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ABSTRACT 

The involvement of glutamic acid 461 in the reaction mechanism of E. coil 

13-galactosidase [E.C.3.2.1 .23] was investigated by replacing the glu 461 

residue with a gin residue using oligonucleotide site-directed mutagenesis. 

A 1.1 Kb fragment of the IacZ gene containing the codon for glu 461, was 

isolated from the plasmid, piPi 01, which contains the IacZ gene and its 

promoter. This fragment was cloned into Ml 3mpl 8 for mutagenesis. The 

cloning strategy that was used created a hybrid Acc I/Cia I sequence in the 

recombinant molecule which could not be digested with either restriction 

enzyme. This hybrid site was converted to a CIa I recognition sequence by 

site-directed mutagenesis, but inadvertently, a dam methylase sequence was 

produced by this change. This sequence became methylated in dam + strains 

which rendered the CIa I sequence impervious to CIa I digestion. This 

sequence was replaced with a sequence which was not recognized by dam 

methylase using site-directed mutagenesis. This change allowed successful 

digestion by CIa I. The gin mutation was introduced at 13-galactosidase 

position 461 by replacing the codon for glu (GAA) with a codon for gin (CAA) 

using site-directed mutagenesis. All mutagenesis reactions were sequenced 

at each step and shown to contain the intended mutation. The 1.1 Kb 

fragment containing the gin mutation, was cloned back into pIP101 and the 

recombinant plasmid was designated as plP101-Q461. This plasmid was 

transformed into E. co/i S185 and all colonies were white in the presence of 

5-bromo-4-chloro-3-indolyl- 13-D-galactopyranoside, indicating that there was 

little, if any, 13-galactosidase activity. SIDS-PAGE analysis of several white 

colonies showed a band which migrated at the same position on the gel as 

wild-type 13-galactosidase. 13-Galactosidase protein was purified from one of 

these colonies by two different methods. Both methods gave pure protein 

(>95%) which had a specific activity with ONPG of 1.24 units/mg as compared 

to 350 units/mg for wild-type 13-galactosidase and which migrated to the same 

position as wild-type 13-galactosidase on SIDS-PAGE gels. This protein was 

designated as E4610-13-galactosidase to indicate the change from the glu 461 

residue in wild-type 13-galactosidase to gin 461 in the mutant. The 1.1 Kb 

fragment was isolated from pIP101-0461 and cloned back into M13mp18 and 

the entire 1.1 Kb fragment was sequenced and shown to contain no mutations 

other than the gin mutation. 
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Kinetic studies in the presence and absence of inhibitor, indicated that 

binding decreased dramatically as a result of the mutation. The study also 

showed that the k3 rate constant had decreased significantly, such that it was 

rate- limiting for both substrates. 

The evidence implies that glu 461 is important for catalysis and probably 

plays an important role in substrate binding in the wild-type enzyme. 
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1. INTRODUCTION 

1.1 13-Galactosidase 

1.1.1 The lac Operon 

The lac operon contains three structural genes: lacZ , iacY and lacA which 

code for their respective proteins: 13-galactosidase, lactose permease and 

thiogalactoside transacetylase (Zabin and Fowler, 1978). The earliest report of 

13-galactosidase was made by Karstrom (1930), who reported the presence of 

an enzyme which catalyzed the hydrolysis of lactose. Lactose permease was 

discovered by Rickenberg et al. (1956) and transacetylase by Zabin et al. 

(1959). The control of the lac operon is based largely on the work of Jacob 

and Monod (1961) and has been extensively reviewed by several investigators 

(Zabinand Fowler, 1970; Kennedy, 1970; Miller and Reznikoff,1978). Early 

studies (Monod and Cohn, 1952; Monod et al, 1952) had shown that 13-

galactosidase was inducible. The evidence for this came from the observation 

that in the presence of certain galactosides, cells produce 1 - 104 fold more 

13-galactosidase, than when grown in the absence of sugars. Isopropyl-13-D-

thiogalactoside was identified as a strong inducer of 13-galactosidase but was 

shown not to be a substrate for the enzyme (Jacob and Monod, 1961). This led 

to the prediction of a controlling element which was distinct from the 13-

galactosidase gene. Coupled to this was the fact that both 13-galactosidase 

and transacetylase induction levels were coupled to the presence of inducer 

and this led researchers to believe that both enzymes were under the control 

of the same control element. 

Genetic analysis (Pardee et al, 1958,1959; Jacob and Monod, 1961) 

indicated that lacZ and /acY were under control of another gene (lac I) which 

mapped to a different region than the lacZ and /acY genes. Further work with 

mutants of the lacl gene (Jacob and Monod, 1961; Willson et al , 1964) led 

support to the present day model that the lacl gene codes for a repressor 

protein. Genetic studies showed that this repressor acted at a site called the 

operator locus which, in turn, inhibited expression of the lacZ and lacY genes 

in a coordinated manner (Pardee et al, 1959; Jacob and Monod, 1961). This 

inhibition was removed by the binding of a low molecular weight inducer to the 
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repressor (Willson et al, 1964). The inducer was identified as allolactose 

(1-6-13-D-galactopyranosyl-D-galactose) (Muller-Hill et al, 1964). Allolactose 

was later identified to be the natural inducer of the lac operon (Jobe and 

Bourgeois, 1972) based on the fact that allolactose was the only sugar bound 

to purified lac repressor when cells were grown on lactose and that allolactose 

is a product of 13-galactosidase activity. They also went on to report that the 

binding constant of allolactose to the repressor and the effect of allolactose on 

the repressor-operator complex were the same as the synthetic inducer 

isopropyl-I3-D-thiogalactoside (IPTG), which is used to induce the lac operon 

artificially. The natural induction mechanism of the lac operon genes for 

bacteria grown on lactose, begins by basal level conversion of lactose to 

allolactose. Allolactose then binds to the lac repressor causing the repressor 

to dissociate from the operator which allows the genes to be expressed (Jobe 

and Bourgeois, 1972), 

1.1.2 Purification of 13-Galactosidase 

13-Galactosidase [E.C. 3.2.1.2.3] accounts for up to 5% of the total protein 

found in haploid strains of E. coil (Zabin and Fowler, 1978) but partial diploids 

have been found in which up to 25% of the soluble cell protein is 13-

galactosidase (Fowler, 1972). The initial purifications of 13-galactosidase that 

were attempted, involved a series of ethanol and ammonium sulfate 

precipitations followed by fractionation by diethylaminoethyl (DEAE) cellulose 

column chromatography (Hu et al., 1959). Electrophoresis showed as much 

as 15-20% contamination which could be removed by preparative 

electrophoresis (Craven et al., 1965). DEAE-Sephadex chromatography 

replaced DEAE cellulose chromatography since it was found to give greater 

purity and it decreased the loss of enzyme activity to give greater yields 

(Craven et al., 1965). Affinity chromatography has also been used to, purify B 

galactosidase (Steers et al., 1971). For the affinity purification, the 13-

galactosidase substrate analogue inhibitor, p-aminophenyl-13-D-

thiogalactopyranoside was attached to a linker arm of 3-aminosuccinyl-3'-

aminodipropylamine which was coupled to agarose. The enzyme bound to 

the column at neutral pH and was eluted with buffers at pH 10. Hydrophobic 

chromatography on L-valine agarose, has also been used to purify 3-

galactosidase (Rimerman and Hatfield, 1973). Present day purification 
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methods involve ammonium sulfate precipitation and ion-exchange 

chromatography on DEAE-Biogel A to give almost 100% purity (Brake et al., 

1978). 

1.1.3 13-Galactosidase Structure 

Hu and co-workers (1959) found that 13-galactosidase had a molecular 

weight of 5 x 106 daltons. Work by Cohn (1957) and Perrin (1963), suggested 

that 13-galactosidase was composed of more than one subunit. An elegant 

experiment by Zipser (1963) showed that 13-galactosidase is composed of four 

subunits. Cells were grown separately in the presence of 130 and 15N to 

generate heavy 13-galactosidase molecules and in the presence of 120 and 

14N to generate light molecules. Both were treated with urea and 3-

mercaptoethanol to dissociate the subunits and then mixed and allowed to 

reassociate after removal of urea and 13-mercaptoethanol. A density gradient 

of the mixture showed that all urea subunits were one quarter the size of the 

whole molecule, indicating that 13-galactosidase was composed of four 

subunits. Electron microscopy studies (Karlsson et al., 1964) also indicated 

that 13-galactosidase was composed of four subunits with an estimated 

molecular weight of about 5 x 106 daltons for the tetramer. Reaction with 

iodoacetamide in 5m guanidine HOI resulted in a form which was determined 

.to have a molecular weight of 147,000 daltons for the monomer (Weberet al., 

1963). N-Terminal amino acid analysis (Steers et al., 1965) suggested a 

135,000 dalton subunit. Dissociation of 13-galactosidase subunits in 90% 

glycerol gave a subunit size of 135,00 daltons (Contaxis and Reithal, 1971). 

Measurement of the molecular weight of the monomer from SDS-PAGE gels, 

resulted in a molecular weight of 116,000 (Zabin and Fowler, 1972). Brown et 

al. (1966) reported a single amino-terminal and a single carboxy terminal per 

135,000 dalton monomer. This suggested that all four subunits were identical 

(Ullman et al., 1967). In addition, each subunit was shown to possess its own 

active site (Zabin and Fowler, 1970) and each of the four active sites on the 13-

galactosidase tetramer was shown to be independently active in the tetrameric 

form (based on reconstitution studies of mixtures of wild type and lac - mutant 

enzyme subunits (Melchers and Messer, 1973)). Amino acid sequence data of 

13-galactosidase showed the monomer to contain 1021 amino acids in a single 

polypeptide chain with a monomer molecular weight of 116,349 daltons, 
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confirming that all monomers were identical (Fowler and Zabin, 1978). 

Subsequent nucleotide sequence analysis of the !acZ gene showed 13-

galactosidase to contain 1023 amino acids resulting in a molecular weight of 

116,353 daltons per subunit (Kalnins et al., 1983). An analysis of the 

sequence data (Kalnins et al, 1983) showed 13-galactosidase to contain 64 asp 

and 61 glu residues giving a total of 125 acidic residues. There were 20 lys, 66 

arg, and 34 hisgiving a total of 120 basic residues. At physiological pH, 13-

galactosidase tends to have a net negative charge with a p1 of about 4.6 and a 

pH optimum of about 7.2 (Zabin and Fowler, 1978). 

1.1.4 13-Galactosidase Activity 

Initial studies on the activity of 13-galactosidase from crude samples by 

Karstro m (1930) showed that lactose ( 13- I-4-D-g alactopy ran osyl-D-g lucose) 

was hydrolysed to form galactose (D-galactopyranose) and glucose 

(D-glucopyranose). The extent of the reaction was determined by measuring 

the amount of D-glucose liberated. 

The bond cleaved by 13-galactosidase is the glycosidic bond between the 

anomeric carbon (Cl) of galactose and the glycosyl oxygen (Wallenfels and 

Malhorta, 1961; Wallenfels and Well, 1972). In addition to cleaving C-O bonds, 

13-galactosidase also cleaves C-F bonds and C-N bonds (Zabin and Fowler, 

1978). Studies by Deschavanne et al. (1978a) using different effectors, 

glycosides and alcohols, indicated that the active site of 13-galactosidase is 

made up of two subsites: a "galactose" subsite and a "glucose" subsite. 

13-Galactosidase is specific for r3-D-galactopyranosides and is very specific 

towards the glycone (galactose) configuration. Kinetic inhibition studies of 

inhibitors acting on the free form of 13-galactosidase in the presence of various 

substrates, indicated that the hydroxyl groups at positions 03, 04 and to a 

lesser extent C6 of the galactose moiety, were important at the "galactose" site 

and that alterations in the position of the hydroxyl groups or a lack of hydroxyl 

groups, decreased substrate binding dramatically (Huber and Gaunt, 1983). 

Inhibition studies using various sugars and their lactones showed that the 

hydroxyl group at position Ci can be either equatorial or axial without 

affecting the binding dramatically (Huber and Brockbank, 1987). Additional 

kinetic studies on the reverse reaction for 13-galactosidase (the formation of 13-

galactosides from monosaccharides which gives an indication as to the 
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mechanism in the forward reaction) suggested that the hydroxyl group at the 

02 position must be in the equatorial position for catalysis, which, in turn, 

suggests that the 02 hydroxyl group of galactose is important for catalysis 

(Huber and Hurlburt, 1986). Competitive inhibition studies have shown that 

the structure of the galactose moiety does not deviate from the normal Ci 

chair conformation (Case, 1973). In contrast, inhibition studies with lactones 

(Huber and Brockbank, 1987) indicate that 13-galactosidase may alter the 

conformation of the substrate from a chair conformation to a more planar half-

chair conformation. 

Specificity for the aglycone can be such that another sugar residue (such 

as glucose in the case of lactose), an alkyl group or an aryl group can be 

substituted (Wallenfels and Malhorta, 1961). It is the aglycone which 

determines the rate of hydrolysis (Vo) and the Michaelis constant (Km) 

(Wallenfels and Malhorta, 1961). Studies of the "glucose" site of 13-

galactosidase using various sugars and alcohols, led to the suggestion that 

the specificity of the "glucose" site is more important in binding than in 

catalysis and it becomes important only after the cleavage of the glycosidic 

bond (Huber et al., 1984). 

In addition to hydrolysis activity, 13-galactosidase also acts as a transferase 

(Wallenfels, 1959). The galactosyl moiety can be transferred to 

monosaccharides, disaccharides, oligosaccharides, alkyl alcohols or phenols. 

One very important transferase reaction is the transfer of the galactose moiety 

from 04 of glucose to 06 of glucose to produce allolactose (natural inducer of 

the lac operon (Jobe and Bourgeois, 1972). A study quantitating the factors 

which influence the hydrolytic and transgalactosylic activities of 13-

galactosidase, was reported by Huber et al. (1976) for the action of 13-

galactosidase on lactose. These studies showed that the major means of 

production of allolactose was the direct enzymatic transfer of galactose from 

04 of glucose to C6 of glucose which occured without prior release of glucose 

from the enzyme. Also, at low lactose concentrations, the rate of production of 

galactose was the same as the rate of production of glucose. At higher lactose 

concentrations, the rate of galactose production relative to glucose production 

decreased and the formation of trisaccharides and tetrasaccharides began, 

implying an increase in transgalactosylase activity over hydrolytic activity. The 

ratio of transgalactosylase activity to hydrolase activity was shown to vary with 

pH and type of cation. The ratio remained constant between pH 6 and pH 8 
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but increased at higher pH values and decreased at lower pH values. In the 

absence of Mg2+, the ratio decreased while the absence of Na+ or K+ had no 

effect. 

In 1950, Lederberg reported an assay system for 13-galactosidase which 

utilized the chromogenic substrate ONPG (ortho-nitrophenyl-13-D-

galactopyranoside). Hydrolysis of ONPG resulted in the release of galactose 

and ONP which absorbs light at 420 nm and can be measured quite easily 

with a spectrophotometer. 13-Galactosidase activity is now routinely measured 

using ONPG or a related compound, PNPG, (para- nitro phenyl-13-D-

galactopyranoside), as the substrate. The extinction coefficients for ONPG 

and PNPG at pH 7.0 and 25°C are 1.86 M-1 cm-1 and 7.0 M 1 cm-1 

respectively. 

Several physical-chemical studies have been done on 13-galactosidase 

with respect to stabilizing or destabilizing activity. Cohn and Monod (1951) 

showed that 100% activity is lost in less than 1 min at 55CC whereas at 4700 

there is less than 5% inactivation even after 10 mm. The enzyme is quite 

stable at room temperature. 

As mentioned earlier, the pH optimum for 13-galactosidase activity has been 

suggested to be about 7.2 (Zabin and Fowler, 1978). However, it has been 

showrf that the pH optimum varies depending on the substrate (Huber et al., 

1982). 

It appears that cations play an important role in the activity of 3-

galactosidase. Neville and Ling (1967), showed that sodium ion increased the 

affinity of the enzyme for ONPG and increased the maximal rate of hydrolysis. 

In addition, they indicated that substrate increased the affinity of the enzyme 

for Na+, which was proportional to the increase in substrate affinity produced 

by Na+. Thus, there is some type of cooperative interaction between substrate 

and Na+. In addition to monovalent cations, a bivalent cation (Mg2+ or Mn2+) 

is required for maximal activity (Tenu et at., 1972) which binds to the monomer 

in a 1:1 ratio (Case et al., 1973). Woutfe-Flanagan and Huber (1978) measured 

the binding and activity of 13-galactosidase with lactose in the presence of 

Mn2 and Mg2+. Their studies showed that Mn2 binds and activates B-

galactosidase in a cooperative manner while Mg2+ binds and activates in a 

non-cooperative manner. 
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1.1.5 Subunit Interaction 

Complementation studies (Hall, 1973; Langley et al., 1975a, 1975b; Langley 

and Zabin, 1976; Celada and Zabin, 1979; Welply et at., 1980 and Welply et al., 

1981) have put forth valuable information concerning subunit interaction and 13-

galactosidase activity. Complementation studies of proteins involve supplying 

a polypeptide'to a mutant protein which has a deletion, which in turn, restores 

function (Zabin, 1982). This process involves non-covalent interaction and 

may occur between more than one chain (intercistronic) or between fragments 

of a single chain (intracistronic) (Zabin, 1982). Alpha-complementation in 13-

galactosidase was discovered by Ullmann et at. (1967) using extracts from two 

different IacZ mutants of E. coil. The protein produced by the iacZ Ml 5 

mutant was missing the amino acids 11- 41 of 13-galactosidase. The protein 

produced by the mutant iacZU239, contained the N-terminal half of 13-

galactosidase (it has a stop codon in the middle of the IacZ gene). Each 

enzyme was totally inactive. Extracts of these two different mutant strains were 

allowed to incubate at room temperature for one h, after which 13-

galactosidase activity was found to be restored. Genetic mapping showed that 

mutant strains with an intact operator-proximal region would complement a 

mutant strain such as IacZ M1 5, which had a deletion in this area. This area 

was defined as the alpha-region (Fowler and Zabin, 1966). The !acZ Ml 5 

protein was designated as the alpha acceptor and the IacZ U239 protein was 

designated as the alpha donor. Morrison and Zipser (1970) found that 

autoclaved extracts could also supply alpha-donor activity towards extracts of 

IacZ Ml 5 and reported that the active fraction had a molecular weight of about 

7400 daltons. Lin et at. (1970) found that when 13-galactosidase was treated 

with cyanogen bromide (cleaves at the position of met residues), the digests 

had alpha-donor activity which was found to map at the alpha-terminal portion 

of 13-galactosidase. The fragment was isolated and identified to contain amino 

acids 3-92 of 13-galactosidase (Langley' et at., 1975a) and was designated CB2 

(based on the fact that it was the second cyanogen bromide peptide fragment 

from the N-terminal end of 13-galactosidase). The alpha-acceptor protein, MIS, 

has also been identified and found to lack amino acids 11-41 of 13-

galactosidase (Langley et al., I975b). They found M15 to have a molecular 

weight of 265,000 daltons based on ultracentrifugation measurements under 

non-denaturing conditions. This suggested that M15 was a dimer. Under 
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denaturing conditions, M15 produced a single polypeptide with a molecular 

weight of 132,000 daltons. Studies on the activity of M15 showed that it 

lacked enzyme activity but was still able to bind substrate (Villarejo and Zabin, 

1973). When CB2 was incubated with M15, the wild type 13-galactosidase 

activity was restored (Langley et al., 1975b). The complemented enzyme was 

shown to have a molecular weight of about 500,000 daltons suggesting that it 

was in the tetrameric form (Langley et al., 1975b). Additional alpha-

complementation studies of M15 with CB2, showed that complemented 

enzyme had the same Km for substrate as wild type but was less stable to heat 

and urea treatment (Langley and Zabin, 1976). Kinetics of the alpha-

complementation reaction favored a model of rapid complex formation 

followed by a slow conformational change (Langley and Zabin, 1976). 

Antibodies against the CB2 fragment do not bind to B-galactosidase 

(Celada et al., 1978) but they do bind to M15 (Celada and Zabin, 1979). This 

implies that this region of the polypeptide chain (11-41) is buried in the native 

folded protein but exposed in Ml 5. Since Ml 5 is a dimer, it has been 

suggested that this segment of 3-galactosidase is involved in dimer-dimer 

interaction to form fetramer (Celada and Zabin, 1979). Studies on the stability 

of M15 to trypsin digestion have shown that M15 is more susceptible to mild 

tryptic proteolysis than complemented enzyme, indicating a more open 

structure for the M1  molecule (Welply et al., 1981). More recent studies have 

indicated that trypsin cleaves M15 between arg 431 and trp 432 whereas 

native r3-galactosidase is stable to trypsin (Edwards et al., 1988). Limited 

proteolysis of native 13-galactosidase with pancreatic elastase resulted in 

cleavage between residues ala 732 and ala 733 with no accompanying 

inactivation, suggesting that this area is a hinge region of the protein (Edwards 

et al., 1988). Similar experiments with chymotrypsin resulted in an initial 

cleavage at trp 585 and ser 586 which resulted in total inactivation. This area 

was protected against cleavage in the presence of monovalent ions or lPTG 
but more so in the presence of Mg2 and Mn2 (Edwards et al., 1988). This 

suggests that the conformation around this area is affected by the binding of 

ions and IPTG (Edwards et al., 1988). Complementation has also been 

observed for 13-galactosidase which contains a deletion in the C-terminal 

portion of the molecule. A donor consisting of the carboxy-terminal third of 13-

galactosidase restores activity. This is called omega complementation 

(Welply et al., 1980) but most of the studies regarding complementation have 
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been concerned with alpha complementation. 

1.1.6 Reaction Mechanism 

The reaction mechanism for 13-galactosidase has been extensively studied 

using various substrates and inhibitors. A schematic diagram of the reaction 

mechanism is presented in Figure 1. This mechanism is based upon early 

models presented by Wallenfels and Malhorta (1961) and Viratelle et al. (1969). 

Nucleophilic competition studies (Viratelle and Yon, 1973; Sinnott and 

Viratelle, 1973) have expanded the early models to include a divergent 

pathway in which a competing nucleophile ("A") competes with water for the E-

GAL complex. KS represents the dissociation constant for the enzyme 

substrate complex (E-NPG) dissOciation to the free enzyme (E) and substrate 

(NPG). The KS value is proportional to the rate constants of backward 

reaction (k-i) over the forward reaction (ki). The rate constant, k2, represents 

the irreversible hydrolytic bond-breaking step between galactose and the 

aglycon moiety (NP). The release of NP from the enzyme is a very fast 

reaction compared to the hydrolytic step. The rate constant, k3, represents the 

essentially irreversible reaction of H20 with the galactose moiety. Again, the 

release of product (in this case galactose) is a very fast reaction and, 

therefore, is not kinetically important. The concentration of H20 is a constant 

(55.5M) and, thus, is not kinetically relevant in the determination of the overall 

rate of the reaction. This is not true, however, for the competing reaction of a 

nucleophilic acceptor molecule (A). The binding of acceptor to E-Gal is 

represented by [A] ka in the forward reaction and k-a in the back reaction. In 

this case, the concentration of acceptor is kinetically important since the 

concentration of A is low and does not remain constant. The k4 rate constant 

represents the irreversible transgalactosylase reaction between gal and the 

acceptor. Again, the release of substrate (Gal-A) is a fast reaction. 

Kinetic studies on various substrates indicate that l'3-galactosidase obeys 

Michaelis-Menten kinetics (Sinnott, 1978). The Michaelis-Menten equation is: 

Vm (S) 

(1) Vo= 

Km+(S) 
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GAL H20 
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GAL- A 
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  E'NPG k2 >EGAL 

E'GAL1A 

K'1' = 
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ka 

Figure 1. The proposed reaction mechanism for 13-gatactosidase acting on 

nitrophenyl-r3-D-galactosides (Huber et al., 1983). 

E = 13-galactosidass; GAL galactose; A = acceptor; NP = nitrophenol. 
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where Vo is the initial reaction rate, Vm is the maximal rate, (S) is the substrate 

concentration and Km is the Michaelis-Menten constant. Rearrangement into 

an equation for a straight line (y= mx + b) gives the following form of the 

Michaelis-Menten equation: 

(2) Vo= -Km Vo +Vm 

(S) 

This is referred to as the Eadie-Hofstee form of the Michaelis-Menten equation 

(Hofstee, 1959). A plot of Vo versus Vo/(S) gives a straight line with a 

negative slope of -Km and a y intercept of Vm. 

A more detailed rate equation can be developed for the reaction 

mechanism proposed-in Figure 1 (in the absence of acceptor) using steady-

state approximations and the King-Altman method (Cornish-Bowden, 1976). 

The final form for the rate equation in that case is: 

(3) Vo= 

k2k3 

____ (Et) (S) 

k2 + k3 

k3 (k1 + k2) 

  + (S) 

ki (k2 + k3) 

A comparison of this equation to the Michaelis-Menten equation gives 

k2k3 (Et) k3 (k..i + k2) 

(4) Vm =   and (5) Km =   

k2 + k3 

The rate constants for Vm make up the kcat value. 

(6) kcat= 

k2k3 

k2 + k3 

ki (k2 + 1<3) 
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The kcat value can be determined from the Vm / (Et) where (Et) is the initial 

enzyme concentration. In the case of Km, k2 is small relative to k-i and thus 

k2 can be assumed to be negligible in the numerator. However k2 is not small 

relative to k3 and, therefore, is present in the denominator. Therefore, Km can 

be reduced to: 

k-1 k3 

(7) Km=   

ki (k2 + k3) 

k-i 

(8) and since KS =   

ki 

then the equation can be simplified to: 

(9) 

k3 

Km= KS  

k2 + k3 

The values for k2 and k3 for the reaction of wild-type 3-galactosidase with 

ONPG and PNPG as substrates have been determined (Tenu et al., 1971; 

Viratelle and Yon, 1973). When k2 is much lower than k3 as is the case when 

PNPG is the substrate (k2 = 90 sec-1 and k3 = 1200 sec-1) (Tenu et al., 1971), 

the k2 value becomes negligible and thus Vm = k2 ( Et) and Km = KS. In this 

case, the k2 rate constant can be obtained from the Vm value and the KS 

dissociation constant can be estimated from the Km value. The Km value, in 

this case, gives a measure of the binding of substrate to the enzyme. This is 

an inverse relationship. That is, a high Km value indicates poor binding or 

conversely, a low Km value indicates good binding. This direct relationship 

between Km and KS is the case for PNPG but not for ONPG. For ONPG, both 

k2 (2000 sec-1) and k3 (1200 sec-1) are partially rate controlling (Viratelle et 

al., 1969). Thus, for ONPG, the Km is not a reflection of the dissociation 

constant KS but involves both catalytic rate constant values as shown in 

equation (9). A rearrangement of kcat and Km gives an important kinetic 

relationship with the k2 rate constant and the binding constant KS: 
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kcat k2 

(10) =   

Km KS 

The kcat and Km values can be estimated from initial rates using the Hofstee 

plot. The KS values for wild-type enzyme for ONPG and PNPG as substrates 

have been estimated from equation (10) based on the kcat , Km and k2 values 

obtained for the respective substrates. 

The mechanism described in Figure 1 is a two step mechanism which 

results in the formation of an intermediary complex (E-NPG). This was 

supported by the work of Stokes and Wilson (1972) in which they studied the 

hydrolysis rates of 13-galactosidase on 8 different aryl-13-galactosides in the 

presence of methanol (acts as a galactose acceptor) in competition with H20 . 

The theory of these experiments was that these substrates differed only in the 

nature of their leaving group (aglycone) and if a common intermediate existed, 

that in turn reacted with an acceptor molecule (H20 or methanol), then the 

ratio of products (galactose for H20 as acceptor/methyl- r3-galactoside for 

methanol as the acceptor) would be the same regardless of the leaving group. 

