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ABSTRACT
 

Asp-20 1 of ~-galactosidase (E. coli) is a highly conserved residue that interacts 

with Na+ and K+. Structural evidence indicates that Asp-201 and Na+/K+ also interact 

with the C4 and C6 hydroxyl groups of the galactosyl portion of the substrate and 

transition state, respectively. Asp-201 was substituted with Glu, Asn, Phe and Tyr. All 

four substituted enzymes were found to have increased Km values. Compared to the 

wild-type enzyme, a higher amount ofNa+ was required to improve binding by D201E-~

galactosidase while K+ only had small effects. With D201N-~-galactosidase, binding of 

both Na+/K+ and the C6 hydroxyl group are adversely affected. D201F- and D201 y-~

galactosidases showed deleterious effects in which extremely poor binding and very low 

reactivities were reported. The studies showed that Na+/K+ interacts with the C6 

hydroxyl group at the galactose subsite. Small alteration in geometry of the enzyme 

caused significant effects on the catalysis of ~-galactosidase. 
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1. INTRODUCTION
 

1.1 General Overview of Glycosidases 

Glycosidases, also known as glycosyl hydrolases, hydrolyze glycosidic bonds. 

Glycosidases are found in most living organisms. Their ability to cleave glycosidic 

bonds is crucial for a number of major biological pathways. Thus, glycosidases playa 

central role in structure, cell-cell signaling, host-pathogen interactions and food storage 

as well as its utilization. Mammalian glycosidases and mannosidases that are specific for 

the cleavage of complex oligosaccharides in the ER and the Golgi apparatus are 

important in cancer research. There are many diseases caused by defects of specific 

glycosidases in humans. For example, many adults are deficient in intestinal enzyme B

D-galactosidase or lactase, which catalyzes the conversion of lactose to glucose and 

galactose. Such deficiency results in a symptom called lactose intolerance. Glycosidases 

also have industrial applications where some of them have been used in synthetic 

reactions to generate oligosaccharides. As a member of the glycosidase family, B

galactosidase is one of the two most commonly used reporter proteins. It is also 

associated with a-complementation which gives rise to the simple blue/white color 

screening test and is extremely useful in the field of molecular biology. 

Estimates have shown that the spontaneous hydrolysis of glycosidic bonds at 

neutral pH have half-lives of up to 8 million years. Glycosidases are found to accelerate 

the rates of these reactions by factors up to 1017 (Wolfenden et aI., 1998). Understanding 

the mechanism of action of glycosidases is therefore essential. 

Many glycosidases have been discovered and over 57 sequence-based families of 

glycosidases have been identified (Henrissat and Bairoch, 1996). The first X-ray structure 
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of a glycosyl hydrolase was that of hen egg-white lysozyme. In the recent years, 

information on the three-dimensional structures of other glycosyl hydrolases has also 

expanded rapidly. 

1.2 Structure and Function of B-Galactosidase fE.coli) 

B-Galactosidase catalyzes hydrolytic and transgalactosidic reactions of B-D

galactosides with a retention of anomeric configuration. The natural substrate of B

galactosidase from Escherichia coli is lactose (B-D-galactopyranosyl-1,4-D

glucopyranose). However, synthetic compounds such as pNPG and oNPG are commonly 

used as substrates because they are more easily assayed in the laboratory. B

Galactosidase is a 464 kDa homotetramer. Each subunit has 1023 amino acids (Fowler & 

Zabin, 1978; Kalnins et aI., 1983). 

The three-dimensional structure of B-galactosidase (E. coli) was elucidated to 2.5 

Aby Jacobson et al. (1994). More recently, Juers et al. (2000) have refined the crystal 

structure at 1.7 Aresolution and the complete structure of this tetrameric B-galactosidase 

is shown in Figure 1.1. The enzyme is a 222-point symmetric tetramer. Each subunit is 

composed of five domains. In addition, there is a unique 50 amino acid segment located 

at the N-terminus of each subunit. The first domain of each monomer (residues 51-217) 

has a B-barrel structure and it is found to be structurally similar to that of a cellulose 

binding domain (Xu et aI., 1995; Johnson et aI., 1996; Tormo et aI., 1996; Sakon et aI., 

1997). 
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Figure 1.1. View of the complete molecule of B-galactosidase (E. coli). Each 
monomeric subunit is in a different color (Juers et aI., 2000). 

Domain two (residues 220-334) has a topology that is similar to the immunoglobulin 

constant domain designated as a fibronectin-type III fold. The third domain (residues 

334-627) forms a distorted 'TIM' barrel and it is the core of each monomer in which 

many of the catalytic residues are found. It consists of 8 helices on the outside and 8 

strands inside. The difference between domain three and a typical 'TIM' barrel is that 

domain three does not have the regular fifth helix that is present in all conventional 

'TIM' barrel structures. Instead, the "cleft" created by the missing fifth helix in domain 

three is filled by an extension from domain one of an adjacent subunit when the enzyme 

is in the tetrameric form. There is also a distortion in the sixth parallel strand of domain 

three. The fourth domain (residues 628-736) is structurally similar to domain two. 
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Domain five (residues 737-1023) is mainly an antiparallel ~-sandwich. Two important 

regions (one of them is the loop between residues Gly-794 and Pro-803, and the other one 

is Try-999) are found in this domain. Together, domains one, two, four and five are 

believed to provide stable scaffolds upon which the binding residues can be presented to 

the active site (domain three) of the enzyme (Juers et aI., 1998). In addition to the five 

domains described, the 50 unique amino acid segment located at the amino terminus of 

each subunit adopts an irregular and extended conformation (Jacobson et aI., 1994). 

