  Activity could be restored upon the addition of low concentrations of Zn2+ and 

Co2+.  This appeared to indicate that 5’-nucleotidase was a metallo-enzyme, presumably 

associated with zinc in vivo.  Subsequent X-ray analysis has demonstrated the presence 

of two zinc ions in the catalytic site (Knöfel and Sträter, 1999).  As the crystallisation 

buffers contained Zn2+, this data does not demonstrate the presence of zinc in both 

metal-binding sites in vivo or following purification.  

 

1-2-2 BIOCHEMICAL AND KINETIC PROPERTIES OF E. COLI  5’-NUCLEOTIDASE 

5’-Nucleotidase has a broad substrate specificity, hydrolysing all 5’-ribo and 5’-

deoxyribonucleotides, including di- and triphosphates, and uridine diphosphate sugars 

such as UDP-D-glucose, UDP-D-galactose, UDP-N-acetyl-D-glucosamine and UDP-N-

acetyl-D-galactosamine (Glaser et al, 1967; Neu, 1967a; Ruiz et al, 1989). Bis (5’-

nucleosidyl) polyphosphates, such as diadenosine 5’, 5’’’-P1, P3-triphosphate, are also 

hydrolysed in the presence of certain metal ions, most notably Mn2+ (Ruiz et al, 1989).  

A synthetic chromogenic compound, bis (ρ-nitrophenyl) phosphate, is also hydrolysed 

by 5’-nucleotidase, allowing enzyme activity to be determined spectrometrically by 

monitoring the liberation of ρ-nitrophenol at 405 ηm. 

 

The pH optima for catalysis vary with the substrate and any metal ions present in the 

assay.  pH optima have been determined for several substrates in the presence of Co2+ 

and Ca2+ (Neu, 1967a).  With 5’-AMP as substrate, activity was optimal between pH 5.7 
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and 6.1, while a pH optima between 6.7 and 7.1 was reported for ATP.  Hydrolysis of 

bis (ρ-nitrophenyl) phosphate was optimal between pH 6.0 and 7.4, while UDP-glucose 

pyrophosphatase activity was optimal between pH 7.0 and 8.0.  The effects of additional 

metal ions upon activity will be discussed below.  KM estimations have been reported 

for 5’-AMP (under a number of conditions), ATP, diadenosine 5’, 5’’’-P1, P3-

triphosphate, and uridine-(5’)-diphospho-(1)-α-D-glucose.  Apparent KM values for 

diadenosine 5’, 5’’’-P1, P3-triphosphate and uridine-(5’)-diphospho-(1)-α-D-glucose of 

35 µM and 45 µM, respectively, were obtained at pH 8.0 in the presence of Mn2+ (Ruiz 

et al, 1989), while an apparent KM of 120 µM was obtained for ATP in the presence of 

Co2+ and Ca2+ at pH 6.8 (Neu, 1967a).  KM estimations for UDP-D-glucose and UMP 

under a range of pH and metal ion environments have also been reported, and are in the 

range of 0.6 to 200 µM (Glaser et al, 1967).  Hydrolysis of 5’-AMP has been studied 

more extensively than any other substrate, and several KM values have been reported.  

At pH 6.0 in the presence of Co2+, an apparent KM of 45 µM was estimated (Ruiz et al, 

1989).  Under similar conditions, but with the addition of Ca2+, a KM of 33 µM was 

determined (Neu, 1967a).  At pH 8.0 in the presence of Mg2+, KM was estimated at 1.5 

µM (Glaser et al, 1967).  Neu (1967a) reported that the kinetic data for 5’-AMP and 

ATP, when determined in the presence of Co2+, do not fit a Lineweaver-Burk plot. 

 

Specific activity has been determined under a number of conditions, including in the 

presence of a range of divalent metal ions, and expressed as a proportion of the highest 

activity (Neu and Heppel, 1965; Neu, 1967a; Glaser et al, 1967; Broad and Smith, 

1981; Ruiz et al, 1989).  Several trends regarding activity under a range of conditions 

have emerged from these studies.  Enzyme activity is affected by metal ions in the assay 

environment, and these effects are dependent upon the pH.  Some divalent metal ions, 
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such as Zn2+, Fe2+ and Ni2+, are inhibitory at pH 6.8, while other divalent ions, most 

notably Co2+, Mn2+, Mg2+, and a combination of Co2+ and Ca2+, very significantly 

stimulate 5’-nucleotidase activity.   

 

Co2+ has the single most remarkable effect upon specific activity at pH 6.8, increasing 

activity approximately 60-fold compared to no added metal ions (Neu and Heppel, 

1965; Neu, 1967a), with a combination of Co2+ and Ca2+ increasing stimulation to 

almost double the level of Co2+ alone.  Mn2+ has an almost comparable effect upon 5’-

nucleotidase activity to Co2+.  Both Mn2+ and Co2+ have reported pH optima of 6.0 

(Neu, 1967a), while contrary data has been presented giving pH optima for Co2+ and 

Mn2+ of 7.0 (Glaser et al, 1967).  A further source has reported that Mn2+ has a pH 

optima of 8.0 (Ruiz et al, 1989).  Mg2+ has a modest level of stimulation at lower pH, 

but has a pH optima for stimulation at pH 8.0 (Glaser et al, 1967). 

 

Other zinc metalloenzymes have demonstrated increased activity when the native zinc is 

replaced with cobalt, either through displacement or reconstitution of the apoenzyme, 

although levels of activation are rarely greater than 5-fold.  Bovine zinc 

carboxypeptidase exhibits an increase of proteolytic coefficient from 7.6 ± 0.6 for the 

native, zinc-containing enzyme to 10.8 ± 0.7 for the apoenzyme reconstituted with 

cobalt (Coleman and Vallee, 1960).  The native zinc can also be displaced by cobalt in 

solution, with a consequent doubling of proteolytic activity.  Both native zinc ions in the 

E. coli RNA polymerase may be replaced with cobalt by growth in zinc-depleted, 

cobalt-enriched media, with no significant effect upon specific activity (Speckhard et al, 

1977).  Aeromonas proteolytica aminopeptidase is a zinc metalloenzyme containing two 

mol of zinc per mol of enzyme (Prescott et al, 1985).  The apoenzyme may be 
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reconstituted with one molar equivalent of zinc, restoring activity to normal levels, or 

with Co2+, Ni2+ or Cu2+, increasing activity relative to those with zinc 3.2-fold, 42-fold 

or 59-fold respectively.  Reconstitution with a second molar equivalent of metal ions 

has various effects upon activity, based on the combination of metal ions used and the 

order in which they are added to the apoenzyme.  These effects range from a minimal 

increase in activity for Zn2+-Co2+, to a 73-fold increase in activity for Cu2+-Zn2+.  The 

activation by Cu2+-Zn2+ is significantly different to that by Zn2+-Cu2+ (3.4-fold 

increase); this dependence of levels of activation upon the order of reconstitution is 

repeated for Ni2+ and Co2+.  An interaction between functionally non-equivalent metal 

binding sites has been suggested to account for this difference in levels of activation.  In 

contrast to the E. coli 5’-nucleotidase, the aminopeptidase is not activated in vitro by the 

addition of metal ions, and only one metal binding site is involved in catalysis. 

 

Reported specific activity values for 5’-AMP include 12.6 µmol/min/mg, at pH 8.0 in 

the presence of Mg2+ (Glaser et al, 1967), and a range of values for activity in the 

presence of Co2+ and Ca2+ at pH 6.0 (conditions under which 5’-nucleotidase activity is 

optimal).  Neu (1967a) reported a specific activity of 705 µmol/min/mg, while Broad 

and Smith (1981) reported a specific activity of 592.9 µmol/min/mg.  Ruiz et al (1989) 

reported a specific activity of 2440 µmol/min/mg under these conditions.  The specific 

activity of 5’-nucleotidase has been reported to increase throughout cell growth, with 

the highest specific activity reported during early stationary phase (Neu, 1967b).  The 

mechanism by which this increase is regulated remains unknown. 
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1-2-3 SEQUENCE AND STRUCTURAL PROPERTIES OF E. COLI  5’-NUCLEOTIDASE 

The DNA sequence of the ushA gene from E. coli, encoding 5’-nucleotidase, was 

determined by Burns and Beacham (1986), and contains an open reading frame of 1650 

base pairs, encoding a protein with a molecular weight of 60750.6.  The ushA sequence, 

and predicted amino acid sequence of 5’-nucleotidase, is presented in Appendix 4.  Two 

possible promoters were identified, but only PI, with three transcriptional initiation sites 

at positions -33, -32, and –26, is used in vivo (Burns and Beacham, 1986).  

Transcriptional termination may be factor independent, and regulated by two regions of 

dyad symmetry at positions 1661 to 1684 and 1693 to 1707.  A less abundant ushA gene 

translational product, with a molecular weight of 43 kd, has been observed in maxicell 

preparations (Burns et al, 1983).  It has been hypothesised that this minor protein may 

be a product of translational pausing at a concentration of rare codons.  The three 

consecutive rare codons present at nucleotide positions 1156 to 1164 are potential 

candidates for translational pausing in this hypothesis (Burns and Beacham, 1986). 

 

N-terminal sequencing of the mature 5’-nucleotidase revealed that the amino-terminal 

sequence was Tyr-Glx (Burns and Beacham, 1986).  Taken with the preponderance of 

processing sites for exported proteins in prokaryotes that are preceded by an alanine 

residue, and an observed difference in molecular mass between the mature and 

precursor 5’-nucleotidase, this N-terminal sequence is consistent with processing of the 

precursor between residues 25 and 26.  This signal peptide is considered to be required 

for secretion of 5’-nucleotidase into the periplasm (Burns and Beacham, 1986). 

 

The tertiary structure of 5’-nucleotidase has been determined from X-ray 

crystallographic data at 1.7 Å resolution in a tetragonal crystal form and at 2.2 Å 
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resolution in an orthorhombic crystal form (Knöfel and Sträter, 1999).  5’-nucleotidase 

is a monomer with dimensions of ~80 Å by 45 Å by 55 Å.  The two domains are joined 

by an α-helix, with the larger N-terminal domain (amino acids 26-342) having a four-

layered structure, with the composition of α/β-β-β-α.  The C-terminal domain (amino 

acids 362-550) has a four-layered structure, with the composition of α/β-β-α-β.  There 

are few interactions between the two domains, and the two domains have a degree of 

hinged movement that may be important for catalytic function.  The catalytic site is 

located at the domain interface, in a cleft ~20 Å deep and narrowing from 15 Å wide to 

7 Å towards a di-metal centre.  Two metal binding sites were identified in the catalytic 

site, each composed of five ligands coordinated to a divalent metal ion, forming a 

trigonal bipyramid (see Figure 1-1).  The metal binding sites were both filled with zinc 

ions in the crystallized protein, but as the crystallization buffers contained zinc, this is 

not necessarily indicative of the in vivo state of the metal binding sites.   

 

 

Figure 1-1:  Schematic representation of the active site of E. coli 5’-nucleotidase, as 

determined by X-ray crystallography. 

Interatomic distances are given in Å.  Diagram reproduced from Knöfel and Sträter (1999). 
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Access to the catalytic site is limited to non-protein substrates due to steric hindrances.  

Substrates, particularly negatively charged phosphoesters, may be attracted to the 

catalytic site by its positive electrostatic potential.  The active site consists of the di-

metal centre (the two bound metals and their ligands), and a catalytic Asp-His dyad 

consisting of His-117 and Asp-120 (Knöfel and Sträter, 1999).  Residues of the β27 

strand in the C-terminal domain may also play a role in substrate binding.  A non-

protein ligand, most likely a carbonate ion, is also coordinated to the di-metal centre.  

The residues involved in metal ion coordination have been identified as Asp-41, His-43, 

Asp-84 (to both metal ions), Asn-116, His-117 (to both metal ions through the 

carbonate ion), His-217, His-252, and Gln-254.  Both metal ions are five-fold 

coordinated, with each metal able to coordinate to an additional substrate ion.   

 

1-3 THE PHOSPHOPROTEIN (SER/THR) PHOSPHATASES 

Sequence signature motifs have been identified within a diverse range of 

phosphoesterases, including purple acid phosphatases and Ser/Thr protein phosphatases 

(Koonin, 1994; Sträter et al, 1995; Klabunde et al, 1996; Sträter et al, 1996).  These 

signature sequence motifs have allowed 5’-nucleotidase to be grouped within the 

Ser/Thr protein phosphatase (PPase) family (Zhuo et al, 1994; Knöfel and Sträter, 

1999), a large family of proteins mostly implicated in the regulation of signal-

transduction pathways (Lohse et al, 1995).  PPases are typically metal-requiring 

enzymes, with conserved residues in the catalytic cleft contributing to catalysis and 

metal ion binding (Barton et al, 1994; Lohse et al, 1995).  A consensus sequence for 

residues important for catalytic function and metal ion binding in the PPase family has 

been suggested (Zhuo et al, 1994).  This consensus sequence (DXH-(~25)-GDXXD-
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(~25)-GNHD/E) is found in a wide variety of phosphoesterases (Koonin, 1994; Zhuo et 

al, 1994), ranging from eubacteria to vertebrates, including 5’-nucleotidase (Table 1-1). 

 

SOURCE MOTIF I MOTIF II MOTIF III 
Bacteriophage λ PPase  16 WVVGDLHGCYT 17 LISVGDLVDR 17 AVRGNHEQMM 

ApaH   4 YLIGDVHGCYD 17 LWLTGDLVAR 19 LVLGNHDLHL 
RdgC 154 TVCGDLHGKLD 17 YVFNGDFVDR 23 LNRGNHEDSV 
PPZ 415 KIVGDVHDQYG 16 YLFLGDYVDR 23 LLRGNHECAN 
PP1  57 KICGDVHGQYS 16 YLFLGDYVDR 23 LLRGNHECAS 
E. coli exonuclease SBCD   4 LHTSDWHLGQN 28 IIVAGDVFDT 25 VLAGNHDSVA 
ORF3   4 LHTADWHLGKT 28 IVMAGDAFDT 26 VIAGNHDNPD 
GP47   4 LNLGDWHLGVK 29 WIQYGDIFDV 26 TIVGNHDLHY 
SHP   6 AQITDLHLLVD 28 LLLSGDLSED 21 AIAGNHDQPE 
C. burnetii unknown ORF   9 AQVSDLHLTSE 27 IFITGDISDD 21 VIPGNHDDVN 
CpdB  27 METTDLHSNMM 33 LVDNGDLIQG 31 GTLGNHEFNY 
VNTD  41 LHTNDHHGRFW 31 LLSGGDINTG 23 MALGNHEFDN 
H. sapiens 5’-nucleotidase  32 LHTNDVHSRLE 37 LLDAGDQYQG 23 MALGNHEFDN 
ACL  45 LAFNDFHGNLE 43 VVSAGLISAS 24 DAVGNHEFDR 
E. coli 5’-nucleotidase  37 LHTNDHHGHFW 31 LLSGGDINTG 23 MAIGNHEFDN 
ASM 202 LFLTDLHWDHD 60 VYWTGDIPAH 31 PAVGNHESIP 
DBR1   7 AVQGCCHGQLN 17 LILLGDFQSI 36 FIGGNHESMR 

Table 1-1: Sequence alignment of conserved phosphoesterase domains 

Sequence alignment by Zhuo et al, 1994.  Conserved residues are shaded, and numbers between domains 
indicate the number of separating amino acids.  Source abbreviations are as follows: ApaH: E. coli 
diadenosine tetraphosphatase; RdgC: D. melanogaster retinal degeneration protein; S. cerevisiae 
phosphoprotein phosphatase PP-Z1; PP1: Zea mays phosphoprotein phosphatase PP1; ORF3: B. subtilus 
hypothetical protein; GP47: Bacteriophage T4 exonuclease protein GP47; SHP: Synechococcus sp. 
hypothetical protein; CpdB: E. coli 2’,3’-cyclic nucleotide 2’-phosphodiesterase; VNTD: Vibrio 
parahaemolyticus 5’-nucleotidase; ACL: Acinetobacter calcoaceticus unknown ORF L; ASM: Homo 
sapiens sphingomyelin phosphodiesterase; DBR1: S. cerevisiae RNA debranching enzyme. 
 

Identification of this phosphoesterase signature motif suggests that this diverse group of 

enzymes uses elements of a common catalytic strategy for phosphate ester hydrolysis 

(Zhuo et al, 1994).  Mutagenesis studies undertaken on the bacteriophage λ PPase have 

confirmed the critical roles of a number of residues, highly conserved throughout the 

PPase family, in metal ion binding and catalysis for this enzyme (Zhuo et al, 1994).  It 

should be noted that bacteriophage λ PPase does not have a permanently associated 

metal ion, and is not a metallo-enzyme in that sense.  Mn2+ or Ni2+ activates 

phosphatase activity, however, and other transition metal ions such as Zn2+, Cu2+ and 
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Hg2+ are inhibitory.  These metal ions presumably coordinate to the conserved residues 

in the active site. 

 

Two other highly conserved motifs (motifs IV and V) are present in all 5’-nucleotidases 

and many other phosphoesterases, but not in most phosphoprotein phosphatases (Resta 

et al, 1993; Innes, 1998).  These motifs, identified by comparing seven 5’-nucleotidases 

from vertebrate and bacterial sources, are L/MGHS/Y and VGGHSN/Q.  The histidine 

residues in both motifs are absolutely conserved in all members of the phosphoesterase 

family, and correspond to His-217 and His-252 in E. coli 5’-nucleotidase.  Both of these 

residues are implicated in metal ion binding in the E. coli 5’-nucleotidase (Knöfel and 

Sträter, 1999). 

 

This second set of motifs (motifs IV and V) has also been identified using the structure 

of kidney bean PAP as a guide to analysing sequence alignments of purple acid 

phosphatases and protein phosphatases.  This motif, H-(X)n-[G/A]HX[H/X], consists of 

His-286, His-323 and His-325 in the kidney bean PAP (Klabunde et al, 1996), and His-

286 and His-323 appear to be analogous to His-217 and His-252 from motifs IV and V 

in the E. coli 5’-nucleotidase. 

 

1-4 STRUCTURE AND MECHANISM IN SER/THR PROTEIN PHOSPHATASES 

AND PURPLE ACID PHOSPHATASES 

The Ser/Thr protein phosphatase family (PPases), including the E. coli 5’-nucleotidase, 

and purple acid phosphatases (PAPs) share limited but significant sequence homology, 

notably in residues that form the active site.  Superposition of the active sites of kidney 

bean PAP and rabbit PPase-1 show nearly identical conformations of the catalytic 
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histidine residues and the conserved residues that coordinate metal ions (Sträter et al, 

1996).  Despite the extensive similarities between the active sites of these two families 

of enzymes, there are significant differences in the proposed mechanisms of catalysis, 

ranging from the identity of the water nucleophile to the mechanism of substrate 

binding (bidentate in PPases and monodentate in PAPs) (Sträter et al, 1996).  While 

common structural and mechanistic themes are present, details of catalytic mechanism 

may differ in significant ways between the two families of enzymes, and even within 

the PPases.  Presumably, the unusually large degree of activation by cobalt indicates the 

catalytic mechanism of E. coli 5’-nucleotidase is significantly different from that of 

other members of the Ser/Thr protein phosphatase family, and even other 5’-

nucleotidases with similar catalytic site primary sequences and/or tertiary structures. 

 

1-5 AIMS 

The major aim of this study was to examine the nature of the extraordinarily high level 

of metal activation of the E. coli 5’-nucleotidase, given that the enzyme is a zinc 

metallo-enzyme (Dvorak and Heppel, 1968b; Knöfel and Sträter, 1999).  This entailed 

study of the amino acids involved in metal ion binding in the catalytic site, to examine 

the roles played by these residues in activation by Co2+, Mn2+ and Mg2+. 

 

The first part of the study developed a methodology for the rapid purification of 

milligram quantities of secreted 5’-nucleotidase.  Periplasmic extract from the host cell 

was enriched for 5’-nucleotidase by high-level expression of the ushA gene, regulated 

by an inducible promoter.  5’-Nucleotidase was then purified from the periplasmic 

extract by ion exchange chromatography.  The physical and kinetic characteristics of the 

wild type enzyme were investigated.  The methods used to develop the expression and 
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purification of 5’-nucleotidase are described in Chapter 2, and the characterisation of 

the wild type enzyme is described in Chapter 3. 

 

The main focus of this study, the roles of key residues in the active site of 5’-

nucleotidase, was examined in Chapter 4.  Mutagenesis of selected residues, followed 

by expression of the modified 5’-nucleotidases and subsequent investigation of the 

effects of these mutations upon kinetic properties of the enzymes was undertaken.  

These studies included an investigation of the extent of activation by cobalt and 

calcium, and the determination of KM values for 5’-AMP and cobalt.  Chapter 5 

contains a summary of the findings presented in this work, and some potentially 

informative prospects for future research. 
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CHAPTER 2: PURIFICATION OF 5’-NUCLEOTIDASE FROM 

ESCHERICHIA COLI 

 

2-1 INTRODUCTION AND BACKGROUND 

5’-nucleotidase from E. coli was initially identified in 1965 (Neu and Heppel, 1965) as 

a Co2+-activatable enzyme released by osmotic shock.  In order to fully characterise the 

enzyme’s properties, a methodology for the preparation of milligram quantities of 5’-

nucleotidase free of significant contaminants was required.  The enzyme was initially 

purified in 1967 (Neu 1967a) using osmotic shock, ion exchange chromatography and 

hydroxyapatite chromatography.  This purification protocol increased specific activity 

from 13 U/mL (a unit is defined as the amount of enzyme required to hydrolyse 1 µmol 

of substrate per minute) in sonic extracts of the whole cells to 66900 U/mL after the 

final chromatography step.  The overall yield of 5’-nucleotidase was 0.672 mg from a 1 

L overnight E. coli K-372 culture. 

 

In order to increase the overall yield of 5’-nucleotidase, the ushA gene was inserted into 

an expression system, and purification attempted based upon the methodologies 

presented in Neu (1967a) and Beacham and Wilson (1982).  The work described in this 

chapter examines a variety of techniques used to purify milligram quantities of 5’-

nucleotidase while retaining a consistently high specific activity. 
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2-2 MATERIALS AND METHODS 

 

2-2-1 BACTERIAL STRAINS AND PLASMIDS 

The bacterial strains and plasmids used in the studies detailed in this chapter can be 

found in Table 2-1 and Table 2-2, respectively. 

STRAIN GENOTYPE SOURCE/REFERENCE

E. coli K12:BL21Ω hsd S gal (λcIts857 ind 1 Sam7 nin 5 lacUV5-T7 

gene1) ansB ::strR 

Studier and Moffat (1986) 

Harms et al (1991) 

E.coli K12:5A-1 tra ara leu proA lac tsx gal his strA xyl mtl arg 

thi upp ush 

Yagil and Beacham 

(1975) 

E.coli K12:TG1 ∆ (lac pro) supE thi hsdD5 /F’ traD36 proA+B+ 

lacIq lacZ∆M15 

D.M. Burns 

Table 2-1: Genotypes of strains used in Chapter 2 

 

PLASMID SIZE (KB) GENETIC MARKERS SOURCE/REFERENCE

pLA7 4.18 bla ushA Burns et al (1983) 

pT7-7 2.47 bla Tabor and Richardson 

(1985) 

pLM-2 4.2 bla ushA This thesis 

Table 2-2: Plasmids 

The antibiotic resistance markers are labelled as follows: bla: β-lactamase conferring ampicillin 
resistance; kan: kanamycin resistance and tet: tetracycline resistance.  ushA: wild type ushA gene. 
 

2-2-2 OLIGONUCLEOTIDES 

The oligonucleotides used in the PCR amplification of the ushA gene are detailed in 

Table 2-3.  These oligonucleotides were synthesised at the Queensland Institute of 

Medical Research and recovered from supplied solution by lyophilization.  The dried 

pellets were resuspended in 100 µL sdH2O and stored at –20 °C.  
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OLIGO SEQUENCE (5’→3’) NT POSITION 

DB016 CCAAGCTTTGCCACTATTTATGTTTCCGG -67 to –41 

LYLE01 GGATCCAGACTTGTCTATGATGTCGCG 1889 to 1862 

Table 2-3: Oligonucleotides used in the amplification of ushA gene. 

Nucleotide (NT) position indicates the location of the complementary sequence within the E. coli ushA 
gene and adjacent sequence (Burns and Beacham, 1986).  Underlined regions indicate sequences in the 
oligonucleotides that result in the incorporation of restriction sites in the amplified products. 
  

2-2-3 RESTRICTION ENDONUCLEASES AND MODIFYING ENZYMES 

All enzymes used throughout this study were purchased from commercial sources and 

used under the reaction conditions specified by the manufacturer unless otherwise 

specified. 

 

2-2-4 RECOVERY OF DNA BY ETHANOL PRECIPITATION 

DNA was recovered by ethanol precipitation from aqueous solutions in order to change 

reaction conditions or concentrate samples for subsequent analysis or enzymatic 

manipulations. 

 

To a 1.5 mL microcentrifuge tube containing the DNA solution, a 0.1 volume of 3 M 

sodium acetate pH 6.9 and 2 volumes of absolute ethanol were added and mixed 

thoroughly prior to centrifugation in a microcentrifuge at maximum speed for 15 

minutes.  Following centrifugation, the supernatant was discarded and the resulting 

pellet washed with 80% ethanol.  After an additional 5 minute centrifugation, the 

supernatant was discarded and the pellet dried in vacuo.  The dried pellet was then 

resuspended in an appropriate volume of sdH2O or TE. 
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Alternatively, the absolute ethanol was replaced with 0.7 volumes of isopropanol, with 

no other modifications to the protocol.  This method was principally used to precipitate 

larger volumes. 

 

2-2-5 ORGANIC EXTRACTION OF DNA SOLUTIONS 

In order to purify DNA following enzymatic reactions, extraction with various organic 

solvents was performed. 