This was found to be the case and thus it was suggested that there was a 

common intermediate. The nature of this intermediate was suggested to be 

either a galactose-enzyme complex or a stabilized carbonium ion. Reactions 

of the inhibitor D-galactal with 13-galactosidase (Wentworth and Wolfenden, 

1974), supported the finding of Stokes and Wilson ( 1972). Further evidence for 

an intermediate enzyme-substrate complex was produced by Fink and 

Angelides (1975) in which they measured the rate of release of ONP in 50% 

dimethylsulfoxide at temperatures less than -10°C and found that at this 

temperature there was a burst of ONP production which is indicative of a 

galactosyl-enzyme intermediate whose breakdown is rate- limiting. They were 

unable to isolate the intermediate even at very low temperatures. Still more 

evidence for an enzyme-substrate intermediate was introduced by 

Deschavanne et al. (1978b). Using a mutant 13-galactosidase (Czp protein) 

with a point mutation, and analyzing the kinetic data for hydrolysis using 

PNPG as the substrate, they provided evidence for the occurence of a two step 

mechanism with a sequential release of products based on the fact that there 

was also a "burst" of product formed. 
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Results from alpha-deuterium kinetic isotope studies of 13-galactosidase, 

under steady-state conditions, suggested that the galactosyl-enzyme 

intermediate is not a single species (Sinnott and Souchard, 1973; Sinnott-and 

Withers, 1974; and Sinnott, 1978). The alpha-deuterium kinetic isotope effects 

seen in these studies are a result of C-H bending resulting from a change in 

coordination number (Sinnott and Souchard, 1973). The C-H bond in a 

tetrahedral molecule has a co-ordination number (Co. no.) of 4 and consists of 

an 5p3 orbital as in the case of the Cl carbon of galactose. The hydrolysis of 

the 0-0 bond between galactose and the aglycone could result in the 

formation of a carbonium ion which is a trigonally co-ordinated species and 

has a co. no. of 3 at the Cl position and therefore is sp2 hybridized. This 

conformation results in a "tighter" bonding between the Cl carbon and the H 

atom and, therefore, this C-H bond is broken less readily than the C-H bond 

that is tetrahedrally coordinated (Wolfsberg, 1972). In addition, the breaking of 

a C-D bond is slower than breaking the same type of C-H bond. If the C-H 

bond is broken in the rate-determining step of a reaction, then the same 

reaction with a deuteriated compound will be slower (kH > kD) (Pine et al., 

1980). Therefore, reactions which go from a tetrahedral species (galactose-

glucose) to a trigonal species (carbonium ion) would generate a kH/kD ratio 

greater than 1 (SNI reaction) (Shiner et al., 1968). Conversely a change from 

sp2 to sp3 would generate an inverse kinetic isotope effect and would give a 

kH/kD ratio less than 1 (Sinnott and Souchard, 1973). This would occur if the 

carbocation (sp2) species was converted to a tetrahedral (sp3) species (which 

could occur by the addition of H20) in the rate-determining step. SN2 

reactions which involve no change in coordination number would give kH/kD 

ratios close to unity (Shiner et al., 1970; Sinnott and Souchard, 1973). Sinnott 

and Souchard studied these kinetic isotope effects for 13-galactosidase 

hydrolysis of different aryl-13-D-galactosides. Their results indicated that 

kH/kD values varied from 1 to 1.25 for the rate-limiting degalactosylation step 

(E-gal to galactose). Those ratios greater than 1.1 were considered indicative 

of an SNl reaction (tetrahedral to trigonal conversion). Those near a value of 

1.0 were considered to indicate an SN2 reaction. This would imply that the 

mechanism for the reaction would change from an SN1 mechanism to an SN2 

mechanism in the same step, depending upon the substrate, which was 

suggested as being unlikely. Instead, the lower kH/kD ratios were rationalized 

to indicate a protein conformational change (Sinnott and Souchard, 1973). 
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From these observations, Sinnott and Souchard (1973) proposed a model 

for the hydrolysis of aryl 13-D-galactopyranosides (eg. ONPG and PNPG) in 

which a protein conformational change is produced subsequent to binding the 

substrate. Lysis of the 0-0 bond (suggested to be brought about by a general 

acid catalyst) generates a galactopyranosyl cation (carbonium ion) in the 

vicinity of a counter ionic group. It was suggested then that the galactosyl 

cation and the counter ion rapidly and reversibly collapse to give a tetrahedral 

complex such that there is a covalent alpha- D-galactopyranosyl enzyme form. 

Reaction with an acceptor (H20) or nucleophile occurs with the galactosyl 

cation rather than the covalent form of the E-gal complex (Sinnott and 

Souchard, 1973; Sinnott and Withers, 1974). The importance of an enzyme-

galactose covalent interaction may be in the need to keep galactose in the 

active site long enough for the transgalactosylic reaction with glucose to occur. 

Studies by Huber et al. (1976) showed that the glucose moiety does not 

become free during transgalactosylic reactions. 

Kinetic isotope exchange studies on 13-galactosidase using (3-D-

galactopyranosyl pyridinium salts as substrates, showed that they also 

exhibited alpha-deuterium kinetic isotope effects (kH/kD> 1.1) indicating the 

formation of a galactopyranosyl cation in the rate-limiting step (Sinnott and 

Withers, 1974). The structure of the galactopyranosyl pyridinium salts (Cl -N) 

are such that they cannot be hydrolyzed through the interaction of an acid 

catalyst but rather undergo SNI reactions (Sinnott, 1978). In this case, bond-

breaking is the limiting step in this reaction rather than a protein 

conformational change as exhibited with aryl-galactosides. Furthermore, 

hydrolysis does not involve the action of an electrophile or nucleophile and, 

therefore, the catalytic action of the enzyme is brought about mainly by non-

covalent interactions (Sinnott and Withers, 1974; Sinnott, 1978). The effect of 

Mg2 on the hydrolysis of both the aryl-galactopyranosyl and 

galactopyranosyl pyridinium salts by 13-galactosidase was studied. Removal 

of Mg2 did not greatly affect hydrolysis of pyridinium salts but it did decrease 

hydrolysis of aryl compounds suggesting an important role for Mg2 (Sinnott 

et al., 1978). Kinetic studies using a competitive inhibitor in the presence of 

Mg2 showed that Mg2 does not act as an electrophilic catalyst (Case et al., 

1973) and thus it has been suggested that it induces a conformational change 

in 13-galactosidase (Sinnott et al., 1978). 
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1.1.7 Active Site Residues 

Early pH titration studies of 3-galactosidase and the effects of pH on the 

Km and Vm values led to the observation that there were two ionizable groups 

(pKa 9.0 and pKa 6.7) for the hydrolysis of ONPG (Wallenfels and Malhorta, 

1961). Kinetic studies of 13-galactosidase in the presence and absence of Mg 2-1-

at various pH values also suggested the presence of two ionizable groups: an 

unprotonated group (pKa = 6) which ionizes in the acidic range and a 

protonated group which ionizes in the alkaline range with a pKa of about 6.5 

in the absence of Mg2 and a pKa of about 8.4 in the presence of Mg2 (Tenu 

et al., 1971). Analysis of the effects of pH in the range of pH 7 to pH 10 on the 

hydrolytic and transgalactosylic reactions of 13-galactosidase, led to the 

suggestion that there is a group with a pKa of 9.4 which affects hydrolysis but 

not transgalactosylis (Huber et dl., 1983). 

The higher pKa was initially assigned to a sulfhydryl group (Wallenfels and 

Malhorta, 1961) based on the fact that the enzyme is inhibited by heavy metal 

ions and p-chloromercuribenzoate. Loontiens et al., (1970) studied the effect 

of o-mercuriphenyl 13-D-galactoside chloride on the activity of 

13-galactosidase and found that it was hydrolyzed by the enzyme and did 

partially inactivate the enzyme (10%). However, the ratio of 

hydro lase/transfe rase activites did not change and inactivation could be 

reversed with 2-mercaptoethanol. Furthermore, the inactivated enzyme 

exhibited strong binding at any of the four binding sites in the tetramer. Thus 

sulfhydryl groups were shown not to be involved in the catalytic mechanism 

itself. Similarly, carboxymethylation studies using 14C-labelled iodoacetate 

showed that no cysteine residues were specifically involved in catalysis 

(Jornvall et al., 1978). 

Naider et al. (1972) used iodacetamide to inhibit 13-galactosidase and 

suggested that labelling occured at a single methionine residue near the 

active site. Replacement of methionines with norleucine resulted in no loss in 

activity suggesting that the methionine may only play a role in substrate 

binding. However, more recent studies involving site-directed inhibition of B-

galactosidase using a radiolabelled site-directed inhibitor (Sinnott and Smith, 

1978; Fowler et al., 1978), and analysis of the radiolabelled peptide by mass 

spectroscopy, showed that the label was found to be covalently bound to met 

502 (the original paper indicates that this was met 500 but this has been 
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corrected for this residue and all other amino acids presented in this thesis 

based on the nucleotide sequence of Kalnins et al., 1983). 

From kinetic studies (Sinnott, 1978) and substitution of tyr with fluorotyrosine 

(Ring et al., 1985), it has been suggested that a tyr residue is involved in 

catalysis. Studies by Huber et al. (1982) suggested that tyr 253 was possibly 

involved at the active site. 13-Galactosidase was iodinated with radioactive 

1251- catalyzed by lactoperoxidase in the presence and absence of IPTG. In 

the absence of IPTG, but not in the presence of IPTG, 13-galactosidase was 

rapidly inactivated. Labelled enzyme in the presence and absence of IPTG, 

was digested with trypsin and the fragments were separated on high 

performance liquid chromatography (H PLC). A comparison of fractions 

between protected and unprotected samples showed one fraction in the 

unprotected sample to be most highly labelled. This was analyzed by amino 

acid analysis and tyr 253 was identified as the labelled amino acid. These 

results suggested that tyr 253 is protected when IPTG binds to the enzyme and 

may be an active site residue (Huber et al., 1982). However, more recent 

experiments have shown that iodination of any one of several tyr residu'es, 

results in inactivation of 13-galactosidase and therefore tyr 253 may not be the 

specific tyr residue involved (Edwards and Huber, 1986). Loeffler et al. (1979) 

suggested that tyr 503 was in the active site. This is a good candidate since 

others have implicated met 502 as a residue involved in activity (Fowler et al., 

1978; Sinnott and Smith, 1978) and these residues are next to each other in the 

primary sequence. 

The lower pKa was initially assigned to the imidazole group of a his residue 

(Wallenfels and Malhorta, 1961). Other researchers (Tenu et al., 1971; Sinnott 

and Withers, 1974 and Sinnott, 1978) have suggested that this group is really a 

carboxylate group based on the fact that other hydrolases such as lysozyme 

and f3-glucosidase, whose reaction mechanisms are more like that of 13-

galactosidase, have been shown to have carboxyl groups located at their. 

active sites (Legler, 1973). This was further supported by inhibition studies of 

13-galactosidase using amino sugars and amino alcohols (Huber and Gaunt, 

1982) which suggested, based on the kinetics, that 13-galactosidase had a 

negative charge near the anomeric carbon in the "galactose" site. Using a 

reversible active site-directed inhibitor, Herrchen and Legler (1984) have 

identified glu 461 as a carboxylate group which may be involved at the active 

site. Their findings are based upon the inhibition of 13-galactosidase with [3H] 
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conduritol-C-cis-epoxide which reacts with B-galactosidase in a 1:1 molar ratio. 

Subsequent CNBr and pepsin digestion followed by amino acid analysis 

allowed glu 461 to be identified as the labelled amino acid. In contrast, 

chemical modification and inactivation of 13-galactosidase using water-soluble 

carbodiimides with amino inhibitors inferred that inactivation was not due to a 

reaction with a specific carboxyl group but with several carboxyl groups 

(Gaunt and Huber, 1985). 

A schematic diagram of the residues believed to be involved in the reaction 

mechanism is shown in Figure 2. The tyr residue is thought to act as a general 

acid catalyst by donating a proton to the glyosidic oxygen and allowing the 

bond to be broken. The rate of this step is determined by the k2 rate constant. 

This creates a carbonium ion, which is positively charged, and the aglycone 

moiety. The carbonium ion is believed to be near a negative charge (carboxyl 

group) forming an ion pair which some researchers believe to collapse 

reversibly into a covalent enzyme-galactose moiety (Sinnott and Souchard, 

1973; Sinnott and Withers, 1974; Sinnott, 1978). The tyr residue then acts as 

a general base catalyst and abstracts a proton from H20 to regenerate the 

unprotonated form of tyr and a hydroxyl ion which attacks the carbonium ion at 

the Ci position to generate galactose. The rate of this step is determined by 

the k3 rate constant. 

1.2 Site-Directed Mutagenesis 

1.2.1 Non-Specific Mutagenesis 

Non-specific mutagenesis methods have been used to create mutations at 

the DNA level in order to study and identify the function of a particular gene 
(Drake, 1969). These methods have included the use of chemical reagents 

(hydroxylamine, alkylating agents, N-methyl-N'-nitro-N-nitrosoguanidine, 

manganese or acridine) or radiation (ultraviolet light) or a combination of both 

(intense visible light in association with dyes and heat at low pH) (Drake, 

1969; Drake, 1976). The type of mutation introduced into the DNA of interest 

(point mutation, insertion, or deletion), varies depending upon the 

mutagenesis method employed. However, all of these methods, randomly 

mutate the DNA of interest and, therefore, to study specifically directed 

changes in the DNA an alternative method is needed. 
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1.2.2 Oligonucleotide Site-Directed Mutagenesis 

Oligonucleotide site-directed mutagenesis is a method for creating specific 

changes at the DNA level, which upon expression of the DNA, can be 

reflected in the protein product and, therefore, can be used to study protein 

structure-function relationships. The oligonucleotide is the tool used to 

introduce the mutation and since the specific change can be selectively 

produced in the oligonucleotide, one can specifically introduce the desired 

mutation into the DNA of interest. The development of this method came, from 

several important discoveries and observations of nucleic acids. First, 

mutations in specific marker genes of øX1 74 (ss DNA) could be rescued using 

restriction fragments (Weisbeek and van de P01, 1970; Hutchinson and Edgell, 

1971). Second, DNA duplexes containing mismatches were stable (Astell and 

Smith, 1971; Astell and Smith, 1972; Astel et al., 1975). Third, E. coil 

polymerase could extend oligonucleotide primers from single stranded 

templates and in the presence of T4 DNA ligase, closed circular double 

stranded DNA molecules could be synthesized (Goulian et al., 1967; Goulian 

et al., 1973). 

The basic method of site-directed mutagenesis can be broken into four 

basic steps: 

(1) The mutagenic oligonucleotide (which is completely complementary to a 

section of the DNA except for the mismatch which directs the mutation) is 

annealed to a single-stranded DNA template containing the DNA of interest. 

Several different ss sources have been used as templates for site-directed 

mutagenesis. Some examples are øX174 phage DNA (Razin et al., 1978; 

Hutchison et al., 1978; Gillam and Smith, 1979a), fd bacteriophage DNA 

(Wasylyk et al., 1980), partial single stranded plasmid DNA (Wallace et al., 

1981; Dalbadie- McFarland et al., 1982) or M13 phage DNA (Zoller and Smith, 

1982; Winter et al., 1982; Villafranca et al., 1983; Craik et al., 1985; Gardell 

et al., 1985; Sarkar et al., 1986). M13 phage offers two distinct advantages for 

use as a mutagenesis vector over øX1 74 or plasmid DNA. First, during the life 

cycle of the Ml 3 phage, phage are extruded out of the cell without lysis of the 

host cell. The phage can be easily removed from the cells and since the 

phage contain ss DNA, it is very easily isolated from the phage in relatively 

pure form and can be used as a template for mutagenesis or sequencing 

(Messing, 1983; Messing et al., 1977). Second, it is often necessary to 
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sequence DNA after mutagenesis to ensure that no additional alterations have 

been introduced (Itakura et at., 1984). This can be done very easily using the 

dideoxy sequencing method developed by Sanger et al. ( 1977). Two 

disadvantages to using Ml 3 for mutagenesis are: ( 1) inserts over 5 Kb are 

quite often not very stable and can be lost during replication and (2) 

subcloning into M13 vectors usually requires that the fragment be subcloned 

into another vector for expression (ltakura et at., 1984). 

The properties of M13 phage have been reviewed (Pratt, 1969; Messing, 

1983). It has special properties which make it an ideal vector for site-directed 

mutagenesis. M13 phage is composed of single stranded DNA encapsulated 

by a protein coat. This DNA is designated as the (+) strand and the complete 

nucleotide sequence has been determined (van Wezenbeek et at., 1980). 

The protein coat is composed of proteins coded for by the viral genome. The 

major coat proteins are the viral gene Ill product and the gene VIII product. 

The viral genes I, IV, VI, VII and IX code for minor coat proteins. The phage 

attaches to the F pili of host bacteria through interaction with the coat proteins. 

This is guided mainly by the viral gene Ill protein. The coat protein is stripped 

off at the inner cell membrane and the naked viral (+) strand is copied into a 
double stranded form by the host. The double stranded form of the viral DNA 

is designated as RF (replicative form). The newly synthesized complementary 

strand is designated as the (-) strand. The (-) strand serves two main 
functions. First, it is the strand which is transcribed (all transcription proceeds 

in the same direction). Second, it is the template for the synthesis of progeny 

phage, DNA ((+) strand). Enea et at., (1975) showed that the (-) strand is the 
major strand which determines the genotype of the progeny phage for fl 

phage (belongs to the same family as Ml 3 phage (Pratt, 1969)). However, 

more extensive evidence has suggested that the (-) strand serves as the 
template for about 65% of the replication and the strand for about 35% of 

the replication (Kramer et at., 1984). The (+) strands are copied from the RF 
molecule using the (-) strand as the template based on the " rolling circle" 
mechanism. The viral gene II product binds to the RF molecule and nicks the 

(•) strand. DNA polymerase I then extends the 3'-OH end and displaces the 5' 
end of the (+) strand from the (-) strand. Once the polymerase has migrated 
once around the intact (-) strand, the viral gene II product cleaves the initial (•) 
strand which separates from the newly synthesized RF DNA. The production 

of (+) strands from the RF continues and the displaced (+) strands are 
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replicated into RF molecules until there are about 100 to 200 copies of RF. 

Transcription of the viral gene V product (single stranded DNA binding 

protein) reaches levels which promote the binding of the gene V product to the 

single stranded (+) strands and stops the production of more RF molecules. 

The coat proteins replace the gene V product and the phage are extruded 

through the membrane and out of the cell as intact phage particles without 

lysing the cells. The infection process decreases the host cell growth relative 

to uninfected cells which can be detected as a "turbid plaque" in the presence 

of uninfected bacteria (Messing et al, 1977). In the process of the M13 life 

cycle, the DNA exists in both the double stranded form (RF) and the single 

stranded form (+). The RF DNA can be isolated from infected cells in a 

manner directly analogous to that used for plasmid isolation and the (+) strand 

can be obtained by phenol extraction of the phage (Messing et al, 1977). With 

the advent of restriction enzymes, recombinant DNA molecules can be formed 

which are viable in a suitable host cell. Using the restriction endonuclease 

EcoRl, Cohen et al., (1973) were able to construct hybrid plasmids from two 

different parent plasmids and then introduce them into E. co/i by 

transformation to give biologically functional plasmids. Similarly, Thomaset 

al. (1974) constructed hybrids of bacteriophage DNA and eukaryotic DNA 

which was transfected into non-restricting E. coil cells to give viable phage. 

Messing and co-workers (1977) have inserted a 792 bp fragment into a region 

of the Ml 3 RF DNA without the loss of the viability of the virus which implicated 

the presence of a region which is not essential to the life cycle of Ml 3 phage. 

This insert comprises the lac regulatory region (lacl P and 0) and the base 

sequence for the first 145 amino acids of 13-galactosidase (IacZ') and thus 

transcription of the viral genome produces an alpha complementing fragment. 

Transformation of this vector into a cell that produces the M15 inactive dimer 

protein, will complement M15 to produce active tetramer which in the 

presence of IPTG and x-gal (5-bromo-4-ch loro-3-i ndolyl- I3-D-

galactopyranoside) will give blue plaques. The presence of a non essential 

intergenic region in M13 DNA has allowed biochemists to construct a family of 

viable M13 hybrid constructs. In particular, the constructM13mp18 (which has 

been completely sequenced by Yanisch-Perron et al. ( 1985)) is a construction 

of the complete parent M13 molecule with a polylinker region of 13 unique 

restriction enzyme recogniton sequences between the lac regulatory region 

and the lacZ' gene (Yanisch-Perron et al., 1985). The polylinker region 
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allows for the insertion of DNA for mutagenesis or sequencing. Insertion of a 

double stranded DNA fragment into this region destroys the alpha 

complementing ability of the IacZ' fragment and thus when this recombinant 

molecule is transformed into a /acZM15 strain in the presence of IPTG and x-

gal, the plaques are white. This allows the recombinant DNA to be screened 

from non-recombinants. M13mp18 was used in this thesis for mutagenesis 

and sequencing. 

The length of the oligonucleotide also plays an important role in the 

efficiency of mutation. Goulian et al., (1973) determined that maximum priming 

activity occurs with chain lengths of 8-12 nucleotides at 2OC. However, it has 

been pointed out that using longer oligonucleotides increases the stability of 

the heteroduplex and decreases the chance of priming at another region of 

the DNA template (Razin et al., 1978; Gillam and Smith, 1979a; Gillam and 

Smith, I979b). Osinga et al (1983), found unexpected deletions and insertions 

when they used site-directed mutagenesis. They found that part of their 

oligonucleotide primer annealed to other sites on the template DNA. 

Therefore, by increasing the length of the oligonucleotide, priming at 

competing sites can be reduced. Oligonucleotides ranging in length between 

14 to 21 nucleotides are routinely used for mutagenesis (Zoller and Smith, 

1983). 

(2) The second step is the extension of the mutagenic oligonucleotide and 

ligation to form intact double stranded molecules. The oligonucleotide is 

extended in a 5' to 3' direction commencing at the 3' OH terminus of the 

oligonucleotide, by DNA polymerase I of E. coil (Goulian et al., 1973). DNA 

polymerase I contains both 3'.to 5' and 5' to 3' exonuclease activity. The 

mismatch is protected from 3' exonuclease activity if it is located at least 3 

nucleotides from the 3' OH end (Gillam and Smith, 1979a). The 

olig6nucleotide is protected from 5' to 3' exonuclease activity by using DNA 

polymerase I Klenow large fragment which has very little, if any, 5' to 3' 

exonuclease activity (Brutlag et al., 1969; Klenow and Henningsen, 1970; 

Klenow et al., 1971). Two other techniques which have been used to protect 

the 5' end are the "double primer" method (Norris et al., 1983) or the "gapped 

duplex" method (Kramer et al., 1982). The "double primer" method involves 

using a second primer which anneals to a region of the template DNA on the 

5' site of the mutagenic oligo. The "gapped duplex" method involves 

hybridizing DNA from the RF form of the parent vector to the template DNA. 
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The DNA is then ligated with DNA ligase, to form covalently closed circular 

duplex DNA. 

(3) The third step involves the transformation of the mutagenic molecules 

into a suitable host cell to generate new DNA containing the mutation. Cells 

can be made to take up naked DNA by treating them with CaCl2 (Mandel and 

Higa, 1970). Once inside the cell, the mutation can be expressed, provided 

that the in vitro synthesized duplex DNA is not restricted by the host restriction 

modification system or the mismatch is not repaired by the host mismatch 

repair system. 

The host modification restriction system is responsible for methylating its 

own DNA in a specific manner which prevents it from being restricted by its 

own restriction endonuclease. Foreign DNA which lacks the same 

modification, is recognized as foreign and is degraded by the host restriction 

endonuclease (May and Hattman,1975a; Lewin, 1983). E. co/i K12 strains 

contain two types of modification enzymes which recognize specific DNA 

sequences and are responsible for methylating DNA. The dcm methylase is 

coded by the dcm gene and methylates the internal cytosine residue of 

CCAGG and CCTGG sequences (May and Hattman, 1975a; May and 

Hattman, 1975b). The dam methylase is coded by the dam gene and 

methylates the adenine residue in the sequence GATC (Marinus and Morris, 

1973; Geier and Moderich, 1979). Restriction occurs by endonucleases which 

cleave unmodified double stranded DNA (May and Hattman, 1975a). The in 

vitro synthesized strand is unmethylated While the template strand which is 

usually prepared in dam + host strains is fully methylated giving rise to 

hëmimethylated DNA which can be degraded ( Itakura et al., 1984). This 

problem can be overcome by using host strains which are deficient in their 

modification-restriction systems. 

The mismatch repair system functions by removing mispaired bases from 

newly sythesized strands during DNA replication (Wagner and Meselson, 

1976; Radman et al., 1980). A review of mismatch repair systems in bacteria 

is presented by Modrich (1987). In E. coil, repair of misincorporated or 

mismatched bases, has been shown to be preferentially directed by the 

methylated strand containing N-6 methylated adenines by dam methylase and 

thus the introduced mutation can be corrected (Marinus and Morris, 1973; 

Wagner and Meselson, 1976; Pukkila et al., 1983). This can be minimized by 

growing the viral (+) strand in dam - mutants so that it too is not methylated 
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(Kramer et al., 1982) or by transforming the mutagenic DNA into host strains 

that are deficient in mismatch repair enzymes (Kramer et al., 1984). Kramer et 

al. (1984) have found that methyl-directed DNA mismatch repair was lost 

completely for any type of mismatch in strains carrying either mutL or mutS 

mutations. 

(4) The fourth step involves screening cells that contain the mutant DNA. 

Several screening methods have been employed (Zoller and Smith, 1982). If 

the mutation introduces or destroys a restriction site, then restriction digest 

analysis can identify mutant DNA from wild type. 

An alternative method which can be used for selecting any mutation that is 

introduced is the Dot Blot method. The mutagenic oligonucleotide used for the 

mutagenesis, is radiolabelled with 32P and then hybridized to DNA prepared 

from the samples to be screened. The mutagenic oligonucleotide is used as a 

probe because it hybridizes more strongly to the mutant DNA than the 

unmutated DNA (Wallace et. al, 1980). The DNA is washed at increasing 

temperatures such that the probe will denature from the unmutated DNA 

before it denatures from the mutated DNA and thus a positive signal at this 

temperature allows for the mutant DNA to be identified. Studies by Astell and 

Smith (1971) showed that oligonucleotides differing in length by one 

nucleotide, can be resolved by thermal denaturation. 

A third method involves screening by nucleotide sequencing. This method 

is useful only if the ratio of mutant to wild-type DNA is high enough to obtain 

mutant sequences from only a few samples. Recently, a method for obtaining 

a high mutation efficiency has been reported (Kunkel et al., 1985). The ss M13 

DNA template ((+) strand) is grown in an E. coil out - ung - strain. This strain 
is deficient in the enzyme dUTPase (product of the out gene), resulting in an 

increased pool of dUTP. This in turn competes with dTTP for incorporation 

into the DNA during replication since both uracil and thymine can base pair 

with adenine. The uracil is maintained in the DNA because the product of the 

ung gene (uracil glycosylase) is deficient in this strain. The DNA is isolated 

from the cell and used as a template for site-directed mutagenesis. The newly 

synthesized strand ((-) strand) does not contain any uracil bases. The double 
stranded DNA is transformed into an ung + strain which removes the uracil 

bases from the (+). strand creating abasic sites. This strand is degraded 

thereby increasing the frequency of (-) strand DNA (containing the mutation) 
relative to the (+) strand (wild-type DNA). Because the mutation efficiency is 
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so high, the mutation is best detected by sequencing. Single stranded DNA is 

prepared from the sample and sequenced by the dideoxynucleotide method 

developed by Sanger et al. ( 1977). To sequence the area around the 

mutation, a sequencing primer is required which must prime near the 

mutation. This primer can either be constructed (if the DNA sequence is 

known) or a universal M13 primer can be used if the mutation is close to the 

M13 primer priming site. 