 

An equal volume of TE buffer-saturated phenol was added to a microcentrifuge tube 

containing the DNA to be extracted and the mixture vortexed briefly prior to 

centrifugation at maximum speed for 5 minutes.  The aqueous, upper phase was 

transferred to a fresh microcentrifuge tube and an equal volume of phenol/chloroform 

(1:1, v:v) was added.  The mixture was vortexed briefly and centrifuged as before.  The 

aqueous phase was transferred to a fresh tube where an equal volume of chloroform was 

added prior to vortex mixing and centrifugation as before.  The resulting aqueous phase 

was transferred to a fresh tube and the DNA recovered by ethanol precipitation (see 

Section 2-2-4). 

 

2-2-6 QUICKSCREENS OF PLASMID-CONTAINING CELLS 

A small quantity of cells was transferred (most often from an agar plate using a sterile 

toothpick) into 50 µL 2% Triton X-100 (pH 12.5).  50 µL TE-saturated phenol was 

added to the suspension prior to vortex mixing.  The suspension was centrifuged at 

maximum speed for 5 minutes, and 20 µL of the upper, aqueous phase analysed using 

agarose gel electrophoresis. 
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2-2-7 SMALL-SCALE PLASMID DNA PREPARATIONS (MINIPREPS) 

Plasmid DNA was purified from bacterial cultures using a modified alkaline lysis 

procedure as described by Sambrook et al (1989). 

 

Cells from a bacterial culture (typically 5 mL R-broth containing selective antibiotic) 

grown aerobically at 37 °C overnight were harvested by centrifugation at 6000 rpm for 

5 minutes using a Sorvall SS-34 rotor.  The cell pellet was resuspended in 0.1 mL 50 

mM glucose, 25 mM Tris-HCl, 10 mM EDTA pH 8.0, transferred to a microcentrifuge 

tube, and incubated at room temperature for 5 minutes.  0.2 mL of a freshly prepared 

solution of 0.2 M NaOH, 1% SDS was added, the solution gently mixed by inversion 

and incubated on ice for 5 minutes.  0.15 mL of 3 M potassium acetate pH 4.8 was 

added, gently mixed by inversion and incubated on ice for a further 5 minutes.  The 

solution was centrifuged at maximum speed for 15 minutes at 4 °C.  The supernatant 

was transferred to a fresh tube, and the centrifugation repeated until the supernatant was 

clear.  Plasmid DNA was recovered by ethanol precipitation (see Section 2-2-4), and the 

pellet suspended in 30 µL sdH2O or TE buffer.  RNA was removed from the preparation 

by digestion with RNase A (1 mg/mL) at 37 °C for 30 minutes. 

 

2-2-8 PCR AMPLIFICATION OF USHA GENE FROM PLA7 

The ushA gene from E. coli was amplified from pLA7 using DB016 and LYLE01 

primers in order to introduce unique BamHI and HindIII restriction sites into the 

amplified product.  To limit airborne contaminants, reactions were set up in a laminar 

flow hood using plugged pipette tips (from Quantum Scientific Products) and dedicated 
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PCR pipettes.  Sterile dH2O and mineral oil were stored as single use aliquots.  The 

reaction mixes were set up in 0.5 mL microcentrifuge tubes and contained 5 µL 

Promega 10× Taq polymerase buffer, 3 µL 25 mM MgCl2 (2 mM final concentration), 

0.5 µL 25 mM dNTP stock, 50 ρmoles of each amplification primer and 200 ρmoles of 

template (pLA7 plasmid DNA).  A negative control containing all constituents except a 

source of template DNA was included with every set of reactions.  The volume was 

made up to 49.5 µL with sdH2O and overlaid with 50 µL sterile mineral oil.  The 

reactions were placed in a Corbett Research FTS-1 thermal cycler set at 95 °C and 0.5 

µL (2.5 U) Taq polymerase added after the initial denaturation period (Cycle 1, Step 1 

in Table 2-4).  The PCR program is detailed in Table 2-4. 

 

CYCLE Step Temperature (°C) Time (minutes) # of cycles 

1 1 95 7:00 1: stop 

2 1 60 2:00  

 2 72 2:00  

 3 95 1:00 34 

3 1 60 2:00  

 2 72 7:00  

 3 25 3:00 1 

Table 2-4: PCR conditions for the amplification of ushA from pLA7. 

 

At the completion of the thermal cycling program, the reaction mixes were removed 

from under the mineral oil layer and transferred to sterile microcentrifuge tubes.  A 5 

µL aliquot of each reaction was subsequently analysed on an agarose gel. 
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2-2-9 AGAROSE GEL ELECTROPHORESIS 

The gels used for the visualisation and purification of DNA were generally 0.7% to 1% 

w/v submerged agarose-TAE gels and were prepared as follows: 50 mL of gel solution 

contained 0.35 g (0.7%) to 0.5 g (1%) agarose, 2.5 mL 20× TAE solution and 47.5 mL 

dH2O.  The agarose was completely dissolved by boiling and the solution cooled to 

approximately 50 °C.  Ethidium bromide was added to 0.1 µg/mL (0.5 µL of a 10 

mg/ml stock) and evenly dispersed by gentle swirling before being poured in the casting 

apparatus and allowed to set at room temperature.   

 

All gels were run in a commercially supplied apparatus (Pharmacia or BRL) and the 

running buffer was a 1× concentration of TAE.  Electrophoresis conditions were 

generally 120 V, 80 mA, and electrophoresis time determined by the degree of 

separation required.  Thirty minutes was usually adequate. 

 

DNA samples were usually supplemented with a 1/5 volume of agarose gel sample dye 

and electrophoresed alongside Lambda DNA digested with HindIII that served as linear 

size markers. 

 

Following electrophoresis, DNA bands were visualised on a UV transilluminator (302 

ηm) and photographed using either Polaroid 667 film with Kodak red (no. 25) and 

yellow (no. 8) filters, or using a UVP digital imaging system.  Exposure time with the 

Polaroid film varied with fluorescence intensity but was usually in the range of 0.5 to 2 

seconds. 
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2-2-10 PURIFICATION OF DNA FRAGMENTS USING QIAGEN PRODUCTS 

DNA fragments produced following PCR reactions or digestion with restriction 

endonucleases were purified using either QIAEX resin or QIAquick spin columns under 

the conditions and procedures defined by the manufacturer (The Qiagenologist, 

QIAGEN Products).  These fragments were separated on standard 0.7% to 1% TAE 

agarose gels. 

 

2-2-11 LIGATION REACTIONS 

Closed circular DNA molecules were produced from linear DNA fragments using T4 

DNA ligase.  The DNA fragments to be ligated were appropriately gel purified and the 

relative yields quantitated by agarose gel electrophoresis.  A typical ligation reaction 

consisted of insert and vector DNA in a ratio of 10:1, 10 µL ligation buffer, 5 µL 10 

mM ATP, 5 µL 100 mM DTT, 100 U T4 DNA ligase and sdH2O to 50 µL.  Reactions 

were incubated at 16 °C for 4 hours or, more routinely, at 8 °C overnight.  Following 

this incubation, a 10 µL aliquot was transformed into competent E. coli cells.   

 

2-2-12 PREPARATION OF COMPETENT CELLS FOR HEAT-SHOCK TRANSFORMATION 

The method used was based upon that described by Dagert and Ehrlich (1979).  An R-

broth culture (10 mL of culture per transformation) was grown aerobically at 37 °C until 

mid-log phase (A450 0.4).  The cells were harvested by centrifugation at 6000 rpm for 5 

minutes at 4 °C (Sorvall SS34 rotor).  The cell pellet was resuspended in a 1/10 volume 

of 0.1 M CaCl2 previously equilibrated to 4 °C and the suspension incubated on ice for 

20 minutes.  The cells were harvested by centrifugation as previously described, and the 
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cell pellet resuspended in 1/100 of the original culture volume in 0.1 M CaCl2 at 4 °C.  

Cell competency was increased by extended incubation at 4 °C for at least one hour but 

was more routinely continued overnight.  Competent cells supplemented with 15% 

glycerol were stored at –80 °C (Morrison, 1979). 

 

2-2-13 TRANSFORMATION OF COMPETENT E. COLI  CELLS VIA HEAT-SHOCK 

Competent cells stored at –80 °C were thawed gradually on ice.  The plasmid DNA to 

be transformed was added to the cell suspension and mixed gently.  The suspension was 

incubated on ice for 10 minutes prior to a 5 minute heat shock treatment at 37 °C.  After 

the addition of 1 mL of R-broth, the incubation was continued at 37 °C for 2 hours.  

Aliquots of the suspension were then plated out onto an appropriate selective medium 

(usually R-broth plates containing an appropriate antibiotic) and incubated at 37 °C 

overnight.  Transformed cell suspensions remain viable for up to 1 week if stored at 4 

°C. 

 

2-2-14 PREPARATION OF CELLS FOR ELECTROPORATION 

An R-broth culture (10 mL of culture per transformation) was grown aerobically at 37 

°C until mid-log phase (A450 0.4).  The cells were harvested by centrifugation at 6000 

rpm for 5 minutes at 4 °C (Sorvall SS34 rotor), and washed with ice-cold sdH2O.  The 

wash was repeated a further 3 times, with the cells finally resuspended in 1/100 original 

culture volume of ice-cold sdH2O.  The cells were kept at 4 °C at all times, and used 

immediately upon preparation. 
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2-2-15 ELECTROPORATION OF E. COLI  CELLS 

The plasmid DNA to be transformed, if in a buffer containing high salt concentrations, 

was precipitated as described in Section 2-2-4, and resuspended in an appropriate 

volume of sdH2O.  1-2 µg plasmid DNA was then added to the cell suspension, which 

was subsequently electroporated in a Bio-Rad Gene Pulser, exposing the sample to 1.75 

kV in a 0.1 cm cuvette.  1 mL of SOC media was added to the suspension, which was 

incubated at 37 °C for 1-2 hours.  Aliquots of the suspension were then plated out onto 

an appropriate selective medium (usually R-broth plates containing an appropriate 

antibiotic) and incubated at 37 °C overnight. 

 

2-2-16 ESTIMATION OF PROTEIN CONCENTRATIONS 

Protein concentrations from various cellular extracts were determined using 

spectrometric estimation at 280 ηm, followed by calculation of the concentration using 

the formula: c = A/εl (c = concentration in mg/mL, A = Absorbance at 280 ηm, ε = 

extinction coefficient, and l = path length, invariably 1 cm).  Crude cellular extracts, 

with heterogeneous protein solutions, were assigned an extinction coefficient (ε) of 1.0, 

as an accurate extinction coefficient was impossible to determine.  5’-Nucleotidase was 

assigned an extinction coefficient of 1.15 (see Section 2-3-3). 

  

Bicinchoninic acid (BCA) colorimetric protein assays were also used to determine 

protein concentrations, and were performed under the conditions described by the 

manufacturer (Sigma). 
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Samples were prepared in triplicate in 10 mL plastic test tubes and the sample volume 

made up to 100 µL with dH2O.  BSA standards in the range of 10-100 µg were also 

prepared and the volume similarly made up to 100 µL.  The reactions were started by 

the addition of 2 mL of a solution containing the BCA and copper reagents (in a ratio of 

50:1) followed by brief vortexing.  The reactions were incubated at 37 °C for 30 

minutes.  Following colour development, absorbances were measured at 562 ηm against 

a blank containing water.  Protein concentrations of cellular extracts were determined 

by comparison with a standard curve constructed from the absorbances obtained for the 

BSA samples. 

 

2-2-17 DETERMINING LEVELS OF 5’-NUCLEOTIDASE ACTIVITY 

Levels of 5’-nucleotidase activity were determined using a method based upon that of 

Neu (1967a).  A 330 µL reaction consisted of 45 µL 0.5 M sodium acetate pH 6.0, 9 µL 

480 mM CaCl2/150 mM CoCl2, an appropriate volume of sample being assayed for 5’-

nucleotidase activity and sdH2O to 300 µL.  Volumes of sample being assayed were 

such that 5’-nucleotidase activity was the rate-limiting factor in the assay.  Control 

reactions were prepared such that one reaction contained no 5’-nucleotidase (to 

determine substrate degradation) and another contained no substrate (to determine 

background phosphate levels).  All reactions were incubated at 37 °C for 10 minutes 

prior to the addition of 30 µL 10 mM 5’-AMP. 

 

Incubation at 37 °C was continued for sufficient time to allow enzyme activity to 

hydrolyse enough substrate to allow colour development within the assay’s sensitivity 

range (typically 10 minutes), at which time 0.7 mL of 10% ascorbic acid/0.42% 
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ammonium molybdate (in 1 N H2SO4) (1:6 v:v) was added to each reaction.  The 

reactions were incubated at 45 °C for 20 minutes and the level of inorganic phosphate 

determined spectrophotometrically at 820 ηm, using the no substrate control as a 

reference.  If whole cells were used as the source of 5’-nucleotidase, the colour 

development reactions were centrifuged at maximum speed in a microcentrifuge for 1 

minute to pellet cells and the A820 of the supernatant determined.  Phosphate liberated 

by 5’-nucleotidase was determined by comparison with a standard curve of known 

phosphate concentrations obtained using this colour development reaction.   

 

2-2-18 PREPARATION OF PERIPLASMIC AND CYTOPLASMIC FRACTIONS BY 

SPHEROPLASTING 

Periplasmic and cytoplasmic fractions were prepared through the production of 

spheroplasts using a lysozyme-EDTA procedure based upon those of Neu (1967a) and 

Beacham and Wilson (1982).  Cells from a 3.5 L R-broth culture grown to late log 

phase (A450 approximately 0.8) were harvested by centrifugation at 5000 rpm for 5 

minutes (Sorvall GS3 rotor) and the cell pellets resuspended in 500 mL 30 mM Tris-

HCl, 0.3 M NaCl, pH 7.5.  The cells were pelleted as before and resuspended in 140 mL 

30 mM Tris-HCl, 40% sucrose (w/v), 2 mM EDTA, pH 7.5.  Lysozyme was added to 

0.3-0.5 mg/ml and the suspension vortexed gently to mix before incubation at room 

temperature for 30 minutes (later reduced to 10 minutes; see Section 2-3-2).  

Spheroplasts were recovered by centrifugation at 12000 rpm for 15 minutes (Sorvall 

SS34 rotor), and the supernatant, containing the periplasmic proteins, was stored at –20 

°C until required.  The spheroplasts were resuspended in 30 mM Tris-HCl, pH 7.5, and 

disrupted by brief sonication at maximum amplitude.  Cellular debris was pelleted by 
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centrifugation at 8000 rpm for 10 minutes and the supernatant, containing cytoplasmic 

proteins, was stored at –20 °C until required. 

 

2-2-19 ION EXCHANGE CHROMATOGRAPHY USING THE ECONOSYSTEM 

5’-Nucleotidase was purified from periplasmic extracts prepared, as described in 

Section 2-2-18, from host cells (commonly E. coli BL21Ω or TG1) containing an 

expression vector (either pLA7 or pLM-2).  pLM-2 contained an IPTG-inducible 

promoter controlling expression of ushA, but cells containing this plasmid were 

routinely grown in the absence of IPTG for periplasmic extract preparation (see Section 

2-3-2 and Table 2-6 for 5’-nucleotidase expression levels ± IPTG).   

 

The periplasmic extract was dialysed at 4 °C against three 1 L changes of 5 mM Tris-

HCl pH 7.5, with buffer changes every 2 hours.  Chromatography was performed at 4 

°C.  The periplasmic extract was adsorbed onto a quaternary amine matrix (most 

commonly DEAE-cellulose or Bio-Rad HighQ ion exchange resin in a bed 1.5 cm 

diameter and 15 cm high) pre-equilibrated with 5 column volumes of 5 mM Tris-HCl 

pH 7.5, with buffer flow and composition controlled by a Bio-Rad Econo system.  

Unadsorbed protein was removed by washing the column with 20 column volumes of 5 

mM Tris-HCl pH 7.5 at a flow rate of 1 mL per minute.  Proteins were eluted in a linear 

salt gradient in the range of 0 to 200 mM NaCl over 250 mL at 1 mL/minute, collecting 

9 mL fractions using an automated fraction collector.  The column was washed with 5 

column volumes of 5 mM Tris-HCl, 200 mM NaCl pH 7.5, and regenerated with 5 

column volumes 5 mM Tris-HCl pH 7.5.   
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Fractions were assayed for 5’-nucleotidase activity as per Section 2-2-17, and peak 

fractions analysed by SDS-polyacrylamide gel electrophoresis.  Peak active fractions 

were pooled and either used again immediately or stored at –20 °C.    

 

2-2-20 HYDROXYAPATITE CHROMATOGRAPHY USING THE ECONOSYSTEM 

Peak active fractions from ion exchange chromatography were dialysed at 4 °C against 

three 1 L changes of 10 mM phosphate buffer pH 7.1, with buffer changes every 2 

hours. Chromatography was performed at 4 °C.  The hydroxyapatite column was pre-

equilibrated with 5 column volumes of 10 mM phosphate buffer pH 7.1, with buffer 

flow and composition controlled by a Bio-Rad Econo system.  The peak active fractions 

were absorbed onto the hydroxyapatite matrix (either Bio-Rad’s Econo-Pac CHT pre-

packed ceramic hydroxyapatite column, or in a bed 2.5 cm diameter and 7.8 cm high) at 

a flow rate of 1 mL per minute.  Unadsorbed proteins were eluted with 3 column 

volumes of 10 mM phosphate buffer pH 7.1, and the gradient initiated.  The Econo-Pac 

column was eluted over a 30 mL linear gradient from 10 mM phosphate buffer pH 7.1 

to 200 mM phosphate buffer pH 7.1, with 1 mL fractions being collected.  The larger 

column was run with an 80 mL linear gradient from 10 mM phosphate buffer pH 7.1 to 

200 mM phosphate buffer pH 7.1, with 4 mL fractions being collected.  Both columns 

were regenerated with 3 column volumes of 0.1 M NaOH and then 5 column volumes 

10 mM phosphate buffer pH 7.1. 

 

Fractions were dialysed against 5 mM Tris-HCl at 4 °C with 2 changes of buffer, and 

assayed for 5’-nucleotidase activity.  Peak active fractions were analysed by SDS-

polyacrylamide gel electrophoresis, and stored at –20 °C.  
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2-2-21 SIZE EXCLUSION CHROMATOGRAPHY USING SEPHADEX RESIN 

Samples were dialysed against 5 mM Tris-HCl pH 7.5, and concentrated to 1-2 mL 

using Amicon Centricon-10 centrifugal microconcentrators (10000 MW cutoff), as per 

manufacturer’s protocols.  Chromatography was performed at 4 °C.  The sample was 

loaded onto a Sephadex G25 or G50 column, and run using the following conditions.  

The Sephadex G25 column had a 1.5 cm diameter bed, and was 36 cm high.  The flow 

rate was 2 mL per minute, with 2 mL fractions collected after 16 mL had flowed 

through.  The Sephadex G50 column was run under similar conditions, apart from the 

column bed being 44 cm high and fractions being collected after 20 mL.  Peak active 

fractions were identified by assay for 5’-nucleotidase activity, and analysed by SDS-

PAGE.  Fractions were stored at –20 °C.      

 

2-2-22 ION EXCHANGE CHROMATOGRAPHY USING THE BIOCAD 700E 

CHROMATOGRAPHY SYSTEM 

5’-Nucleotidase was purified using a BioCAD 700E chromatography system, with a 

POROS 20 µm quaternary amine ion exchange column. Periplasmic extracts were 

dialysed against 3 changes of 1 L 5 mM Tris-HCl pH 7.5 at 4 °C prior to 

chromatography.  The column was equilibrated with three column volumes of start 

buffer prior to adsorption of periplasmic extract at 8 mL per minute.  Unbound protein 

was removed by washing with 12 column volumes of 5 mM Tris-HCl pH 7.5.  Proteins 

were eluted with a 30 column volume linear gradient from 0 to 200 mM NaCl, with 1 

mL fractions collected throughout.  The column was washed with 2 column volumes of 

5 mM Tris-HCl, 200 mM NaCl pH 7.5, and the column regenerated with four column 
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volumes of 5 mM Tris-HCl, 1 M NaCl pH 7.5 followed by four column volumes of 5 

mM Tris-HCl pH 7.5.  Protein release was monitored spectrophotometrically at 280 ηm. 

 

Peak fractions were assayed for activity and analysed by SDS-PAGE.  Peak active 

fractions were pooled and stored at –20 °C. 

 

2-2-23 AMMONIUM SULPHATE FRACTIONATION OF 5’-NUCLEOTIDASE 

50 µL 1 mg/mL streptomycin sulphate was added to 4 mL periplasmic extract, and 

incubated for 15 minutes at 4 °C before centrifugation at 14000 g for 10 minutes at 4 °C 

(Sorvall, SS34). 3.018 mL of saturated ammonium sulphate was added to the 

supernatant to give a final concentration of 43% ammonium sulphate, mixed with gentle 

stirring and allowed to sit for 1 hour at 4 °C.  Precipitates were removed by 

centrifugation at 12000 g for 10 minutes at 4 °C (Sorvall, SS34), and the supernatant 

placed in a fresh tube.  2.982 mL saturated ammonium sulphate was added to the 

supernatant to give a final concentration of 60% ammonium sulphate, gently mixed and 

incubated at 4 °C for 1 hour.  The precipitates were harvested by centrifugation as 

before, and the supernatant carefully removed.  The precipitates were resuspended in 5 

mL 30 mM Tris-HCl pH 7.5, and then dialysed at 4 °C against 3 changes of buffer for a 

minimum of 2 hours each change.  Aliquots from each stage were assayed for 5’-

nucleotidase activity and analysed using SDS-PAGE.  Samples were stored at –20 °C.   

 

2-2-24 SDS-POLYACRYLAMIDE GEL ELECTROPHORESIS 

Proteins in the range of 14 kd to 94 kd were separated on 12% SDS-polyacrylamide 

gels, which were run using Bio-Rad’s Protean II Minigel apparatus with 0.75 mm 
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spacers and 10-well combs.  The gels utilised a low percentage (4%) acrylamide 

stacking gel and a high percentage (12%) separating gel.   

 

The glass plates (7 × 9 cm) were assembled in the casting apparatus, ensuring the 

spacers were flush with the bottom of the plates.  A line was drawn 3-5 mm below the 

ends of the comb’s teeth, to indicate the desired height of the separating gel. The 

separating gel (10 mL – sufficient for 2 gels) contained 3.36 mL dH2O, 4 mL 30% 

acrylamide/1% bis-acrylamide, 2.5 mL 1 M Tris-HCl pH 8.8, 100 µL 10% SDS, and 

polymerisation was catalysed by the addition of 50 µL 10% APS (freshly prepared) and 

5 µL TEMED.  The solution was immediately and carefully dispensed between the 

glass plates with a pasteur pipette until the indicator line was reached.  The solution was 

overlaid with dH2O to ensure even polymerisation, which was monitored via the 

polymerisation of any residual mix.  Once polymerisation was complete, the overlay 

was removed.  The stacking gel (5 mL – sufficient for two gels) contained 3 mL dH2O, 

650 µL 30% acrylamide/1% bis-acrylamide, 1.25 mL 1 M Tris-HCl pH 6.8, and 50 µL 

10% SDS.  Polymerisation was initiated and catalysed by the addition of 25 µL 10% 

APS (freshly prepared) and 2.5 µL TEMED.  The stacking solution was immediately 

and carefully applied to the polymerised separating gel and a 10-well comb inserted.  

Polymerisation was monitored as before.  Once the stacking gel had polymerised, the 

gel apparatus was assembled, Tris-glycine-SDS running buffer added and the combs 

removed.  Prior to any sample loading, the wells were flushed with a Hamilton syringe 

and the gel pre-run at 200 V for 5 minutes. 
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Samples were prepared by the addition of 0.5 volume of SDS-PAGE sample dye, 

followed by heating in a boiling water bath for 3 minutes.  Samples were loaded into the 

wells using a Hamilton syringe and electrophoresed at 200 V until the BPB dye had just 

entered the bottom buffer tank.  

 

2-2-25 COOMASSIE BLUE STAINING OF POLYACRYLAMIDE GELS 

Following polyacrylamide gel electrophoresis, proteins may be visualised by staining 

with Coomassie blue.  Gels were removed from the electrophoresis apparatus and 

placed in sufficient Coomassie staining solution to completely cover the gel.  The tray 

containing the gel and stain was covered and the gel allowed to stand at room 

temperature for at least 1 hour (preferably overnight).  The gel was removed from the 

staining solution and briefly rinsed with dH2O (the staining solution may be used 

multiple times) before being placed in destaining solution and gently agitated at room 

temperature.  Destaining continued until the background had been reduced to the 

desired intensity, and digital images of the gel taken.  The gel could be dried onto 

Whatman #1 filter paper, or stored in destaining solution.     

 

2-2-26 SILVER STAINING OF POLYACRYLAMIDE GELS 

This protocol is derived from that presented in Ausubel et al (1997).  Following 

polyacrylamide gel electrophoresis, proteins may be visualised using silver staining.  

Gels were removed from the electrophoresis apparatus and placed in destaining solution 

for at least 1 hour (preferably overnight).  The gel was then transferred to sufficient 10% 

gluteraldehyde to cover it, and gently agitated for 30 minutes in a fume hood.  The gel 

was then washed four times with dH2O for at least 30 minutes each wash, with the final 
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wash being at least 1 hour.  The gel was then equilibrated with ammoniacal silver 

nitrate solution for 15 minutes with moderate agitation, and washed a further 5 times 

with dH2O for precisely 1 minute each wash.  5 mL developing solution was diluted 

with 100 mL dH2O, and the gel transferred into the diluted developing solution with 

moderate agitation in minimal light.  Colour development was stopped by transferral of 

the gel to 2% acetic acid when bands had reached desired intensity.  Digital images of 

the gel were taken, and the gel could be stored in 2% acetic acid with minimal loss of 

colour intensity or dried onto Whatman #1 filter paper for storage.  

 

2-3 RESULTS 

2-3-1 PURIFICATION OF 5’-NUCLEOTIDASE DERIVED FROM AN IPTG-INDUCIBLE 

EXPRESSION SYSTEM. 

Initial attempts at purification of 5’-nucleotidase from E. coli had resulted in a yield of 

approximately 0.6-0.7 mg of protein from a 1 L culture of an E. coli strain particularly 

low in cyclic phosphodiesterase, glucose 6-phosphatase and DNA-endonuclease (Neu, 

1967a).  A similar yield was reported from a 5 L culture of an E. coli host strain 

carrying a plasmid-encoded ushA (Beacham, 1982).   

 

In order to easily obtain the level of expression required to purify the milligram 

quantities of 5’-nucleotidase required for later characterisation, it was decided to link 

expression of the ushA gene to an IPTG-inducible promoter system on a multi-copy 

plasmid.  The system used was developed by Tabor and Richardson (1987), and utilises 

an IPTG-inducible lac promoter controlling expression of the T7 RNA polymerase gene 

on the E. coli chromosome.  The expression vector (one of the pT7 series) contains the 
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pT7 promoter upstream of the gene to be expressed.  Primers for PCR amplification of 

ushA were designed to incorporate restriction sites into the amplification product, to 

control the orientation of insertion of the gene into the expression system.  The host 

vector selected was pT7-7, which would allow insertion of the PCR product containing 

the ushA gene in the correct orientation for expression.  The plan for the construction of 

this expression vector, to be designated pLM-2, is given in Figure 2-1.  Expression of a 

fusion protein initiating from the initiation codon located near the T7 promoter encoded 

by pT7-7 was considered unlikely, as a methionine codon would be located in frame in 

the construct at positions –24 to –22 (relative to the ushA gene initiation codon) (see 

Appendix 4). 
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Figure 2-1: Construction of pLM-2, an IPTG-inducible expression vector carrying 

ushA. 

Only restriction sites relevant to this construction are shown, and sizes are indicated in kb.  The boxed 
restriction sites indicate polylinker regions and the functional elements on all plasmids are marked and 
labelled as set out in the abbreviations, with the arrow indicating the direction of transcription. 
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pT7-7 was prepared via Qiagen Tip-20 miniprep as per the manufacturer’s protocols, 

and digested with BamHI and HindIII prior to electrophoresis on a 0.7% agarose gel.  

The 2.4 kb band was purified using QIAEX resin, and used in the construction of pLM-

2.  ushA was amplified from pLA7 using DB016 and Lyle01 primers, and the 

amplification product purified using QIAEX resin (Figure 2-2).  The amplification 

product was digested with BamHI and HindIII, and the 1.8 kb fragment purified using 

QIAEX resin (Figure 2-2). 

 

   

Figure 2-2: 0.7% agarose gel of PCR amplification products and BamHI-HindIII 

digests of PCR products containing ushA 

Lanes are marked as follows: λ: λ-HindIII standards; 1 & 2: PCR amplification products 1 and 2; B-H 1: 
BamHI-HindIII digested PCR product 1; B-H 2: BamHI-HindIII digested PCR product 2.  λ-HindIII 
standards are given for reference. 
 

Ligation reactions contained 5 µL digested pT7-7 and 10 µL digested PCR product, and 

10 µL of each 50 µL ligation were transformed via heat shock into BL21Ω and plated 

onto RB+Amp.  100 colonies were purified onto RB+Amp plates, and quickscreens 

performed on 38 of these. 

 

Small scale plasmid DNA preparations (minipreps) of three colonies that appeared to 

contain plasmids of approximately 4.2 kb (colonies 1, 18 and 19) and a pT7-7 control 
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were prepared, and analysed on 0.7% agarose (Figure 2-3).  BamHI and HindIII digests 

were performed on plasmids from two colonies (18 and 19) and pT7-7, and the digests 

analysed on 0.7% agarose for the presence of the 1.8 kb ushA-containing fragment 

(Figure 2-3). 

 

   
Figure 2-3: 0.7% agarose gel of minipreps and BamHI and HindIII digests of 

minipreps of potential positives for pLM-2 construction. 

Lanes are marked as follows: λ: λ-HindIII standards; 1, 18 and 19: Minipreps of colonies 1, 18 and 19; 
H18 and H19: HindIII digests of minipreps 18 and 19; BH18 and BH19: BamHI - HindIII digests of 
minipreps 18 and 19; pT7: miniprep of pT7-7; HpT7: HindIII digest of pT7-7 miniprep.  λ-HindIII 
standards are given for reference. The desired bands, and size estimations in kb, are indicated with 
arrows. 
 

It was apparent from analysis by agarose gel electrophoresis that the HindIII digests of 

pT7-7 and plasmids 18 and 19 were incomplete, as evidenced by the presence of bands 

in the HindIII-digested samples that correspond to those in the undigested samples.  The 

digests were partially complete, however, as indicated by the presence of a band of 

approximately 4.2 kb size in the HindIII-digested samples of both plasmids 18 and 19. 

 

Plasmid DNA from colony 18 (designated pLM-2) demonstrated the presence of the 1.8 

kb ushA-containing fragment, as well as the 2.4 kb pT7-7-derived fragment.  The 

BamHI-HindIII digest of plasmid DNA from colony 19 did not provide a clear 

indication of the presence of the 1.8 kb ushA-containing fragment.  Initial 5’-
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nucleotidase assays of BL21Ω carrying pLM-2, grown without IPTG or with 0.4 mM 

IPTG, demonstrated an increase in activity compared to TG1 carrying pLA7 

(normalised for cell density) of 16% in the absence of IPTG, and of 175% in the 

presence of 0.4 mM IPTG  (Table 2-5).  Unfortunately, IPTG retarded culture growth 

significantly, reducing the overall yield to an increase of 55% compared to TG1 

carrying pLA7.  Colony 19 demonstrated 5’-nucleotidase activity at approximately 20% 

of the level found in the pLA7-carrying control.   

 

STRAIN AND 

PLASMID 

IPTG 

CONCENTRATION 

CELL DENSITY 5’-NUCLEOTIDASE 

ACTIVITY (NORMALISED) 

TG1 (no plasmid) 0 0.715 0.034 

TG1-pLA7 0 0.761 8.589 

BL21Ω-pLM2 0 0.797 9.969 

BL21Ω-pLM2 0.4 0.430 23.539 

BL21Ω-19 0 0.682 1.734 

BL21Ω-19 0.4 0.360 5.115 

Table 2-5: 5’-Nucleotidase activity in whole cells containing pLA7, pLM-2 and 

plasmid 19, either not induced or induced with 0.4 mM IPTG 

IPTG concentration is indicated in mM.  Cell density is indicated by absorbance at 450 ηm.  5’-
Nucleotidase activity was determined from 10 µL of a 1/5 dilution of each culture, and is expressed as 
ηmol PO4

- generated per minute normalised for activity from a cell density of 1.0 at 450ηm. 
 

 

The lower cell density of cultures grown in the presence of 0.4 mM IPTG compared to 

those grown without IPTG suggested the concentration of IPTG used was inhibiting cell 

growth.  In order to determine the optimal concentration of IPTG with which to induce 

expression of 5’-nucleotidase while retaining cell growth comparable to that obtained in 

the absence of IPTG, cell density and 5’-nucleotidase activity was determined over a 
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range of IPTG concentrations.  45 mL of RB+Amp was inoculated with 1/1000 volume 

of an overnight culture of BL21Ω carrying pLM-2, and growth monitored by 

absorbance at 450 ηm.  The culture was divided into three equal volumes after 4 hours, 

and IPTG was added to the three cultures to a final concentration of 0.1 mM or 0.4 mM, 

with no IPTG being added to the third culture.  Growth was again monitored by 

absorbance at 450 ηm (Figure 2-4). 
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Figure 2-4: Growth pattern of BL21Ω carrying pLM-2 in IPTG. 

Absorbance (450 ηm) is measured against the growth media. 
 

10 mL RB+Amp cultures of BL21Ω carrying pLM-2 were grown to saturation in the 

presence of 0 mM, 0.01 mM, 0.05 mM, 0.1 mM and 0.4 mM IPTG, with a control 

consisting of TG1 carrying pLA7.  Growth was measured by absorbance at 450 ηm, and 

periplasmic extracts prepared from 9.5 mL of the cultures.  10 µL of a 1/100 dilution of 

each extract was assayed for 5’-nucleotidase activity, and cell density compared with 

5’-nucleotidase activity (Figure 2-5). 
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Figure 2-5: Cell density compared to 5’-nucleotidase activity in varying IPTG 

concentrations. 

Absorbance at 450 ηm indicates cell density.  Absorbance at 820 ηm indicates 5’-nucleotidase activity. 
 

15 µL aliquots of the periplasmic extracts were analysed by SDS-PAGE, giving a visual 

estimate of the levels of 5’-nucleotidase expression and any initial contamination 

(Figure 2-6). 
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Figure 2-6: 12% SDS-PAGE of periplasmic extracts indicating levels of 5’-

nucleotidase expression under various concentrations of IPTG. 

Lanes are marked as follows: Std: Amersham Pharmacia Low Molecular Weight standards; Per: Previous 
periplasmic extract, BL21Ω-pLM-2 grown without IPTG (see Table 2-5); included for reference; pLA7: 
periplasmic extract from TG1 carrying pLA7; 0: periplasmic extract from BL21Ω carrying pLM-2 grown 
in the absence of IPTG; 0.01: periplasmic extract from BL21Ω carrying pLM-2 grown with 0.01 mM 
IPTG; 0.05: periplasmic extract from BL21Ω carrying pLM-2 grown with 0.05 mM IPTG; 0.1: 
periplasmic extract from BL21Ω carrying pLM-2 grown with 0.1 mM IPTG; 0.4: periplasmic extract 
from BL21Ω carrying pLM-2 grown with 0.4 mM IPTG.  The arrow on the right indicates 5’-
nucleotidase, and the arrow within the gel image indicates the 44 kd contaminant.  The gel was silver 
stained. 
 

While overall activity was increased by the addition of 0.01 or 0.05 mM IPTG (see 

Figure 2-5), the increase was not considered sufficient to warrant further use of IPTG in 

larger scale cultures.  The contaminant at approximately 44 kd was significantly more 

prominent in periplasmic extracts derived from TG1 carrying pLA7 than from BL21Ω 

carrying pLM-2.  While cell density of TG1 carrying pLA7 was also higher, increasing 

overall 5’-nucleotidase yield, previous purification trials had demonstrated that the 44 

kd contaminant was difficult to remove (this author, unpublished data).  BL21Ω 

carrying pLM-2 (0 mM IPTG) had comparable levels of activity compared to cell 

density to TG1 carrying pLA7 (see Figure 2-5), despite slightly lower cell densities.  As 

a result of these considerations, it was concluded that the most desirable expression 
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mechanism for 5’-nucleotidase was BL21Ω carrying pLM-2, grown in RB+Amp with 

no IPTG added. 

 

2-3-2 INITIAL 5’-NUCLEOTIDASE PURIFICATION TRIALS 

For the purposes of this study, a purification protocol that allowed the preparation of 

milligram quantities of 5’-nucleotidase with minimal contamination, using a minimum 

of purification steps, was desired.  The initial purification methods investigated were 

based upon that described by Beacham and Wilson (1982).  Periplasmic extract from a 5 

L culture of BL21Ω containing pLM-2 was prepared by spheroplasting, and the extract 

chromatographed on a DEAE-cellulose ion exchange column.  Aliquots were assayed 

for 5’-nucleotidase activity and analysed via SDS-PAGE (Figure 2-7 and Figure 2-8). 
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Figure 2-7: 5’-Nucleotidase assay of peak active fractions from DEAE-cellulose 

chromatography of periplasmic extract derived from BL21Ω carrying pLM-2.  
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Figure 2-8: 12% SDS-PAGE of fractions from DEAE-cellulose chromatography of 

periplasmic extract derived from BL21Ω carrying pLM-2. 

Lanes are marked as follows: Std: Amersham Pharmacia Low Molecular Weight standards; 15→23:  
DEAE-cellulose chromatography fractions 15→23.  Molecular masses of standards (in kd) are indicated, 
and 5’-nucleotidase is indicated with an arrow to the right of the gel image.  The gel was silver stained. 
 

Several contaminants eluted concurrently with 5’-nucleotidase (at approximately 35 kd 

and 25 kd), while a significant proportion of the other proteins present in the 

periplasmic extract were removed by the ion exchange chromatography.  Fractions 15-

23 were pooled and dialysed against 10 mM phosphate buffer pH 7.1 prior to 

hydroxyapatite chromatography.  10 µL aliquots of the resulting fractions were analysed 

on 12% SDS-PAGE (Figure 2-9), and the remainder dialysed against 5 mM Tris-HCl, 

pH 7.5. 
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Figure 2-9: 12% SDS-PAGE of fractions from hydroxyapatite chromatography of 

periplasmic extract derived from BL21Ω carrying pLM-2. 

Lanes are marked as follows: Std: Amersham Pharmacia Low Molecular Weight standards; DEAE: 
DEAE-cellulose peak active fraction pool; Waste: Waste from adsorbing DEAE-cellulose peak active 
fraction pool to OHAP column; 2→17:  OHAP chromatography fractions 2→17.  Molecular masses of 
standards (in kd) are indicated, and 5’-nucleotidase is indicated with an arrow.  The gels were silver 
stained. 
 

The protein migrating at a marginally higher mass than the 67 kd standard was 

presumed to be 5’-nucleotidase, as levels of enzyme activity were proportional to the 

relative intensities of this protein (data not shown).  The mass estimate (over 67 kd) 

obtained from SDS-PAGE was higher than that obtained by other authors [66 kd by 

Broad and Smith (1981) and 61 kd by Beacham and Wilson (1982)].  Hydroxyapatite 

chromatography failed to eliminate the contaminants present in the DEAE-cellulose 

peak active pool, although 5’-nucleotidase was adsorbed to the matrix and eluted along 
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the 10-200 mM phosphate buffer gradient.  Fractions 9-17 were pooled and dialysed 

against 5 mM Tris-HCl, pH 7.5 prior to ion exchange chromatography on DEAE-

cellulose.  SDS-PAGE analysis of the resulting fractions demonstrated continuing 

contamination of the 5’-nucleotidase–containing fractions with the two lower molecular 

weight proteins.   

 

The difference in molecular weight evident under denaturing conditions suggested the 

possibility that the contaminants may exhibit a difference in molecular weight under 

native conditions.  Size exclusion chromatography was investigated as a possible means 

of exploiting any size difference between 5’-nucleotidase and the two main 

contaminating proteins.  Sephadex G50 resin was used in an attempt to retard the 

migration of the contaminants (which had estimated masses of 25 kd and 35 kd), while 

allowing the free migration of 5’-nucleotidase, with a reported mass of 60.75 kd (Burns 

and Beacham, 1986).  Attempts to reduce the levels of the 25 kd and 35 kd 

contaminating proteins using hydroxyapatite chromatography and size exclusion 

chromatography following ion exchange chromatography were unsuccessful (Figure 2-

10). 
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Figure 2-10: 12% SDS-PAGE of consecutive chromatography methods performed 

upon periplasmic extract derived from BL21Ω carrying pLM-2. 

Lanes are marked as follows: Std: Amersham Pharmacia Low Molecular Weight standards; Per: 
Periplasmic extract of TG1 carrying pLM-2; HighQ: HighQ peak active fraction pool; OHAP: 
hydroxyapatite peak active fraction pool; G50: Sephadex G50 peak active fraction pool.  The gel was 
silver stained. 
 

Size exclusion chromatography was not effective at removing the contaminants, 

indicating a close relationship between 5’-nucleotidase and the two contaminants.  It 

was possible that the contaminants were the products of specific protease activity upon 

5’-nucleotidase.  In order to inhibit any proteases that may be present, PMSF was added 

to a final concentration of 1 mM (as per supplier’s recommended concentration) to the 

spheroplasting buffer and to the 5 mM Tris-HCl pH 7.5 used as the basis for the ion 

exchange buffers.  Spheroplasting was performed in the presence of PMSF, followed by 

ion exchange chromatography also in the presence of PMSF.  Peak active fractions from 

HighQ chromatography were pooled, dialysed against 10 mM phosphate pH 7.1 and 

hydroxyapatite chromatography performed.  Peak active fractions were analysed on 

12% SDS-PAGE, and the two contaminants observed in significant quantities.  The 

presence of 1 mM PMSF did not appear to have any significant impact upon the levels 
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of contaminants present (data not shown), and its use during purification was 

discontinued. 

 

A further possibility for the source of the larger contaminant is early termination of 

translation of ushA at a series of rare codons at nucleotide positions 1156 to 1164 

(Burns et al, 1983; Burns and Beacham, 1986).  A less abundant polypeptide with an 

estimated mass of 43 kd has been observed in maxicells (Burns et al, 1983).  In 

addition, possible ways in which the contaminants are related to 5’-nucleotidase include 

a non-covalent interaction, such as between sub-units of a multimeric structure, or as 

strongly associated proteins such as the inhibitor described by Melo and Glaser (1966) 

and by Dvorak et al (1966).     

 

The reported presence of an intracellular inhibitor of 5’-nucleotidase suggested a 

possible method for reducing or removing the two contaminants during the preparation 

of periplasmic extract.  The inhibitor is reportedly located in the cytoplasm of the cell 

(Neu, 1967b; Melo and Glaser, 1966; Dvorak et al, 1966; Innes et al, 2001), while the 

mature 5’-nucleotidase is present in the periplasmic space (Beacham and Wilson, 1982).  

As is the case for the ushA inhibitor, these contaminating proteins may also be localised 

in the cytoplasm but strongly associate with the periplasmically-localised 5’-

nucleotidase.  If this were the case, preventing (or significantly reducing) complete cell 

lysis during lysozyme digestion would be expected to eliminate (or reduce) the 

possibility of association of these contaminants with 5’-nucleotidase during 

chromatography.  The two methods used to reduce the extent of lysozyme digestion 

were reducing the time of lysozyme digestion, and reducing the concentration of 
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lysozyme used for digestion.  To investigate this hypothesis, 500 mL cultures of BL21Ω 

carrying pLM-2 and a 500 mL culture of TG1 containing pLA7 were grown overnight, 

and converted to spheroplasts by lysozyme digestion with 0.5 mg/mL lysozyme at 25 

°C for 10 or 30 minutes (BL21Ω), or 15 minutes (TG1).  Periplasmic extracts from the 

four cultures were chromatographed on HighQ resin, and peak active fractions pooled.  

Aliquots of the periplasmic extracts and peak active fraction pools, as well as a previous 

periplasmic extract and peak active pool known to contain the contaminants, were 

analysed on 12% SDS-PAGE (Figure 2-11). 

 

 
Figure 2-11: 12% SDS-PAGE of periplasmic extracts prepared with differing 

incubation times and ion exchange peak active pools derived from these. 

Lanes are marked as follows: Std: Amersham Pharmacia Low Molecular Weight standards; C: 
Periplasmic extract known to be contaminated; C HQ: Peak active fractions of C after chromatography 
on HighQ resin; TG1: Periplasmic extract from TG1 carrying pLA7; TG1 HQ: Peak active fractions of 
TG1 after chromatography on HighQ resin; B10: Periplasmic extract from BL21Ω carrying pLM-2, with 
10 minute lysozyme digestion; B10 HQ: Peak active fractions of B10 after chromatography on HighQ 
resin; B30: Periplasmic extract from BL21Ω carrying pLM-2, with 30 minute lysozyme digestion; B30 
HQ: Peak active fractions of B30 after chromatography on HighQ resin.  5’-Nucleotidase is indicated 
with an arrow.  The gel was silver stained. 
 

The contaminants did not appear to be as prominent in either the 10 minute or 30 

minute incubations of BL21Ω after HighQ chromatography.  Repeated SDS-PAGE 

analysis of the peak active fraction pools from chromatography of the 10 minute and 30 
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minute samples demonstrated the presence of a low concentration contaminant of 

approximately 35 kd mass (Figure 2-12). 

 

 
Figure 2-12: 12% SDS-PAGE of periplasmic extracts prepared with different 

lysozyme digestion times after HighQ chromatography. 

Lanes are marked as follows: Std: Amersham Pharmacia Low Molecular Weight standards; B10 HQ: 
Peak active fractions of B10 after chromatography on HighQ resin; B30 HQ: Peak active fractions of B30 
after chromatography on HighQ resin.  Molecular masses (in kd) of standards are indicated, and 5’-
nucleotidase is indicated with an arrow. 
 

5’-nucleotidase assays and protein estimations were performed, and specific activities 

calculated for the peak active pools derived from the periplasmic extracts lysed for 10 

minutes and 30 minutes.  The 10 minute lysis (B10 HQ in Figure 2-21) had a specific 

activity of 764 U/mg, while the 30 minute lysis (B30 HQ in Figure 2-21) had a specific 

activity of 455 U/mg.  Solutions containing purified 5’-nucleotidase were assigned an ε 

value of 1.15, based upon a calculated molar extinction coefficient of 66830 M-1 cm-1 

(Gill and von Hippel, 1989; ExPASy ProtParam tool) and a molecular weight of 58219 

(this thesis). 

 

Periplasmic extracts were prepared from three 500 mL cultures of BL21Ω carrying 

pLM-2, with lysozyme concentrations of 0.5 mg/mL, 0.1 mg/mL and 0.025 mg/mL, 
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incubating at 25 °C for 10 minutes.  SDS-PAGE analysis of the periplasmic extracts 

showed no notable difference in the proportions of proteins present (data not shown).  

Subsequent lysozyme digestion was performed using 0.5 mg/mL lysozyme for 10 

minutes at 25 °C, as there was no notable difference in levels of 5’-nucleotidase 

obtained from samples incubated with lysozyme for 10 minutes and 30 minutes (see 

Figure 2-11), while the contaminants had only been prominent in periplasmic extracts 

prepared from cell suspensions subjected to lysozyme digestion for 30 minutes (see 

Figures 2-9 and 2-10). 

 

In order to monitor the behaviour of 5’-nucleotidase during chromatography, pH and 

conductivity of the fractions eluted during ion exchange chromatography was recorded.  

pH was almost constant at pH 7.2 to pH 7.5, and the conductivity increased as the NaCl 

gradient was applied.  A profile of 5’-nucleotidase activity compared with conductivity 

is presented in Figure 2-13.  The conductivity recorded for 5 mM Tris-HCl, pH 7.5 

(start of the NaCl gradient) was 0.309 mS, and for 5 mM Tris-HCl, 0.2 M NaCl, pH 7.5 

(end of the NaCl gradient) was 16.3 mS. 
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Figure 2-13: Conductivity compared with 5’-nucleotidase activity in peak active 

fractions from HighQ chromatography. 

5’-Nucleotidase activity is expressed as absorbance at 820 ηm, with 10 µl of 1:100 diluted fraction being 
assayed. 
 

From this data, it was determined that 5’-nucleotidase elutes at approximately 110-115 

mM NaCl.  The contaminants were eluted at marginally higher NaCl concentrations, as 

demonstrated by SDS-PAGE analysis of fractions surrounding the peak active pool 

(Figure 2-14).  SDS-PAGE analysis of peak active fractions concentrated 10 or 20-fold 

(in an Amicon pressure cell with a 10 kd cut-off membrane) showed that the 5’-

nucleotidase had no significant contaminants (Figure 2-14). 
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Figure 2-14: SDS-PAGE analysis of concentrated peak active fractions and 

surrounding fractions from HighQ chromatography. 

Lanes are marked as follows: Std: Bio-Rad Broad Range Molecular Weight standards; P10 1: 1 µl peak 
active fractions, concentrated 10-fold; P10 1.5: 1.5 µl peak active fractions, concentrated 10-fold; P20 1: 
1 µl peak active fractions, concentrated 20-fold; P10 10: 10 µl peak active fractions, concentrated 10-
fold; P10 15: 15 µl peak active fractions, concentrated 10-fold; P20 5: 5 µl peak active fractions, 
concentrated 20-fold; P20 15: 15 µl peak active fractions, concentrated 20-fold; 46 to 49, 52 to 55: 
fractions 46 to 49 and 52 to 55.  Peak active fractions were fractions 50 and 51.  5’-Nucleotidase is 
indicated with an arrow. 
 

The mass of protein of this quality recovered from periplasmic extract prepared from 

500 mL saturated culture of BL21Ω containing pLM-2 was 600 µg, with a specific 

activity of 840 U/mg.  Attempts to purify 5’-nucleotidase from cultures of larger 

volumes failed to yield pure protein, with the same two contaminants present. 
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2-3-3 REFINEMENT OF PURIFICATION PROTOCOLS USING THE BIOCAD 700E 

CHROMATOGRAPHY SYSTEM 

The persistence of the two contaminants of approximately 25 kd and 35 kd mass was 

proving to be a significant hindrance to the reliable purification of milligram quantities 

of 5’-nucleotidase.  The availability of a BioCAD 700E chromatography system 

allowed rapid testing of a wide variety of chromatography matrices and conditions 

under stringently controlled conditions.  Initially, the focus of the trials using the 

BioCAD system was the removal of the two contaminants from partially purified 

periplasmic extract (the peak active fractions from anion exchange chromatography 

using HighQ resin).  Anion exchange chromatography, using a pre-packed HQ POROS-

20 column, was performed at a range of pH values between 6 and 9, using 100 mM 

Tris/bis-Tris buffers, and eluting over a 0 to 125 mM NaCl gradient.  The elution 

profiles (as measured by absorbance at 820 ηm) were not significantly altered by the pH 

within this range (Figure 2-15), and the contaminants were still present upon SDS-

PAGE analysis (data not shown).  This indicated that the characteristics of the 

contaminants did not alter significantly from those of 5’-nucleotidase under the higher 

pH conditions. 
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Figure 2-15: Trace of data from anion exchange chromatography over a 0-125 mM 

NaCl gradient at pH 6 to 9. 

pH was adjusted by changing ratio of 100 mM Tris/bis-Tris pH 6.0 and 100 mM Tris/bis-Tris pH 9.0.  
The green trace indicates absorbance at 280 ηm, and the purple trace indicates conductivity (mS). 
 