1.3 Research Objectives 

Despite extensive research on the active site of 13-galactosidase, the amino 

acid residues involved in substrate binding and catalysis have yet to be 

unambiguously identified. There is strong evidence for a carboxyl group at the 

active site (Sinnott, 1978; Huber and Gaunt, 1982; Herrchen and Legler, 1984; 

Gaunt and Huber, 1985). While Herrchen and Legler (1984) have identified 

glu 461 as the carboxyl group using a radiolabelled, irreversible, active site-

directed inhibitor, work by Gaunt and Huber (1985) has suggested that glu 

461 may not be the carboxyl group involved. 

The objective of this study was to replace glu 461 of 13-galactosidase with 

gin 461 by in vitro site-directed mutagenesis using M13- derived vectors. 

Since molecular biology is a new area of research in this laboratory, the 

techniques associated with this area had to be developed in the process of 

developing a workable cloning and mutagenesis scheme. After the methods 

had been developed and the mutant had been created, the protein produced 

from the mutant had to be purified. The protein was then studied in terms of its 

kinetics and stability, in order to determine the effect of the change and to try to 
identify the role of glu 461 in the reaction mechanism. 
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2. MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Bacterial Strains 

The bacterial strains used were from E. coil and are listed below along with 

their genotype and a brief description of their use: 

(i) BMH71-1 8 mutL: A(!ac-pro), supE, thi/F'proAB IacIq, !acZ4M15, 

mutL::Tn1O - deficient in mismatch repair enzymes and therefore transformed 

with the mutagenic reaction mixture. Contains an F-pilus for phage 

transfection. 

(ii) BMH71-1 8: z(Iac-pro), supE thi/F'proA+B + IacIq, IacZAM15 - used as 

lawn cells for plating transformed mutL cells and for the isolation of Ml 3 

recombinant DNA in ss form. Contains an F-pilus for phage transfection. 

(iii) TG2: L(Iac-pro), supE, thi, hsd D5, recA/F' traD36, proAB, IacIq, 

IacZjM15 - transformed with ss DNA and used to isolate the replicative form 

(RF) of M13 recombinants. Contains an F-pilus for phage transfection. Lacks 

modification-restriction enzymes. 

(iv) S185: t(IacZ,Y,A), tX(araC,O), ptsF, his, str r - host cell line for piP101 

and pIP1O1-Q461plasmids. E4610-r3-galactosidase was isolated from this cell 

line for purification and subsequent biochemical studies. 

(v) JM1 08: i'lac-proAB), recAl, endAl, gyrA96, thi, hsdR17, supE44, 

re/Al - transformed with pIPi 01 to test the LacZ phenotype of the plasmid. 

(vi) ML308 : /ac I - Z Y A + - source of wild type 13-galàctosidase. 

2.1.2 IacZ DNA Source 

The IacZ gene was given to us in the plasmid pIP101 by Dr. Muller-Hill 

(Koln, West Germany) in the E. co/i strain 8117. Figure 3 is a schematic 

diagram of the plasmid. Digestion of piPi 01 with Sac I or CIa I gives linear 

DNA of about 5200 bp. Double digestion with Sac I and CIa I will give two 

fragments: (1) SC1 . 1- a fragment 1.1 Kb (1116 bp) in length which contains the 

codon for glu 461 (nucleotide position 1381 to 1383). (2) plP101SC4.1- a 

fragment 4.1 Kb (4084 bp) in length containing the remainder of the piP101 
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3069 

Sac I. 
1951 

Figure 3. A schematic diagram of the piPi 01 plasmid. This plasmid is a 

construct of the intact lacZ gene with its promoter (3.2 Kb) and a 2 Kb fragment 

of pBR322 containing the ampicillin gene (ampr) and the colEl origin of 

replication. The entire plasmid is about 5.2 Kb. The exact, sequence around 

the junction sites of the /acZ gene and pBR322 is not known (ma Pohl, 

personal communication, Koin, West Germany). The /acZgene is numbered 

from the start of the /acZgene as nucleotide position 1 to the end of the gene 

at nucleotide position 3069. There is a unique Sac I restriction site at 

nucleotide position 1951 (corresponds to aa 651 of 13-galactosidase) and a 

unique CIa I restriction site at nucleotide position 834 (corresponds to aa 278 

of 13-galactosidase). The Glu 461 codon (GAA) is found at position 1381-1383. 
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sequence including the entire ampr gene and part of the IacZ gene. 

2.1.3 M13mp18 

Ml 3mpl 8 was the vector used for mutagenesis and nucleotide 

sequencing. It was purchased from Pharmacia in the replicative form (RF: 

double-stranded) and is described in Figure 4. Digestion of M13mp18 with 

Sac I and Acc I gives two fragments: (1) M13mpSA- a 7.2 Kb fragment into 

which the SC1 .1 fragment was cloned for mutagenesis and sequencing; (2) a 

27 bp fragment which was not used. 

2.1.4 Oligonucleotides 

All of the oligonucleotides used for mutagenesis and sequencing were 

obtained from the Regional DNA Synthesis Laboratory at the University of 

Calgary in single stranded form and hydroxylated at the5' and 3' ends. Table 

1 summarizes the oligonucleotides used in this thesis. 

Table 1. Oligonucleotides used for mutagenesis and nucleotide sequencing. 

The underlined bases are the mutagenic bases. 

(51- 31) 

Oligo Name Nucleotide Sequence  

CIa lm dGCCTGCAGATCGATGAG 

CIa lu dGCCTGCAIATCGATGAG 

0461 dGGGGAATQAATCAGGCC 

universal M13 primer dG I I I I 000AGTCACGAC 

01 dCCGATGTTCGCGCGC 

03 dTCGGCTTTCGGCGGT 

S2 dGGTCAGGTCATGGAT 

2.1.5 DNA Restriction and Modification Enzymes 

The restriction enzymes Sac I, CIa I and Acc I were purchased from 

Pharmacia. The modification enzymes, T4 DNA Ligase, DNA Polymerase I 

Klenow Fragment (E.coli), T4 Polynucleotide Kinase, and Calf Intestinal 
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6264 

Sad 
6237 
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Clal 
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Figure 4. A schematic diagram of the (+) strand of Ml 3mpl 8. Ml 3mp18 is a 
derivative of the parent M13 phage genome developed by Messing and co-

workers (Yanisch-Peron, Vieira and Messing, 1985). M13mp18 is a construct 

of the wild-type Ml 3 DNA (6407 bp) with a polylinker region of 843 bp cloned 

into a non-essential region of the M13 molecule. The polylinker region 

contains the lac I gene and regulatory region (lac promoter and operator 

regions) and part of the IacZ gene (1St 435 nucleotides of IacZ) which is 

interrupted by a polylinker region containing unique restriction sequences for 

13 restriction enzymes. The enzymes Sac I and Acc I used in this thesis, cut 

M13mp18 once with both sites located in the polylinker region. The total size 

of the M13mp18 molecule is 7250 bp. 
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Phosphatase (CIP) were also purchased from Pharmacia and were of the 

highest quality available. 

2.1.6 Reagents 

The following reagents were obtained from Sigma: TES, MOPS, PVP, PEG, 

citric acid, Ficoll 400, IPTO, PMSF, BSA, Ribonuclease A, TEMED, ammonium 

persulfate, EBr, EDTA, EGTA, Bromophenol Blue and Xylene Cyanol FF. 

Reagents from Fisher included: magnesium chloride, zinc chloride, calcium 

chloride, sodium acetate, boric acid, glacial acetic acid, methanol, ethanol, n-

butanol, phenol, chloroform and isoamyl alcohol. The following reagents were 

purchased from Boehringer Mannheim Company: TRIS, ampicillin, x-gal, 

lysozyme, and DTT. Ultrapure urea and ultrapure ammonium sulfate were 

purchased from Canadian Scientific Products. Acrylamide and bis-acrylamide 

were purchased from BioRad. Agarose and the nucleotides dGTP, dATP, 

dTTP, dCTP, rATP were purchased from Pharmacia. Low Melting Point (LMP) 

agarose was obtained from Bethesda Research Laboratories. Radioactive 

[gamma-32P]- ATP was purchased from Amersham while radioactive [alpha-

35j ATP was obtained from New England Nuclear. All reagents for antibody 

assays including the polyclonal and monoclonal antibodies were purchased 

from Bio/Can Scientific except for Protein A-horseradish peroxidase which 

was purchased from Zymed and ABTS:H202 which was purchased from 

Mandel Scientific Company. 

2.1.7 Media 

All media was purchased from Difco. Two types of media were used to 

grow and store the various bacterial cultures. ( 1) Minimal media contained 

0.075M KH2PO4, 0.05M (NH4)2504, 2.0 p.M FeSO4.7H20, 1 mM 

MgSO4.7H20, 3.4mM sodium citrate and 30mM succinate. This was adjusted 

to pH 7.2 before autoclaving. Additional ingredients (L-his, thiamine, and 

ampicillin) were added aseptically as needed, from concentrated sterile stock 

solutions to media that was cooled to 550C. The final concentrations of these 

components in the media were L-his (0.02 mg/mL), thiamine (5p.g/mL) and 

ampicillin (100 p.g/mL); (2) dYT media (a rich media) contained tryptone (1.6% 

w/v), yeast extract (1.0% w/v) and sodium chloride (0.5% w/v). This media 
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was brought to pH 7.5 before autoclaving. Additional ingredients ( IPTO, amp, 

x-gal) were added aseptically (as needed) to cooled media (55°C), from 

sterile, concentrated stock solutions. The final concentrations of these 

reagents in the media, when added, were 0.5 mM lPTG, 100 tg/ml- amp and 

50 9g/mL x-gal. 

Plates were made by adding 1.5% (w/v) bacto-agar to the liquid media 

before autoclaving. For normal plates, molten agar was poured into petri 

plates without cooling. For plates requiring additional ingredients, the agar 

was first cooled to 55°C in a water bath. The ingredients were then added 

aseptically as mentioned above, mixed gently and then poured into petri 

plates. Top agar was made identical to normal plate agar except that 0.7% 

(w/v) bacto-agar was added to the liquid media before autoclaving instead of 

1.5% (w/v) bacto-agar. 

2.2 Methods 

2.2.1 Plasmid and M13 RF Isolation 

pIP101 plasmid DNA and M13 RF DNA were isolated and purified by the 

same procedures., Two different purification methods were used depending 

on the purity and amount of DNA required: (1) the large scale method for 

larger and purer quantities of DNA; (2) small scale method for smaller, quicker 

and less pure preparations. 

2.2.1.1 Large Scale Method 

For piPi 01 isolation, a single colony containing the plasmid, was 

transferred aseptically into a 100 mL Erlenmeyer flask containing 10 mL of 

• sterile dYT + amp liquid media and grown overnight at 37°C and a shaking 

speed of 200 rpm. One hundred j.it of overnight culture was inoculated into a 

1 L flask containing 200 mL of fresh, sterile dYT + amp and grown under the 

conditions above for 6 h. 

For Ml 3 RF isolation, a single plaque was transferred aseptically into a 1 L 

flask containing 200 mL of sterile dYT media plus 2 mL of an overnight culture 

of TG2. This was grown at 200 rpm and 370C for 5 h. 
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As stated above, the procedure for isolating plasmid DNA or Ml 3 RF DNA 

was the same. Four 40 mL aliquots of liquid culture were measured into 40 

mL Oakridge tubes and cooled on ice for 15 mm. These were then centrifuged 

at 4000g at 4°C in a Sorvall Superspeed R02-B centrifuge for 10 mm. The 

supernatant was discarded and the cells were washed in 10 mL of TE 100/10 

buffer (1 00mM Tris (pH 7.4) with 1 0mM EDTA) and re-centrifuged at 4000g for 

10 min at 40G. The cells were then resuspended in a total volume of 4 mL of a 

solution containing 50mM glucose, 25mM Tris (pH 8.0), 10mM EDTA and 2 

mg/mL of lysozyme which was then incubated on ice for 30 mm. To this, 8.5 

mL of a solution of 0.2N NaOH and 0.5% SDS was added, mixed gently by 

inversion until a visible clearing of the solution was observed and then stored 

on ice for 30 mm. To this, 5.3 mL of 3M sodium acetate pH 5.0 was added (to 

precipitate chromosomal material), mixed gently and then stored on ice for 1 h. 

The suspension was then spun at 10,800g for 20 min at 400 to pellet the 

precipitated chromosomal material. The supernatant was poured carefully 

into a clean Oakridge tube and centrifuged as above. This was repeated until 

there was no chromosomal material remaining in the supernatant. Heat-

treated Ribonuclease A (15 min at 100°C) was added to a final concentration 

of 100 ug/mL and the solution was incubated at 3700 overnight. The solution 

was then extracted with 1 volume of water-saturated phenol by vortexing for 

30 sec and then centrifuging at 4000g for 5 mm. The top aqueous layer 

(containing the DNA) was removed to a clean tube and extracted with 1 

volume of chloroform:isoamyl alcohol (24:1) by gentle inversion and 

centrifugation at 4000g for 5 mm. The top aqueous layer was transferred to a 

clean tube and the DNA was precipitated from solution by adding a 1/10 

volume of 3M sodium acetate (pH 5.0) and 2-2.5 volumes of 95% ethanol, 

mixing by inversion and incubating' at 2000 for a minimum of 1 h. This was 

then spun at 8000g in a desktop centrifuge (Eppendorf 3200) at room 

temperature for 30 mm. The pellet was rinsed twice with 70% ethanol to 

remove salts and then dried in a vacuum dessicator for 5 to 30 mm. The dried 

pellet was then resuspended in 500 glL of TE 10/1 buffer. A rough estimate of 

the quantity and purity of the preparation was determined based on 

absorbance measurements at 260 nm and 280 nm. An A260 value of 1.0 is 

equal to 50 .tg/mL for pure preparations. Pure preparations of DNA have an 

A260,280 ratio of 1.8. Based on these rough estimates, the DNA was 

precipitated again by the method above, resuspended in a volume of TE 10/1 



34 

buffer which gave a DNA concentration of 1 .tg/tL and then stored at 2000. A 

more accurate determination of the amount and purity of the DNA sample was 

determined by analysis on EBr-agarose gels as outlined in section 2.2.3. 

2.2.1.2 Small Scale Method 

A single colony or plaque was inoculated into 10 mL of sterile dYT media 

(dYT + amp media in the case of piPi 01) in a 100 mL Erlenmeyer flask and 

grown at 37°C with shaking (200 rpm) to an A600 of 0.20. A 1.0 mL aliquot 

was pipetted into a 1.5 mL Eppendorf tube and centrifuged at 8000g for 5 mm. 

The pellet was resuspended in 50 iL of STET buffer (8% sucrose, 5% Triton 

X-1 00, 50mM EDTA, 50mM Tris (pH 8.0)). A 2 tL aliquot of 10 g/iL lysozyme 

(made fresh in distilled water) was added, mixed briefly, and the solution was 

allowed to sit at room temperature for 5 mm. The Eppendorf tube was then 

placed in a boiling water bath for 60 sec and immediately centrifuged at 8000g 

for 10 min at room temperature. About 60% of the supernatant was carefully 

removed using a Pipetman so as not to disturb the pellet. The plasmidiRF 

DNA was precipitated by adding 1 volume of isopropanol, mixing by inversion 

and then incubating at -200C. The precipitated material was collected by 

centrifugation at 8000g for 30 min and the precipitate was resuspended in 20 

pi of TE 10/1 buffer (pH 7.5) and stored at -200C. 

2.2.2 Restriction Digest of Double Stranded DNA 

Two types of restriction digest experiments were carried out on double 

stranded DNA preparations: (1) Single restriction digests were performed 

routinely on both piPi 01 and Ml 3 DNA using Sac I (cuts the DNA once) 

before running on an agarose gel for the purpose of converting the 

supercoiled and relaxed forms of the DNA to the linear form. This was 

necessary in order to determine the molecular weight of the DNA relative to 

the linear molecular weight standard fragments, since all three forms of the 

DNA (supercoiled, relaxed and linear) run at different positions on the gel 

under the same conditions; (2) Double restriction digests were performed on 

plP1 01 and Ml 3 DNA to generate specific fragments for cloning experiments 

which were later isolated and purified from LMP agarose gels. Double digests 

were performed in two ways: (a) By digesting the DNA sample with both 
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enzymes at the same time. This was the case for Sac I! CIa I digestion of 

piP101 and M13SC1.1C3u-0461 DNA; (b) By digesting with one enzyme, 

followed by heat denaturation at 700C for 15 min and then digesting with the 

second enzyme. This was the case for Sac l/Acc I digestion of Mi 3mpl 8. The 

digestion was done this way because it has been suggested that there could 

be sterichindrance between the two enzymes generated by the close 

proximity of the two enzyme recognition sites in the Ml 3mpl 8 DNA (Grouse 

and Amorese, 1986). 

All three enzymes were able to restrict double stranded DNA in Sac I juffer 

(10mM Tris pH 7.5, 20mM NaCl, 1 0mM MgCl, 1 mM B-mercaptoethanol) 

using 2-10 units of restriction enzyme per g of DNA and incubating at 37°C 

for 1-2 h. The reactions were quenched and prepared for electrophoresis by 

adding a 1/10 volume of 1 O stop buffer (bromophenol blue (0.1% w/v) , SDS 

(1% w/v), EDTA (0.1 M pH 8.0), glycerol (50% v/v)). 

2.2.3 Horizontal Agarose Gel Electrophoresis 

Samples of DNA were analyzed by electrophoresis on 1% agarose gels. 

Fragments of DNA to be isolated and purified for cloning, were 

electrophoresed on, and isolated from, 1% LMP agarose gels. LMP agarose 

contains fewer impurities and has a lower melting point than regular agarose. 

Both types of gels were prepared and run using similar procedures: 0.75 

grams of agarose (regular or LMP) was dissolved in 75 mL of electrophoresis 

buffer (40mM Tris (pH 8.2), 20mM sodium acetate, 1 mM EDTA) by boiling on a 

hot plate with constant swirling. The solution was then cooled to 50°C in a 

temperature controlled water bath (about 10 mm). Masking tape was fitted on 

both ends of a 10 cm by 15 cm UV transparent tray containing either a 15 well 

comb (15 iL per well) or a 30 well comb (30 pL per well) to form a four-sided 

trough. The cooled agarose solution was poured into the tray and allowed to 

harden at room temperature for 1 h (4°C in the case of LMP gels). The 

masking tape was removed and the gel tray was placed into a Wide-Mini Sub 

Gel apparatus (BioRad) and submerged in 550 mL of electrophoresis buffer 

containing 0.5 ug/mL EBr. A 1/10 volume of i OX stop buffer was added to any 

DNA samples not already in this buffer and loaded into the wells. The 

agarose gel was run horizontally at 30-60V for 1.5-3 h at room temperature 

(on ice in the case of LMP gels). All samples were run against DNA molecular 
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weight markers of lamda DNA digested with the restriction enzyme Hind Ill 

(Pharmacia). The markers were made up to 36 ng/L in 1 0mM Tris pH 7.4, 

1 mM EDTA and 1 x stop buffer. A 10 .iL aliquot (360 ng) was heated to 65°C 

for 5 min and then put on ice for 5 min before loading into the well. The sizes 

(no. of base pairs) and amounts (ng) of each fragment was as follows: 23130 

bp (171 ng), 9416 bp (70 ng), 6557 bp (49 ng), 4361 bp (32 ng), 2322 bp (17 

ng), 2027 bp (15 ng), 564 bp (4 ng) and 125 bp (1 ng). The smallest fragment 

was never visualised because there was not enough DNA present in this 

fragment. The logarithmic value of the fragment molecular size of each 

fragment was plotted against the distance travelled by that fragment to give a 

standard molecular weight curve. An estimation of the size of the DNA 

fragment in the unknown sample was determined by measuring its migration 

distance and determining its molecular size from the standard curve. A 

permanent record of the gel was obtained by taking a picture of the gel in the 

following manner. The EBr taken up by the DNA fragments in the gel was 

exposed to UV light by placing the gel on a UV light box. The UV light was 

absorbed by the EBr and emitted as visible light. The visible light from the 

bands in the gel was passed through a UV light filter which did not allow the 

background UV light through. Polaroid land film (type 52) was exposed to the 

visible light from the bands for 10-30 sec depending on the amount of DNA 

present on the gel using an f-stop of 5.8. 

2.2.4 Isolation of DNA Fragments from LMP Agarose Gels 

Fragments of DNA required for further cloning were eluted from LMP 

agarose gels by either electroelution or by melting. 

2.2.4.1 Electroelution Method 

The DNA sample of interest was electrophoresed on a 1 % LMP agarose 

gel (as described in section 2.2.3) until the band of interest was well separated 

from other bands (bands were visualized by short exposure (5 secs) to long 

wavelength UV light (365 nm)). The band of interest was excised from the 

LMP agarose gel. A trough of slightly larger dimensions than the excised LMP 

agarose piece was cut into a second gel (regular 1 % agarose) and lined with 

a piece of dialysis membrane. The dialysis membrane was purchased from 
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Spectrapor and had a molecular weight cutoff of 12,000-14,000 daltons. It 

was pre-treated by boiling in 10mM EDTA for 15 mm, boiling in distilled water 

for 15 min and was then stored until used in 0.04% sodium azide. About 1 mL 

of electrophoresis buffer (no EBr) was pipetted into the lined trough and the 

agarose gel piece was placed in the buffer. The DNA was electrophoresed 

from the agarose onto the dialysis membrane at 200V for 10-15 min under 

periodic visualization with UV light. Once most of the DNA was electroeluted 

from the agarose, the current was reversed and the DNA was pipetted from the 

trough as it migrated from the dialysis membrane. The DNA solution was 

extracted several times with 1 volume of dry n-butanol to remove EBr from the 

solution and to reduce the total volume of the aqueous phase for subsequent 

precipitation of the DNA. The DNA was precipitated by adding a 1/10 volume 

of 3M Na acetate (pH 5.0) and 2 volumes of 95% ETOH. This was mixed by 

inversion and stored at 2000 for a minimum of 1 h. The DNA was pelleted by 

centrifugation at 8000g for 30 min and then resuspended in TE 10/1 buffer in 

as small a volume as pdssible (10-30 j.tL). The quantity and purity of the DNA 

was determined by agarose gel electrophoresis. 

2.2.4.2 Melting Method 

The DNA of interest was run on a 1 % LMP agarose gel under the same 

conditions as in method I. The band of interest was excised from the gel, 

placed in a 1.5 mL centrifuge tube and its volume estimated from its weight 

using a specific density of 1.0 g/mL. A 1/3 volume of TE 10/1 buffer (10mM 

Tris (pH 7.4), 1 mM EDTA) was added and melted at 687000 for 10 min and 

then cooled to luke warm (5 mm). A 1/3 volume of water-saturated phenol was 

added. This was vortexed for 2 min and then centrifuged at 8000g for 5 min at 

room temperature. The supernatant aqueous phase was removed and the 

phenol step was repeated. The EBr was removed and the aqueous volume 

reduced using the same procedure as in method I. The DNA was precipitated, 

centrifuged, resuspended and analyzed as in method I also. 
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2.2.5 Ligation Reaction 

Before the ligation reaction was carried out, the 5' end of the vector DNA 

was dephosphorylated to give 5' OH and 3' OH ends, in order to reduce self-

ligation and concatamerization of the vector DNA. One unit of calf intestinal 

phosphatase (CIP) per ug of vector DNA was incubated in 500mM Tris (pH 

9.0), 10mM MgCl, 1 mM ZnCl2. The reaction was carried out at 37°C for 15 

min and then at 56°C for 15 mm. An additional equivalent amount of CIP was 

added and incubated again under the same conditions. The reaction was 

terminated by adding a 1/10 volume of 10X.stop buffer (BPB (0.1% w/v), SDS 

(1% w/v), EDTA (0.1 M pH 8.0), and glycerol (50% v/v)) and heating at 68°C for 

15 mm. After dephosphorylation, the ligation reaction was performed. A molar 

ratio of 3:1 vector to insert (12 fmoles: 4 fmoles) was used and the reaction 

carried out in 50mM Tris (pH 7.6) with MgCl (10mM), PEG (5% w/v), ATP 

(1 mM), DTT (1 mM) and 0.2 units of T4 DNA Ligase at 14°C for 12 h. Before 

the ligation mixture could be transformed into a cell line, the mixture was 

diluted 5-fold with sterile distilled water to reduce the concentration of PEG 

because PEG tends to reduce transformation efficiency (King and Blakesley, 

1986). 

2.2.6 Calcium Chloride Method for Making Competent Cells 

In order to introduce plasmid or viral DNA (RF or ss) into a particular cell 

line, the cells were first made competent. Two methods were used to make 

competent cells: ( 1) The large scale method - increases the cell to DNA ratio 

and was used to increase the efficiency of transformations of mutagenic 

reaction mixtures, ligation reaction mixtures and ss DNA; (2) The small scale 

method - has a lower transformation efficiency but is less time-consuming and 

was used for plasmid and RF DNA transformations. 

2.2.6.1 Large Scale Method 

A single colony from a plate or a sample from glycerol culture was 

inoculated aseptically into 10 mL of dYT media and grown overnight at 37CC 

at 200 rpm in a New Brunswick. incubator-shaker (Model G-25). A 100 pt 

aliquot was then inoculated aseptically into 50 mL of fresh dYT liquid media 
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and grown under the same conditions to an A600 of 0.20-0.30. The culture 

was then put on ice for 15 min and then 40 mL was centrifuged at 2000g for 5 

min at 40C. The supernatant was discarded and the pellet was washed with 1 

volume of sterile 0.1 mM MgCl2 at 400 and then centrifuged at 2000g for 5 mm 

at 400. The cells were resuspended in 0.5 volumes of sterile CaCl2-MOPS 

buffer (50mM MOPS (pH 6.5) and 0.1 M CaCl2). This was incubated at 4°C for 

20 min and then centrifuged at 2000g for 5 min at 400. The cells were 

resuspended in a final volume of 250 j.L of CaCl2-MOPS buffer. 

2.2.6.2 Small Scale Method 

Cells were grown in the same manner as in the large scale method but only 

1.5 mL aliquots of culture (A600 of 0.20-0.30) were treated. One hundred iiL 

of competent cells were obtained for each 1.5 mL aliquot. The cells were 

chilled for 15 min on ice and then pelleted in the desktop centrifuge at 8000g 

for 5 min at 400. The supernatant was discarded and the cells were washed 

with 1 volume of sterile 0.1 M MgCl2 and centrifuged at 8000g for 5 min at 400. 

The cells were resuspended in 0.5 volumes of sterile CaCl2-MOPS buffer and 

incubated on ice for 40 mm. The cells were pelleted by centrifuging one more 

time at 8000g for 5 min at 4°C and then resuspended in a final volume of 100 

}i.L of CaCl2-MOPS buffer. 

2.2.7 Transformation of Competent Cells 

All transformations were carried out by adding less than 1 ug of DNA in as 

small a volume as possible (about 1 p.L) to 100 iiL of competent cells and 

incubating on ice for 30 min to allow the DNA to bind to the cell membrane. 