5’-Nucleotidase has a previously reported pI of 5.1 (Glaser et al, 1967) or 5.49 

(University of Wisconsin E. coli Genome Project), and the prospect of a differing pI for 

either of the contaminants, or of using the lower pH to disrupt any non-covalent 

interactions between 5’-nucleotidase and the contaminants suggested investigation of 

cation exchange chromatography at pH 5 or lower.  The matrix selected was HS 

POROS 20, with a sulfopropyl functional surface.  Chromatography was performed at 

pH 4 and 5, over a 0-200 mM NaCl gradient.  SDS-PAGE analysis of fractions with 

peak absorbances at 280 ηm indicated that the contaminants remained, and cation 

exchange chromatography was not continued (data not shown). 



 PURIFICATION OF 5’-
NUCLEOTIDASE FROM 

ESCHERICHIA COLI 

CHAPTER 2 

  
 

59 
 

 

The peak active fractions obtained from anion exchange chromatography eluted at quite 

low ionic strength (Figure 2-15), and a slight difference in the elution profile of 5’-

nucleotidase and the two contaminants had been noted previously (Figure 2-14).  The 

two contaminants appeared to elute at marginally higher ionic strengths than 5’-

nucleotidase, and lowering the maximum concentration of NaCl in the gradient, while 

maintaining the length of the gradient, would increase the resolution of the 

chromatography and possibly allow separation of 5’-nucleotidase from the 

contaminants.  Anion exchange chromatography was performed at 100 mM Tris/bis-

Tris buffer (pH 6.0), with the following final NaCl concentrations (initial NaCl 

concentration was invariably 0 mM): 0 mM, 1 mM, 2 mM, 3 mM, 5 mM, 15 mM, 40 

mM, 100 mM and 250 mM.  The chromatography run without NaCl was included as a 

control only.  No significant difference was noticed between 5’-nucleotidase and the 

contaminants, eluting at the same concentration of NaCl over all gradients.  5’-

Nucleotidase did not elute during control (no NaCl) chromatography or the 0-1 mM 

gradient, but did elute during the 0-2 mM gradient and all gradients with a higher NaCl 

concentration (Figure 2-16). 
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Figure 2-16: Trace of data from anion exchange chromatography over 0-1 mM or 

0-2 mM NaCl gradient. 

The red trace indicates absorbance at 280 ηm, the purple trace indicates conductivity between 0 and 200 
mS, the light green trace indicates the proportion of buffer (as a percentage) composed of buffer 
containing 3 M NaCl to yield final NaCl concentrations from 0-250 mM (see text), and the dark green 
trace indicates pH (between 7.0 and 10.0). 
 

Trace data presented in Figure 2-16 includes a trace of the applied gradient (in light 

green) as well as the change in conductivity observed (in purple).  As the data was 

collected in real time, a delay of approximately 1 minute was observed between 

applying a change in conditions before the column and the detectors, set in-line after the 

column, reporting the change.  As a consequence of this lag, the effects of the start of 

the gradient are first apparent at approximately 1 minute, despite the gradient being 

applied at 0 minutes.  The gradient was finished at approximately 2.6 minutes, and a 

wash containing 33% 3 M NaCl applied to remove any protein not eluted during the 
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gradient.  The effects of this wash became apparent at approximately 3.7 minutes, with 

a sudden increase in conductivity. 

 
Previous anion exchange protocols using the Bio-Rad Econosystem had been performed 

using 5 mM Tri-HCl, pH 7.5 as the adsorbing buffer, with ionic strength modified by 

the addition of NaCl.  The Bio-CAD used 100 mM Tris/bis-Tris buffers for anion 

exchange chromatography, which have a significantly higher ionic strength.  In order to 

better replicate previously successful chromatography (Figure 2-14), 5 mM Tris-HCl 

pH 7.5 was used instead of the recommended Tris/bis-Tris buffers.  Trace data obtained 

from in-line monitoring of chromatography of periplasmic extract over a 0-200 mM 

NaCl gradient showed a distinct absorbance (280 ηm) peak at fractions 31 to 35 

corresponding to peak 5’-nucleotidase activity (Figure 2-17). 
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Figure 2-17: Chromatography trace data from anion exchange chromatography of 

periplasmic extract over a 0-200 mM NaCl gradient in 5 mM Tris-HCl pH 7.5. 

Fraction numbers (4→86) are indicated at the top of the trace.  The blue trace indicates absorbance at 280 
ηm between 0 and 3.0, the red trace indicates absorbance at 340 ηm between 0 and 3.0, and the purple 
trace indicates conductivity (mS).  The green trace indicates pH between the range of 10.0 (top of the 
trace) and 4.0 (bottom of the trace).  Protein concentration is indicated by absorbance at 280 ηm and 340 
ηm. 
 
SDS-PAGE analysis of peak active fractions showed the presence of low levels of the 

contaminants when silver stained, but the contaminants were not significantly detected 

by staining with Coomassie blue (Figure 2-18). 
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Figure 2-18: Silver staining (left) and Coomassie blue staining (right) of peak 

active fractions from anion exchange chromatography. 

Lanes are marked as follows: Std: Amersham Pharmacia Low Molecular Weight standards; Per: 
Periplasmic extract; 30→36: fractions 30 to 36.  5’-Nucleotidase is indicated with an arrow. 
 

5’-nucleotidase assay and protein estimation was used to calculate specific activities for 

groups of peak active fractions, and compared to previously reported values and the 

periplasmic extract.  Specific activities of 670 to 730 U/mg were calculated for peak 

active fractions over a number of preparations, while the periplasmic extracts had 

specific activities of 65 to 100 U/mg.  The level of contamination was considered 

acceptable for the purposes of this study, as it appeared to be quite minor on Coomassie 

stained SDS-PAGE, and specific activities were comparable to previously reported 

figures.  

 

A summary of a typical purification is shown in Table 2-6. 
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FRACTION VOLUME 

(ML) 

PROTEIN 

CONC. 

(MG/ML) 

SPECIFIC 

ACTIVITY  

TOTAL 

ACTIVITY 

(U) 

% ACTIVITY 

RECOVERED 

Periplasmic 

extract 

65 0.902 194.01 11375 100 

30-32 1.6 0.258 909.93 375.6 3.3 

33-35 1.6 1.021 753.61 1231.1 10.8 

36-38 1.5 0.291 102.98 44.95 0.4 

Table 2-6: Purification of 5’-nucleotidase from BL21Ω containing pLM-2, using 

spheroplasting and anion exchange chromatography. 

Protein concentrations were determined spectrometrically, and activity was determined by 5’-nucleotidase 
assay of a 1/1000 diluted sample.  Specific activity is expressed as U/mg.  % recovery is compared to 
periplasmic extract 
 

Fractions 30-35 were retained, yielding a recovery of 14.1% of activity and 5.6 mg of 

5’-nucleotidase. 

 

2-4 DISCUSSION 

A two-stage protocol was developed for the purification of milligram quantities of 5’-

nucleotidase from a host containing an expression vector carrying ushA.  The 

expression vector, pLM-2, contained the ushA gene under the control of the pT7 RNA 

polymerase promoter, regulated by the genomically-encoded T7 RNA polymerase.  The 

genomic T7 RNA polymerase gene is inducible by IPTG, but IPTG induction was 

found to be unnecessary for high levels of expression.  The first stage of purification is 

the preparation of periplasmic extracts by lysozyme digestion using 0.5 mg/mL 

lysozyme for 10 minutes at 25 °C.  Persistent contaminants may arise if the periplasmic 

extract contains significant quantities of cytoplasmically localised proteins or products 

of translational pausing.   
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Anion exchange chromatography, using POROS HQ resin on a BioCAD 700E 

chromatography system, is the second stage of the purification.  5 mM Tris-HCl pH 7.5 

was used as the adsorption buffer prior to a 0-200 mM NaCl gradient being applied over 

30 column volumes.  The resultant protein typically had a specific activity in the range 

of 670 to 730 U/mg, with a yield of up to 6 mg per litre of original culture.  This 

protocol fulfilled all the requirements of this study, reliably yielding milligram 

quantities of 5’-nucleotidase with little contamination. 
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CHAPTER 3: CHARACTERISATION OF 5’-NUCLEOTIDASE 

FROM ESCHERICHIA COLI 

 

3-1 INTRODUCTION AND BACKGROUND 

A number of physical and biochemical descriptions of 5’-nucleotidase have been 

reported previously, from the initial descriptions based upon partial purification and 

biochemical activity to an X-ray crystallographic structure (Neu and Heppel, 1965; Neu, 

1967a; Neu, 1967b; Glaser et al, 1967; Dvorak and Heppel, 1968b; Broad and Smith, 

1981; Beacham and Wilson, 1982; Ruiz et al, 1989; Knöfel and Sträter, 1999).  This 

study aimed to characterise 5’-nucleotidase as a basis on which to compare a number of 

specific mutants in an attempt to elucidate the mechanism of in vitro activation by 

divalent metal ions, particularly the high level of activation by cobalt. 

 

The complete sequence of the ushA gene is known (Burns and Beacham, 1986), making 

amino acid sequencing unnecessary.  Physical properties characterised in this chapter 

include the molecular weight of the mature, periplasmically-localised enzyme, and the 

number of divalent metal ions present in vivo.  Biochemical characteristics determined 

include specific activity over a range of pH values and with a number of metal ions, 

notably Co2+, Zn2+, and Mg2+.  Kinetic properties such as KM, Vmax, and Kcat were also 

determined, and activation by the addition of Co2+ to the enzyme examined.  These have 

lead to a profile of the wild-type 5’-nucleotidase for comparison to the mutant proteins, 

which is described in Chapter 4. 
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3-2 MATERIALS AND METHODS 

 

3-2-1 VARIATIONS OF 5’-NUCLEOTIDASE ASSAY CONDITIONS 

5’-nucleotidase assays were performed under a range of conditions in this chapter.  The 

basic protocol was that presented in Section 2-2-17, with a pH of 6.0, CoCl2 and CaCl2 

present in the reaction, and 30 µL of 10 mM 5’-AMP added as substrate.  Unless 

otherwise specified, these are the conditions under which all assays were performed.  

These conditions were altered in the following ways: 

• pH:  Assay conditions were set at pH 5.0 and pH 6.0 by using 45 µl 50 mM 

sodium acetate buffer at the appropriate pH.  To obtain pH 7.0 and 8.0, 45 µl 50 mM 

Tris-HCl at the appropriate pH was used in place of the sodium acetate buffer. 

• Different metal ion requirements:  The role of various metal ions in the 

activation of 5’-nucleotidase was investigated by replacing the 480 mM CaCl2/150 mM 

CoCl2 with either CoCl2 (without CaCl2), MgCl2, or ZnCl2.  The concentration of metal 

ion used in the individual assay is indicated in the experimental description, as it varied 

considerably. 

• Substrate concentration:  The concentration of 5’-AMP was varied in certain 

experiments. 

 

3-2-2 DETERMINATION OF KINETIC CHARACTERISTICS 

Kinetic characteristics of 5’-nucleotidase are described in this chapter.  KM is defined as 

the substrate concentration at which the reaction rate is half of its maximal value 

(Stryer, 1988), and this definition was used as the basis for a graphical method for 

determining KM, as 5’-nucleotidase activity did not conform to a Lineweaver-Burk plot.  
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This behaviour has been previously reported when assaying 5’-nucleotidase activity in 

the presence of cobalt (Neu, 1967a).  5’-Nucleotidase assays were performed over a 

range of 5’-AMP concentrations with a constant mass of enzyme, and the absorbance at 

820 ηm plotted against substrate concentration.  The absorbance at 820 ηm indicates the 

amount of PO4
- present in solution (Chen et al, 1956), and therefore bears a linear 

relationship to enzymatic activity when 5’-AMP is used as substrate.  Reaction 

conditions were carefully monitored to ensure that enzyme activity did not exceed the 

detection threshold of the assay.  The concentration of 5’-AMP at which 5’-nucleotidase 

activity was half of its maximal value was determined from this data.  KM data for 

CoCl2 was calculated by the same method, but varying CoCl2 concentration instead of 

5’-AMP concentration. 

 

Vmax is the rate at which substrate is converted to product when the enzyme is saturated 

by substrate.  It can be determined by assay of a known concentration of enzyme with 

an excess of substrate over a known period of time, and is expressed as (Vmax) m sec-1.  

The assay data used to determine specific activity may also be used to calculate Vmax.  

Kcat, the rate at which a molecule of substrate is catalysed to product, can be calculated 

by dividing Vmax by the enzyme concentration, and is expressed as (Kcat) sec-1. 

 

3-2-3 SIZE EXCLUSION CHROMATOGRAPHY TO REMOVE METAL IONS FROM SOLUTION 

Size exclusion chromatography using a Sephadex G50 matrix, as described in Section 

2-2-21, was used to separate metal ions in solution from 5’-nucleotidase during a 

number of experiments.  5’-Nucleotidase was typically loaded in concentrations of 2-3 

mg/mL, as chromatography would dilute the sample, and peak active fractions were 
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detected by 5’-nucleotidase assay.  All glassware used had been cleaned of metal ions 

prior to use with 10% HNO3, and thoroughly rinsed with distilled deionised H2O 

(Holmquist, 1988).  All buffers used were prepared using ddH2O. 

 

3-2-4 PREPARATION OF APOENZYME USING NITRILOTRIACETIC ACID 

Metal ions may be chelated by agents such as nitrilotriacetic acid (NTA), and the 

chelating agent then removed by buffer substitution using an appropriate ultra-filtration 

membrane (Auld, 1988).  This principle was used in an attempt to prepare metal-free 5’-

nucleotidase, or 5’-nucleotidase apoenzyme, for studies into its activation by divalent 

metal ions.  Purified 5’-nucleotidase was concentrated using a Centricon-10 centrifugal 

microconcentrator, and the buffer replaced with 10 mM HEPES pH 7.5 through 

repeated concentration and dilution.  This buffer was, in turn, replaced with 10 mM 

HEPES 1 mM NTA pH 7.5, and incubated at 4 °C for 16 hours.  The buffer was 

changed once more to 10 mM HEPES pH 7.5 and the apoenzyme concentration 

estimated spectrometrically prior to further study. 

 

3-2-5 MOLECULAR WEIGHT ESTIMATION USING ANALYTICAL GEL FILTRATION 

The molecular weight of 5’-nucleotidase was estimated by analytical gel filtration on a 

Smart System, courtesy of Mr. Stephen Machin, Department of Biochemistry, the 

University of Queensland.  Standards of a known molecular weight were used to 

calibrate retention time.  Data gathered by this technique may also be used to estimate 

the percentage of the total protein for a given protein.  Area under the peak is 

determined for each peak, and the percentage of the total area under all peaks 
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calculated.  While not taking account of extinction coefficients for different proteins, it 

does provide a useful estimate of the components of a heterogenous system. 

 

3-2-6 MOLECULAR WEIGHT DETERMINATION USING MASS SPECTROMETRY 

The molecular weight of 5’-nucleotidase was estimated by mass spectrometry at orifice 

potentials of 120 mS, 70 mS, 60 mS and 45 mS.  Mass spectrometry was performed at 

the Drug Design and Development Centre, the University of Queensland.  Samples 

were prepared in ddH2O at approximately 1 mg/mL concentration. 

 

3-2-7 METAL ION ANALYSIS BY INDUCTIVELY COUPLED PLASMA-EMISSION 

SPECTROMETRY 

The concentrations (in parts per billion) of Co2+, Zn2+ and Mg2+ in solution were 

determined by ICP-ES analysis on a Spectro SpectroFlame model P+M spectrometer, 

courtesy of Mr John Oweczkin, Analytical Services, Department of Agriculture, the 

University of Queensland.  Standard solutions of the metal ions analysed were prepared 

at 0, 100, 150, 175, 200, 225, and 300 ppb.  ICP-ES analysis has lower limits on the 

sensitivity of detections for various ions.  The best reported detection limit for Co2+ is 

0.4 ppb; for Mg2+ is 0.01 ppb; and for Zn2+ is 0.3 ppb (Wolnik, 1988). 

 

3-3 RESULTS 

3-3-1 DETERMINATION OF THE MOLECULAR WEIGHT OF PERIPLASMIC 5’-

NUCLEOTIDASE 

Published data has ascribed a range of molecular weights to 5’-nucleotidase, determined 

by a range of methods.  Neu (1967a) determined a molecular weight of 52 kd using 
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sucrose gradient centrifugation; Wyatt (1972) used gel exclusion chromatography to 

estimate a MW of 46770 daltons; and Broad and Smith (1981) estimated a MW of 66 

kd from SDS-PAGE, 48.5 kd from gel exclusion chromatography, and 15 to 30 kd using 

membrane filtration.  Beacham and Wilson (1982) estimated a MW of 61 kd using 

SDS-PAGE; Burns and Beacham (1986) calculated masses of 60750.6 for the 

cytoplasmic precursor and 58134.8 for the mature protein from the coding region of the 

ushA gene; and Ruiz et al (1986) calculated a mass of 52 kd from sucrose centrifugation 

data.  A mass of 60829.89 has been estimated from the open reading frame of the ushA 

gene (University of Wisconsin E. coli Genome Project).  This study estimated 

molecular weight using analytical gel filtration and mass spectrometry. 

 

Analytical gel filtration was performed upon a purified sample of 5’-nucleotidase, with 

a range of molecular weight standards (Figure 3-1). 
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Figure 3-1: Analytical gel filtration data to determine molecular weight of 5’-

nucleotidase. 

The upper trace is of the purified 5’-nucleotidase sample, and the lower trace is of the molecular weight 
standards.  The horizontal axis displays retention time (minutes), while the vertical axis displays 
absorbance at 280 ηm.  Molecular weights (of protein standards) and retention times of the peaks are 
indicated. 
 

A plot of log MW (kd) against retention time (minutes) was prepared, and the log MW 

(kd) of the most prominent peaks (at 33.12 minutes and 45.04 minutes) from the sample 

determined (Figure 3-2). 
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Figure 3-2: Log MW (kd) against retention time from analytical gel filtration of 

molecular weight standards. 

 
The peak at 33.12 minutes (identified as 5’-nucleotidase by assay) was assigned a 

molecular weight of 59606, while the peak at 45.04 minutes (not evident on repeat 

analysis) was assigned a molecular weight of 3033 daltons.  The 5’-nucleotidase peak 

represented 65.5% of the total protein, and the peak at 45.04 minutes represented 

29.95%.  Repeat analyses yielded molecular weight estimations of 58949 and 60879 

(data not shown), with no evidence of significant peaks at the lower molecular weight 

(the 5’-nucleotidase peaks represent 98.8% and 95.9% of the total protein), yielding a 

molecular weight estimate of 59811 daltons (std. dev. 981 daltons).  This confirms 

previous data regarding the monomeric nature of 5’-nucleotidase (Broad and Smith, 

1981), since this estimate is close to the calculated molecular weight on the primary 

sequence and also the apparent molecular weight from SDS-PAGE (Beacham and 

Wilson, 1982; Burns and Beacham, 1986). 
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Further molecular weight estimates were obtained through mass spectrometry at a range 

of orifice potentials.  The range of orifice potentials used was intended to ascertain 

whether mass estimates would be consistent with the presence of one or two zinc ions in 

vivo.  Initial data collection was performed at 120 mS orifice potential, and generated 

mass estimates of 58221.7 (std. dev. 1.61, 16 estimates) and 58214.87 (std. dev. 2.48, 

11 estimates) (data presented in Appendix 5).  Mass spectrometry was also performed at 

70 mS, 60 mS and 45 mS.  The dominant mass estimates from the 70 mS and 60 mS 

runs were 58224.9 and 58223.0 respectively, and a small additional peak present at 

58355.1 and 58341.8 respectively (data presented in Appendix 5).  Mass spectrometry 

at 45 mS orifice potential failed to generate resolvable data.  Mass spectrometry data is 

summarised in Table 3-1. 

 

ORIFICE 

POTENTIAL 

MASS ESTIMATE OF 

PRIMARY PEAK 

MASS ESTIMATE OF 

SECONDARY PEAK 

MASS DIFFERENCE 

BETWEEN 2° & 1° 

120 mS 58221.7 n/a  

120 mS 58214.87 n/a  

70 mS 58224.9 58355.1 130.2 

60 mS 58223.0 58341.8 118.8 

Table 3-1: Collated mass spectrometry estimates of 5’-nucleotidase molecular 

weight. 

 
 

For the purposes of this thesis, a molecular weight of 58219 (std. dev. 4.03) was used, 

based upon the average of the mass spectrometry estimates.  The mass spectrometry 

procedure was expected to dissociate any metal ions associated with the purified 5’-

nucleotidase, providing a mass estimate for the polypeptide component of the metallo-

enzyme only.  At least one zinc ion was expected to be associated with the purified 
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enzyme, as demonstrated by Dvorak and Heppel (1968b).  The presence of the 

secondary peaks may be due to a small proportion of 5’-nucleotidase that retained two 

zinc ions (zinc has a molecular weight of 65.38).  This would be consistent with the 

evidence showing that 5’-nucleotidase is a zinc metallo-enzyme as presented by Dvorak 

and Heppel (1968b) on the basis of 65Zn studies and later by the X-ray crystallographic 

analysis of Knöfel and Sträter (1999), which identified two metal binding sites at the 

catalytic site.  It may be noted, however, that Dvorak and Heppel estimated a single zinc 

atom (0.7 g atoms) per molecule of enzyme following a multiple-step purification 

procedure.  While the observed molecular weight difference is not rigorous data in 

support of the presence of two zinc ions in the catalytic site in vivo, it does present some 

intriguing possibilities for future investigation.  It may be possible to observe similar 

mass differences at low orifice potentials during mass spectrometry of other metallo-

enzymes.  For the purposes of this study, however, more direct analysis of metal ion 

content was considered necessary. 

 

3-3-2 METAL ION ANALYSIS OF 5’-NUCLEOTIDASE USING INDUCTIVELY COUPLED 

PLASMA-EMISSION SPECTROMETRY 

Inductively coupled plasma-emission spectrometry (ICP-ES) can be used to 

quantitatively determine the mass of a given metal ion present in solution at 

concentrations of parts per billion, or µg/L.  This study utilised ICP-ES coupled with 

spectrometric protein estimation to investigate molar ratios of 5’-nucleotidase to Zn2+, 

Co2+, and Mg2+.  Displacement of associated zinc ions with cobalt ions was attempted 

by incubation of 5’-nucleotidase with known molar ratios of CoCl2. 
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Initial analyses focused upon determining the number of zinc ions associated with 

purified 5’-nucleotidase, which was presumed to reflect the situation in vivo.  Purified 

5’-nucleotidase was dialysed against 5 mM Tris-HCl pH 7.5 that had been prepared 

from ddH2O in glassware cleaned with 10% HNO3.  The concentration of the sample 

was estimated spectrometrically, and analysed by ICP-ES for levels of Zn2+, Co2+, and 

Mg2+.  Other ions (Mo2+, Al2+, S2+) were analysed to monitor levels of contamination in 

the sample.  Standards were prepared in 5 mM Tris-HCl pH 7.5 obtained from the same 

supplier as that used in dialysis, to normalise for any contaminants in the buffer.  

Separate analysis had previously demonstrated that the buffer contained no significant 

levels of contaminating ions (data not shown).  The concentration of 5’-nucleotidase 

typically analysed was 50 µg/mL, or 859 ηM, as this would yield 110 ppb Zn2+ if the 

sample had a 2:1 zinc: 5’-nucleotidase stoichiometric ratio.  Multiple analyses were 

performed upon dialysed samples, yielding ratios of Zn2+:5’-nucleotidase between 

2.945:1 and 1.908:1.  Analysis of this data yields a mean of 2.177 Zn2+:1 5’-

nucleotidase, with a std. dev. of 0.193.  This estimate is in accordance with the data 

presented by Knöfel and Sträter (1999), in which 2 zinc ions are reported to be 

associated with 5’-nucleotidase, based upon X-ray crystallographic data.  It is in 

contrast to the ratio of zinc:5’-nucleotidase reported by Dvorak and Heppel (1968b), 

who estimated 0.7 zinc to 1 5’-nucleotidase following a multi-step purification 

procedure, performed with the intention of removing any zinc ions not strongly 

associated with 5’-nucleotidase.  The apparent disparity between Dvorak and Heppel’s 

estimate of approximately 1 zinc ion per molecule and this study’s estimate of two zinc 

ions per molecule may indicate that at least one of the two metal ion binding sites 

identified by Knöfel and Sträter has a low affinity for zinc ions, allowing ready 
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dissociation of the in situ zinc ion.  The potential presence of a low affinity metal 

binding site in 5’-nucleotidase may allow activation by certain other divalent metal ions. 

 

The mechanism by which cobalt activates 5’-nucleotidase activity is of interest, as the 

level of activation is significantly higher (approximately 60-fold) than expected from 

studies of other zinc metallo-enzymes (negligible to 5-fold) (Coleman and Vallee, 1960; 

Prescott et al, 1985).  Cobalt is frequently used during studies of zinc metallo-enzymes, 

as it may be used to displace in vivo zinc ions for spectroscopic studies while retaining 

or slightly increasing activity (Maret and Vallee, 1993).  Aminopeptidase from 

Aeromonas exhibits similar levels of activation to that of 5’-nucleotidase by cobalt 

when the apoenzyme is reconstituted by Cu2+ (Prescott et al, 1985), while exhibiting 

only a 3.2-fold increase in activity when reconstituted with Co2+.  The mechanism by 

which cobalt achieves the high level of activation observed in 5’-nucleotidase is 

unknown, and it was hypothesised that cobalt displaces one or both zinc ions in the 

metal-enzyme complex.  A possible method for detecting such a displacement involves 

ICP-ES analysis of 5’-nucleotidase that has been incubated in the presence of a molar 

excess of Co2+, and determining if the levels of associated zinc have dropped as cobalt 

displaces one or both associated zinc ions.  If displacement is occurring and the cobalt-

enzyme complex is stable, it may also be possible to observe an increase in the levels of 

associated cobalt.  Incubation with a molar excess of cobalt does present some 

difficulties, however.  ICP-ES estimates the metal ion content of the sample solution, 

not merely those ions associated with protein.  A method to reliably remove the cobalt 

and zinc ions not associated with 5’-nucleotidase was required. 
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Exhaustive dialysis of samples against 5 mM Tris-HCl pH 7.5, based upon ddH2O in 

acid-cleaned glassware, was used to remove adventitious metal ions by the following 

procedure prior to ICP-ES.  The concentration of 5’-nucleotidase in the solution was 

estimated, and Co2+, in the form of 100 mM CoCl2, was added to give a final molar ratio 

of Co2+:5’-nucleotidase of 0:1, 100:1, or 2000:1.  The solution was incubated at 4 °C for 

10 minutes, and dialysed at 4 °C against four changes of buffer for a minimum of 2 

hours for each buffer change.  The results of two analyses are summarised in Table 3-2. 