The reaction mixture was then heat-shocked at 4200 for 2 min to allow the 

DNA to be taken up by the cells and then the mixture was incubated on ice for 

5 mm. At this point the transformation mixture was ready to be plated. The 

method of plating the transformed cells was dependent upon the DNA source 

(bacterial versus viral) that was used to transform the cell line. For plasmid 

transformations, the transformation mixture was added to 3 mL of 0.7% dYT 

top agar and poured onto a dYT plate containing IPTG, amp and x-gal(final 

concentrations were 0.5mM, 100 .1g/mL and 50 .tg/mL, respectively). The top 

agar was allowed to harden at room temperature for a minimum of 10 min and 
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the plates were incubated at 3700 in a Stabil-Therm dry type bacteriological 

incubator overnight. The transformed cells grew as bacterial colonies. For 

viral DNA transformations, the transformation mixture was added to 3 mL of 

0.7% dYT top agar and 250 gL of mid-log phase lawn cells of TG2 or BMH71 - 

18 (A600 of 0.20-0.60). This was then poured onto a dYT plate containing 

IPTG and x-gal (final concentrations were 0.5mM and 50 p.g/mL respectively), 

allowed to harden at room temperature for a minimum of 10 mm, and then 

incubated in a Stabil-Therm dry type bacteriological incubator at 37°C 

overnight. The transformed cells formed plaques (clear zones on a lawr of 

non-infected cells). 

2.2.8 Isolation and Purification of Single-Stranded DNA from M13 Phage 

Before single stranded (ss) DNA was isolated from phage-infected TG2 or 

BMH71-18 cells either for sequencing or as template DNA for site-directed 

mutagenesis, the phage were plaque-purified to increase the homogenecity of 

'the population. A plaque or colony containing the Ml 3 phage DNA of interest 

was transferred aseptically, using a sterile toothpick, into 2 mL of dYT media in 

a sterile 5 mL polypropylene snap-cap tube. A Ioopful was removed 

aseptically, streaked onto a dYT plate and allowed to dry for about 30 mm. 

Ten mL of BMH71 -18 or TG2 cells were grown to mid-log phase by inoculating 

a single colony of BMH71-18 or TG2 into 10 mL of sterile dYT media and 

growing at 200 rpm and 37°C for 5-6 h. Three hundred p.L of cells were mixed 

with 3.5 mL of 0.7% dYT top agar and poured over the streaked plate. The top 

agar was allowed to harden and then the plates were incubated at 3700 for 

16- 24 h. Plaques could usually be seen after 12 h. The ss DNA was then 

isolated by transferring a plaque aseptically into 60 mL of sterile dYT in a 250 

mL Erlenmeyer flask along with a single colony of BMH71-18 or TG2. This 

was incubated at 3700 at 200 rpm for 13 h. Forty mL of culture was 

transferred to a 40 mL Oakridge tube and centrifuged at 2000g for 5 min at 

room temperature to pellet the majority of the cells. The supernatant was 

transferred to a clean, sterile Oakridge tube and centrifuged at 14,500g for 20 

min at room temperature to pellet the remaining cells. The supernatant was 

again transferred to a clean, sterile Oakridge tube and 4 mL of 20% 

polyethylene glycol and 1.5M NaCl was added (the final concentration was 

2% PEG and 0.15M NaCI). This was mixed by inversion 30 times and allowed 
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to sit at room temperature for 15 min to precipitate the phage. The tube was 

centrifuged at 14,500g for 20 min at room temperature to pellet the phage. 

The supernatant was discarded and the phage pellet was rinsed twice with 1 

mL of 70% ethanol, vacuum dried for 30 min and then resuspended in 500 ut 

of TE 10 /1 buffer. The DNA was extracted from the phage by extracting with 1 

volume of water-saturated phenol and then with 1 volume of 

chloroform:isoamyl alcohol (24:1) to remove the protein coat. The DNA was 

precipitated as in section 2.2.4.1 and resuspended in 50 L of TE 10/1 buffer. 

The A260/280 ratio was measured and if the ratio was 1.8 (+1- 0.05) the 

sample was considered pure enough for sequencing or mutagenesis (pure 

DNA has an A260/280 ratio of 1.8). If the ratio was not in this range, the 

precipitation step was repeated until the ratio was in this range. The DNA was 

stored at 200C until required for nucleotide sequencing or mutagenesis. 

2.2.9 Nucleotide Sequencing 

All nucleotide sequencing was done on DNA contained within M13mp18. 

The ss form of the DNA was required for sequencing and used as the template 

for sequencing using a Sequenase Dideoxynucleotide Sequencing Kit 

purchased from United States Biochemical Corporation. The ss DNA was 

isolated by the procedure outlined in section 2.2.8. Below is the sequencing 

protocol for a single sequencing primer. The reactions were repeated for each 

additional sequencing primer used (for example, in the case where the entire 

SC1 .1 fragment was sequenced, 5 primers were used). There were four basic 

reactions involved: ( 1) annealing the sequencing primer to the ss template; (2) 

extension of the primer; (3) termination of the extension reaction with 

dideoxynucleotides, and (4) quenching the sequencing reaction. 

(1) annealing reaction 

Template DNA (0.5 pmoles) was mixed with 0.5 pmoles of sequencing 

primer in sequenase buffer (40mM Tris (pH 7.5), 10mM MgCl2, 50mM NaCI) in 

a total volume of 10 p.L. This was warmed to 6500 for 2 min and then allowed 

to cool to room temperature over a 30 min period. 
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(2) extension reaction 

There were two types of labelling reaction mixtures supplied with the 

sequencing kit: (1) dGTP (2) dlTP (dGTP analog) which forms weaker 

secondary structure than dGTP and helps to eliminate GO compressions and 

GO spacing. The dlTP labelling mix did not work well for gel runs greater than 

3 h. The two labelling mixes were of the following compositions: 

dGTP labelling mix: 1 .5iM dGTP, 1 .5jM dCTP, 1 . 5jiM dTTP 

dlTP labelling mix: 3.0iM dlTP, 1 .5M dCTP, 1 .5tM dTT 

The following was added to the 10 .L of annealing reaction mixture: 2 pL of 

either the dGTP labelling mix or the dlTP labelling mix (final concentration of 

dNTP's was 1/10 the above concentrations), 1 iL of 100mM DTT (final 

concentration was 5mM), 0.5 tL of 12.5 i.tCi4tL [alpha-32S]-ATP (specific 

activity was 1333 Ci/mmol and the final concentration was 0.24tM with 

respect to ATP). Two glL of 1/8 diluted Sequenase (concentration not given) 

was added and the extension reaction was carried out at room temperature for 

5 mm. 

(3) termination reaction 

The dideoxynucleotide termination mixtures were divided into two groups 

depending whether the dGTP labelling mixture or dlTP mixture was used. 

(I) dGTP labelling termination reaction mixture: 

ddGTP: 80iM dGTP, 80itM dATP, 80tM dTTP, 80M dCTP 

8tM ddGTP 

ddATP: 80j.tM dGTP, 80.tM dATP, 80.tM dTTP, 80.tM dCTP 

8.tM ddATP 

ddTTP: 80pM dGTP, 80p.M dATP, 80i.tM dTTP, 80pM dCTP 

8jtM ddTTP 

ddCTP: 80iM dGTP, 80pM dATP, 80p.M dTTP, 80jtM dCTP 

8JLM ddCTP 
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(ii) dlTP labelling termination reaction mixture: 

ddGTP: 1 60jM dlTP, 80.tM dATP, 80.tM dTTP, 80p.M dCTP 

1 .6p,M ddGTP 

ddATP: 1 60p.M dlTP, 80jtM dATP, 80p,M dTTP, 80ji.M dCTP 

8pM ddATP 

ddTTP: 1 60M dlTP, 80i.tM dATP, 801j.M dTTP, 80p,M dCTP 

8p,M ddTTP 

ddCTP: 1 60liM dITP, 80.tM dATP, 80M dTTP, 80ii.M dCTP 

8p.M ddCTP 

Four 1.5 mL microcentrifuge tubes were labelled G, A, T, and C and 2.5 ltL 

of each dideoxynucleotide mixture (ddGTP, ddATP, ddTTP and ddCTP) was 

aliquotted into the appropriately labelled tube and pre-warmed at 37°C for 1 

mm. A 3.5 iiL aliquot from the extension reaction was pipetted into each 

termination reaction tube, mixed and incubated at 370C for 5 mm. 

(4) Quenching reaction 

Four pL of stop solution was added to each of the four termination tubes ( 10 

tL total volume) to a final concentration of 38% formamide, 8mM EDTA, 0.02% 

Bromophenol Blue, 0.02% Xylene Cyanol FF and the reaction tubes were 

stored at 200C unless electrophoresed immediately. 

'The samples were electrophoresed using the following protocol: Each 

reaction tube (G,A,T,C) was heated to 700C for 2 min and then 2.5 i.tL of each 

was loaded into separate lanes on an 8% polyacrylamide (7.6% acrylamide, 

0.4% bisacrylamide) 8M urea wedge gel. The reaction tubes were always 

loaded in the order G, A, T, C from left to right. The samples were 

electrophoresed at constant power (50 watts) on a BRL S2 sequencing gel 

apparatus in 1 L of TBE electrophoresis buffer (50mM Tris-borate (pH 8.3) and 

1 mM EDTA). The wedge gel was 34 cm in width, 40 cm in length and 0.4 

mm-1.2 mm in thickness. Gels were electrophôresed for 2-3 h for the CIa I 

sequence data and 10-12 h for the Q461 sequence data. Gel runs of 3, 9 and 

12 h were used for sequencing the SC1 .1 fragment. After electrophoresis was 

completed, the gel was removed from the apparatus, the top plate removed 

and the gel submerged in a 10% acetic acid-12% methanol mixture for a 
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minimum of 1.5 h to remove excess urea and fix the DNA to the gel. The fixer 

was removed by suction filtration and the gel was transferred to Whatman 3 

MM paper for drying by placing a sheet of Whatman 3 MM paper on top of the 

gel and then wetting the entire paper with distilled water. This allowed one to 

lift up the paper to remove air bubbles. As the paper began to dry, the gel 

stuck to the paper and by lifting the corner of the paper at the thickest end of 

the gel in a diagonal fashion, the gel was transferred to the paper without 

tearing. Saran wrap was used to cover the gel and the edges were trimmed to 

the size of the gel. The gel was dried on a gel dryer at 8000 for a minimum of 

1.5 h with vacuum. The dried gel was then exposed to Kodak XAR-5 x-ray film 

for 12-24 h and developed on an automatic x-ray film processor (Pako 14XL). 

2.2.10 5' Phosphorylation of Oligonucleotides 

The oligonucleotides CIa Im, CIa lu, Q461 and the Ml 3 universal primer 

(refer to table 1) were purchased with hydroxylated 5' and 3' ends. In order to 

allow ligation of the 5' end and 3' ends after extension in the mutagenesis 

reaction (to create intact molecules) the 5' ends were phosphorylated with 

riboadenosine triphosphate (rATP) and polynucleotide kinase. The CIa Im, 

CIa lu e1nd Q461 oligonucleotides were also 5' phosphorylated with [gamma-

32P]-ATP to construct radioactive probes. These were used to screen for the 

mutations that each oligonucleotide introduced, using the Dot Blot screening 

method. The methods for phosphorylation were slightly different for the two 

cases and are summarized below: 

2.2.10.1 rATP Phosphorylation 

An aliquot containing 0.2 nmoles of unkinased oligonucleotide (each 

oligonucleotide phosphorylated in separate reactions) was mixed with 10 

units of T4 Polynucteotide Kinase in 50mM Tris (pH 7.4), 10mM MgCl2, 5mM 

DTT and 1 mM rATP (20 nmol) in a total volume of 20 pL. This was incubated 

for 30 min at 37°C and then for 10 min at 7000. The final concentration of 

oligonucleotide was 10 pmol4t.L and was stored at 2000. 
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2.2.10.2 [gamma-32P]-ATP Phosphorylation 

An aliquot containing 15 pmoles of unkinased oligonucleotide (1.5 iiL of 10 

pmol/i.tL) was added to 10 pmol of [gamma-32P]-ATP (3 p.L of 3.3 pmol/j.i.L and 

10 iiCi/L) in 50mM Tris pH 7.4, 1 0mM MgCl2 and 5mM D1T. Ten units of T4 

Polynucleotide Kinase ( 1.0 L of 10 units/iiL) wasadded and the reaction 

mixture was allowed to sit at room temperature for 2- 4 h. A control reaction 

using no T4 polynucleotide kinase was run in parallel. To determine the 

success of the labelling experiment, 2 j.L of each reaction mixture was mixed 

with 2 p.L of 95% formamide, 20mM EDTA, 0.05% Bromophenol Blue and 

0.05% Xylene Cyanol FF. The samples were heated to 7000 for 2 mm, 

loaded onto a 20% native polyacrylamide gel (20 cm X 40 cm X 0.3 mm) and 

electrophoresed vertically in 750 mL of TBE buffer pH 8.3 at 1 000V for 1 h. 

The top plate was removed, covered with Saran Wrap, exposed to x-ray film 

for 5-10 min and then the film was developed on the automatic x-ray 

developer. 

2.2.11 Oligonucleotide Site-Directed Mutagenesis Reaction 

The Double Primer method of Carter et al. (1985) was used to create the 

desired mutations. This involved two basic reactions: ( 1) annealing the 

mutagenic oligonucleotide and the Ml 3 universal primer to the ss template; 

(2) extension of the primers and ligation of the DNA to give covalently closed 

circular DNA. The CIa I and Q461 mutations were introduced in separate 

reactions. 

(1) The Annealing Reaction 

The annealing reaction mixture contained 10 pmoles of kinased mutagenic 

oligonucleotide (1 j.L of 10 pmol/L), 10 pmoles of kinased M13 universal 

primer (1 .iL of 10 pmolfL), 1 g (0.36 pmoles) of ss M13 template (1 p.L of 1 

.tg/iL) in a total volume of 10 glL of TM buffer (10mM Tris pH 8.0 and 10mM 

MgCl2). This was heated to 80°C for 2 min and then allowed to cool to room 

temperature over a 30 min period. 
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(2) The Extension and Ligation Reaction 

The extension and ligation reaction was carried out by adding 1 i.L of 5mM 

dNTP (final concentrations were 0.25mM dGTP, dATP, dTTP, dCTP), 1 .tL of 

5mM rATP (final concentration was 0.25mM), and -1 j.tL of 100mM DII (final 

concentration was 5mM) to the annealing reaction mixture (in TM buffer), 

storing on ice, and then adding 10 units of T4 DNA Ligase (1 j.tL of 10 units/L) 

and 1 unit of DNA Polymerase Klenow Fragment (ljL of 1 unit/L). The final 

reaction volume was 20 .iL which was incubated at 13.200 for 4 h, quenched 

by adding 180 gL of 10mM Tris pH 8.0 and 10mM EDTA and stored at -20°C. 

When needed, this reaction mixture was used to transform competent 

BMH71-18 mutL cells (this cell line is deficient in mismatch-repair enzymes). 

Plaques were screened by the Dot Blot Method. 

2.2.12 Dot Blot Screening Method 

Plaques obtained from the transformation of competent BMH71 -18 mutL 

cells with the mutagenic mixture, were transferred aseptically onto a dYT plate 

in an asymmetric grid pattern using sterile toothpicks. The plate was done in 

duplicate: one copy was used as the master plate and the other was used to 

transfer the colonies to nitrocellulose filters for screening. The plates were 

incubated overnight at 3.00. The infected cells grew as colonies. A 0.22 urn 

nitrocellulose membrane filter ( Fisher Scientific), approximately 8 cm in 

diameter, was placed on top of the colonies with the shiny side down and 

allowed to sit at room temperature for 1 mm. The filter was gently peeled off, 

removing most of each colony from the plate. The filters were placed onto a 

sheet of Whatman 3MM paper soaked in 0.5M NaOH for 3 mm (colonies face 

up). The filter was then neutralized by transferring to sheets of Whatman 3 MM 

paper soaked in 1 M Tris (pH 7.5) (twice for 1 min each) and 0.5M Tris (pH 7.5) 

'withi .5M NaCl for 5 mm. The filters were transferred to dry paper and allowed 

to air dry for 20 min and then placed in a vacuum oven between two sheets of 

paper and baked at 70 to 80°C for 10 to 60 mm. The filters were then pre-

wetted in 10 mL of 6xSSC buffer (90mM Na citrate (pH 7.0), 900mM NaCl) 

and then transferred face down in 30 mL of pre-hybridization buffer (0.2% 

PVP, 0.2% BSA, 0.2% Ficoll 400, b.2% SDS, 6xSSC buffer) for 5 min at 67°C. 

The filters were then rinsed in 100 mL of 6xSSC buffer and transferred face 
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down into 10 mL of 6xSSC buffer containing 7 j.iL (7 tCi) of the radiolabelled 

probe prepared in section 2.2.10.2. The filter was gently lifted and dropped to 

remove air bubbles. The filter was exposed to the probe for 2-4 h and then 

washed in 6xSSC buffer at increasing temperatures: The wash procedure 

involved 3 separate rinses in 6xSSC at a specific temperature, followed by air 

drying for 20 mm, wrapping in Saran Wrap and exposing to x-ray film. The 

theoretical temperature at which the CIa Im, CIa lu and 0461 probes were 

supposed to wash off perfectly matched duplex DNA (Td), was empirically 

determined using the Wallace rule (Carteret al. 1985). The Wallace rule 

states that the dissociation temperature (in degrees Celsius) of a perfectly 

matched duplex between a synthetic oligonucleotide of 11 to 20 base pairs 

and single stranded template in 6xSSC buffer, can be calculated from the 

following formula: 

Td = 2 x number of AT base pairs + 4 x number of GO base pairs 

Using this formula, the Td for the CIa lm and Q461 oligos was determined to 

be 5400. The Td for the CIa lu oligo was determined to be 5200. The initial 

wash was done at room temperature and the filter was exposed to x-ray film 

for 1 h. The second wash temperature was set at about 500 below the 

theoretical Td and exposed for about 4 h. At each successive wash, the 

amount of hybridized probe remaining, decreased and therefore, to obtain a 

strong signal, the time of exposure of the filter to the x-ray film was increased. 

The wash temperatures were continued up to 900 above the theoretical Td 

temperature. 

2.2.13 Purification Of 13-Galactosidase and E461 Q-B-Galactosidase 

Wild-type 13-galactosidase was purified from E. coil ML308 by the method 

of Brake et al. ( 1978). Mutant 13-galactosidase (referred to as E4610-r3-

galactosidase) was purified from the 8185 cell line containing the pIP101-

0461 plasmid by two modified versions of the method of Brake et al. ( 1978). 
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2.2.13.1 Purification Method I 

Isolates of the Si 85 cell line containing the plasmid plPi 01 -0461 were 

inoculated into 20 mL of sterile dYT + amp liquid media and grown in a 250 
mL Erlenmeyer flask overnight at 37°C and a shaking speed of 200 rpm. One 

mL of this culture was inoculated into 1 L of sterile dYT + lPTG + amp liquid 

media. This was grown to aturation for 19 h at 370C and 200 rpm in a 2.8 

litre Fernbach flask. The cells were stored on ice for 15 min and then 

harvested by centrifugation at 4000g for 10 min at 4°C. The pellet was 

resuspended in 30 mL of breaking buffer (50mM KH2PO4/K2HPO4 (pH 7.2), 

1 m EGTA and 0.5mM PMSF) and the cells were disrupted by passing twice 

through a French Pressure Cell (American Instrument Company with a 40 mL 

capacity and a 1" diameter) at 400. The disrupted cell suspension was 

diluted to a protein concentration of 30 mg/mL (A280 = 60 units) with breaking 

buffer and the suspension was centrifuged at 15,000g for 10 min at 4CC. 

E461Q-13-galactosidase was precipitated from solution by adding ultra pure 

(NH4)2SO4 to a final concentration of 258 gIL at 400 to give a 45% saturation. 

This was added over a 3 h period while maintaining the pH at 7.2 with 1 M 

NH4OH. The enzyme precipitated material was centrifuged at 10,000g for 15 

min and the pellet was resuspended in 6 mL of FPLC buffer A (20mM Tris (pH 

7.5), 1 mM MgSO4, 0.1 mM EDTA and 2mM (3-mercaptoethanol). Salts were 

removed by passing the sample through an FPLC Fast Desalting column HR 

10/10 (Pharmacia) in 6 x 1 mL runs in FPLC buffer A. The column matrix is 

Sephadex G-25 which is a cross-linked dextran with an exclusion limit of 5000 

daltons. The eluted fractions were monitored for protein content using a 280 

nm detector (Pharmacia) interfaced to the Pharmacia FPLC system. 13-

Galactosidase activity was measured as described in section 2.2.16. In all 

cases, the initial peak contained the majority of the protein and enzyme 

activity. The active fractions were pooled (from all six runs) and loaded onto a 

Mono Q HR 5/5 FPLC anion exchange column (Pharmacia) with FPLC buffer 

A. The column matrix is -CH2-N-(CH3)3 bound to a hydrophilic resin. The 

enzyme was then eluted from the matrix with FPLC buffer B (FPLC buffer A 

containing 1 M NaCl) at a flow rate of 1 mL/min using a pre-programmed step 

gradient: 0.00 to 0.25M NaCl for 3 mm, 0.25M for 10 mm, 0.25M to 0.5M for 20 

min and finally 0.5M to 1 M for 5 mm. The active fractions were pooled and 

then as a final step, they were applied to an FPLC Superose 12 Size 
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Exclusion column (Pharmacia) in FPLC buffer A, at a flow rate of 0.3 mL/min. 

The column matrix is composed of cross-linked agarose particles with a 

fractionation range of 1 x 103 to 3 x 105 daltons. The active fractions from the 

Superose column were pooled and stored at 400. 

2.2.13.2 Purification Method II 

A litre of S185/plP101-Q461 was grown, harvested, disrupted and diluted to 

a protein concentration of 30 mg/mL as in Method I. The suspension was 

treated with 5% (w/v) streptomycin sulfate over a 1 h period at 4°C to 

precipitate nuclear material. This was centrifuged at 35,000g for 30 min at 

4°C. Unwanted protein was precipitated from the supernatant by adding ultra 

pure (NH4)2SO4 to a final concentration of 134 gIL to give a 25% saturated 

solution of ammonium sulfate. The pH was maintained at 7.2 with NH4OH 

over a 1 h period and then centrifuged at 35,000g for 30 min at 4°C. E461 Q-

B-galactosidase was precipitated by adding (NH4)2SO4 to a concentration of 

115 g/L to give a45% saturated ammonium sulfate solution. The solution was 

centrifuged as above and the pellet was resuspended in a minimal amount of 

DEAE buffer (80mM Tris (pH 7.5), 1 mM MgCl2, 0.1 mM EDTA, 1 mM 13-

mercaptoethanol and 0.04% sodium azide). This was run through the FPLC 

Desalting column as in method I and the active fractions were loaded onto a 

50 cm X 2.5 cm DEAE Bio-Gel A column (BioRad). The charged group on the 

DEAE matrix is (-CH2-CH2)2-NH-CH2CH3. The enzyme was eluted using a 

linear salt gradient of 0.04M NaCI to 0.2M NaCI in DEAE buffer. The active 

fractions were pooled and concentrated from 130 mL to 10 mL using a large 

Amicon Ultrafiltration unit containing a PM10 (45mM) Diaflo membrane. The 

volume was further reduced from 10 mL to < 2.0 mL using a small ultrafiltration 

unit containing a PM10 (25mM) Diaflo membrane. The sample was run 

through a Sephadex G-25 column with 500 mL of DEAE buffer. The active 

fractions were pooled and concentrated again to a volume <2.0 mL. The 

sample was then applied to the FPLC Superose 12 column as in Method I 

using DEAE buffer. The active fractions were pooled and as a final step, the 

sample was loaded onto the FPLC Mono Q column and the enzyme was 

eluted with DEAE buffer containing NaCI using the following step-gradient at a 

flow rate of 1 mL/min: 0.OM to 0.25M NaCl for 5 mm, 0.25M for 15 mm, 0.25M 
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to 0.5M for 20 mm, and 0.5M to 1 M NaCl for 5 mm. The active fractions were 

pooled and stored at 400. 

2.2.14 Preparation of Crude Protein Extracts 

Cell crude extracts to be screened quickly for the presence of B-

galactosidase or E461 Q-13-galactosidase, either by SIDS-PAGE or antibody 

assays, were prepared by growing 20 mL cultures of cells in dYT media (for 

cell lines containing pIP101, ampicillin was added to the media ) for 12-6 h 

with shaking at 200 rpm and at 37°C. Five mL of culture was transferred to a 

sterile 10 mL polypropylene snap cap tube and centrifuged at 4000g for 5 mm 

at 400. The pellet was resuspended in 5 mL of breaking buffer and the cells 

were then disrupted by sonication using a Sonifier® cell disruptor model W-

350 (Branson Sonic Power Co.) in the following manner: the snap cap tubes 

were placed in an ice bath and the sample was sonicated in a pulsed mode at 

50% duty cycle with an output of 2.5 units for 1.5 mm (maximum power was 

about 50 watts). The sample was then centrifuged at 12,000g for 30 min at 

400 to pellet cell debris. The A280 of the supernatant was measured. The 

protein concentration of these crude samples was typically around 10 mg/mL. 

The supernatant was removed and stored at 400 until required for analysis. 

2.2.15 SIDS-Polyacrylamide Gel Electrophoresis 

Samples to be analysed by SIDS-PAGE were either added to a maximum of 

1 volume of sample bUffer (10% glycerol, 5% v/v 13-mercaptoethanol , 3(/ 

SIDS, 62.5mM Tris (pH 6.8)) or dried to completeness in a Speed Vac 

Concentrator with a refrigerated condensation trap before being resuspended 

in 50 i.tL of sample buffer. A 1/10 volume of 0.1% bromophenol blue dye was 

added to each sample and boiled for a minimum of 2 mm. The samples 

(maximum volume of 70 pL) were then electrophoresed vertically through a 

4% polyacrylamide stacking gel (0.14M Tris (pH 6.8), 0.1% SIDS) and then a 

7.5 to 17% polyacrylamide gradient separating gel (0.375M Tris (pH 8.8), 

0.1% SIDS) at 200V in PAGE buffer (25mM Tris, 20mM glycine, 0.1% SIDS) 

until the tracking dye reached the bottom of the gel (5-7 h). The gel was fixed 

in fixer solution overnight (45% (v/v) methanol and 10% (v/v) acetic acid) and 

then stained with 0.25% Coomassie Blue G-250 in fixer solution, for 1 h. The 
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gel was destained with several changes of destain solution (5% (v/v) methanol 

and 7.5% (v/v) acetic acid) until the gel background was clear. 

2.2.16 Enzyme Assay 

A stock solution of 10mM ONPG (ortho- nitro phenyl-13-D-galactopyranoside) 

in TES buffer (31.5mM TES .(pH 7.0), 147mM NaCl, 1.05mM MgSO4) was 

prepared and stored at 200C until required. Assay tubes were prepared by 

thawing the ONPG stock solution and adding 100 p.L of it to 850 tL of TES 

buffer per assay tube. The tubes were pre-incubated in a 2500 water bath for 

a minimum of 10 mm. The reaction was initiated by adding 50 gL of the 

sample to be tested (dilutions of sample were made at this point when 

necessary, using distilled water) to the assay tube to give a final volume of 1.0 

mL and a final assay concentration of 30mM TES (pH 7.0), 140mM NaCl, and 

1 mM MgSO4. The mixture was transferred to a 1 mL cuvette and placed in a 

Pye Unicam SP8-400 variable wavelength spectrophotometer. The reaction 

temperature was maintained at 2500 using a Neslab Endocal RTE-9DD 

refrigerated water bath. The reaction was quantitated by measuring the 

change in absorbance at a wavelength of 420 nm with time using a pre-

programmed Hewlett Packard 97S Calculator interfaced to the 

spectrophotometer. The 13-galactosidase activity of the sample was converted 

to units (defined as the amount of enzyme required to produce 1 jimole of 

product per min at pH 7.0 and 2500). The specific activity was expressed in 

units/mg of protein. The molar extinction coefficient used to convert 

absorbance to concentration under these conditions has been determined in 

our lab to be 1.86 M 1 cm-1 for ONPG. 

2.2.17 Antibody Detection of 13-Galactosidase 

Two different antibody assay techniques were used to detect 13-

galactosidase both in crude and purified preparations. These were the ELISA 

assay and the lmmunoblot assay. 