 

ANALYSIS 1 ANALYSIS 2 MOLAR RATIO 

OF CO2+:5’-

nucleotidase 

DETECTED 

ZN2+:5’-

nucleotidase

DETECTED 

CO2+:5’-

nucleotidase

DETECTED 

ZN2+:5’-

nucleotidase 

DETECTED 

CO2+:5’-

nucleotidase

0:1 1.908 b.d.l. 2.656 b.d.l. 

100:1 0.973 1.560 0.474 3.540 

2000:1 n/a n/a 0.576 2.019 

 

Table 3-2: ICP-ES analysis of 5’-nucleotidase following incubation with indicated 

molar ratio of CoCl2 and dialysis. 

b.d.l. indicates that levels of this ion were below detectable limits.  n/a indicates that data was not 
available. 
 

The levels of metal ions retained in solution despite dialysis were unacceptably high, as 

indicated by the increased proportion (that is, greater than 2:1) of total metal ions to 5’-

nucleotidase in the samples incubated with additional Co2+.  As ICP-ES detects the total 

concentration of metal ion present in the sample, and not merely that associated with 5’-

nucleotidase, it seems likely that a significant level of cobalt remained in solution after 

dialysis.  While levels of Co2+ retained by the dialysed samples appeared too high, this 
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data did present an interesting trend.  Levels of Zn2+ detected in the sample were 

invariably lower in the samples that had been incubated with molar excesses of Co2+, 

suggesting that cobalt displaced at least one of the zinc ions associated with 5’-

nucleotidase in the active site.   

 

The total proportion of metal ions to 5’-nucleotidase was higher in samples incubated 

with a molar excess of Co2+, but the increase was not consistent either within a given 

concentration of Co2+ (2.533 Co2+ + Zn2+:1 5’-nucleotidase in Analysis 1 at 100:1 

Co2+:5’-nucleotidase, while Analysis 2 had 4.014 Co2+ + Zn2+:1 5’-nucleotidase), or 

within a given analysis (at 100:1 Co2+:5’-nucleotidase, Analysis 2 had 4.014 Co2+ + 

Zn2+:1 5’-nucleotidase, while at 2000:1 Co2+:5’-nucleotidase, there were 2.595 Co2+ + 

Zn2+:1 5’-nucleotidase).  This suggested incomplete removal of metal ions from solution 

during dialysis.  Size exclusion chromatography, using Sephadex G-50 resin, was an 

alternative technique for removal of adventitious metal ions.  A few characteristics of 

size exclusion chromatography had to be considered while using this technique to 

prepare samples for ICP-ES.  The resin itself may be contaminated with metal ions in 

significant quantities, requiring extensive washing of the column with buffers made 

using ddH2O.  In addition, the sample would dilute considerably upon chromatography, 

requiring a more concentrated sample to be chromatographed than is to be later 

analysed by ICP-ES.  During this study, samples at 0.5 mg/mL or higher concentration 

were incubated with the desired molar ratio of Co2+, and chromatographed on Sephadex 

G-50.  Fractions containing 5’-nucleotidase were identified by 5’-nucleotidase assay, 

and peak active fractions were pooled.  Protein concentration was estimated 

spectrometrically, and the sample diluted to 50 µg/mL prior to ICP-ES.  The method 
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was tested upon a sample that had not been incubated with CoCl2, in order to determine 

the levels of metal ion contamination and the degree of dilution of the sample after 

chromatography.  The initial sample concentration was 1.9 mg/mL, and eluted at 56.2 

µg/mL in the fraction selected for ICP-ES.  The ratio of zinc concentration to 5’-

nucleotidase concentration was 1.874:1.  No significant contaminants were detected.  

Repeat analyses of 5’-nucleotidase (with no additional metal ions) yielded molar ratios 

of zinc:5’-nucleotidase that ranged from 0.517:1 to 1.151:1.  This is in contrast to the 

earlier data obtained from samples that had not been subjected to rigorous gel filtration 

to remove metal ions from solution.  This data can be interpreted as indicating the 

presence of up to two associated zinc ions, both of which are capable of dissociating and 

being removed via gel filtration.  It is possible that one of the zinc ions is more readily 

dissociated as the ratio of zinc to 5’-nucleotidase was never lower than 0.5:1, and that 

this may be a contributing factor in the activation of 5’-nucleotidase by other divalent 

metal ions such as Mg2+ and Co2+, as it may allow ready displacement of zinc by these 

metals. 

 

ICP-ES analysis of 5’-nucleotidase samples that had been incubated in the presence of 

100-fold molar excess of CoCl2 prior to size exclusion chromatography was compared 

to samples treated in a similar fashion without the addition of CoCl2.  Molar ratios of 

zinc and cobalt ions to 5’-nucleotidase are presented in Table 3-3. 
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MOLAR RATIO OF 

CO2+:5’-

nucleotidase 

DETECTED 

ZN2+:5’-

nucleotidase 

DETECTED 

CO2+:5’-

nucleotidase 

0:1 1.042 b.d.l. 

0:1 0.577 b.d.l. 

100:1 0.433 0.628 

100:1 0.229 0.456 

 

Table 3-3: ICP-ES analysis of 5’-nucleotidase following incubation with 100-fold 

molar ratio of CoCl2 and size exclusion chromatography. 

b.d.l. indicates that levels of this ion were below detectable limits. 
 

A similar analysis was performed, with 5’-nucleotidase being incubated with either 100-

fold molar excess of ZnCl2 or CoCl2.  ICP-ES analysis of these samples yielded the 

following ion: 5’-nucleotidase ratios (Table 3-4). 

 

MOLAR RATIO OF 

M2+:5’-

nucleotidase 

DETECTED 

ZN2+:5’-

nucleotidase 

DETECTED 

CO2+:5’-

nucleotidase 

0:1 0.517 b.d.l. 

100:1 (ZnCl2) 1.525 b.d.l. 

100:1 (CoCl2) 0.119 0.385 

 

Table 3-4: ICP-ES analysis of 5’-nucleotidase following incubation with 100-fold 

molar ratio of ZnCl2 or CoCl2 and size exclusion chromatography. 

b.d.l. indicates that levels of this ion were below detectable limits.  M2+ indicates a divalent metal ion. 
 

The data from these experiments did not conclusively demonstrate displacement of one 

of two enzyme-associated zinc ions by cobalt ions in solution.  The levels of zinc 
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detected in samples that had not been incubated with any additional metal ions in 

solution appeared to support the ready dissociation of one of the two zincs in the 5’-

nucleotidase active site, and the possibility that the other zinc may also dissociate at a 

lower rate.  Treatment of 5’-nucleotidase with NTA, a chelating agent with a high 

affinity for divalent metal ions, and subsequent removal of the NTA may remove the 

zinc ions from the active site if they have a lower affinity for the active site than for 

NTA. 

 

3-3-3 ANALYSIS OF 5’-NUCLEOTIDASE TREATED WITH NTA 

4 mg of purified 5’-nucleotidase was incubated with NTA in an attempt to prepare the 

apoenzyme of 5’-nucleotidase for ICP-ES analysis and 5’-nucleotidase assay.  Samples 

were taken for comparison just before incubation with NTA, and assays performed in 

the absence and presence of 480 mM CaCl2/150 mM CoCl2.  Results of ICP-ES analysis 

of molar ratios of zinc before and after incubation with NTA, as well as specific activity 

data with and without the Co/Ca reagent, are presented in Table 3-5 (cobalt levels in 

both samples were below detectable limits). 
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SPECIFIC ACTIVITY (U/MG) SAMPLE EXPOSED 

TO NTA 

DETECTED MOLAR 

RATIO OF ZN2+:5’-

nucleotidase 

+ CO/CA REAGENT - CO/CA REAGENT 

Prior to NTA exposure 1.387 616.07 5.34 

After NTA exposure 1.193 416.379 2.38 

 

Table 3-5: Molar ratios of zinc: 5’-nucleotidase and specific activity data of 5’-

nucleotidase before and after exposure to NTA. 

Co/Ca reagent is 480 mM CaCl2/150 mM CoCl2; Co/Ca reagent was replaced with 9 µl dH2O for –Co/Ca 
reagent assays. 
 

The continued presence of molar equivalents of zinc associated with 5’-nucleotidase 

after incubation with NTA for 16 hours indicated preparing 5’-nucleotidase apoenzyme 

was not viable using this technique.  An apoenzyme of 5’-nucleotidase had been 

expected to have a very low specific activity, compared to the native enzyme, when 

assayed in the absence of any additional metal ions, with activity being restored by the 

addition of excess metal ions.  However, the specific activity of the NTA-treated 5’-

nucleotidase was approximately half that of the sample that had not been treated with 

NTA, and in both cases a high level of activation by Co/Ca was evident.  The difference 

in specific activity may be to be due to a loss of enzyme stability over 16 hours at 4 °C 

rather than any irreversible removal of metal ions critical for normal levels of 5’-

nucleotidase activity.  While attempts to produce a 5’-nucleotidase apoenzyme using 

other chelating agents were possible, the apoenzyme was considered to be less 

potentially informative than the series of catalytic site mutants described in Chapter 4.  

A metal-binding site mutant with a reduced affinity for metal ions was also considered 

to be a potentially useful tool for the production of 5’-nucleotidase apoenzyme (see 

Section 5-3). 
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3-3-4 KINETIC CHARACTERISATION OF 5’-NUCLEOTIDASE 

The basic kinetic characteristics of 5’-nucleotidase, such as specific activity, KM values 

and Vmax values are critical reference data for the analysis of any mutant enzymes.  The 

specific activity of 5’-nucleotidase has previously been reported under a range of 

conditions.  Glaser et al (1967) reported a specific activity for 5’-AMP of 755 

µmol/hour/mg (or 12.6 µmol/min/mg), at pH 8.0 in the presence of Mg2+.  Neu (1967a) 

reported a specific activity of 705 µmol/min/mg at pH 6.0 in the presence of Co2+ and 

Ca2+, conditions identical to those used in this study.  Broad and Smith (1981) reported 

a specific activity of 592.9 µmol/min/mg under the same conditions.  During the course 

of this study, specific activities with 5’-AMP as substrate of between 670 and 730 

µmol/min/mg (U/mg) were routinely determined at pH 6.0 in the presence of Co2+ and 

Ca2+. 

 

The apparent KM (5’-AMP) of 5’-nucleotidase indicates the affinity of 5’-nucleotidase 

for this substrate, and can be estimated by assay at a range of substrate concentrations.  

5’-nucleotidase assays were performed with 5’-AMP concentrations between 0 mM and 

0.91 mM (the 5’-AMP concentration used in the majority of 5’-nucleotidase assays in 

this study) (Figure 3-3). 
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Figure 3-3: Determination of KM (5’-AMP) for 5’-nucleotidase. 

Absorbance at 820 ηm is directly proportional to 5’-nucleotidase activity.  The three curves indicate 
separate sets of assays. 
 

As reported by Neu (1967a), the kinetic data for 5’-nucleotidase activity in the presence 

of Co2+ with 5’-AMP as substrate did not conform to a Lineweaver-Burk plot.  As a 

consequence, KM (5’-AMP) was estimated by determining the concentration of 5’-AMP 

at which 5’-nucleotidase activity was half of the apparent maximum, determined at 0.91 

mM 5’-AMP.  The concentration of 5’-nucleotidase was demonstrably the rate-limiting 

factor in assays containing 0.91 mM 5’-AMP, as levels of 5’-nucleotidase activity were 

directly proportional to the concentration of 5’-nucleotidase at this concentration of 5’-

AMP. 

 

The estimated KM (5’-AMP) for 5’-nucleotidase is 159 µM (15 µM std. dev.), which 

compares with previously reported KM data (under similar conditions) of 45 µM (Ruiz 

et al, 1989) and 33 µM (Neu, 1967a), and that reported by Glaser et al (1967) of 1.5 
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µM, determined at pH 8.0 in the presence of Mg2+.  The cause of the discrepancy 

between previously reported KM (5’-AMP) estimations and the value presented in this 

study is unknown.  KM (5’-AMP) estimations for the catalytic site mutants of 5’-

nucleotidase examined in this study yielded KM values of 35 µM (1 µM std. dev.) for 

the mutant of His-117, while the mutant of His-217 gave a KM estimate of 45 µM (11 

µM std. dev.) (see Table 4-7).  The other 5 mutants gave KM (5’-AMP) values of 

between 100 and 200 µM.  The higher KM values determined under the conditions 

presented in this study compared to those presented by Glaser et al (at pH 8.0 with 

Mg2+) indicate a lower affinity for 5’-AMP at the lower pH used in this study. 

 

The apparent KM for Co2+ (Zhuo et al, 1994) was determined using a similar technique.  

CoCl2/CaCl2 (150 mM/480 mM), normally present in the 5’-nucleotidase assay, was 

replaced with 9 µL CoCl2 at concentrations between 0 mM and 100 mM, giving Co2+ 

concentrations between 0 and 2.73 mM in the final assay.  Results of these assays are 

presented in Figure 3-4. 
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Figure 3-4: Determination of KM (Co2+) for 5’-nucleotidase. 

 
KM (Co2+) was estimated to be 92.5 µM (12.6 µM std. dev.).  No other estimates of KM 

(Co2+) were available for comparison. 

 

Vmax and Kcat are intimately related in most enzymatic systems.  Vmax is totally 

dependent upon the concentration of enzyme in the assay, while Kcat, the turnover 

number, represents the maximum catalytic rate of a given active site.  Kcat (5’-AMP) for 

5’-nucleotidase, at pH 6.0 in the presence of Co2+, was determined by assay of a known 

amount of purified 5’-nucleotidase with an excess of 5’-AMP, and determining the rate 

at which PO4
- is produced per mol of 5’-nucleotidase.  In the presence of Co2+, the Kcat 

was estimated to be 0.3155 sec-1, while a value of 0.00836 sec-1 was obtained in the 

absence of any additional metal ions. 
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A comparison of specific activities at a range of pH values in the presence of a small 

range of Co2+ and Mg2+ concentrations is presented in Figure 3-5. 
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Figure 3-5: Comparison of specific activities over pH 5.0 to 8.0 in the presence of 

Co2+ and Mg2+. 

 
 

This data supports that presented by Glaser et al (1967), which describes a steady 

reduction in 5’-nucleotidase activity as pH drops from 8.0 to 5.1 in the presence of 

Mg2+, but does not support the reported pH optima for activity in the presence of Co2+ 

of 7.0. 

 

3-4 DISCUSSION 

The molecular weight of 5’-nucleotidase was estimated by analytical gel filtration and 

mass spectrometry, with estimates of 59811 daltons and 58219 daltons respectively.  

The specific activity of 5’-nucleotidase at pH 6.0, with 5’-AMP as substrate and an 
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excess of Co2+ and Ca2+ in the assay, was estimated at 730 µmol/min/mg.  This is 

comparable to other reported specific activities under similar conditions (Neu, 1967a; 

Broad and Smith, 1981).  KM (5’-AMP) under the same conditions was estimated at 159 

µM (15 µM std. dev.), and the KM (Co2+) was calculated to be 92.5 µM (12.6 µM std. 

dev.).  Kcat was estimated at 0.3155 sec-1 in the presence of Co2+ (no calcium), and 

0.00836 sec-1 with no additional metal ions in solution.  Specific activity was 

determined between pH 5.0 and 8.0, in the presence of Mg2+ and Ca2+.  Specific activity 

in the presence of Mg2+ dropped slightly from pH 8.0 to 6.0, with a sharp reduction 

noted at pH 5.0.  The trend with Co2+ added was markedly different, with a rise in 

specific activity as pH dropped from 8.0 to 5.0. 

 

ICP-ES analysis of 5’-nucleotidase for zinc indicated the presence of up to two zinc 

ions associated with the enzyme in vivo.  Previous estimates of the number of zinc ions 

associated with 5’-nucleotidase utilised either growth on media containing 65Zn and 

subsequent extensive purification, or the number of zinc ions in situ during X-ray 

crystallography data.  Dvorak and Heppel (1968b) estimated 0.7 g atom per mol of 65Zn 

in 5’-nucleotidase purified from E. coli grown in the presence of 65ZnCl2.  X-ray 

crystallography data indicated the presence of two zinc ions in the catalytic site (Knöfel 

and Sträter, 1999).  This data is not a reliable indication of the metal ions associated 

with 5’-nucleotidase in vivo, as the crystallisation buffer contains ZnCl2.  It does, 

however, indicate the presence of two metal ion binding sites in the catalytic site.  The 

estimate of two zinc ions per 5’-nucleotidase molecule obtained during this study 

suggest that both metal ion binding sites are occupied by zinc in vivo.  The estimates of 

zinc:5’-nucleotidase between 0.517:1 and 1.151:1 obtained following gel filtration of 
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purified enzyme are reminiscent of that obtained by Dvorak and Heppel (1968b), and 

suggest that at least one metal ion binding site has a comparatively low affinity for zinc.  

This low affinity may allow activation of 5’-nucleotidase activity by certain divalent 

ions to occur via displacement of the in situ zinc ion by the activating divalent metal 

ion. 

 

Attempts to substitute Co2+ for Zn2+ prior to ICP-ES analysis were only partially 

successful, with increased levels of cobalt detected, and reductions in the levels of zinc 

associated with the same samples.  The consistent trend of lower molar ratios of zinc to 

5’-nucleotidase in samples exposed to high molar ratios of cobalt, compared to samples 

not exposed to additional cobalt, suggests a degree of displacement of zinc by cobalt 

occurs.  Analysis of samples exposed to NTA (a chelating agent with a high affinity for 

divalent metal ions) demonstrated marginally reduced molar ratios of zinc: 5’-

nucleotidase, indicating production of an apoenzyme using this method was not viable. 

The presence of a high affinity metal ion binding site in 5’-nucleotidase is suggested, as 

NTA did not result in the production of an apoenzyme.  Taken with the metal ion 

analysis before and after gel filtration, the presence of both a high affinity metal ion 

binding site and a low affinity metal binding site is suggested. 

 

This study proposes a model for the mechanism of activation of 5’-nucleotidase by 

divalent metal ions such as Co2+ and Mg2+.  This model proposes two metal binding 

sites in the 5’-nucleotidase catalytic site with differential affinities for divalent metal 

ions (M2+).  Site A has a high affinity for metal ions, with a correspondingly low KM for 

M2+, and the metal ion occupying this site, normally zinc, is not displaced by 

adventitious metal ions.  Site B has a lower affinity for M2+, and a correspondingly 
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higher KM (M2+), and metal ions readily displace the metal ion occupying this site.  This 

study proposes the KM (Co2+) of 92.5 µM determined for 5’-nucleotidase is largely a 

factor of the lower affinity of this site (site B) for metal ions.  Chapter 4 describes 

mutagenesis of key catalytic site residues and subsequent kinetic analysis of the mutated 

proteins, with the aim of differentiating the metal ion binding sites. 
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CHAPTER 4: MUTAGENESIS OF KEY RESIDUES IN THE 5'-

NUCLEOTIDASE CATALYTIC SITE, AND SUBSEQUENT 

KINETIC ANALYSIS 

 

4-1 INTRODUCTION AND BACKGROUND 

The identification of a highly conserved consensus sequence in the Ser/Thr 

phosphoprotein phosphatases (Zhuo et al, 1994), and additional consensus sequences in 

5’-nucleotidases (Resta et al, 1993; Innes, 1998) has allowed the identification of eleven 

conserved residues in the E. coli 5'-nucleotidase, potentially with key roles in the 

catalytic site.  Of these residues, seven were selected for site-directed mutagenesis and 

subsequent kinetic analysis based upon high levels of conservation and homology with 

the residues proposed to play a critical role in metal ion binding in the bacteriophage λ 

phosphoprotein (Ser/Thr) phosphatase (Zhuo et al, 1994).  During the course of these 

studies, an X-ray structure analysis of E. coli 5'-nucleotidase (Knöfel and Sträter, 1999) 

was published, which indicated that five of these residues are involved with 

coordinating metal ions in the catalytic site.  Of the two remaining residues, His-117 

was implicated in an Asp-His catalytic dyad, while Glu-118 was not implicated in either 

metal ion binding or in a catalytic structure.  The X-ray crystallography data suggested a 

di-metal centre in the catalytic cleft, with both sites occupied by zinc ions.  The 

convention used in this study for identifying the zinc ions associated with 5’-

nucleotidase will be that reported by Knöfel and Sträter (1999) (See Figure 1-1).  

Residues that coordinate Zn1 and Zn2 are summarised in Table 4-1. 
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COORDINATING 

RESIDUE 

ZN1 OR ZN2 

Asp-41 Zn1 

His-43 Zn1 

Asp-84 Zn1 and Zn2 

Asn-116 Zn2 

His-217 Zn2 

His-252 Zn2 

Gln-254 Zn1 

 

Table 4-1: Residues that coordinate to zinc ions in 5’-nucleotidase. 

Two residues (Asn-116 and Gln-254) were not examined during the course of this study. 
 
 

The identities of the low affinity and high affinity metal binding sites cannot be readily 

determined by the data collected on the wild type enzyme.  In this study, changes in KM 

values for Co2+ were predicted to indicate the effect of the mutations upon the 

coordination of adventitious metal ions (Zhuo et al, 1994), and allow differentiation of 

the two metal binding sites based upon affinity for M2+ (divalent metal ions).  A 

reduction of the number of coordinating residues in the metal-binding site by 

mutagenesis of key residues may reduce the affinity of that site for divalent metal ions.  

If the targeted residue is within the low affinity metal binding site, the apparent KM 

(Co2+) may be higher than that for the wild type enzyme.  It is hypothesised that a lower 

affinity metal binding site may be involved in the high levels of activation of the E. coli 

5’-nucleotidase by Co2+ and Mg2+, allowing displacement of the native Zn2+ by other 

divalent metal ions. 
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In this chapter we describe the preparation of a number of mutant ushA alleles by in 

vitro mutagenesis, and the subsequent purification of the altered proteins.  In order to 

minimise structural changes from the wild type protein, histidine and aspartic acid 

residues were replaced with asparagine residues, and glutamic acid residues were 

replaced with glutamine residues.  Mutations were identified by DNA sequencing, and 

the mutant genes cloned into an expression system.  Mutant proteins were then purified 

by preparation of periplasmic extract and ion exchange chromatography, and their 

kinetic characteristics analysed. 

 

4-2 MATERIALS AND METHODS 

 

4-2-1 BACTERIAL STRAINS AND PLASMIDS 

The bacterial strains and plasmids used in the studies detailed in this chapter can be 

found in Table 4-2 and Table 4-3 respectively. 

STRAIN GENOTYPE SOURCE/REFERENCE 

E. coli K12:BL21Ω hsd S gal (λcIts857 ind 1 Sam7 nin 5 lacUV5-

T7 gene1) ansB ::strR 

Studier and Moffatt (1986) 

Harms et al (1991) 

E. coli CJ236 dut, ung, thi, relA; pCJ105 (Cmr) Muta-Gene kit (Bio-Rad) 

E. coli MV1190 ∆(lac-proAB), thi, supE, ∆(srl-recA)306:: 

Tn10 (tetr) [F': traD36, proAB, lac IqZ∆M15] 

Muta-Gene kit (Bio-Rad) 

Table 4-2: Genotypes of strains used in Chapter 4 
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PLASMID SIZE (KB) GENETIC MARKERS SOURCE/REFERENCE 

pLM-2 4.2 bla ushA This Thesis 

pTZ19U 2.86 bla lacZ' Muta-Gene kit (Bio-Rad) 

pT7-7 2.47 bla Tabor and Richardson (1985) 

pLM-3 4.6 bla ushA This Thesis 

pD41N 4.2 bla ushA(41N) This Thesis 

pH43N 4.2 bla ushA(43N) This Thesis 

pD84N 4.2 bla ushA(84N) This Thesis 

pH117N 4.2 bla ushA(117N) This Thesis 

pE118Q 4.2 bla ushA(118Q) This Thesis 

pH217N 4.2 bla ushA(217N) This Thesis 

pH252N 4.2 bla ushA(252N) This Thesis 

Table 4-3: Plasmids 

The genetic marker notation following ushA (e.g. 41N) indicates a mutant allele of ushA containing a 
point mutation modifying the indicated wild type amino acid (e.g. residue 41) to the indicated mutant 
amino acid (e.g. asparagine). 
 

4-2-2 OLIGONUCLEOTIDES 

The oligonucleotides used in the mutagenesis experiments and DNA sequencing 

discussed in this chapter are detailed in Table 4-3. 
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OLIGO SEQUENCE (5'-3') NT POSITION 

Lyle01 GGA TCC AGA CTT GTC TAT GAT GTC GCG -67 to –41 

D41N G CAT ACC AAT AAT CAT CAT GGG CAT TTT TGG 111 to 141 

H43N G CAT ACC AAT GAT CAT AAT GGG CAT TTT TGG 111 to 141 

D84N CTA CTT TCC GGT GGC AAC ATT AAC ACT GGC 235 to 264 

H117N GCG ATC GGT AAT AAT GAA TTT GAT AAT CCG 337 to 366 

E118Q GCG ATC GGT AAT CAT CAA TTT GAT AAT CCG 337 to 366 

H217N GCG GCG ACC AAT ATG GGG CAT TAC G 640 to 664 

H252N GCG ATG ATC GTC GGT GGT AAC TCG CAA GAT ACG 736 to 768 

Table 4-4: Oligonucleotides used in the mutagenesis experiments and DNA 

sequencing discussed in Chapter 4 

Nucleotide (NT) position indicates the location of the complementary sequence within the E. coli ushA 
gene and adjacent sequence (Burns and Beacham, 1986).  Shaded bases indicate a variation from the 
ushA gene sequence used in mutagenesis. 
 