2.2.17.1 ELISA Assay 

The following buffers and antibodies (Ab) were used in the ELISA assay: 
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(1) coating buffer (15mM Na2CO3, 35mM NaHCO3 (pH 9.6), 3mM NaN3). 

(2) PBS buffer (1.5mM KH2PO4, 8mM Na2HPO4 (pH 7.2), 140mM NaCl,). 

(3) Blocking solution (PBS buffer (pH 7.2) with 1 mM MgCl2 and 1% BSA). 

(4) PBS-Tween (PBS buffer (pH 7.2) with 3.0mM KCI, 3mM NaN3 and 5% 

Tween 20). 

(5) Primary (1°) antibody: mouse anti-13-galactosidase lgG polyclonal antibody 

(16.6 .ig/L) purchased from Blo/Can Scientific. 

(6) Secondary (2°) antibody: Protein A conjugated horse-radish peroxidase 

purchased from Zymed and diluted 1/500 with PBS buffer. 

(7) Color development substrate: one volume of ABTS (2,2-azino-di-[3-ethyl-

benzthiazoline sulfonate]) and one volume of H202 (hydrogen peroxide). Both 

substrates were purchased from Mandel Scientific Company. 

The basic procedure for the ELISA assay involved eight steps. All assays 

were performed in 96 well polystyrene disposable plates. A general protocol 

for detecting Ag at a single Ab concentration is described below. 

(1) Binding antigen (Ag) to the well: Ag was diluted to a concentration of 

0.2 .tg/p.L with coating buffer and 100 .tL (20lag) was aliquoted into a well with 

a 200 jtL Pipettman, covered with Saran Wrap (to avoid evaporation) and 

incubated at 370C for 1 h. 

(2) Wash: the wash procedure involved emptying the contents in the well 

by inversion and abrupt shaking. Two hundred glL of PBS-Tween was then 

added to the well and emptied as above. The rinse step was repeated two 

more times and then excess liquid was removed by placing the assay plate on 

top of paper towels. 

(3) Blocking excess protein binding sites: ninety-nine j.tL of blocking 

solution was added to the well, covered and incubated for 20 min at 370C. 

(4) Binding 10 Ab: a 1 lalL aliquot of 10 Ab (16.6 j.tg) was added to blocking 

solution and mixed by repeated drawing and emptying of the pipettman. After 

mixing, 11 !IL was removed. The plate was covered and incubated at 3700 for 

1 h. 

(5) Wash: the wash step was performed as in step 2. 
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(6) Binding 20 Ab: one hundred glL of 20 Ab (diluted 1/500) was added to 

the well, covered and incubated for 1 h at 370C. 

(7) Wash: the plate was washed as in step 2 and then air-dried for 30 mm. 

(8) Color development reaction: the reaction was initiated by adding 100 

jiL of a 1:1 mixture of ABTS and H202. The color developed over a 15 to 30 

min period and was quantitated by visual inspection. 

2.2.17.2 Immunoblot Assay 

The buffers and Ab solutions used in the Immunoblot assay are listed 

below. Both polyclonal and monoclonal anti-I3-galactosidase were used as 10 

antibodies. 

(1) TBS buffer (10mM Iris (pH 8.0), 75m  NaCl). 

(2) AP buffer (100mM Tris (pH 9.5), 100mM NaCl, 125mM MgCl2). 

(3) TBST buffer (TBS buffer (pH 8.0), 0.05% Tween 20). 

(4) TBST-BSA buffer (TBST buffer (pH 8.0), 1 % BSA). 

(5)1 0 Ab 

(a) polyclànal mouse anti-I3-galactosidase IgO Ab (16.6 mg/mL) purchased 

from Bio/Can Scientifid and diluted to a working concentration of 66.4 p.g/mL 

with TBST buffer (1/250 dilution). 

(b) monoclonal mouse anti-B-galactosidase lgG Ab (2 mg/mL) purchased 

from Bio/Can Scientific and diluted to a working concentration of 4 p.g/mL with 

TBST buffer (1/500 dilution). 

(6) 20 Ab: anti-mouse lgG (Fc) conjugated alkaline phosphatase (1 mg/mL) 

purchased from Bio/Can Scientific and diluted to a working concentration of 

0.13 .tg/mL with TBST buffer (1/7500 dilution). 

(7) Color development reaction: ninety-nine p.L of NBT solution (50 mg/mL 

nitro blue tetrazolium in 70 % dimethylformamide) mixed with 15 mL of AP 

buffer, followed by adding 49.5 ut of BCIP solution (50 mg/mL 5-bromo-4-

chloro-3-indolyl phosphate in dimethylformamide). After mixing, 2.5 mL of this 

reaction mixture was used per nitrocellulose filter. The NBT and BCIP 

solutions were purchased from Bio/Can Scientific. 
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There were seven basic steps involved in the Immunoblot assay which 

were carried out in sterile petri dishes (10 cm in dia.). All steps were carried 

out at room temperature. 

(1) Binding the Ag to the membrane: a solution containing the Ag (crude or 

purified) was spotted directly onto a dry nitrocellulose membrane (5 cm x 5 

cm) usually in 1 I.LL applications. If more than one application was needed, the 

spots were allowed to dry before the next application. 

(2) Blocking excess protein binding sites: the membrane was floated on 2.5 

mL of TBST buffer until evenly wet, submerged and then rinsed in fresh TBST 

buffer. The membrane was then submerged in 10 mL of TBST-BSA buffer for 
30 mm. 

(3) Binding the 10 Ab: the membrane was submerged in 2.5 mL of TBST 

containing 10 Ab (66.4 p.g/mL) for 30 mm. 

(4) Wash: the membrane was washed three times for 5 tol 0 min each in 10 

mL of TBST buffer to remove unbound 10 Ab. 

(5) Binding the 2° Ab: the membrane was submerged in 2.5 mL of TBST 

buffer containing 20 Ab (0.13 p.g/mL) for 30 mm. 

(6) Wash: the membrane was washed as in step 4. 

(7) Color development reaction: the membrane was blotted damp dry and 

then submerged in 2.5 mL of color development solution (99 pL NBT (5 mg) 

mixed with 15 mL AP buffer and then mixed with 49.5 pL (2.5 mg) BCIP). The 

color development was allowed to continue for up to 10 min and the reaction 

was then quenched by transferring the membrane into distilled water and 

rinsing twice. 

2.2.18 Kinetic Studies 

The Vm and Km values were obtained for purified E461 Q-I3-galactosidase 

by measuring the rate of the reaction (Vo in units/mg) at various 
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concentrations of substrate (mM), and then determining "weighted" Km and 

Vm values using a Hewlett-Packard 85 computer. The relative "weighting" 

scheme of Cornish-Bowden (Cornish-Bowden, 1976) was used. The 

substrates ONPG and PNPG were used (PNPG or para-nitrophenyl-l3-D-

galactopyranoside was monitored for activity in the same manner as ONPG 

(Section 2.2.16) but it has a molar extinction coefficient of 7.0 at pH 7.0, 25°C 

and 420 nm). For ONPG as substrate, the activity of the enzyme was 

measured at 0.1 mM, 0.2mM, 0.5mM and 1 mM ONPG in 30mM TES (pH 7.0) 

withi 40mM NaCI and 1 mM MgSO4. For PNPG as substrate, the activity of the 

enzyme was measured at 0.02mM, 0.04mM, 0.08mM and 0.2mM PNPG in 

30mM TES (pH 7.0) with 140mM NaCl and 1 m  MgSO4. Assays with 

enzyme that had low activity required long periods (5 mm) of incubation to 

determine reliable rates. The inhibitor dissociation constant (Ki) for E461Q-6-

galactosidase was obtained by measuring the rate of reaction with PNPG as 

the substrate in the same manner as above except in the presence of 2mM 

IPTG (isopropylthio-13-D-galactopyranoside). The value for Ki was determined 

from the "weighted" Km value (Kapp). 

2.2.19 Thermal Stability Studies 

The thermal stability studies were performed on wild-type 6-galactosidase 

and E461 Q-13-galactosidase from the Superose fraction of purification method 

II (protein concentration of 0.43 mg/mL and a specific activity of 1.14 units/mg). 

The concentrations of wild-type 13-galactosidase and E461 Q-f3-galactosidase 

were adjusted to equal protein concentrations of 0.43 mg/mL. Aliquots of 800 

j.i.L of each, enzyme were placed into separate glass tubes and incubated at 

5400. Aliquots of 60 pt of each enzyme were removed at various times and 

placed immediately on ice and then assayed for 13-galactosidase activity 

(section 2.2.16) when convenient (usually within 60 minutes). The amount of 

activity remaining, relative to the original activity before thermal incubation, 

was plotted against time for each enzyme. 
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3. RESULTS AND DISCUSSION 

3.1 Characterization of pIP101 

3.1.1 Initial Plating of E. coil 8117/piP101 

The plasmid, plPl 01 contains the ampr gene and the IacZ gene. The 

genotype of piP101, which was sent to us in E. coil 8117, was tested, by 

plating these cells on dYT plates in the presence of IPTG, ampicillin, and x-gal. 

Only those cells containing the plasmid could grow in the presence of 

ampicillin. In addition, because piP101 contained the iacZ gene with a 

functional promoter, only colonies expressing a functional 13-galactosidase 

would hydrolyze x-gal to give a deep blue color. Otherwise the colonies 

would be white in color. A control cell line that was positive for 13-

galactosidase but negative for ampicillin resistance (ML-308) was also plated. 

Table 2 shows the results of this plating experiment. 

Table 2. Plating results of E. coil 811 7/pIPi 01 cells grown in the presence of 
amp and x-gal. ML-308 (amp -, IacZ+) was grown as a control to test the 

ability of amp to inhibit growth and to test the x-gal reaction. E. coil 

8117/pIP101 was grown in the presence of both amp and x-gal. 

Cell Line Media Observed Results  

ML-308 dYT colonies 

ML-308 dYT + amp no colonies 

ML-308 dYT + x-gal blue colonies 

8117/pIP101 dYT + amp + x-gal 1:1 ratio of blue and white 

colonies 

The results observed for the control ML-308 cells were the same as those 

expected. ML-308, which does not have amp resistance, grew on dYT plates 

without amp but did not grow on plates with amp. In the presence of x-gal, the 

ML-308 colonies were blue because ML-308 is positive for 13-galactosidase. 

The 811 7/pIPi 01 cells grew on the dYT + amp + x-gal plates but there was a 

1:1 mixture of blue and white colonies. Individual white and blue colonies 
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were separately plated onto fresh dYT plates containing IPTG, amp, and x-gal. 

IPTG is an inducer of the lac operon and was added to eliminate any 

possibility of repression of the IacZ gene by the lac repressor. In all cases, 

white colonies gave rise to white progeny (100%) and blue colonies gave rise 

to mainly blue progeny (95%). However, in the case of the blue colonies, a 

small percentage (5%) were white. Replating experiments repeatedly showed 

similar results. These initial plating experiments suggested that the 

811 7/pIPi 01 cells contained the pIPi 01 plasmid because of the high number 

of blue colonies and because of the amp resistance. To verify this, plPl 01 

was isolated from a blue colony and then characterized by restriction digest 

analysis. 

3.1.2 plPl 01 Purification and Restriction Digest Analysis 

pIPi 01 was isolated from a blue colony of E. co/i 811 7/pIPi 01 by the large 

scale method (section 2.2.1.1) and was digested with Sac I, CIa I and a 

mixture of Sac I and CIa I. Digested and undigested samples of pIP101 were 

run on a regular 1 % agarose gel, together with molecular weight standards. 

The gel is presented in Figure 5. A typical molecular weight standard curve 

was plotted for this gel and presented in Figure 6. The sizes of the fragments 

were determined from this curve and are listed in Table 3. 

Table 3. Fragment sizes of undigested pIP101 andplP101 digested with Sac I 

and CIa I restriction enzymes. Normal type represents the observed fragment 

sizes and bold type represents the expected fragment sizes. The symbols ', 

"I" and Itf refer to the relaxed, linear and supercoiled forms, respectively. 

undigested Sac I CIa I Sac I/CIa I  

7410 ( r) 5010 (5200) 5010 (5200) 3980 (4083) 

5620 (I) (5200) 1120(1116) 

3160(s) 

The undigested sample of plPlol contained 3 bands representing all three 

forms of the DNA (relaxed (r); linear ( I); and supercoiled (s)). The assignment 

of the 3 different forms of the DNA in Table 3 was based upon the following: 

The linear form migrates at the same rate as the linear molecular weight 



58 

b c 

IIIIIIIIIIN 

d e 

400 

sow 

Figure 5. Restriction digest analysis of piP101 with Sac I and CIa I restriction 

enzymes. Samples were electrophoresed on a 1% agarose gel at 50V for 2 h. 

For this figure and all subsequent figures of agarose gels, the observed 

fragment sizes are listed in " normal" type and the expected fragment sizes are 

listed in "bold" type. (a) Lambda DNA-Hind III molecular weight markers 

containing the following molecular sizes (in bp) beginning from the top of the 

gel 23,130 bp; 9416 bp; 6557 bp; 4361 bp; 2322 bp; 2027 bp and 

564 bp. These markers were used in all subsequent agarose gels. (b) 

Undigested pIP101. The three bands represent three different forms of the 

plasmid. They are, from top to bottom, relaxed ( r), linear ( I) and supercoiled (s) 

forms. (c) Sac I digestion of plP101 (5010 bp; 5200 bp). (d) CIa I digestion of 

pIP101 (5010 bp; 5200 bp). (e) Sac I/CIa I double digestion of piP101 (3980 

bp, 1120 bp; 4084, 1116 bp). 
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Figure 6. This curve is a representative sample of the standard curves used 

throughout this thesis to determine the size of fragments in unknown samples 

based on their migration distances. The log values of the lambda DNA-Hind Ill 

fragment sizes were plotted against the distance travelled by each fragment. 

The size of a particular fragment in the unknown sample was determined from 

the inverse log value from the standard curve corresponding to the distance 

travelled by that fragment in the unknown sample. One set of standards was 

run for each gel presented in this thesis and a new standard curve was plotted 
for each different gel. 



60 

standards and thus is assigned to the 5620 bp band since the molecular size 

of piPiOl is about 5200 bp. The supercoiled form was assigned to the 3160 

bp band because others have shown that supercoiled DNA migrates ahead of 

linear DNA in Tris-acetate buffers (Longo and Hartley, 1986) and all agarose 

gels were electrophoresed in Tris-acetate buffers. Through the process of 

elimination, the relaxed form was assigned to the 7410 bp band. Furthermore, 

digestion of plPloi with Sac I (lane c) and CIa I (lane d) gave one band of 

5010 bp (each restriction enzyme cuts pIPiOl once), indicating that all three 

forms had been converted to the linear form (5200 bp) and thus all three forms 

of piPiOl existed in the undigested sample. Because all gels were run under 

nearly identical conditions, the migration pattern for all 3 forms was always the 

same as above for all double-stranded DNA. Double digestion of plPlol with 

Sac I and CIa I gave two fragments of 3980 bp and 1120 bp. The difference in 
fragment size between that observed and that expected was 2.5% and 0.4%, 

respectively. Small differences between observed and expected fragment 

sizes will arise because of inherent difficulty in determining accurate migration 

distances and because a very small difference in migration distance is 

magnified by using log values. This is especially true when large amounts of 

DNA (> 1 pg) are loaded onto the gel. However, these initial studies showed 

that the plasmid isolated from E. coIl 8117 probably was pIPi 01 based on the 

restriction pattern. The genotype of piPi 01 was again tested by transforming 

two different amp, IacZ E. coil cell lines (JM1 08 and S185), with purified 

preparations of pIP101 and plating on dYT plates under appropriate 

conditions. 

3.1.3 Transformation of JM1 08 and S185 with pIP101 

The Amp- and LacZ phenotypes of JM1 08 and Si 85 were tested before 

transforming with piPi 01. The Amp- phenotype was tested by plating JM1 08 

and Si 85 on dYT + amp plates and dYT plates without amp. There was no 

cell growth on dYT + amp plates for either cell line but there was growth on 

dYT plates. Therefore both cell lines showed the Amp- phenotype. The LacZ-

phenotype was tested by plating JM1 08 and Si 85 on dYT + lPTG + x-gal. All 

colonies were white, indicating that both cell lines were LacZ-. To test the 

plPi0i genotype (amp+ and IacZ+), JM1 08 and S185 were made competent 

and transformed with pIPi 01 and then the transformed cells were plated on 
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dYT + IPTG + amp + x-gal plates. Only those cells containing piPi 01 will grow 

under these conditions and should produce blue colonies. Several 

transformation experiments were performed with plPlol isolated from different 

blue colonies. The results of these transformation experiments are shown in 

Table 4. 

Table 4. Analysis of the Amp and LacZ phenotypes of amp, iacZ cells JM-

108 and Si 85, after transformation of these cells with purified plPloi from 

several blue colonies of E. coil 811 7/piPi 01. The transformed cells were 

plated on dYT + IPTG + amp + x-gal plates. 

S185 JM-108 

Trial % blue colonies  Trial % blue colonies 

1 57.9 1 66.0 

2 64.6 2 46.7 

3 93.3 3 52.0 

4 73.8 

5 92.9 

The results presented in Table 4 show that the transformed JM1 08 and 

Si 85 cells grew in the presence of amp but in all cases, regardless of the cell 

line transformed, some white colonies were always present (although 

theoretically, all colonies should have been blue): These results reflected the 

results seen, in the initial plating experiments of 811 7/plPi 01 (section 3.1.1). 

Because colonies grew in the presence of amp, they must have been 

transformed with piPi 01. However, the existence of white colonies after 

transformation of a IacZ cell line with piPi 01, in the presence of amp and x-

gal, could only be possible if there was a mutation in the IacZ promoter which 

destroyed 13-galactosidase expression or a mutation in the structural gene 

which would give a non-functional 13-galactosidase protein. This phenomenon 

was investigated further. 
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3.1.4 Plasmid, SDS-PAGE, and 13-Galactosidase Activity Analysis of White 

Colonies After Transformation of Si 85 with plPi0i 

White colonies of Si 85 transformed with piPi 01 were analyzed for the 

presence of plPloi plasmid, 13-galactosidase protein and 13-galactosidase 

activity. ML-308, Si 85 and blue colonies of Si 85 transformed with piPi 01, 

were controls and were analyzed in the same manner. piPiOl was isolated 

from each sample using the small scale plasmid isolation method (section 

2.2.1.2) and analyzed on a i% agarose gel without prior restriction digestion. 

An undigested sample of plPi oi, isolated by the large scale method, was run 
on the gel as a control. The results from the plasmid isolation can be seen in 

Figure 7 and are summarized in Table 5. Crude protein preparations for each 

colony were prepared as described in section 2.2.14 and analyzed for the 

presence of B-galactosidase by SDS-PAGE (section 2.2.15) and for 13-

galactosidase activity by the ONPG assay (section 2.2.16). The results from 

the SDS-PAGE analysis and specific activity measurements are presented in 

Table 5 along with the plasmid isolation results from Figure 7. 

Table 5. Plasmid, SDS-PAGE and 13-galactosidase activity analysis of blue 

and white colonies after transformation of Si 85 with piPi oi. A "+" indicates a 

positive result, a "-" indicates a negative result and "+1-" indicates an unknown 

result. The symbols (a) through (m) refer to the lanes in Figure 7. 

plPl 01 Specific Activity 

Sample plasmid B-gal (SDS-PAGE) units/mg)  

ML-308 (b) + 34.5 

S185 (C) 0.006 

Blue colony + (d) + 7.7 

Blue colony + (e) + 7.7 

Blue colony + (f) + 8.3 

Blue colony + (g) + 9.5 

Blue colony + (h) + 10.1 

White colony + (i) 0.005 

White colony (j) 0.003 

White colony , •1- (k) 0.003 

White colony + (I) 0.000 

White colony + (m) 0.000 
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Figure 7. Agarose gel analysis of plasmid preparations of ML-308, S185, 

S185/plP1O1 white colonies and S185/pIP1O1 blue colonies. These samples 

were electrophoresed on a 1% agarose gel at 50V for 2 h. None of the 

samples were digested with restriction enzymes. (a) piPi 01 purified by the 

large scale method. (b) ML-308 colony. (C) S185 colony. (d - h) Blue 

colonies of S185/plP101. (I - m) White colonies of S185/plP101. (n) Lambda 

DNA-Hind Ill markers. The band of interest on the gel is the supercoiled form 

of piP101 and is indicated by the white arrow. 
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Plasmid analysis of ML-308 showed that piPi 01 was absent, as expected, 

since it should not contain the plasmid. However, other bands were present 

which could not be accounted for. ML-308 did show the presence of a 3-

galactosidase band on SDS-PAGE gels and a high specific activity which was 

present as a result of expression of 13-galactosidase from the chromosomal 

IacZ gene. Plasmid analysis of Si 85 showed that there was no piPi 01 

present, as expected. Furthermore, there was no f3-galactosidase band 

present on SDS-PAGE gels and no 13-galactosidase activity (<0.02% of ML-

308), indicating that S185 was IacZ as expected. Analysis of all 5 of the blue 

colonies that were tested, showed the presence of the piPi 01 plasmid on 

agarose gels and 13-galactosidase on SDS-PAGE gels. They also showed 

significant 13-galactosidase activity although not to as great a magnitude as the 

ML-308 control (22-29%). These lower specific activities may have been a 

result of weaker expression of 13-galactosidase from the plasmid IacZ gene 

present in the blue colonies as compared to stronger expression of 13-

galactosidase from the chromosomal IacZ gene in ML-308. Plasmid analysis 

of the white colonies showed that 3 of the 5 samples ( I, I and m) contained the 

piP101 plasmid. In one case, (j), piP101 did not appear to be present and in 

the other case, (k), the presence or absence of plPlol could hot be 

determined because there was too much chromosomal contamination. There 

was no 13-galactosidase band at the expected position on SDS-PAGE gels for 

any of the 5 white colonies. The absence of 13-galactosidase in the 5 samples 

was reflected in the values obtained for the 6-galactosidase activity. In two 

cases, the activity was found to be zero, and in the other 3 samples, the activity 

never rose above the background values seen in the negative control S185. 

Collectively, these results showed that white colonies appearing after 

transformation of S185 with plPlol in the presence of x-gal, were white 

because of the absence of the 13-galactosidase protein rather than to the 

presence of inactive 13-galactosidase. Furthermore, because piPi 01 was 

shown to be present in at least 3 of the 5 white colonies tested, lack of 3-

galactosidase protein and activity was probably due to: ( 1) a mutation in the 

IacZ promoter which destroyed 13-galactosidase expression or (2) a deletion 

mutation in the structural gene which would give a truncated non-functional 13-

galactosidase that was not detected at the expected position on the SDS-

PAGE gel. 
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This finding proved to be useful because, as it turned out, the glu 461 to gin 

461 mutation decreased 13-galactosidase activity to such an extent that 

expression of the mutant piasmid (piPi 01 -Q461) in the S185 cell line gave 

white colonies in the presence of x-gal. However, because the transformation 

of Si 85 with wild-type pIPi 01 also gave rise to some white colonies as 

already seen (section 3.1.3), the presence of white colonies after 

transformation of Si 85 with the mutant plasmid, could be a result of either the 

gIn 461 mutation or the transformation phenomenon. The two cases could be 

distinguished by screening crude protein preparations of white colonies and 

then analyzing them for 13-galactosidase protein by SDS-PAGE. White 

colonies showing a band at the 13-galactosidase position on the gel, contained 

the mutant 6-galactosidase. This screening method was fairly tedious when a 

large number of samples had to be screened and thus an alternate, less 

tedious screening method, utilizing anti- 13-galactosidase antibodies, was 

investigated. 

3.1.5 Detection of 13-Galactosidase Using Anti-13-Galactosidase Antibody 

Assays 

Two different Ab assay systems were investigated as possible B-

galactosidase detection methods: the ELISA assay and the Immunoblot assay. 

In both cases, purified r3-galactosidase from ML-308 was used as a positive 

control to set up initial conditions and then the assay was used to try to detect 

13-galactosidase in crude preparations of ML-308 and S185. The principles 

involved in detecting the antigen ( 13-galactosidase) using both assay systems 

are based on the following: The antigen binds to the polystyrene matrix of the 

ELISA plate or the nitrocellulose membrane, (most likely through hydrophobic 

interaction). Excess binding sites on the matrix are then blocked with BSA. 

The 10 Ab (anti-13-galactosidase lgG) binds to the antigen leaving the Fc 

portion of the Ab exposed. The 20 Ab is composed of two molecules 
conjugated together. One molecule binds specifically to the Fc portion of the 

10 Ab and the other is responsible for catalyzing a color development 

reaction. In the case of the ELISA assay, the 20 Ab was protein A conjugated 

to horse radish peroxidase. The protein A molecule binds to the Fc portion of 

the 10 Ab (Surolia et al., 1982), leaving the peroxidase enzyme exposed. The 

peroxidase enzyme oxidizes H202, which in turn, reduces the ABTS molecule 
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to give a colored product (green). In the case of the Immunoblot assay, the 2 

Ab was anti-mouse IgG (Fe), conjugated to alkaline phosphatase. The anti-

mouse lgG binds to the Fe portion of the 10 Ab leaving the alkaline 

phosphatase enzyme to react with the color substrate NBT and BCIP to 

produce a purple color. 

It was important to run controls, in order to test that the proper specific 

interactions between Ag and Ab were obtained and false positive results did 

not occur. False positives will occur if all binding sites on the matrix are not 

blocked properly. This would allow either 10 or 20 Ab to bind to the matrix in a 

non-specific manner, rather than, or in addition to, binding specifically to Ag or 

10 Ab respectively. 

3.1.5.1 ELISA Assay 

Purified r3-galactosidase (ML-308) was diluted to 0.2 g4tL with coating 

buffer and 100 p.L aliquots were pipetted into wells 3 through 10. One 

hundred ItL of PBS buffer was pipettedinto wells 1 and 2. The plate was 

covered with Saran Wrap and incubated for 1 h at 370C. The plate was 

washed and then 99 jiL of blocking solution were pipetted into wells 1 through 

10 and incubated at 37°C for 20 mm. A 1 iiL aliquot (16.6 p.g) of stock primary 

polyclonal Ab was added to wells 3 and 4 to give a 10 Ab concentration of 

0.166 g4xL. Eleven iL from well 3 were removed and discarded. Eleven L 

from well 4 were placed into well 5 and mixed by pipethng to give a 1/10 

dilution of Ab in this well. Successive 1/10 dilutions in successive wells were 

done in the same manner for wells 6 through 10. Eleven ut were removed 

from the last well so that all wells had the same volume of solution. After 

incubation for 1 h at 370C, the plate was washed and 100 j.tL of the 2° Ab 

(1/500) were added to each well and incubated for 1 h at 37°C. The plate was 

washed, dried and then 100 p.L of the color development substrate 

(ABTS:H202) were added. The color development reaction (green) was 

followed over a 30 min period. The results from this assay are presented in 

Table 6. 
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Table 6. ELISA assay results using purified 8-galaàtosidase from ML-308 as 

the test antigen. A "-" indicates the absence of a component and a "+" 

indicates the presence of a component. The extent of the color reaction is 

presented as "0" for no reaction and increases to "5" for the strongest reaction. 

well 1 2 3 4 5 6 7 8 9 10 

component  

13-gal - + + + + + + + 

primary Ab - 10-2 10-2 1 1 1 10-6 10-7 0-8 

secondary Ab + + + + + + + + + 

color rxn 0 0 1 5 4 3 2 0 0 0 

Wells 1 through 3 were controls used to test for false positive reactions. 

Well 1 contained no Ag, 10 Ab or 2° Ab and showed no color development. A 

negative result in well 1, where Ag and Ab were absent, indicated that there 

was no background reaction from the color substrate itself. Well 2 contained 

no Ag or 10 Ab but did contain 20 Ab. A negative reaction in well 2 indicated 

that the 2° Ab was blocked from binding to the well and thus there was no 

background reaction from the 20 Ab. Well 3 contained 10 Ab and 20 Ab but 

no Ag. No color reaction was expected in well 3 but there was a slight color 

reaction. Because no Ag was present for the 10 Ab to bind to, but there was a 

slight reaction, it was evident that the 10 Ab was binding to the well in a non-

specific manner. Attempts were made to minimize this interaction by blocking 

the wells with increasing amounts of BSA in the blocking solution, but there 

was always some background reaction. Wells 4-10 contained all the 

components necessary for a complete reaction (Ag, 10 Ab and 20 Ab). The 

amount of Ag (20 tg) and 20 Ab (1/500 dilution) was constant in each well. 

The concentration of 10 Ab decreased by a factor of 10-1 for each consecutive 

well. As expected, the greatest color reaction was observed in well 4 which 

contained the greatest 10 Ab concentration and decreased as the 

concentration of 10 Ab decreased. Dilutions of 10 Ab greater than 10 (wells 

8-10) gave color reactions equal to or less than the background in well 3. 

Therefore, subsequent ELISA assays on unknown samples were performed at 

Ab dilutions equal to, or greater than, i0 5 (≥1.66 x p.g of 10 Ab). 

Despite, the non-specific binding problem, the ELISA assay seemed to work 
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on purified 13-galactosidase. The next step was to use the ELISA assay to 

detect 13-galactosidase in crude preparations. 

Crude preparatibns of ML-308 (which gave positive ONPG assays for (3-

galactosidase) and Si 85 (which gave negative ONPG assays for 13-

galactosidase) were prepared as in section 2.2.14. The protein concentration 

in each sample was about 10 j.tg/iL. One hundred iL of each (1 mg protein) 

was tested for the presence or absence of 13-galactosidase using the ELISA 

assay described above. Table 7 summarizes the results obtained from this 

experiment. 

Table 7. ELISA assay of crude preparations of ML-308 and S185. The results 

in this table are presented in the same manner as Table 6. 

well 1 2 3 4 5 6 7 

component 

Ag(ML-308 - + + + + 

orS185) 

primary Ab - 10-2 10-2 iO 4 i0'5 

secondary Ab + + + + + + 

ML-308 rxn 0 0 1 4 3 2 1 

S185rxn 0 0 0 3 1 0 0 

As in the previous ELISA assay (Table 6), wells 1 through 3 were controls 

while wells 4-7 were the test wells. The results from the positive control (ML-

308) were similar to the results obtained with the purified (3-galactosidase in 

the previous ELISA assay. The greatest color developed in the well 

containing the greatest concentration of 10 Ab and decreased as the 

concentration decreased. Also, there was some non-specific binding of the 10 

Ab (well 3). The negative control, S185, was expected to show no reaction in 

any of the wells (apart from possible background reactions). However, it 

showed a positive reaction in well 4 and 5, well above the background 

reaction. This experiment was repeated several times and the same results 
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were obtained repeatedly. Because S185 was believed to be negative for 13-

galactosidase (as suggested by the results obtained from SDS-PAGE analysis 

and ONPG assays in section 3.1.4), yet gave a positive reaction using anti-B-

galactosidase Ab, it was thought that the crude S185 samples contained a 

cross reacting species that shared the same epitope with 13-galactosidase. A 

possibility for removing the cross reacting material would have been to purify 

the S185 crude preparations by the method used to purify 13-galactosidase 

and then test fractions at different stages of the purification for cross reactivity. 

Possibly at some stage, the cross reacting species may have been removed 

and thus future samples to be screened by the ELISA assay would have to be 

purified to this degree before being assayed. However, this was not attempted 

as the main reason for using the ELISA assay was to decrease the amount of 

work in screening colonies for mutant 13-galactosidase, not add to it. In 

addition, although repeated ELISA assays showed the same trends as given 

in Table 7, exact reproducibility was never obtained, possibly as a result of 
cross contamination between wells during the washing and binding steps. 

Because of this problem as well as the problem of non-specific binding of 

primary antibody to the polystyrene plates, the Immunoblot assay was 

investigated as an alternative antibody detection system. 

3.1.5.2 Immunoblot Assay 

All Immunoblot assays were performed according to the procedure outlined 

in Materials and Methods section 2.2.17.2. The Immunoblot assay differs from 

the ELISA assay in that nitrocellulose membranes replace the polystyrene 

plates as the binding matrix for the Ag. In addition, the entire membrane is 

submersed in the different reaction buffers rather than adding the buffers to the 

wells as in the ELISA assay. As in the ELISA assay, the Immunoblot assay 

was first tested using purified 13-galactosidase as the antigen. 

Five membranes were used. Membrane 1 was used to test the complete 

Ag-Ab reaction. Membranes 2 to 5 were controls to test for false positive 

reactions (similar to wells 1 through 3 in the ELISA assay). Membrane 1 was 

spotted with varying amounts of pure 13-galactosidase. A stock solution of pure 

13-galactosidase (5 j.tg/j.i.L) was diluted to give concentrations of 0.01, 0.02, 

0.04, 0.08, 0.1, 0.2, 0.4, 0.6, 0.8 and 1.0 p.g/pL. A 1 pt aliquot of each 

concentration of 13-galactosidase (including 5 pg/pt) was spotted separately 
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onto the membrane in a pre-determined grid pattern (the final amounts of 

antigen applied to each membrane were 0.01, 0.02, 0.04, 0.08, 0.1, 0.2, 0.4, 

0.6, 0.8, 1.0 and 5.0 p.g). Membrane 1 was then exposed to 10 Ab and 20 Ab. 

Membrane 2 was spotted with antigen identical to membrane 1 but was 

exposed to 2° Ab only. Membrane 3 was spotted with Ag and exposed to 10 

Ab only. Membrane 4 was spotted with Ag but was not exposed to 10 or 2° 

Ab. Membrane 5 contained no Ag but was exposed to 10 and 2° Ab. All 

membranes were exposed to the color development solution and then the 

reaction was quenched and the results recorded. The results from this 

experiment are summarized in Table 8 and can be seen in Figure 8. 

Table 8. Immunoblot assay using purified 13-galactosidase from ML-308 as the 

test antigen. 

Membrane Ag primary Ab secondary Ab reaction  

1 (test) + 

2 (control) + 

3 (control) + 

4 (control) + 

5 (control) - 

+ + 

+ 

+ 

• 

There did not appear to be any background color on any of the membranes 

which suggested that the non-specific binding problem seen in the ELISA 

assay was solved by using the Immunoblot assay. A positive reaction was 

seen only in membrane 1 where all of the components in the assay system 

were present (Ag, 10 Ab and 20 Ab) and a negative reaction was seen for all 

the controls where at least one component of the assay system was missing. 

The test membrane (membrane 1) showed a positive reaction for all of the 

spots from 0.010 jag to 5ig. However, there did not appear to be a direct 

correlation between the amount of antigen present and the intensity of the 

color reaction, at least for spots which contained greater than 0.04 p.g of Ag. 

Despite this, the Immunoblot assay seemed to work quite well. The next step 

was to use this method to test crude protein preparations tor 13-galactosidase. 

Crude preparations of ML-308, S185, S185/plPlol -white colony and 

S185/plPlol-blue colony were prepared as described in section 2.2.14. The 

concentration of protein in each sample was determined by measuring the 
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Figure 8. Immunoblot assay of purified 13-galactosidase (ML-308). (a) The test 

membrane (membrane 1) was spotted with the following amounts of pure 

13-galactosidase (ML-308) from top left to bottom right: 0.00, 0.01, 0.02, 0.04, 

0.08, 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, and 5.0 ug. (b) A representative photograph of 

the results from all control membranes (i.e. membranes 2-5). All control 

membranes were spotted with 13-galactosidase as in (a) except membrane 5. 

The description of each control is given in Table 8. 
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A280. Aliquots of each sample were spotted onto a nitrocellulose membrane. 

Pure 13-galactosidase (ML-308) was also spotted on the membrane (0.1 p.g) as 

a positive control. The membrane was treated by the lmmunoblot procedure 

described earlier. The lmmunoblot assay results are presented in Table 9 and 

can be seen in Figure 9. 

Table 9. lmmunoblot assay of crude preparations of ML-308, S185, 

S185/plP101-white colonies and S185/plPlol-blue colonies. Pure 13-

galactosidase (ML-308) was run as a control (spot a and g). No Ag was 

spotted for spots d and j. 

Amount 

Spot Sample (na) Reaction  

a pure 13-gal 0.1 + 

b S185 9.0 + 

c S185 18.0 + 

d 

e ML-308 5.2 + 

f ML-308 10.4 + 

g pure 13-gal 0.1 + 

h S185/plP-white 8.6 + 

S185/pIP-white 17.2 + 

k S185/plP-blue 9.9 + 

S185/piP-blue 19.8 + 

A positive reaction was seen for all samples tested, including the negative 

control Si 85. These results confirmed the results obtained by the ELISA 

assay, suggesting again that some cross reacting species exists in the crude 

protein preparations. One might be inclined to suggest that maybe the cell 

line Si85 was possibly expressing 13-galactosidase, but previous SDS-PAGE 

gels on these crude preparations distinctly showed the absence of a 13-

galactosidase band at the expected position. It might be possible that a 

truncated form of 13-galactosidase was being expressed and was recognized 

by the polyclonal anti-I3-galactosidase Ab. A monoclonal anti-13-galactosidase 
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Figure 9. Immunoblot assay of crude samples. (a) 0.1 jig of pure 13-

galactosidase (ML-308). (b) 9.0 .tg of protein from S185. (c) 18.0 p.g of 

protein from S185. (d) No Ag. (e) 5.2 jig of protein from ML-308. (f) 10.4 jig of 

protein from ML-308. (g) 0.1 jig of pure 13-galactosidase (ML-308). (h) 8.6 jig 

of protein from S185/plPlol -white colony. (i) 17.2 jig of protein from 

S185/pIP101 protein-white colony. (j) No Ag. (k) 9.9 jig of protein from 
S185/plP101-blue colony. ( I) 19.8 jig of protein from S1 85/pIP1 01 -blue 

colony. 
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mouse lgG antibody was used in place of the polyclonal Ab and the 

immunoblot assay was repeated on the same samples in the hope that there 

would not be any cross-reactivity, however, the same results were seen. 

Based on all of these failures with the antibody assays, it was decided it would 

be best to use SDS-PAGE analysis as the method for screening white 

colonies for the presence of inactive (3-galactosidase. 

3.2 Mutagenesis 

3.2.1 Summary of the Mutagenesis Strategy 

A schematic summary of the mutagenesis strategy used to replace glu 461 

of B-galactosidase with a gin residue is presented in Figure 10. A more 

detailed description of the mutagenesis reactions showing the actual 

nucleotide sequence changes is presented in Figure 11. 

piPi 01 was digested with Sac I and Cia I restriction enzymes to generate a 

1.1 Kb fragment of the IacZ gene containing the glu 461 codon. This fragment 

was isolated from an LMP gel and designated as SC1.1. The larger fragment 

(4.1 Kb) from the double digestion of piP101 with Sac I and CIa I was also 

isolated from an LMP gel and was designated as pIPi 01 SC4.1. This fragment 

was stored for re- ligation of the SC1.1 fragment after mutagenesis. M13mp18 

was digested with Sac I and Acc I (muiticloning site of M13mp18)to generate 

two fragments of 7223 bp and 27 bp. The larger fragment was designated as 

M13mp18SA. SC1.1 and M13mp18SA were ligated together to form the 

recombinant vector M13SC1.1 (8.3 Kb). SC1.1 was cloned into M13mp18SA 

for mutagenesis rather than the entire IacZ gene, in order to reduce the 

amount of nucleotide sequencing required to sequence for spurious mutations 

after the mutagenesis reactions. Ligation at each junction in the M13SC1.1 

was possible because of complementary overhangs, but the sequence at the 

junction between the Acc I end and the Cia I end produced a hybrid sequence 

which could not be cleaved by either enzyme. It was therefore necessary to 

do site-directed mutagenesis to regenerate the Cia I site so that the SC1.1 

fragment could be cloned from the M13 recombinant DNA back into pIP101 

after mutagenesis, to form the complete IacZ gene. A single base. change 

was introduced into the M13 section of M13SC1.1, changing the Acc I/CIa I 
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Clal site ( methylated) 
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MI3SCI.1C3u-0461 

Figure 10. A summary of the mutagenesis strategy used to change wild-type 

13-galactosidase to E461 Q-13-galactosidase. For a detailed description see 

Results and Discussion section 3.2.1. 
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5' CTCATCGACTGCA 3' Ml 3S01 .1 RF DNA with the hybrid 
3' GAGTAGCT.GACGT 5' Acc I/Cia I sequence ATCGAC 

TAGCTG 

5' CTCATCGACCTGCA 3' M13SC1.1 (+) strand 
3' GAGTAGCTAGACGT 5' CIa Im oligonucleotide 

Acc I/Cia I to Cia Im mutagenesis 

5,  
3'  

CTCATCGATQTG CA  
GAGTAGCTA.ACGA  

5' CTCATCGAT0TGCA  
3' GAGTAGCTATACGT  

3' M13SC1.1C3m RF DNA with the 
5' CIa I sequence ATCGAT and the 

dam methyiase sequence GATC 

3' M13SC1.1C3m (+) strand 
5' CIa lu oligonucleotide 

CIa Im to CIa lu mutagenesis 

5' CTCATCGATATGCA 3' M13SC1.1C3u RF DNA containing 
3' GAGTAGCTATACGT 5' the CIa I sequence ATCGAT without 

the dam methylase sequence 

3' M13SC1.1C3u RF DNA sequence 
5' around the glu 461 (5' GAA 3') 

codon 

5' CCTGATTATTCCC  
3' GGACTAA.TAAGGG 

5' CCTGATTCATTCCC 3' 
3' GGACTAACTAAGGG 5' 

M13SC1.1C3u (+) strand 
0461 oligonucleotide 

E461 to 0461 mutagenesis 
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hybrid sequence to one that was recognized by CIa I only and creating the 

new mutagenesis vector M13SC1.1C3m. However, this change also created 

a dam methylase recognition sequence in the same area, which inadvertantly 

allowed the DNA to be methylated and rendered the DNA impervious to Cia I 

restriction. A second base change was therefore introduced into the M13 

section of M13SC1.1C3m to destroy the dam methylase recognition 

sequence in order to create the mutagenesis vector Ml 3SC1 .1 C3u. The 

mutagenesis reaction to replace glu 461 with a gin in SC1 .1 was then done by 

changing the GAA codon in M13SC1.1C3u to CAA. The resulting vector was 

designated M13SC1.1C3u-0461. The 1.1 Kb fragment containing the Q461 

mutation (SC1.1-0461) was isolated from M1 3SC1. 1 C3u-0461 after Sac I 

and CIa I digestion and ligated with pIP101 SC4.1 to generate the intact 

plasmid plPl 01 -Q461. The plasmid was transformed into Si 85 'and colonies 

were screened for mutant B-galactosidase (E461 Q-B-galactosidase) by SDS-

PAGE. E4610-13-galactosidase was purified and studied. Its properties were 

compared to those of wild-type B-gaiactosidase. The SC1.1-Q461 fragment 

was cloned from pIP101-Q461 back into M13mp18SA and the entire 1.1 Kb 

fragment was sequenced.. 

3.2.2 Detailed Mutagenesis Results 

3.2.2.1 Construction of M13SC1.1 

The piPi 01 plasmid was digested with the restriction endonucleases Sac I 

and CIa I and the reaction mixture was run on a 1% LMP agarose gel. SC1.1 

was isolated by electroelution and an aliquot was run on a normal 1 % 

agarose gel to estimate the amount of DNA present and analyze the purity. 

This is presented in Figure 12. The observed fragment size of 11 20 bp was 

very close to the expected fragment size of 1116 bp and the preparation 

looked quite pure. Based on the known nucleotide sequence of IacZ (Kalnins 

et al., 1983), SC1 .1 had the following sequence at the 5' and 3' ends of the 

fragment: 

Sad I Clal 

5' 3' non-coding strand (NC) 

3' TCGA GC 5' coding strand (C) 
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Figure 12. Agarose gel analysis of SC1 .1 isolated from piPi 01. pIPi 01 was 

digested with Sac I and CIa I and then run on a 1% LMP gel. The 1.1 Kb band 

was isolated by electroelution and then electrophoresed on this gel (1% 

agarose) at 50 volts for 25 h. (a) Lambda DNA-Hind Ill markers. (b) SC1 . 1 

(1120 bp; 1116 bp). 
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The coding strand of the IacZ gene contained the 3' overhang sequence, 

3' TOGA 5', from Sac I digestion and the 5' overhang sequence, 3' GO 5', from 

CIa I digestion.' Ml 3mp1 8 was chosen as the vehicle for the SC1 .1 insert 

because it allowed SC1.1 to be cloned directly in an orientation which placed 

the non-coding strand of the IacZ fragment into the (+) strand of the Ml 3 

vector, such that sequencing of all Ml 3 vectors allowed the sequence of the 

coding strand of !acZto be read directly from the sequencing gel. It would 

have been ideal to be able to digest M13mp18 with the same two enzymes 

used to obtain SC1.1. However, this was not possible. Although Sac I could 

be used, CIa I could not because M13mp18 contained two CIa I restriction 

sites and unlike Sac I, both CIa I restriction sites were in essential regions of 

the phage genome. Acc I was the enzyme chosen as an alternative to CIa I 

because the Acc I restriction site was in the multicloning site of M13mp18 

(non-essential region of the phage genome) and it digested M13rnp18 

uniquely. It also left the same complementary overhang sequence (GO) as 

CIa I. The Sac I and Ace I restriction sites were only 27 bases apart and so the 

digestion of Ml3mpl.8 with Sac I and Acc I gave two fragments of 27 bp and 

7223 bp (Ml 3mpSA). Figure 13 shows the results of the restriction digest of 

M13mp18 RF with Sac I and Accl run on a 1% agarose gel. The major band 

in the undigested sample (lane b) was supercoiled M13mp18 RF. Digestion of 

M13mp18 RF with Sac I ( lane c) generated linear M13mp18 RF of about 5750 

bp. The expected fragment size was 7250 bp. This large difference probably 

occured as a result of either overloading the gel with too much DNA or large 

differences in salt concentrations between the lambda DNA-Hind Ill markers 

and the sample DNA, or a combination of both. Digestion of Ml 3mpl 8 with 

Sac I and Acc I (lane d) generated a band which ran at an identical position as 

linear M13mp18 (lane c). A 1% agarose gel was unable to fractionate the 

linear M13mp18 DNA (7250 bp) from M13mpSA (7223 bp) because they were 

so close in molecular size (the smaller fragment from the double digestion (27 

bp) was probably electrophoresed off the gel). Because of this, it was not 

possible to determine visually if Ml3mp18 was cut by both enzymes or by one. 

However, it was not necessary, since ligation of SC1.1 with M13mpSA would 

lead to intact circular molecules which would be stable inside a host cell while 

ligation of SC1.1 into M13mp18 would give linear molecules which would be 

digested by the host cell upon transformation. The band present in lane d was 

isolated from LMP agarose and was then treated with CIP to 
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Figure 13. Agarose gel analysis of M13mp18 digested with Sac I and Acc I 

restiction enzymes. Samples were electrophoresed at 50 volts for 1.5 h on a 

1% agarose gel. (a) Lambda DNA-Hind III markers. (b) Undigested M13mp18 

RF. (C) Sac I digestion of M13mp18 RF (5750 bp; 7250 bp). (d) Sac l/Acc I 

double digestion of M13mp18 RF (5750 bp; 7223 bp). 
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dephosphorylate the 5' P ends to 5' OH, thereby eliminating elf-ligation or 

cross-ligation (concatamerization) of these fragments to each other. 

Dephosphorylated Ml 3mpl 8SA RF was then ligated with SC1 . 1 (section 

2.2.5) and transformed into TG2 cells. The insertion of SC1 .1 into the 

polycloning site of Ml 3mpl 8 destroyed the ability of the IacZ' fragment to 

alpha complement the M15 protein in TG2 and thus in the presence of x-gal, 

cells containing the intact recombinant DNA produced white plaques. White 

plaques were selected and the ss DNA was obtained to give the first 

mutagenesis vector M13SC1.1. A schematic diagram of this vector is 

presented in Figure 14. Ligation between the Sac I end of SC1 .1 and the 

Sac I end of Ml 3mpSA regenerated the Sac I restriction site. However, 

ligation of the CIa I end of SC1.1 and the Ace lend of M13mpSA produced a 

hybrid sequence which could not be cleaved by either CIa I or Ace I. The 

reason for this was that CIa I and Ace I recognize different nucleotide 

sequences but generate the same overhang sequence. The sequence 

recognized by CIa I (underlined) in IacZ was 5' CAT/CGAT 3' while that 

recognized by Ace I in M13mp18 was 5' GT/CGAC 3'. Although they both left 

the same complementary overhang sequence of CG, which allowed for base 

pairing, the resulting ligation at this junction created a hybrid sequence 

(5' CATCGAC 3' - the SC1 .1 portion of the recombinant vector is indicated in 

bold type) that was unrecognizable by either restriction endonuclease (see 

Figure 11). Because it was necessary to clone the SC1 .1 fragment back into 

plP1O1SC4.1 to restore the intact iacZgene after mutagenesis, it was 

necessary to be able to digest this fragment from the Ml 3 vector with CIa I and 

thus, it was necessary to change the Ace I/CIa I hybrid sequence in M13SC1.l 

to a CIa I recognition sequence (M13SC1.1C3m) by site-directed 

mutagenesis. 

3.2.2.2 Ace I/CIa Ito CIa lm Mutagenesis 

As mentioned earlier, the "double primer" method was used for all the 

mutagenesis reactions presented in this thesis. One primer was the 

mutagenic primer, which was completely complementary to the ss template in 

the region to be mutated, except for a single base mismatch at the base 

position directing the mutation. All of the mutagenic oligonucleotides used in 

this thesis, were constructed so that the base directing the mutation was 
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Acc I/Cia I 
7353 . 

4) 

6237 

7971k 839/O 

Clal 
2527 

Figure 14. A schematic diagram of the (+) strand of Ml 3SC1 . 1. The total size 

of M13SC1.1 is 8339 -bp. There are 2 CIa I restriction sites (one at position 

7971 and one at position 2527. There is one Sac I site at the junction 

between the M13 DNA and SC1.1 at position 6237 of M13 DNA There is an 

Acc I/Cia I hybrid site at position 7353 of M13 DNA. The non-coding strand of 

SC 1.1 is in the (+) strand. Digestion of Ml 3S01.1 with Sac I generates a 

linear fragment of 8339 bp. Digestion with CIa I generates 2 fragments of 

5444 and 2895 bp. 
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positioned in the middle of the oligonucleotide (8 - 9 bases from either end). 

This was done to protect the mismatch from 3' exonuclease activity of the DNA 

polymerase Klenow large fragment. Work by Gillam and Smith (1979a) has 

shown that even one additional nucleotide at the 3' end of a mutagenic 

oligonucleotide, gives excellent protection against the 3' exonuclease activity 

of DNA polymerase I (Gillam and Smith, 1979a). The second primer was the 

universal Ml 3 primer (5' dGTTTTCCCAGTCACGAC), which hybridized to a 

segment of the Ml 3 DNA template downstream of the mutagenic primer (ie. 

the 5' side of the mutagenic primer) and was completely complementary,to this 

section of the template. The universal primer served to protect the mutagenic 

primer from 5' - 3' exonuclease activity (Zoller and Smith, 1983) although the 

DNA polymerase I Klenow fragment should not contain 5' - 3' exonuclease 

activity (Klenow and Henningsen, 1970). The hybrid Acc I/Cia I sequence 

5' CATCGACC 3' in M13SC1.1 was changed to the CIa I recognition 

sequence, 5' CATCGATC 3', by site-directed mutagenesis, using the CIa Im 

mutagenic oligonucleotide (see Figure 11). This change was introduced into 

the Ml 3 portion of Ml 3SC1 .1 rather than the SC1 .1 fragment, so as not to 

change the sequence of SC1 . 1. The, CIa Im oligonucleotide and the universal 

M13 primer were annealed to the single-stranded M13SC1.1 DNA (isolated 

from a single plaque; section 2.2.8) and then extended by DNA polymerase 

Klenow large fragment in the presence of the dNTPs and ligated with DNA 

Ligase (section 2.2.11). The reaction mixture was transformed into competent 

BMH71-18 mutL cells (made competent by the large scale method) Wand plated 

in the presence of non-infected BMH71-18 cells. The BMH71-18 mutL cell 

line was deficient in mismatch-repair enzymes and was used as the host for 

the mismatched duplex DNA (heteroduplex) so that the mismatch was not 

corrected (Kramer et al., 1984). BMH71 -18 mutL was used as the host for all 

mutagenesis reactions. The complementary base (T) of the base directing the 

mutation (A), was copied into the (+) strand of M13SC1.1 and extruded out of 

the cell as an infectious phage particle which infected nearby BMH71-18 cells. 

Both the BMH71-18 cells and the TG2 cells have an F-pilus which allows the 

phage to infect the cell (Messing, 1983). Following infection, the growth of the 

cell is retarded such that infected bacteria form a zone of inhibited growth 

among uninfected cells thereby producing a plaque (Marvin and Hohn, 1969). 

Plaques were transferred aseptically with sterile toothpicks onto fresh dYT 

plates where infected cells grew as colonies. Colonies were screened by the 
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Dot Blot method (section 2.2.12.) using the CIa lm oligonucleotide 

radiolabelled with 32P. The mutagenic oligonucleotide is used as a probe 

because it hybridizes more strongly to the mutant DNA than the unmutated 

DNA (Wallace et al., 1980). The DNA is washed at increasing temperatures 

such that the probe will denature from the unmutated DNA before it does from 

the mutated DNA and thus a positive signal at this temperature allows for the 

mutant DNA to be identified. Studies by Astell and Smith (1971) showed that 

oligonucleotides differing in length by one nucleotide, can be resolved by 

thermal denaturation. This denaturation temperature (Td) can be calculated 

from the base composition of the oligonucleotide (Suggs et al., 1981) and is 

referred to as the "Wallace Rule" (see section 2.2.12.). A colony generating a 

positive signal from the Dot Blot assay waà selected from the master plate and 

plaque purified. Plaques were purified in order to obtain a homogeneous 

population of phage (Carter et al., 1985). Single-stranded M13SC1.1 DNA 

((+) strand) containing the mutation was isolated from a plaque and 

sequenced. The starting template prior to this mutagene&s reaction 

(Ml 3S01.1 (+) strand) was sequenced as a control. The universal Ml 3 primer 

was used as the sequencing primer and the DNA was sequenced by the 

method given in section 2.2.9. This method is based upon the 2', 3' 

dideoxynucleotide chain termination sequencing method (Sanger et al., 

1977). The nucleotide gels were run for 3 h at 50 watts. Figure 15 shows the 

sequence data around the site of interest. A comparison of the unmutated 

DNA (a) to a sample of mutated DNA (b) shows the change in the coding 

strand of /acZfrom G to A. There were no other mutations evident in the area 

that was sequenced. This indicated that the mutagenesis reaction was 

successful and that the Acc I/CIa I site had been converted to a CIa I site (see 

Figure 11). The M13SC1 .1 DNA with the new CIa I site was designated 

M13SC1.1C3. The introduction of this new CIa I site produced a total of 3 CIa 

I sites in the M13SC1.1C3 as opposed to only 2 sites in M13SC1.1. 

CIa I restriction digest analysis of the RFform of M13SC1.1C3 was done.to 

verify the presence of the new CIa I site and is presented in Figure 16. 