4-2-3 OLIGONUCLEOTIDE DIRECTED MUTAGENESIS 

Oligonucleotide directed mutagenesis was performed using the Muta-Gene phagemid in 

vitro mutagenesis kit, version 2, supplied by Bio-Rad.  In brief, ssDNA enriched in 

uracil residues was used as a template to synthesise the complementary strand in vitro, 

with the mutagenic oligonucleotide acting as a primer.  Subsequent transformation of 

the double-stranded DNA into a cell containing a proficient uracil N-gycosylase results 

in high efficiency inactivation of the uracil-containing strand, allowing the non-uracil 

containing mutagenic strand to replicate.  This results in enrichment for the mutant 

(non-uracil containing) strand, and frequency of mutagenesis typically greater than 

50%.   

 

The ushA gene was isolated from purified pLM-2 by digestion with BamHI and 

HindIII, followed by purification of the ushA-containing fragment by gel purification.  

The Muta-Gene host plasmid (pTZ19U) was digested with BamHI and HindIII, and 
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isolated by gel purification.  The ushA-containing fragment was ligated into pTZ19U, 

and the construct transformed into the CJ236 host strain by electroporation.  The 

transformants were infected with M13K07 helper phage, and phagemids carrying the 

ushA gene isolated by ammonium sulphate fractionation as per manufacturer’s 

protocols.  Single-stranded phagemid DNA was extracted by multiple organic 

extractions, the phosphorylated mutagenic oligonucleotide (one of D41N, H43N, D84N, 

H117N, E118Q, H217N or H252N) annealed to the ssDNA, and the complementary 

strand synthesised in vitro by T7 DNA polymerase and T4 DNA ligase.  The plasmid 

was transformed into the MV1190 host strain, which inactivates the parental uracil-

containing strand and allows only the strand containing the mutagenic oligonucleotide 

to replicate.  Colonies were purified and plasmid DNA isolated for sequence analysis to 

identify those encoding the mutant ushA gene, as described in Section 4-2-4.  The 

mutant gene was isolated from pTZ19U by digestion with BamHI and HindIII followed 

by gel extraction, ligated into pT7-7, and the ligated plasmid transformed into BL21Ω. 

 

4-2-4 DNA SEQUENCING WITH THE BIG-DYE SEQUENCING KIT FROM ABI 

DNA sequencing of plasmids was performed using the Prism BigDye terminator cycle 

sequencing kit from Applied Biosystems, Inc., under the conditions described by the 

manufacturer.  The primers used for sequencing are indicated in Table 4-6.  Sequencing 

products were precipitated and analysed on a Perkin-Elmer 377 Automated Sequencer 

at the Griffith University DNA Sequencing Facility.  Sequence data was analysed using 

Bio-Edit, a freeware sequence analysis package available online at 

http://www.mbio.ncsu.edu/BioEdit/bioedit.html. 
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4-3 RESULTS 

4-3-1 MUTAGENESIS OF SEVEN KEY AMINO ACIDS IN THE 5’-NUCLEOTIDASE 

CATALYTIC SITE 

A phosphoesterase signature sequence (DXH-(~25)-GDXXD-(~25)-GNHD/E; see Table 

1-1) has been suggested by Zhuo et al (1994), based upon three distinct regions of 

amino acid sequence homology found in phosphoesterases from a wide range of 

organisms.  Two other residues identified by Zhuo et al (1994) as playing key roles in 

either catalytic function or metal ion binding are homologous to the highly conserved 

residues within the 5’-nucleotidases identified by Resta et al (1993) and Innes (1998).  

Seven residues from these motifs were selected as being likely to play key roles in metal 

ion binding or catalytic function on the basis of conservation and homology, and 

therefore likely to provide significant changes to kinetic characteristics when modified 

using site-directed mutagenesis.  Mutagenic primers were designed to allow 

oligonucleotide directed mutagenesis of these residues within ushA, removing charged 

groups and catalytic histidine groups, with the amino acid changes selected to minimise 

possible structural modification.  The residues targeted for mutagenesis, the intended 

amino acid change, and the primer designed for each change are summarized in Table 

4-5. 
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WILD TYPE RESIDUE MUTANT RESIDUE PRIMER USED 

Asp-41 Asn-41 D41N 

His-43 Asn-43 H43N 

Asp-84 Asn-84 D84N 

His-117 Asn-117 H117N 

Glu-118 Gln-118 E118Q 

His-217 Asn-217 H217N 

His-252 Asn-252 H252N 

Table 4-5: Summary of the mutagenesis scheme 

Primer sequences are given in Table 4-4. 
 

During the course of these studies, the targeted residues were compared to the key metal 

binding residues identified by X-ray crystallography (see Figure 1-1) (Knöfel and 

Sträter, 1999).  Six of the seven residues were located in the catalytic site, with five of 

these involved in metal ion binding.  Asp-41, His-43 and Asp-84 coordinate to one 

metal ion (referred to as M1 in this thesis), while Asp-84, His-217 and His-252 

coordinate to the other metal ion (referred to as M2).  Asp-84 is significant for 

coordinating to both M1 and M2.  His-117 does not coordinate directly to either metal 

ion, but may coordinate to a carbonate ion and forms part of an Asp-His catalytic dyad 

with Asp-120.  Glu-118 does not appear to be a part of the catalytic site, despite a 

glutamate or aspartate residue being highly conserved at this position throughout the 

phosphoesterases. 

 

Purified pLM-2 and pTZ19U DNA was digested with BamHI and HindIII, and the 1.8 

kb ushA-containing fragment from pLM-2 and the 2.8 kb fragment from pTZ19U 

isolated via gel purification (Figure 4-1). 

 



 MUTAGENESIS OF KEY RESIDUES 
IN THE 5'-NUCLEOTIDASE 

CATALYTIC SITE, AND 
SUBSEQUENT KINETIC ANALYSIS 

CHAPTER 4 

  
 

102 
 

 

Figure 4-1: 0.7% agarose gel of BamHI and HindIII digests of pLM-2 and 

pTZ19U. 

Lanes are marked as follows: λ: λ-HindIII standards; 2: pLM-2 miniprep; B-H 2: BamHI-HindIII 
digested pLM-2; B-H 19: BamHI-HindIII digested pTZ19U; 19: pTZ19U miniprep.  λ-HindIII standards 
are given for reference. The band of B-H 2 indicated with an arrow was excised. 
 

While the digest of pLM-2 was incomplete, gel purification ensured that only fragments 

that had been completely digested with BamHI and HindIII were used in the 

construction of the new plasmid, pLM-3.  Ligation of pTZ19U and the 1.8 kb ushA-

containing fragment derived from pLM-2 was performed.  2 µL of the 50 µL ligation 

mix was transformed into CJ236, and transformants selected on RB+Amp Chlor plates.  

Twenty of the resultant colonies were sub-cultured, and quickscreened for the presence 

of pLM-3.  Plasmid DNA was prepared from three transformants using a QIAprep from 

Qiagen. 

 

An aliquot (3 µL of 50 µL) of each preparation was analysed on 0.7% agarose, and a 

colony carrying pLM-3, selected on the basis of size when compared to pTZ19U and 

pLM-2, used for all later studies.  Single-stranded DNA was isolated from CJ236 
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carrying pLM-3 via infection with M13KO7 helper phage, and aliquots (5 µL of 50 µL) 

of the preparations analysed on 0.7% agarose. 

 

Spectrometric estimation at 260 ηm determined a concentration of 28 µg/mL for the 

ssDNA isolation, and 7 µL of this preparation was used for each of the subsequent 

annealing reactions.  Annealing and mutagenic strand synthesis reactions were 

performed for the seven desired mutants, and the double stranded products, now with a 

single mis-match due to the mutagenic oligonucleotide, were transformed into MV1190 

and transformants selected on LB+Amp.  Subsequent colonies were purified and 

plasmid DNA isolated by small-scale alkaline plasmid preparation (see Section 2-2-7).  

As the seven mutagenesis reactions were conducted using the same protocol, varying 

only in the mutagenic and sequencing primers, this study will present the data for the 

construction of D41N, the mutant that modified the wild type aspartic acid residue 41 to 

an asparagine, as representative for the seven mutageneses.  Plasmid DNA was isolated 

from purified colonies, and analysed on 0.7% agarose.  All six colonies screened 

appeared to contain plasmid DNA of the desired length, and were considered to 

potentially encode for the D41N mutant 5’-nucleotidase.  DNA sequencing, using 

Lyle01 as the sequencing primer (see Table 4-4 and Table 4-6), was performed on all 

the potential D41N mutants.  Primers used for DNA sequencing of the other mutants are 

presented in Table 4-6. 
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MUTAGENIC PRIMER SEQUENCING PRIMER 

D41N Lyle01 

H43N Lyle01 

D84N Lyle01 

H117N D84N 

E118Q D84N 

H217N E118Q 

H252N E118Q 

Table 4-6: Primers used in DNA sequencing of potential ushA mutants. 

 

DNA sequencing confirmed that colonies 1, 3 and 4 contained the desired point 

mutation in the coding sequence of ushA, while colonies 2, 5 and 6 did not.  A small-

scale plasmid preparation of pLM-2 and plasmid DNA isolated from colony 1 were 

digested with BamHI and HindIII, and analysed on 0.7% agarose prior to gel 

purification of the 2.4 kb fragment derived from pLM-2 and the 1.8 kb fragment derived 

from colony 1 (Figure 4-2). 

 

Figure 4-2: 0.7% agarose gels of BamHI and HindIII digests of pLM-2 and mutant 

pLM-3 derivatives. 

Lanes are marked as follows: λ: λ-HindIII standards; pLM-2: BamHI-HindIII digests of pLM-2 
miniprep; 41: BamHI-HindIII digests of pLM-3(D41N) miniprep; 43: BamHI-HindIII digests of pLM-
3(H43N) miniprep; 84: BamHI-HindIII digests of pLM-3(D84N) miniprep; 118: BamHI-HindIII digests 
of pLM-3(E118Q) miniprep, mp 41: pLM-3(D41N) miniprep.  λ-HindIII standards are given for 
reference.  Indicated bands were excised. 
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The fragments isolated from pLM-2 and pLM-3(D41N) were ligated and transformed 

into BL21Ω.  Subsequent colonies were purified by sub-culture, and plasmid DNA 

isolated from several.  Both colonies analysed on 0.7% agarose appeared to contain 

plasmids of the desired size, and DNA sequencing was performed to confirm the 

presence of the mutated allele of ushA.  Both colonies did contain the mutant ushA 

allele, and colony 1, described as BL21Ω carrying pD41N, was used for all later studies. 

 

Periplasmic extract was prepared from a 100 mL culture of BL21Ω carrying pD41N, 

and mutant 5’-nucleotidase purified by chromatography on HighQ resin with a 0-200 

mM NaCl gradient, as described in Section 2-2-22.  Chromatography data and SDS-

PAGE analysis (silver stained) of the peak active fractions are shown in Figures 4-3 and 

4-4. 
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Figure 4-3: Chromatography trace data from anion exchange chromatography of 

periplasmic extract from BL21Ω carrying pD41N. 

Fraction numbers (3→86) are indicated at the top of the trace.  The blue trace indicates absorbance at 280 
ηm, the red trace indicates absorbance at 340 ηm, and the purple trace indicates conductivity (mS).  The 
green trace indicates pH between the range of 10.0 (top of the trace) and 4.0 (bottom of the trace).  
Protein concentration is indicated by absorbance at 280 ηm and 340 ηm. 
 
 

 

Figure 4-4: SDS-PAGE analysis of peak active fractions from anion exchange 

chromatography. 

Lanes are marked as follows: Std: Pharmacia Low Molecular Weight standards; Per: Periplasmic extract; 
28→35: fractions 28 to 35.  The gel was silver stained. 
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Fractions 28 to 30 were retained, and protein concentration estimated spectroscopically 

to be 1.084 mg/mL.  It should be noted that silver staining had been previously shown 

to exaggerate the relative levels of the contaminating polypeptides compared to that of 

5’-nucleotidase (see Section 2-3-3 and Figure 2-18). 

 

Mutagenesis and purification of each of the other mutant proteins was carried out, with 

similar data collected for each (data not shown).  SDS-PAGE analysis (Coomassie 

stained) of purified protein expressed from all mutant ushA alleles is shown in Figure 4-

5. 

 

 

Figure 4-5: SDS-PAGE analysis of purified protein expressed from BL21Ω 

carrying mutant ushA alleles. 

Lanes are marked as follows: Std: Pharmacia Low Molecular Weight standards; WT: Wild type 5’-
nucleotidase; D41N→H252N:  Proteins purified from BL21Ω carrying plasmids encoding mutant ushA 
alleles.  The gel was Coomassie stained.  Note the absence of visible contaminants of D41N, compared to 
lanes 28-30 in Figure 4-4. 
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4-3-2 KINETIC ANALYSIS OF CATALYTIC SITE MUTANTS OF 5’-NUCLEOTIDASE 

Following purification of the seven mutant proteins, the effects of the mutations upon 

the kinetic characteristics of 5’-nucleotidase were investigated.  Specific activities of the 

mutants were estimated, both in the presence of Co2+ and Ca2+ and in the absence of any 

additional metal ions.  The results of these estimations, and the level of activity without 

Co/Ca expressed as a percentage of activity with Co/Ca, are summarised in Table 4-7. 

 

SPECIFIC ACTIVITY (U/MG) MUTANT 

+ CO/CA 

REAGENT 

- CO/CA 

REAGENT 

PERCENTAGE 

ACTIVITY OF (-

CO/CA) VS 

(+CO/CA) 

MULTIPLE OF 

ACTIVATION: 

(+CO/CA) VS (-

CO/CA) 

Wild type 985.38 ± 35.1 24.79 ± 0.868 2.52 39.74  

D41N 89.55 ± 3.48 1.29 ± 0.052 1.44 69.42 

H43N 7.44 ± 0.223 0.701 ± 0.021 9.42 10.61 

D84N 1.072 ± 0.0375 0.000386 ± 

0.0000308 

0.036 2777.20 

H117N 0.369 ± 0.0185 0.0104 ± 0.00052 2.83 35.48 

E118Q 60.5 ± 2.42 0.5778 ± 0.029 0.955 104.71 

H217N 2.228 ± 0.128 0.0091 ± 0.00032 0.408 244.84 

H252N 216.04 ± 8.21 1.253 ± 0.0464 0.58 172.42 

Table 4-7: Specific activities of 5’-nucleotidase and catalytic site mutants with 

Co/Ca and without any additional metal ions. 

Specific activity is expressed as µmoles (substrate)/minute/mg.  Multiple of activation: (+Co/Ca) vs (-
Co/Ca) is expressed as Specific activity (+Co/Ca) / Specific activity (-Co/Ca).  The high specific activity 
(985 U/mg compared to 670-730 U/mg) observed for the purified wild type enzyme was unique to this 
preparation. 
 

A model that may provide a structure within which to interpret this data has been briefly 

described in Sections 3-4 and 4-1, and will be described more fully here.  X-ray 

crystallographic data (Knöfel and Sträter, 1999) has confirmed earlier reports that 5’-
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nucleotidase is a zinc metallo-enzyme (Dvorak and Heppel, 1968).  The X-ray data has 

also two metal ion binding sites in the catalytic cleft.  It has been tentatively suggested 

that 5’-nucleotidase contains two zinc ions in vivo, which is supported by ICP-ES 

analysis of molar ratios of zinc associated with 5’-nucleotidase conducted during this 

study (see Section 3-3-2).  The two zinc ions in situ following crytallization are each 

coordinated to 5 amino acids in the active site (see Figure 1-1 and Table 4-1), with both 

coordinating to Asp-84 and a carbonate ion that is in turn coordinated to His-117.  This 

study is proposing the two zinc sites may be distinguished by their affinity for metal 

ions, with one site having a high affinity for M2+, and the other having a low affinity.  

This study proposes that the site with a high affinity does not play a critical role in 

activation by Co2+ or Mg2+, as displacement of the zinc ion already coordinated in the 

high affinity site rarely occurs.  The zinc coordinated to the low affinity site may be 

readily displaced by another divalent metal ion, and this ready displacement is critical to 

the high levels of activation observed with Co2+ and Mg2+.   

 

The effects of mutation of key catalytic site residues upon specific activity and 

activation by Co2+/Ca2+ may be used to determine if the residue is part of the high or 

low affinity metal binding site.  It is anticipated that mutation of residues in the high 

affinity site will result in a reduction in specific activity (some indirect catalytic role for 

the targeted amino acids and a direct role in catalysis for the metal ion coordinated to 

them is expected), while not significantly affecting the degree of activation by high 

levels of adventitious metal ions, as displacement of the zinc ion in the low affinity site 

is not affected.  Mutation of amino acids in the low affinity site may have a comparable 

effect upon specific activity, in the presence of high levels of divalent metal ions, to 
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mutations in the high affinity metal binding site, while significantly decreasing the 

relative specific activity without excess metal ions.  This predicted comparable level of 

activity between high and low affinity site mutants in the presence of high 

concentrations of divalent metal ions is a consequence of the high levels of metal ions 

compensating for the reduced affinity of the mutated metal ion binding site.  

Modification of the residues involved in metal ion binding in the low affinity site may 

result in a reduction of the low affinity site’s affinity for metal ions, creating a “very 

low affinity” metal binding site.  These “very low affinity” mutants are predicted to 

have significantly reduced proportions of their population with occupied “very low 

affinity” metal binding sites in an environment with a low concentration of divalent 

metal ions, leading to significantly reduced activity.  In an environment with a high 

concentration of divalent metal ions, the reduced affinity for metal ions of the “very low 

affinity” mutants was expected to not have as significant an effect upon specific 

activity, assuming that the mutated residue was not directly involved with catalysis. 

 

The data presented in Table 4-7, taken with Table 4-1, may be explained using this 

model.  Based upon X-ray crystallography data (Knöfel and Sträter, 1999), Asp-84 is 

directly involved with both metal binding sites, and mutant D84N was therefore 

considered likely to exhibit the characteristics that indicate a role in the proposed low 

affinity site.  Specific activity in the absence of high levels of divalent ions was low 

(0.0015% of the wild type enzyme), and the level of activation by Co2+/Ca2+ was 

significantly higher (2777.20-fold compared to 39.74-fold for the wild type).  Mutants 

exhibiting characteristics that follow this trend (very low activity in the absence of 

divalent metal ions, and significantly increased levels of activation by divalent metal 



 MUTAGENESIS OF KEY RESIDUES 
IN THE 5'-NUCLEOTIDASE 

CATALYTIC SITE, AND 
SUBSEQUENT KINETIC ANALYSIS 

CHAPTER 4 

  
 

111 
 

ions) are likely to be directly involved in the low affinity metal binding site, although 

levels of activation by cobalt (and other divalent ions) are not expected to be as high in 

the other mutants that coordinate to a single metal ion only.  The unusually high level of 

activation by Co2+ exhibited by D84N may be a consequence of reduced affinity in the 

high affinity site coupled with reduced affinity in the low affinity site.  The reduced 

affinity in the high affinity site, and subsequent loss of the zinc ion coordinated by this 

site, may partially deactivate the enzyme, with the addition of Co2+ reactivating the 

mutant.  His-117 is not directly involved in metal ion binding (although the X-ray 

crystallography structure indicates that the carbonate ion coordinated to His-117 is in 

turn coordinated to both metal ions – see Figure 1-1), but a role in a catalytic Asp-His 

dyad with Asp-120 has been proposed (Knöfel and Sträter, 1999).  Mutant H117N was 

considered likely to exhibit characteristics that indicate a role in catalytic function and 

not in the proposed low affinity site (as it plays no direct role in either metal binding 

site), and therefore no role in activation by divalent metal ions.  Levels of activation by 

Co2+ were predicted to be comparable to the wild type, as mutation of His-117 was not 

expected to significantly alter displacement of Zn2+ by Co2+ in the low affinity site.  A 

significant reduction in specific activity in the absence of divalent metal ions compared 

to the wild type was observed (specific activity is 0.042% of the wild type), while 

comparable levels of activation were exhibited (35.48-fold compared to 39.74-fold for 

the wild type).  Mutants D84N and H117N, and the changes in specific activity and 

level of activation by Co2+/Ca2+ exhibited by each compared to the wild type enzyme, 

were subsequently used as indicators as to whether a given residue was involved in the 

low affinity or high affinity metal binding sites. 
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In comparison to the wild type, mutant D41N had reduced specific activity (5.2% of 

wild type activity without Co2+/Ca2+) and activation by Co2+/Ca2+ was increased by less 

than a factor of 2 (69.42-fold compared to 39.74-fold for the wild type).  Mutant H43N 

also had reduced specific activity (2.83% of the wild type), and had reduced levels of 

activation by Co2+/Ca2+ (10.61-fold compared to the wild type’s 39.74-fold).  This 

reduced level of activation was not anticipated, and was potentially caused by the 

mutated residue playing a key role in the activated catalysis.  These two mutants 

exhibited changes from the wild type more closely resembling H117N than D84N, and 

a role in the high affinity metal binding site is proposed. 

 

Mutant E118Q exhibited reduced specific activity (2.3% of the wild type), and level of 

activation by Co2+/Ca2+ was increased over 2.5-fold that of the wild type enzyme 

(104.71-fold compared to 39.74-fold).  This behaviour was not clearly similar to either 

mutant D84N or H117N, although a role in the catalytic site appears likely, based upon 

the significant reduction in specific activity in the absence of Co2+/Ca2+.  Mutant H217N 

exhibited significantly reduced specific activity (0.037% of the wild type), and was 

activated 244.84-fold by the addition of Co2+/Ca2+, over 6 times the level of activation 

seen in the wild type.  This high level of activation suggested greater similarity to D84N 

than H117N, and the presence of His-217 in the low affinity metal binding site.  Mutant 

H252N also exhibited reduced specific activity (5.05% of the wild type), and activation 

by Co2+/Ca2+ was increased over 4-fold that of the wild type (172.42-fold compared to 

39.74-fold).  The increased activation by Co2+/Ca2+ suggested His-252 forms part of the 

low affinity metal binding site. 
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Taken with the tertiary structure determined by X-ray crystallography (Knöfel and 

Sträter, 1999; see Figure 1-1), this interpretation of the data suggests that Zn1 

coordinates into a high affinity metal binding site formed by residues Asp-41, His-43, 

Asp-84 and Gln-254 (not examined in this study), while Zn2 coordinates into a low 

affinity metal binding site formed by residues Asp-84, Asn-116 (not examined in this 

study), His-217 and His-252.  Glu-118 is not reported as being involved in coordinating 

metal ions, and the characteristics of E118Q do not clearly suggest a direct role in metal 

ion binding, although some role in catalytic function does appear to be likely based 

upon the significant effect the mutation has upon specific activity.  It is also possible to 

tentatively ascribe some influence upon the low affinity metal binding site to Glu-118, 

as E118Q does exhibit an increased level of activation by Co2+/Ca2+ compared to the 

wild type.  It is interesting that a glutamate residue immediately follows the absolutely 

conserved histidine in motif III (equivalent to the E. coli 5’-nucleotidase His-117) in 17 

of the 20 nucleotidases (5’- and 3’-) studied by Innes (1998), and in 10 of the 16 other 

phosphoesterases examined by Zhuo et al (1994).  The remaining 6 phosphoesterases 

examined have an aspartate residue in the position analogous to the E. coli 5’-

nucleotidase Glu-118, suggesting the acidic side chains are critical to enzyme structure 

or function. 

 

The effects of these mutations upon KM (5'-AMP) and KM (Co2+) were determined using 

the techniques described for the wild type 5’-nucleotidase in Section 3-3-4.  This data is 

presented in Figure 4-6 and summarised in Table 4-8. 
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Determination of KM (5'-AMP) of D41N
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Determination of KM (5'-AMP) of H43N
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Figure 4-6: Determination of KM (5'-AMP) and KM (Co2+) for catalytic site 

mutants of 5’-nucleotidase (continued on next page). 
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Determination of KM (5'-AMP) of D84N
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Determination of KM (5'-AMP) of H117N
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Figure 4-6: Determination of KM (5'-AMP) and KM (Co2+) for catalytic site 

mutants of 5’-nucleotidase (continued on next page). 
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Determination of KM (5'-AMP) of H217N
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Figure 4-6: Determination of KM (5'-AMP) and KM (Co2+) for catalytic site 

mutants of 5’-nucleotidase (continued on next page). 
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Determination of KM (5'-AMP) of H252N
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Figure 4-6: Determination of KM (5'-AMP) and KM (Co2+) for catalytic site 

mutants of 5’-nucleotidase (continued on next page). 



 MUTAGENESIS OF KEY RESIDUES 
IN THE 5'-NUCLEOTIDASE 

CATALYTIC SITE, AND 
SUBSEQUENT KINETIC ANALYSIS 

CHAPTER 4 

  
 

118 
 

Determination of KM (Co) of H43N
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Figure 4-6: Determination of KM (5'-AMP) and KM (Co2+) for catalytic site 

mutants of 5’-nucleotidase (continued on next page). 
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Determination of KM (Co) of H117N
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Determination of KM (Co) of E118Q
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Figure 4-6: Determination of KM (5'-AMP) and KM (Co2+) for catalytic site 

mutants of 5’-nucleotidase (continued on next page). 
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Determination of KM (Co) of H217N
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Determination of KM (Co) of H252N
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Figure 4-6: Determination of KM (5'-AMP) and KM (Co2+) for catalytic site 

mutants of 5’-nucleotidase. 
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MUTANT KM (5'-AMP) KM (CO2+) 

Wild type 159 ± 15 92.5 ± 12.6 

D41N 163 ± 4 81.8 ± 5.8 

H43N 118 ± 6 81.8 ± 6.2 

D84N 109 ± 2 155 ± 7.8 

H117N 35 ± 1 99.5 ± 5.8 

E118Q 168 ± 2 459 ± 27.9 

H217N 45 ± 11 95.4 ± 10.2 

H252N 200 ± 23 164 ± 2.3 

Table 4-8: KM values for catalytic site mutants of 5’-nucleotidase. 

KM values are given in µM, and are presented as: average ± std. dev. 
 

Under the model for activation proposed in this thesis, affinity of the enzyme for Co2+ 

was predicted to drop significantly when amino acids that form part of the low affinity 

site were mutated.  The reduction in affinity was predicted to reflect a reduction in the 

number of ligands coordinating the resident metal ion from five in the wild type to four 

in the mutant.  Mutation of residues in the high affinity site was not predicted to have a 

significant effect upon KM (Co2+), as the high affinity metal binding site is not proposed 

to play a significant role in metal ion displacement.  The possible effects of the 

mutations upon KM (5’-AMP) were difficult to predict, as the mechanism of substrate 

binding and hydrolysis was unknown.  Based upon homology with the bacteriophage λ 

phosphoprotein (Ser/Thr) phosphatase (Zhuo et al, 1994), no significant changes to 

substrate affinity were expected. 

 

Mutant D84N displayed an increase in KM (Co2+) from 92.5 µM for the wild type to 155 

µM for the mutant.  This increase may be a result of decreasing the number of 

coordinating residues within the metal ion binding sites.  As Asp-84 participates in both 
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metal ion binding sites (see Figure 1-1), its behaviour may serve as an indicator for the 

behaviour of other mutants that affect the low affinity metal ion binding site.  Other 

mutations that increased KM (Co2+) significantly from the wild type were E118Q and 

H252N, with KM (Co2+) values of 459 µM and 164 µM respectively.   

 

Glu-118 was not indicated as playing a role in metal ion binding by X-ray 

crystallography (Knöfel and Sträter, 1999), but is part of a highly conserved region 

(motif III) found in a wide range of phosphoesterases (Zhuo et al, 1994).  The 

significant decrease in affinity for Co2+ affected by mutating this residue indicates that 

Glu-118 may play a role in the low affinity metal binding site, possibly through an 

adjacent residue.  The tertiary structure derived from X-ray crystallography data (Knöfel 

and Strater, 1999) indicates that Glu-118 is not in close proximity to either coordinated 

zinc ion, although Asn-116, His-117 and Asp-120 are present in the active site.  

Glutamic acid or aspartic acid residues occupy positions in other phosphoesterases and 

5’-nucleotidases analogous to the E. coli 5’-nucleotidase Glu-118 (Zhuo et al, 1994; 

Innes, 1998).  The conserved nature of these acidic residues throughout this diverse 

group of enzymes suggests a critical role in catalysis or structure.   

 

His-252 is also highly conserved within 5’-nucleotidases (Resta et al, 1993), and has 

been identified by X-ray crystallography as playing a role in metal ion binding.  The 

change in KM (Co2+) brought about by mutating this residue was comparable to the 

mutation of Asp-84 [KM (Co2+) for H252N of 164 µM, compared to 155 µM for D84N), 

indicating His-252 was part of the low affinity metal binding site.   
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H217N did not exhibit the predicted changes in affinity for Co2+, with no significant 

change from the wild type.  It was expected that H217N would show a significant 

reduction in affinity for Co2+, as it had demonstrated a 6-fold increase in activation by 

Co2+/Ca2+ compared to the wild type, suggesting a role in the proposed low affinity 

metal binding site.  X-ray crystallography data suggests that, of the residues studied in 

this thesis, Asp-84 and His-252 coordinate to the same metal ion as His-217.  The 

mutants of both of these residues exhibit characteristics indicative of roles in the low 

affinity metal binding site, suggesting that His-217 also plays a role in the low affinity 

site.  Further discussion of H217N may be found in Section 4-4. 

 

Several other mutants exhibited no significant change in KM (Co2+) from the wild type.  

The mutated residues either play no direct role in metal ion binding (His-117), or 

coordinate to the same metal ion (Asp-41, His-43).  These results are consistent with the 

levels of activation by Co2+/Ca2+ (see Table 4-7) suggesting that the metal ion binding 

site formed by Asp-41, His-43, Asp-84 and Gln-254 does not play a significant role in 

metal ion displacement and activation. 

 

Kinetic analysis of the mutants should also indicate which of the selected amino acids 

are directly involved in substrate binding.  A reduced affinity for substrate, indicated by 

an increase in KM (5'-AMP), will indicate that the amino acid mutated is involved in 

substrate binding.  Only one mutation, H252N, resulted in an increase in KM (5’-AMP) 

compared to the wild type.  This increased KM was only slightly higher than the wild 

type (200 µM compared to 159 µM), and was not considered to be of sufficient 

magnitude to indicate a direct interaction between His-252 and the substrate.  Several 
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mutations resulted in an increased affinity for 5’-AMP, indicated by a reduced KM (5’-

AMP), with H117N and H217N giving significantly lower KM values than the wild type 

(35 µM and 45 µM respectively, compared to 159 µM for the wild type).  These 

residues therefore have significant roles in substrate binding, either directly or by 

affecting an associated molecule such as the carbonate ion coordinated to His-117 or the 

metal ions coordinated in the metal ion binding sites.   

 

4-3-3 EFFECTS OF PH UPON METAL ION ACTIVATION OF 5’-NUCLEOTIDASE MUTANTS 

Previous studies have reported a range of pH optima for 5’-nucleotidase activation by 

different metal ions (Neu, 1967a, Glaser et al, 1967, Ruiz et al, 1989).  Neu (1967a) 

reported a pH optima between 5.7 and 6.1 for hydrolysis of 5'-AMP in the presence of 

both Co2+ and Ca2+, while Glaser et al (1967) reported a pH optima for the same activity 

of 7.0 in the presence of Co2+ or Mn2+, or pH 8.0 in the presence of Mg2+.  Ruiz et al 

(1989) reported pH optima for 5'-nucleotidase activity of 8.0 in the presence of Mn2+, 

and 6.0 in the presence of Co2+/Ca2+.  This study has reported that 5'-nucleotidase 

activity is optimal at pH 5.0 in the presence of Co2+ and at pH 8.0 in the presence of 

Mg2+.  As the standard 5’-nucleotidase assay conditions used in this study were pH 6.0 

(see Section 2-2-17), and 5’-nucleotidase has a reported pI of 5.1 (Glaser et al, 1967) or 

5.49 (University of Wisconsin E. coli Genome Project), assays to determine the effect 

of pH upon 5’-nucleotidase catalytic site mutants were conducted at pH 6.0 and 8.0.  A 

number of divalent metal ions have been reported as having an inhibitory effect (Neu, 

1967a).  These include Ni2+, Fe2+, and Zn2+, with 0.1 M Zn2+ proving totally inhibitory.  

The inhibitory effect of these ions upon 5'-nucleotidase activity also occurred in the 

presence of Co2+, with 10 mM zinc acetate totally reversing activation by 5 mM CoCl2. 
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Specific activities for catalytic site mutants H43N, H117N and H252N [selected 

because they coordinate to a single zinc ion (in the case of H43N and H252N), or to 

neither zinc ion (H117N)] and the wild type enzyme were determined in the presence of 

Co2+, Zn2+ or Mg2+ at 2.7 mM concentration at pH 6.0 or 8.0 (Tables 4-9 and 4-10).  

The 9 µL Co/Ca mix used in a standard 5’-nucleotidase assay was replaced with 9 µL of 

a 100 mM solution of the appropriate metal chloride. 

 

SPECIFIC ACTIVITY (U/MG) AT PH 6.0 SPECIFIC ACTIVITY (U/MG) AT 

PH 8.0 

MUTANT 

NO M2+ CO2+ ZN2+ MG2+ CO2+ ZN2+ MG2+ 

Wild type 24.79 422.807 13.95 45.01 46.02 10.93 122.96 

H43N 0.701 3.948 0.033 0.1197 0.952 0.1087 0.761 

H117N 0.0104 0.247 0.0125 0.00998 0.0529 0.00979 0.0546 

H252N 1.253 36.381 0.800 0.7276 4.22 0.8295 1.222 

Table 4-9: Effects of metal ions and pH upon specific activities of 5’-nucleotidase 

catalytic site mutants. 

 

Activity relative to Co2+ at 

pH 6.0 

Activity relative to Co2+ at 

pH 8.0 

Mutant 

Co2+ Zn2+ Mg2+ Co2+ Zn2+ Mg2+ 

Wild type 100 3.30 10.65 100 23.75 267.19 

H43N 100 0.84 3.03 100 11.42 79.94 

H117N 100 5.06 4.04 100 18.51 103.21 

H252N 100 2.20 2.00 100 19.66 28.96 

Table 4-10:  Relative activity exhibited by 5’-nucleotidase catalytic site mutants at 

pH 6.0 and pH 8.0 in the presence of Zn2+ and Mg2+, compared to Co2+.  

Table 4-10 is the same data as Table 4-9, presented as activity relative to that exhibited with Co2+ 
(normalised to 100). 
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Specific activity of the wild type enzyme was inhibited by 44% (24.79 U/mg to 13.95 

U/mg) at pH 6.0 by the addition of Zn2+, with a similar level of inhibition (36%) 

exhibited by H252N (1.253 U/mg to 0.800 U/mg).  H43N was inhibited by 95% (0.701 

U/mg to 0.033 U/mg) by the addition of Zn2+, while H117N exhibited marginal 

activation (0.0104 U/mg to 0.0125 U/mg) by Zn2+.  The high level of inhibition of 

H43N by zinc may be an accentuation of the wild type inhibition, as the mutant may 

contain a significantly reduced proportion of the enzyme population with high affinity 

sites containing zinc.  The behaviour of H43N in the presence of zinc (high levels of 

inhibition compared to the wild type) may be due to Zn1, which coordinates with His-

43, being present in a significantly reduced proportion of enzyme, and therefore not as 

able to compete with high levels of adventitious zinc for the substrate phosphate group.  

The apparent slight activation of H117N by zinc may not be significant, as His-117 has 

no direct interaction with either M1 or M2 (see Figure 1-1).  It is possible that inhibition 

of 5’-nucleotidase activity by zinc is due to competition for the substrate phosphate 

group, based upon the potential mechanisms of hydrolysis proposed by Knöfel and 

Sträter (1999).  These mechanisms involve enzyme associated zinc ions, already five-

fold coordinated, coordinating to substrate phosphate groups prior to hydrolysis.   

 

The wild type enzyme exhibited a great degree of activation when assayed at pH 6.0 in 

the presence of Co2+, and was activated to a lesser degree by Mg2+.  The three mutant 

proteins also exhibited activation by Co2+, although the extent of activation was greater 

than the wild type in H252N.   
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To determine whether the effects on specific activity of the wild type and mutant 

proteins at pH 6.0 in the presence of Co2+, Zn2+, and Mg2+ were pH dependent or not, 

the assays were repeated at pH 8.0 (see Tables 4-9 and 4-10).  While Co2+ activates wild 

type and mutant 5’-nucleotidases, the extent of this activation is much less at pH 8.0 

than at pH 6.0 (Table 4-9).  To facilitate comparison, at each pH, of the effects on 

specific activities of substituting Zn2+ or Mg2+ for Co2+ in the assay mix, these specific 

activities were recalculated relative to those in the presence of Co2+.  The latter was 

arbitrarily set at a value of 100 for both pH 6.0 and 8.0 (Table 4-10).  While wild type 

and mutant enzyme activities were all markedly lower when Zn2+ was substituted for 

Co2+, this reduction was greater at pH 6.0 than at 8.0.  Further, the difference in these 

levels of reduction was greatest for H43N (approximately 13-fold), least for H117N 

(3.6-fold), and about the same for the wild type and H252N (both approximately 8-

fold).   

 

The activities of the wild type and mutant enzymes were all reduced at least 10-fold 

when Mg2+ was substituted for Co2+ at pH 6.0 (Table 4-10). In contrast to the effects of 

substitution with Zn2+ at pH 8.0, the effects on activity at pH 8.0 in the presence of 

Mg2+ were not consistent.  The wild type enzyme activity was increased by a factor of 

approximately 3-fold in the presence of Mg2+ at pH 8.0.  H117N activity appeared 

unaffected by the substitution of Mg2+ for Co2+ at pH 8.0.  H43N and H252N activities 

were both reduced at pH 8.0 when Mg2+ was substituted for Co2+: H43N exhibited a 

reduction of about 20%, while H252N exhibited a reduction of about 70%. 
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In general terms, Mg2+ exhibited higher levels of activation at pH 8.0 compared to pH 

6.0, while Co2+ activated 5’-nucleotidase to a greater degree at pH 6.0 than at pH 8.0.  

The trends in activation by Co2+ or Mg2+ exhibited at pH 6.0 and pH 8.0 indicate that 

the conclusions drawn through this study of the mutant 5’-nucleotidases were not 

restricted to the assay conditions typically used. 

 

4-4 CONCLUSIONS 

The kinetic data obtained in this study of catalytic site mutants of E. coli 5’-nucleotidase 

may be interpreted using a model for metal ion displacement, as proposed in this study 

(see Sections 3-4 and 4-3-2).  X-ray crystallographic data, combined with ICP-ES 

analysis of the purified enzyme, indicates the presence of two metal binding sites, 

occupied by Zn2+ in vivo.  It is proposed that these two metal binding sites have 

differential affinities for M2+, with the zinc in the low affinity site in vivo being readily 

displaced by adventitious divalent metal ions.  Mutations of amino acids that form the 

two catalytic sites, as well as amino acids that are involved directly with neither or both 

metal binding sites, allowed investigation of the effects of reducing the affinities of the 

metal binding sites for added metal ions. 

 

It is proposed that divalent ions such as Co2+ or Mg2+ displace Zn2+ in the low affinity 

site, and that this displacement leads to a marked increase in 5’-nucleotidase activity.  In 

order to substantiate this hypothesis, evidence was sought that one or the other metal 

binding site (M1 or M2) is involved in displacement.  The effects of the catalytic site 

mutations upon the extent of activation by Co2+/Ca2+, and changes in affinity for Co2+, 

are mostly consistent with the metal binding site (M2) formed by Asp-84, Asn-116, His-
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217, and His-252 having a low affinity for M2+, and displacement (and the subsequent 

increase in 5’-nucleotidase activity) occurring in this site.  Mutation of His-217 did not 

lead to the predicted increase in KM (Co2+), despite displaying an increase in activation 

by Co2+/Ca2+ consistent with His-217 playing a role in metal ion displacement.  His-

252, the other targeted residue involved exclusively in coordinating M2, displayed both 

an anticipated increase in the level of activation by Co2+/Ca2+ and a decrease in affinity 

for Co2+ when mutated.  Neither Asp-41 nor His-43, both involved exclusively with 

coordination of M1, displayed either of these characteristics.  Despite the apparently 

anomalous behaviour of H217N, only residues that coordinate to M2 displayed the 

anticipated changes in activation and affinity for Co2+ when mutated.  The behaviour of 

E118Q was also consistent with Glu-118 participating in the low affinity metal binding 

site, although not predicted by the X-ray crystallographic data (Knöfel and Sträter, 

1999).  Mutations in the metal binding site (M1) formed by Asp-41, His-43, Asp-84, 

and Gln-254 exhibited no significant effects upon the level of activation by M2+ or upon 

affinity for Co2+, with the exception of Asp-84, which is involved in coordination of 

both metal ions.  This is consistent with this site (M1) having a high affinity for M2+, 

with no metal ion displacement occurring at this site. 
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CHAPTER 5: CONCLUSIONS AND FUTURE RESEARCH 

 

5-1 PROJECT OVERVIEW 

This project had three primary objectives.  The initial objective, described in Chapter 2, 

was to develop a protocol for the rapid and reliable purification of milligram quantities 

of 5’-nucleotidase from Escherichia coli.  The second objective of this study, the 

characterisation of the kinetic and physical properties of this purified wild type enzyme, 

is described in Chapter 3. 

 

The third, and central, objective of this study was to investigate the mechanism by 

which 5’-nucleotidase is activated by certain divalent metal ions, most notably Co2+.  

Sequence comparison within the Ser/Thr phosphoprotein phosphoesterases and within 

5’-nucleotidases has allowed identification of several highly conserved regions, 

allowing a consensus sequence to be proposed for this group of enzymes (Resta et al, 

1993; Zhuo et al, 1994; Innes, 1998).  A structural and catalytic role for these highly 

conserved residues has been suggested, with elements of a common catalytic strategy 

likely to be utilised to accomplish phosphate ester hydrolysis within this diverse group 

of enzymes.  X-ray crystallography has provided a tertiary structure for 5’-nucleotidase 

(Knöfel and Sträter, 1999), with two metal binding sites, occupied by zinc in the 

crystallized enzyme, located within the catalytic site.  The highly conserved residues 

within the Ser/Thr phosphoprotein phosphatases, coupled with the tertiary structure, 

suggested a number of amino acids that may play a critical role in the activation of 5’-

nucleotidase activity by a number of divalent metal ions, most notably Co2+.  

Oligonucleotide directed mutagenesis was performed upon the selected amino acids, 
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and the subsequent mutant proteins characterised and compared with the wild type 

enzyme (Chapter 4).  A model for the displacement of zinc in a low affinity metal 

binding site by adventitious metal ions was proposed. 

 

Section 5-2 presents the conclusions from the work undertaken during this study, and 

possible mechanisms by which cobalt displacement of zinc may lead to the observed 

increase in 5’-nucleotidase activity are discussed.  Section 5-3 presents a number of 

avenues of investigation by which the model proposed in this study may be scrutinised, 

and a mechanism of catalysis by 5’-nucleotidase developed. 

 

5-2 CONCLUSIONS 

A number of different purification protocols for E. coli 5’-nucleotidase have been 

previously reported (Glaser et al, 1967; Neu, 1967a; Dvorak and Heppel, 1968b; Broad 

and Smith, 1981; Beacham and Wilson, 1982; Ruiz et al, 1989; Knöfel and Sträter, 

1999).  All previously reported purification schemes did not produce sufficient protein 

yield from small-scale liquid cultures, and most were lengthy procedures with numerous 

purification stages.  These limitations did not suit the requirements of this study. 

 

An expression system, based upon the pT7-7 expression vector (Tabor and Richardson, 

1985), was used, leading to a recovery of up to 6 mg from a litre of liquid culture.  It 

was anticipated that expression of ushA would be induced by growth in the presence of 

IPTG.  ushA expression is regulated by the T7 promoter, which is recognised by T7 

RNA polymerase.  The expression of the T7 RNA polymerase gene is induced with 

IPTG.  Contrary to these expectations, comparison of levels of 5’-nucleotidase 
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expressed with and without IPTG demonstrated no significant increase upon growth in 

the presence of IPTG. 

 

A two stage purification system was developed, in which periplasmic extracts were 

prepared from liquid cultures, and the extract chromatographed on an anion exchange 

matrix at pH 7.5 with elution by a 0-200 mM NaCl gradient.  The preparation of 

periplasmic extract enriched for 5’-nucleotidase, the mature form of which is located in 

the periplasmic space (Neu and Heppel, 1965; Heppel, 1971; Burns and Beacham, 

1986).  Two persistent contaminants were observed in many preparations after 

spheroplasting.  A possible source of the higher molecular weight contaminant is early 

translational termination of ushA at a series of rare codons at nucleotide positions 1156 

to 1164.  This possible ushA derivative has been reported in maxicells, and has an 

estimated mass of 44 kd (Burns et al, 1983).  A further possibility is that these 

contaminants were released from the cytoplasm, as their presence was not consistently 

reported in periplasmic extracts analysed by SDS-PAGE.  The contaminants, with 

estimated molecular weights of 25 kd and 35 kd, could not be separated from 5’-

nucleotidase by anion or cation exchange chromatography, or by chromatography on 

hydroxyapatite.  Size exclusion chromatography, using Sephadex G50, was ineffective 

at separating 5’-nucleotidase and the two lower molecular weight contaminants, 

indicating that the contaminants associated closely with 5’-nucleotidase.  The two 

contaminants did not appear as frequently in periplasmic extracts prepared using a 10 

minute incubation with 0.3 to 0.5 mg/mL lysozyme, compared to those prepared with 

longer lysozyme digestion.  Chromatography on an anion exchange matrix (quaternary 

amine), over a 5mM-Tris-HCl pH 7.5 to 5mM Tris-HCl pH 7.5 200mM NaCl gradient, 

allowed separation of the 5’-nucleotidase from other periplasmic enzymes and the 
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lysozyme used in the preparation of periplasmic extracts.  5’-nucleotidase activity was 

assayed by detection of inorganic phosphate released during hydrolysis of 5’-AMP 

(Neu, 1967a, Chen et al, 1956). 

 

A number of physical and kinetic characteristics of the wild type E. coli 5’-nucleotidase 

were described.  The native molecular weight of the secreted enzyme was estimated by 

analytical gel filtration at 59811 daltons, and by mass spectrometry at 58219 daltons.  

Inductively coupled plasma-emission spectrometry (ICP-ES) of the native enzyme 

indicated the presence of two zinc ions associated with 5’-nucleotidase in vivo, in 

agreement with the structure determined by X-ray crystallography (Knöfel and Sträter, 

1999).  ICP-ES analysis of purified enzyme subjected to size exclusion chromatography 

indicated the presence of between 0.5 and 1.15 zinc ions per 5’-nucleotidase molecule, 

suggesting that at least one, and possibly both, zinc ions were capable of readily 

dissociating.  Mass spectrometry also indicated a secondary mass estimate, with a 

difference from the principal mass estimate of 130.2 at 70 mS orifice potential and 

118.8 at 60 mS.  This mass difference is intriguingly similar to 130.76, the mass of two 

zinc atoms.  Purification of 5’-nucleotidase from E. coli grown in the presence of 65Zn 

have provided estimates of molar ratios of 65Zn to 5’-nucleotidase of approximately 0.7 

g atom per mole (Dvorak and Heppel, 1968b), suggesting a single zinc ion was 

associated with 5’-nucleotidase following their extensive purification procedure.  If one 

of the two metal ion binding sites had a low affinity for zinc, the metal ion may be 

removed by depleting the metal ions in solution through size exclusion chromatography 

or dialysis.  A low affinity metal ion binding site may also allow displacement of the in 

situ metal ion by a metal ion in solution. 
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The main objective of this study was to understand the enormous level of activation by 

Co2+ or Mg2+ in vitro, considering that the E. coli 5’-nucleotidase is a zinc metallo-

enzyme (in contrast to the bacteriophage λ phosphoprotein (Ser/Thr) phosphatase, 

which does not contain zinc).  The effects of incubation in the presence of excess cobalt 

ions upon concentrations of metal ions associated with 5’-nucleotidase were 

investigated by ICP-ES.  The data indicated that levels of enzyme-associated zinc were 

significantly reduced in the presence of cobalt in solution, while levels of enzyme-

associated cobalt rose significantly.  This suggests displacement of zinc by cobalt in at 

least one metal ion binding site.  Attempts to remove zinc from the wild type 5’-

nucleotidase with NTA, a chelating agent, were not successful, suggesting that at least 

one metal ion binding site has a high affinity for zinc, or that steric hindrance prevented 

the chelating agent interacting with coordinated zinc. 

 

The specific activity of 5’-nucleotidase at pH 6.0 in the presence of Co2+ and Ca2+, with 

5’-AMP as substrate, was determined to be 730 U/mg, where a unit is defined as the 

activity required to release 1 µmol PO4
- per minute.  This compares to previously 

reported estimates under the same conditions of 705 U/mg (Neu, 1967a) and 592.9 

U/mg (Broad and Smith, 1981).  KM (5’-AMP) under the same conditions was estimated 

at 159 µM (std. dev. 11.25 µM), and KM (Co2+) was estimated at 92.5 µM (std. dev. 9.5 

µM).  KM (5’-AMP) has previously been reported at 33 µM (Neu, 1967a) and 45 µM 

(Ruiz et al, 1999).  Kcat (5’-AMP) was estimated at 0.3155 sec-1 in the presence of Co2+, 

and 0.00836 sec-1 with no additional metal ions.  Specific activity peaked at pH 5.0 in 

the presence of Co2+, and was optimal at pH 8.0 in the presence of Mg2+.  Assay 

conditions for this study were generally kept at pH 6.0, as 5’-nucleotidase has a reported 

pI of 5.1 (Glaser et al, 1967) or 5.49 (University of Wisconsin E. coli Genome Project). 
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The catalytic site mutants exhibited changes in kinetic behaviour that were consistent 

with the metal ion displacement model proposed in this thesis.  It is proposed that the 

two metal binding sites exhibit quite different affinities for metal ions, one high affinity 

and the other site low affinity.  This study proposes that the metal binding site (M1) 

formed by Asp-41, His-43, Asp-84, and Gln-254 (Knöfel and Sträter, 1999) exhibits a 

high affinity for zinc, and is not involved in metal ion displacement.  The other metal 

binding site (M2), formed by Asp-84, Asn-116, His-217 and His-252, exhibits a low 

affinity for zinc, and displacement by other divalent metal ions occurs readily, with 

consequent affects upon enzyme activity.   

 

The catalytic site mutants were divided into two test groups and two control mutations.  