Digestion of M13SC1.1C3 with Sac I (cuts once) was expected to give linear 

DNA of 8339 bp. The observed size of this band was 8510 bp suggesting that 

the band was linear M13SC1.1C3 DNA. The CIa I digestion pattern expected 

for M13SC1.1C3 was three fragments of 4826, 2895 and 618 bp. Lane c 

shows the presence of only 2 bands with molecular sizes of 5890 and 2690 
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Figure 15. Nucleotide sequence of the Acc I/Cia Ito Cia Im mutagenesis 

reaction. This area was sequenced using the M13 universal sequencing 

primer. The sequencing gel was run at 50 watts for 2.5 hours. There are four 

lanes for each sequencing reaction and all the sequencing reactions 

presented in this figure and all subsequent figures were run in the order, from 

left to right, as GATC and represent the 5' to 3' (-) strand sequence from the 
bottom to the top. (a) M13SC1.1 DNA containing the Acc I/Cia I hybrid 

sequence 5' GTCGAT 3'. (b) M13SC1.1C3m DNA containing the CIa im 

sequence 5' ATCGAT 3'. The base change is indicated by the arrows. 
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Figure 16. Agarose gel analysis of M13SC1.1C3m RF digested with Sacl and 

CIa I restriction enzymes. The samples were electrophoresed at 50 volts for 2 

h on a 1% agarose gel. (a) Lambda DNA-Hind Ill markers. (b) Sac I digestion 

of M13SC1.1C3m RF (8510 bp; 8339 bp). (c) CIa I digestion of 

M13SC1.1C3m RF (5890, 2690; 4826, 2895, 618 bp). (d) Sac I/Cia I 

double digestion of M13SC1.1C3m RF (3550, 2690, 1620; 3710, 2895, 

1116, 618 bp). 
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indicating the presence of only 2 CIa I sites. Double digestion of 

M13SC1.1C3 DNA with Sac I and CIa I (lane d) showed the presence of only 

3 bands, although four bands were expected. The results from these 

digestions and the restriction patterns generated, suggested that CIa I was not 

digesting the DNA at the newly introduced CIa I site, even though the 

sequence data showed that the CIa I recognition sequence had been 

introduced. Many attempts were made to idealize the digestion conditions in 

an effort to obtain the expected CIa I digestion pattern, but they proved 

unsuccessful. Investigation of the sequence around the CIa I site led to the 

discovery that, in creating the new CIa I recognition sequence, a dam 

methylase methylation sequence (GATC) had also been created as part of the 

CIa I recognition sequence 5' CATCGATC 3' (see Figure 11). As mentioned 

in the Introduction, E. coil strains contain two types of methylases which 

recognize specific DNA sequences and are responsible for methyating the 

DNA. The dcm methylase is coded by the dcm gene and methylates the 

internal cytosine residue of CCAGG and CCTGG sequences (May and 

Hattman, 1975a; May and Hattman, 1975b). The dam methylase is coded by 

the dam gene and methylates the adenine residue in the sequence GATC 

(Geier and Moderich, 1979). Because the DNA was transformed into a non 

dam - strain, the dam methylase recognized the GATC sequence and 

methylated the adenine base. Furthermore, this adenine base is part of the 

CIa I recognition sequence and it has been shown that certain restriction 

enzymes will not cleave DNA if their recognition sequence is methylated 

(Backman, 1980). Therefore, the inability of CIa Ito cut M13SC1.1C3 DNA at 

the newly introduced CIa I site was because the site was methylated. 

Because there was no evidence of any digestion at this site, all molecules 

must have been methylated. One solution to this problem would have been to 

use a dam strain to host the M13SC1 .103 DNA. In that case, methylation of 

this sequence would not be possible. However, a suitable dam strain that 

satisfied all other phenotypic requirements could not be found. Therefore, it 

was decided to change the dam methylase recognition sequence from 

5' GATC 3' to 5' GATA 3' by site-directed mutagenesis (see Figure 11). This 

base change destroyed the dam methylase recognition sequence without 

changing the CIa I recognition sequence (5' CATCGATC 3' to 

5' CATCGATA 3'). In addition, because this base was part of the M13 vector 

and not the 801.1 fragment, the sequence of SC1 .1 was unaffected. The 
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vector M13SC1.1C3 was designated M13SC1.1C3m to indicate that this 

vector contained the methylated CIa I sequence. The ss M13SC1.1C3m DNA 

was used as the template for changing the CIa I methylated site (CIa Im) to the 

CIa I unmethylated (CIa lu) site. 

3.2.2.3 CIa Im to CIa lu Mutagenesis 

The CIa lu oligonucleotide (5' dGCCTGCAIATCGATGAG ) and the M13 
universal primer were annealed to the ss M13SC1.1C3m template. The 

mutagenesis and transformation reactions were carried out in an identical 

fashion as described in section 3.2.2.2. After the mutagenesis reaction 

mixture was transformed into BMH71 -18 mutL cells, plaques were plated onto 

dYT plates and the infected cells grew as colonies. The colonies were 

screened for the mutation by the Dot Blot method, using radiolabelled CIa lu 

oligonucleotide as the probe. CIa lu oligonucleotide was phosphorylated with 

[gamma 32P]-ATP using T4 Polynucleotide Kinase (section 2.2.10.2). The 

extent of the reaction was monitored by running a small aliquot (2 p.L) of the 

kinase reaction against a 2 RL aliquot of [gamma 32 P]-ATP on a 

polyacrylamide gel (section 2.2.10.2). The gel was exposed to x-ray film and 

the autoradiograph was developed on an automated x-ray film developer. 

Figure 1.7 shows the results of the labelling experiment. The control lane (lane 

a) was [gamma 32 P]-ATP, which gave the strongest signal and is indicated by 

the arrow. There are weaker signals seen further down the gel in this lane, but 

these were probably breakdown products of [gamma 32 P]-ATP. Lanes b and 

c were the kinase reactions. Lane b had 10 units of kinase in the reaction 

mixture and lane c had 20 units. Because the oligonucleotide was 17 bases 

in length, it did not run as far through the gel matrix as the single radioactively 

labelled base ATP, and therefore, appeared near the top of the gel. The 

labelling of the oligonucleotide was more complete in lane c than lane b, as 

there was a weaker signal at the [gamma 32 P]-ATP position, indicating that 

more of the [gamma 32P]-ATP was incorporated into the oligonucleotide. The 

radiolabelled oligonucleotide from the second reaction (lane C) was used as 

the probe for the CIa lu mutation in the Dot Blot assay (section 2.2.12). Figure 

18 shows the autoradiograms of the Dot Blot analysis obtained for the CIa lu 

mutation. The Td temperature was emperically determined to be 5200 

according to the "Wallace Rule". Based on the Td temperature, the 
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Figure 17. An autoradiogram of the radiolabelling reaction of the CIa lu 

oligonucleotide with [gamma 32P]-ATP. Samples were electrophoresed on a 

20% native polyacrylamide gel at 1000V for 1 h and exposed to x-ray film for 

10 mm. (a) [gamma 32 P]-ATP (indicated by the arrow). (b) CIa lu 

oligonucleotide labelled in the presence of 10 units of polynucleotide kinase. 

(C) CIa lu oligonucleotide labelled in the presence of 20 units of 

polynucleotide kinase. 
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Figure 18. Dot blot screening of the CIa Im to CIa lu mutagenesis reaction 

using the radiolabelled CIa lu oligonucleotide. All membranes were washed 

three times in 6 x SSC buffer (90 mM Na citrate (pH 7.0) and 900 mM NaCl) at 

each temperature specified below and then exposed to x-ray film. (a) Room 

temperature wash with a 2 h exposure. (b) 480C wash with a 7 h exposure. 

(C) 53°C wash with a 19 h exposure. (d) 61 0C wash with a 23 h exposure. 
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nitrocellulose filters were washed initially at room temperature, followed by 

washes at 48, 53, and 61 00. At 53°C, certain dots were beginning to give 

stronger signals than others and by 61 00, there were 5 different positive 

signals present out of 79 plaques screened. Thus, the mutagenesis frequency 

was 6.3%. One of the 5 colonies giving the positive signal, was selected from 

the master plate and plaque-purified. Single-stranded DNA was isolated from 

3 plaques and sequenced to verify the presence of the CIa tu mutation. 

M13SC1.1C3m DNA was sequenced as a control. The M13 universal primer 

was used as the sequencing primer and the ss DNA was sequenced as in 

section 2.2.9. The results from the sequencing experiments can be seen in 

Figure 19. A comparison of the sequence data between the control 

M13SC1.1C3m DNA (a) and the three mutant plaque DNA samples (b), 

showed a single base change from G to T in the (-) strand for all three plaques 
at the proper nucleotide position. Thus, the mutagenesis reaction had 

introduced the desired mutation (see Figure 11) and the resulting vector was 

designated M13SC1.103u. It was used as the template for the glu 461 (E461) 

to gIn 461(0461) mutagenesis reaction. 

3.2.2.4 E461 to Q461 Mutagenesis 

The 0461 oligonucleotide (5' dGGGGAATQAATCAGGCC ) was the 
mutagenic oligonucleotide used to introduce a single base change in the Glu 

461 codon, GAA, to give the codon, CAA, which in turn coded for the amino 

acid, Gin (see Figure 11 ). As in all other mutagenesis reactions reported in 
this thesis, the universal Ml 3 primer was used as a second primer. The 

mutagenesis reaction was carried out as already described. As in section 

3.2.2.3, the Q461 oligonucleotide was radiolabelled with [gamma 32P]-ATP 

and run on a polyacrylamide gel along with [gamma32P]-ATP (control). 

Figure 20 is an autoradiogram of the gel. Lane a is the control while lane b 

and lane c are the labelling reactions. Lane b had 10 units of T4 

Polynucleotide Kinase present in the reaction, while lane c had 20 units. 

Again, the labelling reaction in lane c was more complete than in lane b. The 

second reaction mixture (lane c) was used as the probe for the 0461 mutation 

in the Dot Blot assay (section 2.2.12). The Td was determined to be 5400 

according to the "Wallace Rule". The nitrocellulose filter was initially washed 

at room temperature and then washed at increasing temperatures of 53, 58 
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Figure 19. Nucleotide sequence analysis of the CIa Im to CIa lu mutagenesis 

reaction. This area was sequenced using the M13 universal primer. The 

sequencing gel was run at 50 watts for 2.5 h. (a) M13SC1.1C3m DNA 

containing the CIa Im sequence 51 GATCGATG 3'. (b) M13SC1.1C3u DNA 

containing the CIa lu sequence 51 TATCGATG 3' from three separate plaques. 

The base change is indicated by the arrows. 
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Figure 20. An autoradiogram of the radiolabelling reaction of the 0461 

oligonucleotide with [gamma 32P]ATP. Samples were electrophoresed on a 

20% native polyacrylamide gel at 1000V for 1 h and exposed to x-ray film for 

10 mm. (a) [gamma 32 P]-ATP (indicated by the arrow). (b) 0461 

oligonucleotide labelled in the presence of 10 units of polynucleotide kinase. 

(C) 0461 oligonucleotide labelled in the presence of 20 units of polynucleotide 

kinase. 



94 

and 63°C. The results of the Dot Blot assay can be seen in Figure 21. 

Positive signals began to appear at 530C and were very clear at 6300. There 

were 11 positive signals out of 82 plaques selected. Therefore the 

mutagenesis frequency was 13.4%. A single positive colony was selected 

and plaque purified. Single-stranded DNA was isolated from 3 plaques and 

sequenced for the 0461 mutation using the sequencing primer S2 

(5'dGGTCAGGTCATGGAT) according to the sequencing protocol described in 

section 2.2.9. The sequence around the gin codon for all three mutants was 

compared to the sequence in M13SC1.1 which can be seen in Figure 22. A 

comparison of the sequence between the control Ml 3SC1 .1 DNA and the 

three mutants shows the change from GAA to CAA in all three mutant samples 

((-) strand). Therefore, the Q461 mutation was introduced by the mutagenesis 

reaction. The resulting vector was designated Ml 3S01.1 03u-Q461. 

At this point, the SC1 .1 fragment was isolated from M13SC1 .1 C3u-0461 RF 

and cloned into plPSC4.1 to construct the plP101-Q461 plasmid. 

3.2.3 Construction of plP101-Q461 

Competent TG2 was transformed with ss M1 3SC1. 1 C3u-0461 and the RF 

was isolated by the large scale method (section 2.2.1.1). The DNA was 

analyzed by restriction digestion with Sac I, CIa I and a mixture of Sac I and 

CIa I. Digested and undigested samples were electrophoresed on a 1% 

agarose gel along with molecular weight standards. Figure 23 shows the 

results of this analysis. Restriction digest of M13SC1 .1 C3u-0461 RF with 

Sac I ( lane a-cuts once) gave a single band of (8710 bp) which was a bit 

higher than the expected size of 8339 bp. Restriction with CIa I (lane b) gave 

3 bands of 4900, 2750, and 690 which matched the expected sizes of 4826, 

2895 and 618 bp. Digestion with both Sac I and CIa I ( lane c) gave bands of 

3630, 2750, 1000 and 690 bp which also matched the expected sizes of 3710, 

2895, 1116 and 618 bp, respectively. These restriction patterns verified that 

the Acc I/CIa I site had been converted to a CIa I site which could be digested 

with the CIa I enzyme. The 1000 bp fragment (lane C) was the fragment 

containing the 0461 mutation and was isolated from the other fragments by 

electrophoresing 2 g of M13SC1.1C3u-0461 after Sac I/CIa I digestion, on a 

1 % LMP gel and then isolating the 1.1 Kb fragment from the gel by melting the 

agarose (section 2.2.4.2). An aliquot of the isolated fragment was run on a 
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Figure 21. Dot blot screening of the E461 to 0461 mutagenesis reaction with 

the radiolabelled 0461 oligonucleotide. All membranes were washed three 

times in 6 x SSC buffer (90 mM Na citrate (pH 7.0) and 900 mM NaCl) at each 

temperature specified below and then exposed to x-ray film. (a) Room 

temperature wash with a 1 h exposure. (b) 5300 wash with a 6.5 h exposure. 

(c) 58°C wash with a 13 h exposure. (d) 630C wash with a 20 h exposure. 
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Figure 22. Nucleotide sequence analysis of the E461 to 0461 mutagenesis 

reaction. This area was sequenced using the S2 oligonucleotide. The 

sequencing gel was run at 50 watts for 12 h. (a) M13SC1.1C3u DNA 

containing the GAA codon for E461. (b) M1 3SC1.1 C3u-Q461 DNA containing 

the CAA codon for 0461 from three separate plaques. The base change is 

indicated by the arrows. 
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Figure 23. Restriction digest analysis of M1 3SC1. 1 C3u-Q461 RF with Sac I 

and CIa I restriction enzymes. The samples were electrophoresed at 50 volts 

for 2 h on a 1% agarose gel. (a) Sac I digestion of M13SC1 .1 C3u-Q461 RF 

(8710 bp; 8339 bp). (b) CIa I digestion of M13SC1.1C3u-0461 RF (4900, 

2750, 690 bp; 4826, 2895, 618 bp). (c) Sac I/Cia I double digestion of 

M13SC1.1C3u-0461 RF (3630, 2750, 1000, 690 bp; 3710, 2895, 1116, 

618 bp). (d) lambda DNA-Hind III markers. 
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regular agarose gel to quantitate the DNA and to check the purity of the 

preparation. This is presented in Figure 24. The only band present was that 

of 1050 bp and this was assumed to be the SC1 . 1-Q461 fragment. 

The plPl 01 SC4.1 fragment was isolated from plPl Olin a similar fashion. 

pIP101 was digested with Sac I and CIa I and the reaction mixture was 

electrophoresed on a 1% LMP gel. The larger fragment (4.1 Kb) was isolated 

from the gel using the melting method (section 2.2.4.2) and the fragment 

preparation was analyzed for purity and quantity by electrophoresing on a 

regular 1% agarose gel which is presented in Figure 25. The only band 

present was a band of 4170 bp which was assumed to be plPl 01 SC4.l. Both 

the SC1 . l-Q461 and the plP10lSC4.1 preparations were essentially pure. 

Before the fragments were ligated together, plP10lSC4.1 was treated with 

CIP to dephosphorylate the 5' ends (section 2.2.5). The ligation reaction was 

performed by the procedure given in section 2.2.5. Competent S185 cells 

(prepared by the large scale method) were transformed with the ligation 

mixture. The cells were plated on dYT plates in the presence of IPTG, amp 

and x-gal. All colonies that grew were white, however, there were two sizes of 

colonies. Both the small colonies and the large colonies were screened for 

the presence of a B-galactosidase protein by SDS-PAGE analysis of crude 

protein preparations. 

3.2.4 SDS-PAGE Screening for E46 10- f3-Galactosidase 

Four small white colonies and four large colonies were selected from the 

above transformation experiment. Crude protein extracts of each colony were 

prepared according to the procedure outlined in section 2,214. ML-308 and 

S185 were controls and were prepared in the same manner. The A280 of 

each sample was measured and then 0.5 mL of each sample was dried in a 

Speed Vac Concentrator. The samples were brought up in enough sample 

buffer to give a final protein concentration of 10 pg/jiL. The samples were 

concentrated to dryness in order to maximize the amount of protein loaded 

and thereby maximizing the amount of E461 Q-13-galactosidase loaded. Fifty 

L of each sample (0.5 mg protein) were mixed with 5 .iL of bromophenol 

blue, boiled for two minutes and then loaded onto a 7.5-17% gradient SDS-

polyacrylamide gel (section 2.2.15). Two lag of pure wild-type 13-galactosidase 
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a b 

Figure 24. Agarose gel analysis of SC1.1-0461 isolated from M13SC1.1C3u-

Q461 RF. M13SC1.1C3u-0461 RF was digested with Sac I and CIa land 

then the sample was run on a 1% LMP gel. The 1.1 Kb band was isolated 

from the LMP gel by melting and then electrophoresed on this gel (1% 

agarose) at 50 volts f0r2 h. (a) Lambda DNA-Hind Ill markers. (b) SC1.1-

0461 (1050 bp; 1116 bp). 
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Figure 25. Agarose gel analysis of plP1O1SC4.1 isolated from piP101. 

piP101 was digested with Sac I and CIa I and then the sample was run on a 

1% LMP gel. The 4.1 Kb fragment was isolated from the LMP gel by melting 

and then electrophoresed on this gel (1% agarose) at 50 volts for 2 h. 

(a) Lambda DNA-Hind III markers. (b) plP101SC4.1(4170 bp; 4084 bp). 
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were run on the gel as a positive control. The results of this screening 

experiment can be seen in Figure 26. The pure wild-type 13-galactosidase 

sample showed the presence of a single band near the top of the gel (lane g). 

The ML-308 sample (positive for 13-galactosidase; lane a) and all of the white 

colonies tested (b-e and i-I) also showed the presence of a band at this 

position. The negative control, Si 85 (lanes f and h), appeared to show a 

band at the position expected for 13-galactosidase, but this band represented a 

protein that migrated very closely with 13-gatactosidase, as seen on gels that 

were run for longer periods of time. Therefore, this control shows the absence 

of 13-galactosidase. These results suggested that B-galactosidase was present 

in all of the white colonies that were screened and because they were white in 

the presence of x-gal, it was concluded that this band represented a 3-

galactosidase which was quite inactive and was designated as E461 Q-13-

galactosidase. One of the white colonies was selected, grown in dYT in the 

presence of amp (100 igImL) and stored in 15% sterile glycerol at 7O0C. 

This served as the source for the plP101-Q461 plasmid and E461Q-13-

galactosidase. 

Before purifying E4610-l3-galactosidase, the SC1.1-Q461 fragment was 

digested from plPloi-Q461 with Sac I and CIa I and was cloned into 

M13mp18. The entire fragment was sequenced to ensure that there were no 

base changes, other than the E461 -0461 base change, in the fragment. 

3.2.5 Nucleotide Sequencing of SC1.1-Q461 

plPiol-Q461 was isolated from S185 using the large scale method 

(section 2.2.1.1). SC1.1-0461 was cloned from plPiol-0461 into M13mp18 

in the same manner as that used in the construction of M13SC1.1 (section 

3.2.2.1). TG2 was transformed with the recombinant M13SC1.1-0461 DNA 

and the ss form was isolated for nucleotide sequencing. Five different 

oligonucleotides ranging from 15-17 nucleotides were used as sequencing 

primers. One of these was the mutagenic primer 0461. Although it was the 

only primer that was not completely complementary to the template DNA, it 

was still able to act as a good primer for sequencing. The primers spanned 

the 1.1 Kb fragment such that gel runs of 3, 9 and 12 h, allowed the entire 1.1 

Kb fragment to be sequenced. Figure 27 is a schematic illustration of the 

primers used and the area that was sequenced by them. This sequencing 
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Figure 26. SDS-PAGE analysis of crude preparations of white colonies after 

the transformation of S185 with pIP101 -0461. Samples were electrophoresed 

on a 7.5 to 17% gradient SDS-PAGE gel at 50 volts for 2 h. (a) ML-308 ( 13-

galactosidase positive). (b - e) Small white colonies of S185/plP101-0461. 

(f) S185 ( 13-galactosidase negative). (g) 2.0 .ig of pure 13-galactosidase. 

(h) S185 ( 13-galactosidase negative). (I - I) Large white colonies of 

S185/pIP101 -0461. 
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DNA SC 1.1 S DNA 

S I t I I I I I I I I  

835 1035 1235 1435 1635 1835 2035 

(a) 
(b) 

(d) 
(e) 

(f) 

I  
(g) 

(h)  

Figure 27. Schematic diagram of the area that was sequenced by each 

sequencing primer that was used to sequence the SC1 . 1 -Q461 fragment in 

M13mp18. Sequencing reactions were run on gels for different lengths of time 
to maximize the sequence information per primer and to obtain overlapping 

sequence data. The following description identifies the primer that was used, 

the length of the gel run and the area that was sequenced (according to the 

!acZnucleotide numbering scheme). (a) Universal M13 primer; 3 h; 834 to 

985. (b) Universal M13 primer; 9 h; 965 to 1114. (c) Universal M13 primer; 12 

h; 1029 to 1176. (d) S2 primer; 3 h; 1163 to 1351. (e) S2 primer; 9 h; 1261 to 

1440. (f) Q461 primer; 3 h; 1411 to 1615. (g) Q461 primer; 9 h; 1548to 1753. 

(h) 01 primer; 9 h; 1670 to 1915. (i) 03 primer; 3 h; 1794 to 1939. (j) 03 
primer; 9 h; 1936 to 1951. 
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protocol allowed overlapping sequences to be obtained and also allowed for 

sequence data across the junctions between M13 and the SC1.1-0461 

fragment. Figure 28 is an autoradiogram of the entire sequence of the SC1.1-

0461 fragment. The sequence data showed that the only base change in the 

entire 1.1 Kb fragment, was the GAA-CAA change at position 461. There were 

no spurious mutations, even at the junctions betweem Ml 3 DNA and SC1 .1 - 

Q461. Based on this, E461 Q-13-galactosidase was purified for biochemical 

studies. 

3.3 Analysis of E461 Q-B-Galactosidase 

3.3.1 Purification of E461Q-13-Galactosidase 

The procedure routinely used to purify wild-type r3-galactosidase was 

similar to that of Brake et al., 1978. In order to minimize time and effort in 

purifying E461Q-13-galactosidase, a simpler procedure, similar to the Brake et 

al. method (1978), was used initially. Details of the purification scheme are 

outlined in the Materials and Methods section 2.2.13.1. A more extensive 

purification scheme was used later, in an attempt to obtain a purer preparation 

of E4610-13-galactosidase. This purification method is outlined in the 

Materials and Methods section 2.2.13.2. 

3.3.1.1 Purification MethodI 

The procedure involved cell breakage by French Press, 45% ammonium 

sulfate precipitation, desalting on an FPLC Fast Desalting column, separation 

on an FPLC Mono Q anion exchange column and then separation on an 

FPLC Superose 12 size exclusion column. A purification table for this method 

is presented in Table 10. 

Because all colonies containing E461Q-13-galactosidase were white in the 

presence of x-gal, it was believed that E461 Q-13-galactosidase was inactive 

and could not be followed through the purification using the normal ONPG 

assay system that was routinely used for wild-type 13-galactosidase. However, 

by extending the time between readings during the assay reaction from less 

than one mm (wild-type assay) to 5 mm, activity could be measured. The 

specific activity, which is the amount of enzyme activity per mg of protein, was 
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Figure 28. Sequence data of the entire 1.1 Kb fragment of SC1 . 1-0461 

cloned into M13mp18. The area that was sequenced is indicated by the 

arrows and is presented in Figure 27. (a) Universal primer; 3 h run. (b) 

Universal primer; 9 h run. (c) Universal primer; 12 h run. (d) S2 primer; 3 h 

run. (e) S2 primer; 9 h run. (f) 0461 primer; 3 h run. (g) 0461 primer; 9 h run. 

(h) 01 primer; 9 h run. (i) 03 primer; 3 h run. (j) 03 primer; 9 h run. 
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Table 10. Purification table for the purification of E461 Q-13-galactosidase 

using purification method I. Fractions containing 13-galactosidase activity are 

indicated by an asterisk. The % Yield represents the total activity of a frction 

relative to the total activity of the supernatant fraction in the French Press step. 

Fold Purification represents the specific activity of a fraction relative to the 

specific activity of the supernatant fraction in the French Press step. 

Protein 

Vol Conc. Activity 

Fraction (mL) (mg/mL) (un(ts/mL)  

French press 

super* 75.0 12.1 0.144 

-pellet 11.0 19.5 0.044 

45% 

(NH4)2SO4. 

-super 
pellet* 

Desalting 
Column* 

Specific 

Activity % Fold 

(units/ma) Yield Purification  

0.012 100 1.0 

0.002 

106.0 6.4 0.003 0.0005 

7.0 32.5 0.822 0.026 53.3 2.2 

21.4 5.6 0.257 0.046 50.9 3.8 

Mono 0* 20.0 0.1 0.067 0.67 12.4 55.8 

Superose* 3.0 0.02 0.025 1.25 0.7 103.0 
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low in the initial purification steps (0.012 units/mg) as a result of the presence 

of large amounts of extraneous protein. The specific' activity increased at each 

step in the purification to a maximum value of 1.25 units/mg after separation 

on the Superose column, giving a 110 fold increase in purity over the first 

purification step. The specific activity of pure wild-type B-galactosidase 

routinely obtained in our laboratory is about 350 units/mg with ONPG as the 

substrate. 

There was an increase in specific activity after the desalting step which was 

not expected since this does not fractionate proteins. The total amount of 

protein after this step was about 120 mg whereas the step prior to this was 

about 230 mg. The total units of enzyme at each step remained about the 

same (5.5 and 5.8 units respectively). This loss of protein could not be 

explained unless there was an error made in the determination of the protein 

concentration or some protein bound non-specifically to the desalting column. 

The second purification method (Table 11) showed a smaller decrease in total 

protein after the desalting step but not to the same extent (from 245 mg to 215 

mg). This suggests that an error was made in the protein determination of the 

desalted fraction for method I. The % yield for the Superose fraction appears 

to be low, but this was due to the fact that not all of the Mono Q fraction was 

loaded onto the column. 

Figure 29 is an SDS-PAGE gel of the Mono 0 and Superose fractions from 

purification method I. In comparing the Mono Q fraction (lane a) with the 

Superose fraction (lane h), it can be seen that the Superose step removed 

many of the bands present in the Mono Q fraction and the increase in specific 

activity in Table 10 reflects this observation. Lane h was purposely 

overloaded with the final pooled Superose fraction to visualise any 

contaminating protein bands. Although some bands other than the E461 Q-13-

galactosidase band were present on the gel, the E4610-13-galactosidase here 

was purified to >97% homogeneity. 

These results showed that the specific activity of pure E4610-B-

galactosidase was very low (1.25 units/mg) relative to wild type B-

galactosidase (350 units/mg). A second, more extensive purification 

procedure was used as an attempt to increase the purity and yield of the 

E461 Q-B-galactosidase preparation. 
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Figure 29. SDS-PAGE analysis of fractions from purification method I. 