Asp-84 coordinates to both zinc residues, and mutation of this amino acid was 

anticipated to have significant effects upon specific activity and affinity for metal ions, 

regardless of whether M1 or M2 was a low affinity metal ion binding site.  This mutant 

was used as an indicator as to whether a mutation had affected the low affinity metal 

binding site, as a mutation in this site was expected to have similar effects upon KM 

(Co2+) and activation by cobalt.  Following this model, His-117, which plays only an 

indirect role in metal ion binding (through the carbonate ion it coordinates to), was 

investigated as mutation of this amino acid was not expected to have significant effects 

upon metal ion binding in either the low or the high affinity sites, but was expected to 

have a significant effect upon enzyme activity, as it forms part of the proposed catalytic 

Asp-His dyad with Asp-120 (Knöfel and Sträter, 1999).  The two reference mutations 

had the anticipated effects upon specific activity, both in the presence and absence of 

cobalt, and upon KM (Co2+) (see Table 4-7).  Specific activity without cobalt dropped 
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from 24.79 ± 0.868 U/mg (wild type 5’-nucleotidase) to 0.000386 ± 0.0000308 U/mg 

(D84N) and 0.0104 ± 0.00052 U/mg (H117N), while specific activity with Co2+/Ca2+ 

dropped from 985.38 ± 35.1 U/mg (wild type) to 1.072 ± 0.0375 U/mg (D84N) and 

0.369 ± 0.0185 U/mg (H117N).  The magnitude of activation by Co2+/Ca2+ was 

comparable between the wild type (39.74-fold increase) and H117N (35.48-fold), but 

was significantly larger for D84N (2777.2-fold).  It is suggested that the significant 

increase in magnitude of activation by Co2+/Ca2+ observed in D84N is a result of the 

reduced affinity of the low affinity metal binding site.  The reduced affinity leads to a 

significant reduction in the proportion of mutant enzyme with a zinc ion in the low 

affinity site, and a subsequent reduction in the level of observed activity.  The addition 

of M2+ leads to a higher proportion of the mutant 5’-nucleotidase with a metal ion 

coordinated in the low affinity metal binding site, and a significant increase in observed 

activity.  H117N has similar metal ion binding characteristics to the wild type enzyme, 

with the observed decrease in specific activity being a consequence of the loss of the 

carbonate ion and the catalytic Asp-His dyad.  The effects of these mutations upon KM 

(Co2+) support this hypothesis, with H117N having a comparable affinity to the wild 

type (KM of 99.5 µM, std. dev. 5.8 µM, compared to 92.5 µM, std. dev. 12.6 µM for the 

wild type), while D84N has a reduced affinity (KM of 155 µM, std. dev. 7.8 µM). 

 

The remaining five mutants can be divided into two groups, based upon their effects 

upon magnitude of activation by Co2+/Ca2+ and effects upon KM (Co2+).  The first 

group, which consists of D41N and H43N, reduce specific activity without a significant 

increase in the magnitude of activation by Co2+/Ca2+, and have no significant effect 

upon KM (Co2+).  These behave in a similar manner to H117N, and it is suggested that 

the targeted amino acids are involved in the proposed high affinity metal binding site.  
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The second group, consisting of E118Q, H217N and H252N, reduce specific activity, 

significantly increase the magnitude of activation by Co2+/Ca2+, and generally increase 

KM (Co2+).  The only variation from this pattern of behaviour is the KM (Co2+) of 

H217N, which is comparable to the wild type enzyme.  These mutations behave in a 

similar manner to D84N, and it is suggested that these amino acids form part of the 

proposed low affinity metal binding site.  Glu-118 is not indicated as having a role in 

the coordination of Zn2 in the reported tertiary structure (Knöfel and Sträter, 1999), but 

the data presented in this study indicates that it is active, directly or indirectly, in metal 

ion binding at the same site as His-217 and His-252.  The tertiary structure derived from 

X-ray crystallography data (Knöfel and Strater, 1999) indicates that Glu-118 is not in 

close proximity to either coordinated zinc ion, although Asn-116, His-117 and Asp-120 

are present in the active site.  Glutamic acid or aspartic acid residues occupy positions in 

other phosphoesterases and ushA gene products analogous to the E. coli 5’-nucleotidase 

Glu-118 (Zhuo et al, 1994; Innes, 1998).  The conserved nature of these acidic residues 

throughout this diverse group of enzymes suggests a critical role in catalysis or 

structure.  Given its proximity to key residues in the catalytic site, a structural role for 

the acidic side chain is suggested.  Based upon the X-ray crystallography data, the 

residue most likely affected by Glu-118 is Asn-116, which is proposed to form part of 

the low affinity metal binding site. 

 

The “hyperactivation” of 5’-nucleotidase by Co2+ displacement into one of the 

functionally non-equivalent catalytic metal binding sites may be due to the higher 

charge density of Co2+ compared to Zn2+.  Divalent cobalt has an ionic radius of 0.65 Å, 

compared to divalent zinc, with an ionic radius of 0.75 Å (Ellis (ed), 1984).  The lower 

ionic radius indicates a higher charge density (or Lewis acidity), generally resulting in 
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lower ionization constants of bound ligands (Maret and Vallee, 1993).  Cobalt 

pentacoordinate structures favour a square pyramidal geometry, contrasting to the 

random distribution of zinc pentacoordinate structures between square pyramidal and 

trigonal bipyramidal structures (Maret and Vallee, 1993).  The two zinc ions associated 

with 5’-nucleotidase in the X-ray crystallographic structure were both in a trigonal 

bipyramidal conformation (Knöfel and Sträter, 1999); the preference of cobalt for a 

square pyramidal conformation may result in structural changes in the active site that 

increase catalytic activity significantly.  Slight differences in metal-ligand bond lengths 

have also been noted for zinc and cobalt (Maret and Vallee, 1993).  These factors are 

likely to contribute to the significant increase in enzyme activity when cobalt is present 

in the M2 site. 

 

5-3 FUTURE RESEARCH 

The model for activation of 5’-nucleotidase activity in vitro upon the addition of 

particular divalent metal ions proposed in this thesis presents a basis upon which some 

further productive avenues of research may be founded.  The studies presented in this 

thesis were unable to produce an apoenzyme from wild type 5’-nucleotidase by 

exposure to NTA, and the role of the zinc coordinated in the high affinity metal binding 

site was therefore not explored.  Mutagenesis of single or pairs of amino acids involved 

in the high affinity metal binding site may allow the creation of an apoenzyme from the 

mutant 5’-nucleotidase, while retaining sufficient affinity for divalent metal ions to 

allow reconstitution of the enzyme-metal complex upon the addition of adventitious 

metal ions.  The functions of the two metal ions in the native enzyme may potentially be 

investigated by preparing a metal-hybrid 5’-nucleotidase from apoenzyme (Maret and 

Zeppezauer, 1988).  A second possibility for investigating the role of the high affinity 
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metal binding site involves the in situ oxidation of Co(II) in the low affinity site to the 

relatively kinetically inert Co(III).  This may allow specific substitution of other metal 

ions into the high affinity metal binding site, as Co(III) is relatively exchange inert 

compared to divalent zinc or cobalt (Maret and Vallee, 1993). 

 

The model for metal ion displacement proposed in this thesis does not bear upon the 

hydrolytic mechanism of 5’-nucleotidase.  Nuclear magnetic resonance spectroscopy 

(NMR) may provide data regarding the mechanism of action of an enzyme (Coleman 

and Gettins, 1986), and also on the displacement of metal ions in metallo-enzymes 

(Banci et al, 1987).  A major hindrance to the application of 1H NMR to structure 

determination of an enzyme such as 5’-nucleotidase is the molecular weight of the 

enzyme.  The complexity of the data generated prohibits resolution of the structure of 

the enzyme.  It is for this reason that X-ray crystallography is the methodology 

preferred for resolution of the tertiary structure of most enzymes, as with 5’-

nucleotidase (Knöfel and Sträter, 1999).  However, X-ray crystallographic data does not 

allow for direct observation of reaction mechanisms, in contrast to NMR studies.  The 

heavier NMR-active nuclei, such as 13C and 113Cd, have been successfully applied to 

structural and mechanistic studies of a number of zinc metallo-enzymes (Coleman and 

Gettins, 1986), including studies of metal binding sites in the active sites of the enzyme.  

The preparation of a 5’-nucleotidase apoenzyme, possibly through use of mutagenesis 

in the proposed high affinity metal binding site, may allow displacement of the resident 

zinc ion by 113Cd and study of the role the two metal ion sites have in catalysis.  

Substitution of 113Cd into the low affinity site will presumably occur readily in 

sufficiently high concentrations of the metal ion, as for Co2+ and Mg2+.   
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Specific substitution of 13C into selected amino acid side chains may allow investigation 

of the roles that a number of highly conserved residues within the catalytic site play in 

hydrolysis.  Intermediates of enzyme catalysis may be explored using 31P-substituted 5’-

AMP as substrate.  These studies may allow a mechanism for 5’-nucleotidase activity to 

be proposed that incorporates the wide substrate specificity exhibited by this enzyme, as 

well as the high level of in vitro activation by Co2+ and Mg2+.  As a number of residues 

in the catalytic site are highly conserved across the Ser/Thr protein phosphatase group, 

an elucidated mechanism of catalysis for the E. coli 5’-nucleotidase may provide 

valuable insights into the activities of other members of this large and diverse protein 

family. 
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APPENDIX 1 

MEDIA AND SOLUTIONS 

MEDIA 

All media was prepared using dH2O and 

sterilised by autoclaving.  Solid media was 

prepared by supplementing the media 

described with 1.5% w/v bacteriological 

agar.  Top agar was prepared by 

supplementing the described media with 

0.6% w/v bacteriological agar. 

 

R-broth (per L) 

 10 g tryptone 

 5 g NaCl 

 1 g glucose 

 1 g yeast extract 

 

L-broth (per L) 

 10 g tryptone 

 5 g NaCl 

 5 g yeast extract 

 

YT broth (per L) 

 8 g tryptone 

 8 g yeast extract 

 4 g NaCl 

 

SOC media (per L) 

 20 g tryptone 

 5 g yeast extract 

 0.584 g NaCl 

 0.187 g KCl 

 0.952 g MgCl2 

 1.204 g MgSO4 

 3.604 g glucose 

 

ANTIBIOTICS 

Ampicillin (100× stock):  

 10 mg/mL in dH2O 

Chloramphenicol (1000× stock for solid media):

 30 mg/mL in ethanol 

   (2000× stock for liquid media):

 30 mg/mL in ethanol 

Kanamycin (1000× stock): 

 70 mg/mL in dH2O 

 

ELECTROPHORESIS 

Tris-Acetate-EDTA buffer (TAE, 20× per L) 

 96.8 g Tris 

 22.8 mL acetic acid 

 40 mL 0.5M EDTA, pH 8.0 

 make up to 1 L with dH2O 

 

Agarose gel sample dye (per 10 mL) 

 0.05% BPB 

 50 mM EDTA, pH 8.0 

 37% sucrose 

 

Tris-gylcine-SDS running buffer (per L) 

 3.03 g Tris 

 14.4 g glycine 

 10.0 mL 10%SDS 

 

SDS-PAGE sample buffer (per 8.5 mL) 

 0.6 g SDS 
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 3 mL glycerol 

 1.9 mL 1M Tris-HCl (pH6.8) 

 0.25 g BPB 

 

Coomassie staining solution (per 100 mL) 

 10 mL glacial acetic acid 

 30 mL methanol 

 60 mL dH2O 

0.006% (w/v) Coomassie Brilliant Blue R 

 

Destaining solution (per 100 mL) 

 10 mL glacial acetic acid 

 30 mL methanol  

 60 mL dH2O 

 

Ammoniacal silver nitrate 

 3.5 mL concentrated NH4OH was 

added to 42 mL of 0.36% NaOH and the 

volume brought to 200 mL with dH2O.  

Slowly add 8 mL of 19.4% (1.6 g in 8 ml) 

silver nitrate with vigorous mixing.  If 

solution is cloudy, carefully add NH4OH 

dropwise until it clears.  Solution must be 

used within 20 minutes. 

 

Developing solution (per 100 mL) 

 0.5 g sodium citrate 

 0.5 mL 37% formaldehyde solution 

 

BUFFERS 

Ligation buffer (×5) 

150 mM Tris-HCl, pH 8.0, 10 mM MgCl2 

 

TE buffer 

10 mM Tris-HCl, pH 8.0, 1 mM EDTA 

 

10 mM Phosphate buffer pH 7.1 (per L) 

 0.549 g anhydrous disodium hydrogen 

phosphate 

 0.835 g potassium dihydrogen phosphate 

 

200 mM phosphate buffer pH 7.1 (per L) 

 10.98 g anhydrous disodium hydrogen 

phosphate 

 16.698 g   potassium dihydrogen phosphate 
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APPENDIX 2 

MOLECULAR WEIGHT MARKERS AND STANDARDS 

λ-HindIII standards: 
Fragment size (kb): 23.1 
 9.4 
 6.6 
 4.4 
 2.2 
 2.0 
 
 
Amersham Pharmacia Low Molecular Weight standards: 
Protein mass/vial (µg) MW of subunit 
Phophorylase B 64 94000 
Bovine Serum Albumin   83 67000 
Ovalbumin 147 43000 
Carbonic Anhydrase 83 30000 
Soybean Tryspin Inhibitor 88 20100 
α-Lactalbumin 121 14400 
 
Bio-Rad Broad Range Molecular Weight standards: 
Protein  MW of subunit 
Myosin  200000 
β-galactosidase  116250 
Phosphorylase B  97400 
Serum Albumin  66200 
Ovalbumin  45000 
Carbonic Anhydrase  31000 
Trypsin inhibitor  21500 
Lysozyme  14400 
Aprotinin  6500 
NB: Myosin, β-galactosidase, Phosphorylase B and Aprotinin are not visualised during standard 12% 
SDS-PAGE. 
 
 



 BIOCAD 700E 
CHROMATOGRAPHY PROGRAMS 

APPENDIX 3 

  
 

 145

APPENDIX 3 

BIOCAD 700E CHROMATOGRAPHY PROGRAMS 

Anion exchange chromatography: (0-200 mM NaCl gradient) 

General settings: Set Detectors inline 
General settings: Set Column 1 inline 
General settings: UV Detector Wavelength = 354 ηm and 28 ηm 
General settings: Flow Rate = 8.00 mL/min 
Pump on 
Method start 
[01] Equil Block 
 (A) Purge segment 
  0.00 mL Set column offline 
  0.00 mL Set solvent blend 100% A: 5 mM Tris-HCl pH 7.5 
  0.00 mL Set flow rate = 30 mL/min 
  10.00 mL Set flow rate = 8.00 mL/min 
  10.67 mL Set column 1 inline 
 (B) Step segment 
  0.00 CV Set solvent blend 100% A: 5 mM Tris-HCl pH 7.5 
  3.00 CV Zero UV detector 
  3.00 CV End solvent blend 100% A: 5 mM Tris-HCl pH 7.5 
 
[02] Load Block 
 (A) Step segment 
  0.00 mL Load through pump 100% F 
  5.00 mL Load through pump 100% F 
 
[03] Wash Block 
 (A) Step segment 
  0.00 CV Set solvent blend 100% A: 5 mM Tris-HCl pH 7.5 
  0.00 CV Start fraction collection Frac 1.00 mL 
  0.00 CV Data collection start 
  12.00 CV End solvent blend 100% A: 5 mM Tris-HCl pH 7.5 
 
[4] Elute Block 
 (A) Gradient segment 
  0.00 CV Start gradient 100% A: 5 mM Tris-HCl pH 7.5 
  30.00 CV End Gradient 93.3% A: 5 mM Tris-HCl pH 7.5 6.7% D: 3 M NaCl 
 (B) Step segment 
  0.00 CV Set solvent blend 93.3% A:  5 mM Tris-HCl pH 7.5 6.7% D: 3 M NaCl 
  2.00 CV End solvent blend 93.3% A: 5 mM Tris-HCl pH 7.5 6.7% D: 3 M NaCl 
 
[5] Clean Block 
 (A) Step segment 
  0.00 CV Set solvent blend 67.7% A: 5 mM Tris-HCl pH 7.5 33.3% D: 3 M NaCl 
  4.00 CV End solvent blend 67.7% A: 5 mM Tris-HCl pH 7.5 33.3% D: 3 M NaCl 
 (B) Step segment 
  0.00 CV Set solvent blend 100% A: 5 mM Tris-HCl pH 7.5 
  4.00 CV Reset fraction collector 
  4.00 CV Pump off 
  4.00 CV End solvent blend 100% A: 5 mM Tris-HCl pH 7.5 
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APPENDIX 4 

USHA CODING SEQUENCE FROM ESCHERICHIA COLI 

This is the complete E. coli ushA coding sequence as reported by Burns and Beacham 

(1986).  The numbers at the end of each row indicate the position of the first nucleotide 

in each row, with the first nucleotide in the initiation codon being position 1.  The 

locations of primers used in this study are indicated, with any variation from the ushA 

sequence being noted by the shaded bases.  The arrows indicate 5’→3’ direction of the 

primer. 

 

 -93                         T C    Lyle01 
   GGATGCAGAT TTATCTTCAC CGGACGCAGA CTTGTCTATG ATGTCGCGTC ATACTATTTT 
 
 -33 
   TCAACACGTT GAAATCAGGT CAGGGAGAGA AGT 
 
   1 
   ATGAAATTAT TGCAGCGGGG CGTGGCGTTA GCGCTGTTAA CCACATTTAC ACTGGCGAGT 
 
  61 
   GAAACTGCTC TGGCGTATGA GCAGGATAAA ACCTACAAAA TTACAGTTCT GCATACCAAT 
 
121AD41N AH43N 
   GATCATCATG GGCATTTTTG GCGCAATGAA TATGGCGAAT ATGGTCTGGC GGCGCAAAAA 
 
 181 
   ACGCTGGTGG ATGGTATCCG CAAAGAGGTT GCGGCTGAAG GCGGTAGCGT GCTGCTACTT 
 
 241        A D84N 
   TCCGGTGGCG ACATTAACAC TGGCGTGCCC GAGTCTGACT TACAGGATGC CGAACCTGAT 
 
 301                                             H117N A   C E118Q 
   TTTCGCGGTA TGAATCTGGT GGGCTATGAC GCGATGGCGA TCGGTAATCA TGAATTTGAT 
 
 361 
   AATCCGCTCA CCGTATTACG CCAGCAGGAA AAGTGGGCCA AGTTCCCGTT GCTTTCCGCG 
 
 421 
   AATATCTACC AGAAAAGTAC TGGCGAGCGC CTGTTTAAAC CGTGGGCGCT GTTTAAGCGT 
 
 481 
   CAGGATCTGA AAATTGCCGT TATTGGGCTG ACAACCGATG ACACAGCAAA AATTGGTAAC 
 
 541 
   CCGGAATACT TCACTGATAT CGAATTTCGT AAGCCCGCCG ATGAAGCGAA GCTGGTGATT 
 
 601                                                   A H217N 
   CAGGAGCTGC AACAGACAGA AAAGCCAGAC ATTATTATCG CGGCGACCCA TATGGGGCAT 
 
 661 
   TACGATAATG GTGAGCACGG CTCTAACGCA CCGGGCGATG TGGAGATGGC ACGCGCGCTG 
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 721                                   A H252N 
   CCTGCCGGAT CGCTGGCGAT GATCGTCGGT GGTCACTCGC AAGATACGGT CTGCATGGCG 
 
 781 
   GCAGAAAACA AAAAACAGGT CGATTACGTG CCGGGTACGC CATGCAAACC AGATCAACAA 
 
 841 
   AACGGCATCT GGATTGTGCA GGCGCATGAG TGGGGCAAAT ACGTGGGACG GGCTGATTTT 
 
 901 
   GAGTTTCGTA ATGGCGAAAT GAAAATGGTT AACTACCAGC TGATTCCGGT GAACCTGAAG 
 
 961 
   AAGAAAGTGA CCTGGGAAGA CGGGAAAAGC GAGCGCGTGC TTTACACTCC TGAAATCGCT 
 
1021 
   GAAAACCAGC AAATGATCTC GCTGTTATCA CCGTTCCAGA ACAAAGGCAA AGCGCAGCTG 
 
1081 
   GAAGTGAAAA TAGGCGAAAC CAATGGTCGT CTGGAAGGCG ATCGTGACAA AGTGCGTTTT 
 
1141 
   GTACAGACCA ATATGGGGCG GTTGATTCTG GCAGCCCAAA TGGATCGCAC TGGTGCCGAC 
 
1201 
   TTTGCGGTGA TGAGCGGAGG CGGAATTCGT GATTCTATCG AAGCAGGCGA TATCAGCTAT 
 
1261 
   AAAAACGTGC TGAAAGTGCA GCCATTCGGC AATGTGGTGG TGTATGCCGA CATGACCGGT 
 
1321 
   AAAGAGGTGA TTGATTACCT GACCGCCGTC GCGCAGATGA AGCCAGATTC AGGTGCCTAC 
 
1381 
   CCGCAATTTG CCAACGTTAG CTTTGTGGCG AAAGACGGCA AACTGAACGA CCTTAAAATC 
 
1441 
   AAAGGCGAAC CGGTCGATCC GGCGAAAACT TACCGTATGG CGACATTAAA CTTCAATGCC 
 
1501 
   ACCGGCGGTG ATGGATATCC GCGCCTTGAT AACAAACCGG GCTATGTGAA TACCGGCTTT 
 
1561 
   ATTGATGCCG AAGTGCTGAA AGCGTATATC CAGAAAAGCT CGCCGCTGGA TGTGAGTGTT 
 
1621 
   TATGAACCGA AAGGTGAGGT GAGCTGGCAG TAA 
 
1654 
   TCCGAAAGTG CCGGATGTTT GCATCCGGCA CAATGCTTAA TCGCGGCGGG CGATATCAGC 
 
1714 
   AAATTTGGCA TCG 
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E. COLI 5’-NUCLEOTIDASE SEQUENCE 

 

This is the primary structure of the E. coli 5’-nucleotidase, with changes to the amino 

acid sequence induced by oligonucleotide-directed mutagenesis indicated above the 

wild type sequence.  The arrow between residues 25 and 26 indicates the end of the 

leader peptide, with the mature protein starting at residue 26. 

 

  1                                           N N 
  MKLLQRGVAL ALLTTFTLAS ETALAYEQDK TYKITVLHTN DHHGHFWRNE YGEYGLAAQK 
 
 61                        N                                   NQ 
  TLVDGIRKEV AAEGGSVLLL SGGDINTGVP ESDLQDAEPD FRGMNLVGYD AMAIGNHEFD 
 
121 
  NPLTVLRQQE KWAKFPLLSA NIYQKSTGER LFKPWALFKR QDLKIAVIGL TTDDTAKIGN 
 
181                                      N 
  PEYFTDIEFR KPADEAKLVI QELQQTEKPD IIIAATHMGH YDNGEHGSNA PGDVEMARAL 
 
241           N 
  PAGSLAMIVG GHSQDTVCMA AENKKQVDYV PGTPCKPDQQ NGIWIVQAHE WGKYVGRADF 
 
301 
  EFRNGEMKMN YQLIPVNLKK KVTWEDGKSE RVLYTPEIAE NQQMISLLSP FQNKGKAQLE 
 
361 
  VKIGETNGRL EGDRDKVRFV QTNMGRLILA AQMRTGADFA VMSGGGIRDS IEAGDISYKN 
 
421 
  VLKVQPFGNV VVYADMTGKE VIDYLTAVAQ MKPDSGAYPQ FANVSFVAKD GKLNDLKIKG 
 
481 
  EPVDPAKTYR MATLNFNATG GDGYPRLDNK PGYVNTGFID AEVLKAYIQK SSPLDVSVYE 
 
541 
  PKGEVSWQ 

 



 MASS SPECTROMETRY PROFILES 
AND ANALYSIS 

APPENDIX 5 

  
 

 149

APPENDIX 5 

MASS SPECTROMETRY PROFILES AND ANALYSIS 

HyperMass Info for IRB1 36 conc 
Criteria used for HyperMass Method: 
Primary Charge Agent: H, 1.0079 mass, 1.0000 charge, Agent Gained 
Charge Estimation Tolerance: 0.1500 
Tolerance Between Mass Estimates: 20.0000 
 
Peak Intensity Charge Mass Estimate 
1294.81 110772 45.00000 58221.18 
1324.23 121816 43.98279 58221.68 
1354.94 111621 43.07789 58219.29 
1387.26 105938 41.89453 58222.70 
1420.98 114111 41.11258 58218.90 
1456.50 90927 39.97725 58219.71 
1493.92 103961 38.89544 58223.62 
1533.24 93942 37.96681 58224.93 
1574.57 111605 37.07969 58221.63 
1618.29 75086 35.98842 58222.14 
1664.52 64294 34.98681 58222.75 
1713.44 66646 33.99986 58222.75 
1765.27 81054 33.04040 58220.66 
1820.40 56331 32.00164 58220.57 
1879.13 35852 30.97779 58221.88 
1941.77 27408 29.98546 58222.79 
 
Final Estimated Mass: 58221.70  Std Deviation: 1.61 
16 of 16 estimates used 
 
HyperMass Info for IRB2 51 conc 
Criteria used for HyperMass Method: 
Primary Charge Agent: H, 1.0079 mass, 1.0000 charge, Agent Gained 
Charge Estimation Tolerance: 0.1500 
Tolerance Between Mass Estimates: 20.0000 
 
Peak Intensity Charge Mass Estimate 
1456.40 176603 40.00000 58215.71 
1493.72 151423 38.99721 58215.81 
1532.94 100104 38.05849 58213.52 
1574.37 119707 36.98284 58214.23 
1617.99 116586 36.06641 58211.33 
1664.31 105614 34.90474 58215.75 
1713.34 90753 33.92645 58219.35 
1765.07 64556 33.10232 58214.06 
1820.30 42733 31.94009 58217.37 
1878.93 40758 31.02890 58215.67 
1941.37 28673 30.07841 58210.78 
 
Final Estimated Mass: 58214.87  Std Deviation: 2.48 
11 of 11 estimates used 
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Trace of data collected for IRB1 36 conc. at 120 mS orifice potential. 
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Trace of data collected for IRB2 51 conc. at 120 mS orifice potential. 
 

 
 
Collated data collected from IRB1 36 conc. and IRB2 51 conc. 
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Trace data collected at 70 mS orifice potential. 
 

 
 
Trace data collected at 60 mS orifice potential. 
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