Samples were electrophoresed on a 7.5 to 17% gradient SDS-PAGE gel at 

200V for 7 h. (a) Pooled fractions from Mono 0 column. (b-g) Fractions across 

the active peak from the Superose 12 column. (h) Pooled fractions from 

Superose 12 column. (I) 1.0 lag of pure 13-galactosidase (ML-308). (j) 2.0 pg 
of pure 13-galactosidase (ML-308). (k) 5.0 pg of pure r3-galactosidase (ML-

308). 
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3.2.1.2 Purification Method II 

This method involved cell breakage by French Press, streptomycin sulfate 

precipitation of chromosomal DNA, two ammonium sulfate precipitations, 

desalting through an FPLC Fast Desalting column, separation on DEAE Blo-

Gel A anion exchange column, followed by separation on a G-25 Sephadex 

size exclusion column, an FPLC Superose 12 column and finally an FPLC 

Mono Q column. The results from this purification can be seen in Table 11. 

The elution profile of E461 Q-13-galactosidase from the DEAE column is 

presented in Figure 30. The active fractions began to elute at about 0.18M salt 

(fraction 200) and the most active fractions eluted at about 0.2M salt (fraction 

207) with an activity of about 0.09 units/mL. At that point, the gradient was 

completed and so, to make sure that all of the enzyme was eluted off the 

column, a second gradient from 0.05M to 0.3M was started. The second peak 

is the remaining E461Q-B-galactosidase which eluted after applying the 

second gradient, at a salt concentration of about 0.1 M salt. This was a lower 

salt concentration than was required to elute the first peak (0.2M NaCl). This 

apparent discrepancy is probably due to the presence of salt from the end of 

the first gradient such that the actual salt concentration was not 0.1 M but was 

closer to 0.2M. This second peak had a maximum activity of 0.037 units/mL 

(41% of the first peak). Fractions containing ≥ 30% of the maximum activity 

(≥ 0.027 units /mL) were pooled from both peaks. The pooled activity was 

0.04 units/mL and the protein concentration was 0.14 mg/mL. The specific 

activity was 0.28 units/mg. 

The elution profile of E461 Q-13-galactosidase from the Superose 12 column 

is shown in Figure 31. The active peak was the second peak, which had a 

maximum activity of 0.52 units/mL. Fractions containing ≥ 20% of the 

maximum activity were pooled. The pooled fraction had an activity of 0.49 

units/mL and a protein concentration of 0.43 mg/mL. The specific activity was 

1.14 units/mg which was a 4 fold purification over the DEAE purification step. 

The elution profile of E461 Q-l3-galactosidase from the Mono 0 column is 

presented in Figure 32. The active peak eluted at about 0.39M salt with a 

maximum activity of 0.0134 units/mL. Fractions containing ≥ 60% of the 

maximum activity were pooled. The pooled fraction had an activity of 0.0124 

units/mL and a protein concentration of 0.01 mg/mL. The specific activity was 

1.24 units/mg which represented a 1.1 fold increase in purification over the 
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Table 11. Purification table for the purification of E461Q-13-galactosidase 

using purification method II. Fractions containing most of the 13-galactosidase 

activity are indicated with an asterisk. The % yield and fold purification values 

were not determined for fractions before the 45% (NH4)2SO4 step because 

activity values were very low and not very accurate in these initial crude 

fractions. 

Protein Specific 

Vol. Conc. Activity Activity % Fold 

Fraction (rnL) (mg/mL) (unit/mL) (units/ma) Yield Purif. 

French Press 160.0 29.2 0.025 0.0009 

-extract 

Strep Sulfate 

super* 162.0 9.8 0.022 0.0022 

25% 

(NH4)2SO4 

super* 162.0 9.8 0.024 0.0024 

-pellet 2.5 8.3 0.0.16 0.0019 

45% 

(NH4)2SO4 

-super 164.0 6.9 0.000 0.000 

pellet* 7.2 34.3 1.790 0.052 100.0 1.0 

Desalting 25.0 8.6 0.360 0.042 70.0 0.8 
column* 

DEAE* 132.0 0.14 0.040 0.28 41.0 5.4 

G25* 7.0 1.76 0.420 0.24 22.4 4.6 

Superose* 3.3 0.43 0.490 1.14 12.4 21.9 

Mono Q* 12.0 0.01 0.0121 1.24 1.2 23.8 
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Figure 30. Elution of E4610-13-Galactosidase (purification method II) from a 

diethylaminoethyl ether (DEAE) Bio-Gel column (50 cm x 2.5 cm). E4610-I3-

Galactosidase was eluted with a salt gradient of 0.05M to 0.2M NaCI and then 

0.05M to 0.3M NaCl in 80mM Tris (pH 7.5), 1 mM MgCl, 0.1mM EDTA, 1 m 

13-mercaptoethanol and 0.04% sodium azide, at a flow rate of 1 mL/min. 
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Figure 31. Elution of E461Q-13-Galactosidase (purification method II) from an 

FPLC Superose 12 size exclusion column cross-linked agarose) in 20mM 

Tris (pH 7.5), 1 m  MgCl2, 0.1mM EDTA, 1 m 13-mercaptoethanol and 0.04% 

sodiumazide at a flow rate of 0.3 mL/min. 
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Figure 32. Elution of E4610-13-Galactosidase (purification method II) from an 

FPLC Mono 0 column (anion exchange matrix containing the charged group 

CH2-N-(CH3)3). The enzyme was eluted using the following step gradient: 

O.OM to O.25M NaCl (5 mm); O.25M NaCl (15 mm); O.25M to O.5M NaCl (20 

mm); 0.5M to 1 .OM NaCl (5 mm) in 20mM Tris (pH 7.5), 1 mM MgCl2, 0.1 mM 

EDTA, 1 mM 13-mercaptoethanol and 0.04% sodium azide at a flow rate of 1 

mL/min. 
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Superose purification step. 

The purification results presented in Table 11 showed the final specific 

activity of the purest fraction to be 1.24 units/mg. This was the same specific 

activity obtained using method I. The % yield of enzyme in the final fraction 

was quite low (1.2 % final yield). This was due in part to the fact that some of 

the Superose fraction was used in the thermal stability studies and therefore 

not all of this fraction was put onto the Mono Q column. Low yields may also 

have resulted from non-specific adsorption of E461 Q-13-galactosidase to the 

Superose matrix. Figure 33 is an SDS-PAGE gel of fractions from each 

purification step in method II. The purity of the Mono Q fraction (lane g) is 

similar to that seen for the Superose fraction obtained in purification method I 

(lane h; Figure 29). Comparison of the Mono Q fraction (lane g) to pure wild-

type 13-galactosidase (lane h) in Figure 33, showed that contaminating bands 

other than the E461 Q-f3-galactosidase band, were present. Howeyer, this 

preparation represented > 97% purity. Attempts to obtain purer preparations 

failed, so the E461Q-13-galactosidase isolated using method II was used for 

kinetic and thermal stability studies. 

3.3.2 Kinetic Studies Of E461 Q-13-Galactosidase 

The steady-state kinetic parameters (Km, Vm and Ki) of E461Q-I3-

galactosidase were studied using ONPG and PNPG as substrates and IPTG 

as inhibitor following the procedures outlined in section 2.2.18. For the 

determination of Km and Vm for ONPG and PNPG, three activity 

measurements (Vo) in unit/mg were made at each concentration (mM) of 

substrate (S). The Vo values were plotted against Vo/(S) to give an Eadie-

Hofstee plot (Hofstee et al., 1959) where the y-intercept is the maximum 

activity (Vm) and the Km is the negative slope. The Vm value was expressed 

in units/mg and Km was expressed in mM. An Eadie-Hofstee plot for E4610-

13-galactosidase using ONPG and PNPG as the substrate is shown in Figure 

34. Vm and Km values have been previously determined in our laboratory for 

wild-type 13-galactosidase isolated from ML-308 using the method of Brake et 

at., (1978) using both ONPG and PNPG as substrates. 
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Figure 33. SDS-PAGE analysis of fractions from purification method II. 

Samples with 13-galactosidase activity at various purification steps were 

electrophoresed on a 7.5 to 17% gradient SDS-PAGE gel at 200V for 7 h. 

(a) French Press. (b) 5% streptomycin sulfate. (c) 45% (NH4)2SO4. 

(d) DEAE anion exchange column. (e) G-25 size exclusion column. 

(f) FPLC Superose 12 size exclusion column. (g) FPLC Mono 0 anion 

exchange column. (h) 5.0 j.tg of pure 13-galactosidase (ML-308). 
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Figure 34. Eadie-Hofstee plots for E4610-13-galactosidase with ONPG and 

PNPG as substrate. The activity of the enzyme (Vo) was plotted against Vat(S) 

where Vo is the j.imoles of product formed per mm per mg of enzyme 

(units/mg) and (S) is the substrate concentration in mM. The Km value was 

determined from the slope of the line (slope = -Km) and the Vm value was 

determined from the y-intercept. (a) Eadie-Hofstee plot using ONPG as the 

substrate. The Km value was found to be 0.0105 mM and the Vm value was 

1.26 units/mg. (b) Eadie-Hofstee plot using PNPG as the substrate. The Km 

value was determined to be 0.0117 mM and the Vm value was determined to 

be 0.76 units/mg. 
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Table 12 summarizes the kinetic values obtained for both E4610-13-

galactosldase and wild-type 13-galactosidase. The wild-type values have been 

determined elsewhere (Huber et al., 1982; Huber and Gaunt, 1983). 

Table 12. Kinetic data for E461 Q-13-galactosidase and wild-type 

(3-galactosidase. The kinetic data for E461Q-l3-galactosidase were obtained 

from enzyme purified by method II. 

Wild-Type Enzyme E461 0 Enzyme 

Vm Km Vm Km 

Substrate (units/ma) (MM) (units/ma) (MM)  

ONPG 350 ± 7.8 0.170+0.01 1.24±0.050 0.010 ± 0.0013 

PNPG 38±0.4 0.035 ± 0.001 0.76 ± 0.017 0.012±0.0012 

A comparison of the Vm values between wild-type and E461Q-13-

galactosidase enzyme for both ONPG and PNPG, showed that, in both cases, 

the Vm decreased dramatically. For ONPG, the Vm decreased about 280 fold 

and for PNPG the Vm decreased about 50 fold. A decrease in Vm for E461 0-

r3-galactosidase indicated a decrease in the rate of catalysis. A comparison of 

the Km values between wild-type and E4610-13-galactosidase enzyme also 

showed a decrease for both ONPG and PNPG. The Km value decreased 17 

fold for ONPG and 3 fold for PNPG. The Km value, in some cases, is a 

reflection of the dissociation constant, KS. Because KS is a dissociation 

constant, an inverse relationship exists between the KS (Km) value and the 

degree of binding. In other words, adecrease in Km suggests an increase in 

binding and conversely, an increase in Km suggests a decrease in substrate 

binding. Based on this rationale, the results in Table 12 suggested that the 

substrate binding increased for both ONPG and PNPG. However, the Km 

value is dependent not only upon the KS value, but also on the catalytic rate 

constants k2 and k3 (see Introduction) and, therefore, Km does not always 

give a true indication of substrate binding. Values for these rate constants for 

E4610-13-galactosidase were estimated from the Km and Vm values 

determined in Table 12, in conjunction with kinetic data from inhibition studies. 
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The inhibitor that was used in these studies was IPTG. This is similar in 

structure to the substrates ONPG and PNPG in that it has a galactosyl moiety 

and a hydrophobic moiety. It competes with the substrate for the enzyme 

binding sites of 13-galactosidase and because it does not react further once it 

binds, the kinetics give an indication of the binding reaction only and, 

therefore, is a better way of estimating the true binding of ONPG and PNPG, 

than using Km values. Based on the assumption that there is a close 

relationship between the binding of IPTG and that of the binding of ONPG and 

PNPG, the KS, k2 and k3 values for E4610-I3-galactosidase action on ONPG 

and PNPG (along with other kinetic values) can be estimated from the inhibitor 

dissociation constant (Ki) values obtained for E461 Q-13-galactosidase and 

wild-type 13-galactosidase. 

Inhibition studies, using IPTG as the inhibitor and PNPG as the substrate, 

were performed on E4610-13-galactosidase and wild-type 13-galactosidase as 

described in Materials and Methods section 2.2.18. The initial rates (Vo) were 

plotted against Vo/(S) in the presence and absence of IPTG, to give Eadie-

Hofstee plots and the Km values were determined from the slopes. The Km 

values obtained for the enzymes in the presence of inhibitor, are actually 

apparent Km values and are designated as Kapp. The Ki values for both 

enzymes were determined from the following equation: 

Kapp = Km (1 + [I]/Ki) 

where Kapp is the value found for Km in the presence of inhibitor, Km is the 

value in the absence of inhibitor, [ I] is the concentration of inhibitor (mM) and 

Ki is the inhibitor dissociation constant. The Ki value for E461 0-13-

galactosidase with IPTG was determined to be 0.836mM while that for the wild 

type enzyme was found to be 0.075mM. This represented an 11 fold increase 

in the dissociation constant, which indicated that the inhibitor bound very 

poorly to the E461 Q-6-galactosidase enzyme as compared to the wild-type 

enzyme. This finding was unexpected since the literature suggests that the 

carboxyl group is involved in the catalytic mechanism and not in binding. As 

mentioned earlier, IPTG is similar in structure to the substrates ONPG and 

PNPG and thus a decrease in binding of the inhibitor ( Ki) implies that probably 

there is a similar decrease in binding of the substrate(KS) as well. Based on 

this assumption, the k2 and k3 values for E461 Q- 13-galactosidase with ONPG 
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and PNPG as substrates were determined and are presented in Table 13 

along with other kinetic data. The same values for the wild-type enzyme are 

also presented in Table 13 and have been calculated elsewhere (Tenu et al., 

1971; Huber et al., 1982; Huber and Gaunt, 1983). 

The calculations for the kinetic values presented in Table 13 for E4610-13-

galactosidase using PNPG and ONPG as substrates are presented below. 

The units are omitted from some of the calculations with the exception of the 

final calculated value for the sake of neatness. Referral to the Introduction for 

kinetic equations may be necessary. The sample calculations are presented 

for PNPG. The same assumption and calculations were made for ONPG. 

The Vm with PNPG for pure wild-type enzyme is 38 units/mg and the Km is 

0.035mM. From the Vm value and the concentration of total enzyme, the kcat 

was determined to be 83 sec-1 and the kcat/Km value was 2370 rnM 1 sec-1. 

The KS value for wild-type enzyme was determined from the following 

equation: 

kcat/Km = k2/KS 

The k2 rate constant for the wild-type enzyme was measured to be 90 sec-1 

for PNPG and, therefore, the KS value for the wild-type enzyme is: 

2370 90/ KS 

KS 0.038mM 

The inhibitor dissociation constant for wild-type enzyme with lPTG as 

inhibitor was measured to be 0.075mM while that for the mutant enzyme was 

measured to be 0.836mM. At this point it is assumed that this change in the 

inhibitor dissociation constant would be the same for the substrate 

dissociation constant if the substrate and inhibitor behave in a similar manner. 

Therefore an 11 fold increase in the Ki should give an 11 fold increase in the 

KS between the wild-type and the mutant enzyme. This was assumed for both 

PNPG and ONPG. Therefore, the KS (PNPG) for the mutant is 0.038mM x 11 = 

0.42mM. 

The Vm for the mutant with PNPG as the substrate was measured to be 

0.76 units/mg. The kcat value for the mutant was obtained from the Vm/(Et) 
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Table 13. Kinetic data for wild-type 13-galactosidase and E461 0-B-

galactosidase based on inhibition studies with IPTG as inhibitor and PNPG as 

substrate. A "-" value indicates a decrease and a indicates an increase. 

PNPG 

Kinetic Parameter Wild-type enzyme E461 0 enzyme Change, 

Vm (units/mg) 38 016 -50x 

Km (mM) 0.035 0.012 -3x 

kcat (sec-1) 83 1.66 -50x 

kcat/Km (mM-lsec-1) 2370 138 -17x 

Ki(mM) 0.075 0.836 +iix 

k2 (sec-1) 90 58 -1.6x 

k3 (sec-1) 1200 1.7 -700x 

KS (mM) 0.038 0.42 +llx 

ONPG 

Kinetic Parameter Wild-Type enzyme E4610 enzyme Change  

Vm 350 1.24 -280x 

Km (mM) 0.017 0.01 -17x 

kcat (sec- 1) 763 2.7 -280x 

kcat/Km (mM-1 sec-1) 4488 270 -17x 

k2- (sec-1) 2000 1350 -i.5x 

k3 (sec-1) 1200 2.7 -445x 

KS (mM) 0.45 5.0 +ilx 
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and was found 

138 mM 1 sec 

mutant, the k2 

to be 1.66 sec-1. The kcat/Km value was determined to be 

1 From this value and the KS value determined above for the 

rate constant was determined using the following equation: 

kcat/Km = k2/KS 

138 mM-I sec-1 = k2/0.42 mM 

k2=58sec-1 

The k3 rate constant for the mutant was determined from the kcat value. 

kcat = k2k31 (k2 + k3) 

1..66 = 58 k3/ (58 + k3) 

k3=i.7sec-1 

A comparison of the individual rate constants k2 and k3 (Table 13), 

between the wild-type enzyme and E461 Q-B—galactosidase, shows some 

interesting results. First, the k2 rate constant decreased about 1.5 fold for both 

substrates while the k3 rate constant decreased 450 fold for ONPG and 700 

fold for PNPG (the k3 rate constants should be the same for both ONPG and 

PNPG but because these values are so low relative to the wild-type enzyme, 

they are susceptible to deviation since they are derived from kinetic 

measurements and small errors in measurements, are magnified in 

calculations). Therefore, for E461Q-13-galactosidase, the rate- limiting step in 

the reaction for both ONPG and PNPG is the hydrolysis step. This is different 

from the wild-type enzyme in that k2 is rate limiting for PNPG as substrate and 

both k2 and k3 are roughly equal and rate limiting for ONPG as substrate 

(Tenu et al., 1971). The reason for the decrease in k3 may be due to the fact 

that if the carboxyl group of glu 461 is responsible for providing a negative 

charge to the carbonium ion (glu 461 would have a negative charge since it 

would be expected to have a pKa of about 6 (Tenu et al., 1971)), then 

replacement of this group with an amide group, would remove the ability of 

this residue to provide a negative charge. This in turn would destabilize the 

carboniurn ion and decrease the rate of the hydrolysis step. Second, the 

kinetic data in Table 13 show that substrate binding did not increase for the 

mutant as was originally concluded from the Km values presented in Table 12 

(le. Km is lower for the mutant than for the wild-type enzyme), but probably 
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decreased, based on the Ki data. The reason for this putative decrease in 

substrate binding as a result of this mutation remains unclear. Since the gin 

residue is of about the same size as the glu residue, it is unlikely that this 

mutation blocked the binding of substrate due to steric hindrance. It might be 

argued that changing the glu residue at amino acid position 461 to a gin 

residue, may have disturbed the three-dimensional structure of the enzyme, 

thereby indirectly affecting the enzyme activity and substrate binding. Two 

lines of evidence suggested that there did not appear to be any gross 

structural changes in E461Q-13-galactosidase as compared to wild-type 3-

galactosidase. First, E461 Q-6-galactosidase eluted from the Superose gel 

size exclusion column at the same position as expected for wild-type 3-

galactosidase in the active tetrameric form. This indicated that the mutation 

did not seem to change subunit interaction which might occur if there was a 

gross. conformational change in the enzyme. Second, although the activity of 

E4610-13-galactosidase was low, the enzyme did not lose activity during 

normal assay temperatures (25°C) or during storage over several months at 

400. This suggested that E4610-l3-galactosidase was fairly stable 

structurally. 

3.3.3 Thermal Stability Studies of E461 Q-l3-Galactosidase 

The stability of E461 Q-13-galactosidase was investigated by comparing the 

loss of E4610-13-galactosidase activity to the loss of wild-type (3-galactosidase 

after exposure to denaturing temperatures (5400). The experiment was 

carried out according to the procedure outlined in section 2.2.19. Figure 35 

shows the thermal denaturation curve obtained for both the wild-type enzyme 

and E461Q-13-galactosidase. The activity of E461 Q-l3-galactosidase fell more 

rapidly than the activity of wild-type 13-galactosidase suggesting that E461 0-13-

galactosidase was more susceptible to heat denaturation than wild-type 13-

galactosidase but since the enzyme was not dramatically less stable, the 

mutation probably did not change the active site structure dramatically. 
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Figure 35. Thermal stability graph of E4610-13-galactosidase versus wild-type 

13-galactosidase (ML-308). The concentrations of E46 10- 13-galactosidase 

(from Superose fraction of purification method II) and wild-type enzyme were 

adjusted to 0.43 mg/mL. Both enzymes were exposed to a temperature of 

54OC and the, activities of both enzymes were measured at various times. The 

log value of the per cent activity remaining, relative to the original enzyme 

activity before denaturation, was plotted against time. The open circles 

represent wild-type enzyme and the closed circles represent E461 Q-13-

galactosidase. 
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4. CONCLUSION 

The role of glu 461 in 13-galactosidase (E. coil) was investigated using Ml 3 

site-directed mutagenesis. The evidence for the existence of a carboxyl group 

that is required for (3-galactosidase activity is fairly extensive. 

Kinetic studies of 13-galactosidase at various pH values both in the 

presence and absence of Mg2+, suggested the presence of an amino acid 

with a pKa of about 6.0 (Wallenfels and Malhorta, 1961; Tenu et al., 1971). 

Originally, this amino acid was considered to be a his residue since the pKa of 

the free amino acid form of his is about 6.0 while the pKa of the free amino 

acid form of glu is about 4.0. However, analogy to lysozyme and inhibition 

studies of 13-galactosidase using amino sugars and amino alcohols as 

inhibitors, suggested the presence of a negatively charged group at the active 

site (Huber and Gaunt, 1982). The identification of a specific carboxyl group 

required for 13-galactosidase activity came from studies using the 

radiolabel led, irreversible active site-directed inhibitor condu ritol-C-cis-

epoxide (Herrchen and Legler, 1983). This inhibitor bound irreversibly to 13T 

galactosidase and destroyed the activity. Subsequent analysis of fragments 

generated from CNBr and pepsin digestion of the labelled enzyme, showed 

glu 461 as the labelled amino acid. Although irreversible active site-directed 

inhibitors are specific for the active site and can be used to identify specific 

amino acids that are involved in activity, the labelled amino acid may not be 

the amino acid involved directly in the reaction mechanism. For example, 

Fowler et al. ( 1978) used an irreversible active site-directed inhibitor of 13-

galactosidase which was found to label met 502. However, methionines were 

shown not to be involved in catalysis directly since replacement of methionine 

residues with norleucine did not greatly affect activity (Naider, 1972). In 

addition, recent site-directed mutagenesis studies of tyr 503 of 3-

galactosidase have shown that this residue is important for catalysis (Ring et 

al., 1988). 

Another carboxyl group modification study using water soluble 

•carbodiimides in the presence of amino inhibitors (Gaunt and Huber, 1985) 

suggested that inactivation of 13-galactosidase activity was due to the 

modification of several carboxyl groups rather than a specific carboxyl group 

as suggested by Herrchen and Legler (1983). However, this method is not as 

specific as methods which use irreversible active site-directed inhibitors. 
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In this study, site-directed mutagenesis of 13-galactosidase was used to 

replace the carboxyl group of glu 461 with an amide group (gin 461), in order 

to study the importance of the carboxyl group of glu 461 in 13-galactosidase 

activity. The only mutation that was present in the /acZ gene fragment that was 

cloned into M13mp18 for mutagenesis and back into the pIP101 plasmid for 

.expression, was the glu 461 (GAA) to gIn 461 (CAA) mutation. The mutant IacZ 

gene product migrated to the same position as the wild-type 13-galactosidase 

enzyme on SDS-PAGE gels and, when purified by two different methods, it 

showed the same final specific activity of 1.24 units/mg with ONPG as the 

substrate. This represented a 280 fold decrease in specific activity versus 

wild-type 13-galactosidase for ONPG as the substrate. This mutant protein was 

designated E461 Q-13-galactosidase and the decrease in the maximal rate of 

catalysis (Vm) for both ONPG (280 fold) and PNPG (50 fold) as substrates 

suggested that the carboxyl group of glu 461 is important in catalysis. 

Values for the inhibitor dissociation constant (Ki) were determined from 

kinetic studies of E461 Q-I3-galactosidase versus wild-type 13-galactosidase 

with the competitive inhibitor IPTG in the presence of PNPG. This allowed the 

catalytic rate constants k2 (glycosidic bond breaking step) and k3 (galactose 

hydrolysis step) to be determined for E461Q-13-galactosidase with both PNPG 

and ONPG as substrateê. For ONPG and PNPG, the k2 values remained 

relatively constant (decreased only 1.6 fold), but the k3 values decreased 

dramatically (400 and 700 fold respectively). This implied that the decrease 

seen in the Vm was due to the decrease in the k3 rate constant more so than 

the k2 rate constant and, therefore, the replacement of the carboxyl group of 

glu 461 with the amide group of gIn 461 affected mainly the galactose 

hydrolysis step rather than the glycosidic bond breaking step. These results 

suggest that the loss of the negative carboxyl group of glu 461 destabilizes the 

positively charged carbonium cation that is formed after the glycosidic bond 

breaking step and increases the activation energy barrier required for the 

reaction of the carbonium cation with H20 to generate the galactose product. 

This in turn decreases the rate of the reaction. 

The kinetic data from inhibition studies of E4610-13-galactosidase versus 

wild-type 13-galactosidase also showed that the Ki (inhibitor dissociation 

constant) increased from 0.075mM for the wild-type enzyme to 0.836mM for 

the mutant enzyme with PNPG as the substrate. This indicated that the 

inhibitor (lPTG) bound, poorly to the mutant enzyme as compared to the wild-
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type enzyme and based on the assumption that binding of the substrate to the 

enzyme is the same as the binding of the inhibitor to the enzyme, the data 

suggested that the carboxyl group of glu 461 seems to be important in 

substrate binding as well. It is possible that glu 461 could play a role in 

substrate binding. Kinetic studies of the reverse reaction of 13-galactosidase 

(formation of disaccharides in the presence of excess monosaccharides) 

using several sugars substituted at various carbon atom positions in the sugar 

ring, showed that the hydroxyl group of 02 of galactose, is important and must 

be in the equatorial position (Huber and Hurlburt, 1986). Therefore, it is 

possible that the carboxyl group of glu 461 is involved in hydrogen bonding 

with the 02 hydroxyl group and helps to bind the substrate while at the same 

time supplying the negative charge to stabilize the carbonium ion during the 

catalytic reaction. 

Thermal stability studies of E461Q-13-galactosidase and wild-type 13-

galactosidase at denaturing temperatures showed the mutant enzyme to be 

more susceptible to heat denaturation than wild-type enzyme. However, there 

was little, if any loss of enzyme activity at room temperature for E4610-13-

galactosidase, suggesting that the enzyme was fairly stable structurally. 

The replacement of glu 461 with gin 461 was a relatively conservative 

change with respect to size and, therefore, the decrease in activity of E461 Q-

13-galactosidase relative to wild-type enzyme was unlikely to be due to steric 

hindrance of the active site with the amide group of gin 461. 

Thus, the overall decrease in the reaction rate for E461Q-13-galactosidase 

was due to a decrease in k3 and probably also to a decrease in substrate 

binding and, therefore, it appears from this study that glu 461 is important for 

catalysis as suggested by Herrchen and Legler (1983) but probably also plays 

a role in substrate binding. Replacement of this residue with other amino 

acids may help to further clarify the role of glu 461 in the r3-gaiactosidase 

mechanism. 
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