These 50 residues are known as the a-peptide or the complementation peptide. A 

number of the residues (residues 22-31) in this peptide are thought to be important for the 

maintenance of the integrity of the protein's tetrameric structure (Fowler & Zabin, 1983). 

In order for the large peptide chain of a B-galactosidase subunit to fold properly, 

each domain probably folds independently with respect to the others (Juers et aI., 1998). 

It has been suggested that the C-terminal peptide fragment of the B-galactosidase 

polypeptide folds into a configuration close to that of the corresponding segment in the 

wild-type enzyme (Celada et aI., 1974). More recently, X-ray structural studies indicate 

that there is more surface area buried between domains compared to that between 

monomers of a peptide. This implies that the folding of each individual domain takes 

precedence, and it is separate from the formation of dimers and eventually of the tetramer 

(Juers et aI., 2000). The four constituent monomers of the tetramer form two distinct 

interfaces that are referred to as the 'activating' interface and the 'long' interface 

(Jacobson et aI., 1994). The 'activating' interface consists of residues near the amino 

termini of the two monomers, and two helices from each monomer as well as the a

peptides. The two helices from each monomer interact with their complementary species 
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by the formation of a 4-helix bundle. In addition, there are important interactions 

between the a-peptides, and residues 22-31 from each a-peptide contribute to the 

stabilization of the 4-helix bundle (Juers et aI., 2000). The 'long' interface contains 

residues in the middle of the polypeptide chains as well as near the carboxyl termini of 

the two monomers. There is a Mg2 
+ near the N-terminus. This Mg2 

+ is thought to 

coordinate a number of amino acid residues from the complementation peptide to bridge 

it with the rest of the protein (Juers et aI., 2000). 

The crystal structure of ~-galactosidase solved by Jacobson et a1. (1994) shows 

that there is a deep pit at the bottom of the 'TIM' barrel (domain three) and that the pit is 

the substrate binding site. Residues found at the active site pocket among homologous B

galactosidases' sequences are highly conserved (Jacobson et aI., 1994). The hydrophobic 

pit of the active site is partially contributed by Trp-568, the "floor" of the galactose 

subsite; and partially by Trp-999, the "floor" for the binding of the aglycone (Juers et aI., 

1998). Part of the active site is shown in Figure 1.2 a) and b). 

Recently crystal studies (Juers & Matthews, personal communication to R.E. 

Huber, 2001 preprint) have revealed that there are two distinct modes of binding present 

in the reaction catalyzed by B-galactosidase (E. coli). One of the two is called the 

"shallow" binding, and substrates such as lactose and allolactose initially bind in this 

mode. In the "shallow" mode, the binding affinity is only moderately good. A 

conformational change of B-galactosidase upon binding the substrate in the "shallow" 

binding mode acts as a switch to trigger a shift from the "shallow" mode to a "deep" 

binding mode. 
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Figure 1.2 a). X-ray crystallographic structure of Na+ binding in the active site (Juers et 

aI.,20(0). 
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Figure 1.2 b). X-ray crystallographic structure of K+ binding in the active site (Juers et 

aI., unpublished observations). 
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In "deep" binding, the intermediate, transition state and/or galactose move 1-4 A deeper 

into the active site pocket. The advance movement made by the galactosyl component of 

the substrate is thought to be accompanied and at least partially facilitated by some 

binding interactions that are present only in the "deep" binding mode. The glucosyl (or 

other aglycone) component of the substrate initially binds rather poorly to the glucose 

(aglycone) subsite. However, upon the breakage of the glycosidic bond, the glucosyl 

(aglycone) moiety binding at this site becomes strong and it then binds an acceptor 

molecule (i.e., an alcohol or a sugar) very tightly. This event leads to the formation of 

transgalactosylic products (Huber et aI., 1976). 

1.3 Substrate Binding 

As already stated, B-galactosidase has a galactose subsite and a glucose 

(aglycone) subsite (Deschavanne et aI., 1978; Huber & Gaunt, 1983; Huber et aI., 1984). 

The galactose subsite has only moderate affinity (probably because there is "shallow" 

binding) for galactose itself (Ki=20 roM) but the overall affinity becomes considerably 

better when this galactose is linked to a hydrophobic molecule or another sugar group via 

a B-glycosidic bond. The enzyme thus has some affinity for hydrophobic groups and 

sugars at the glucose subsite. B-Galactosidase probably also adopts a more "favorable" 

conformation when the substrate involved is composed of a galactose and a hydrophobic 

or sugar component than if only galactose binds. Galactose binding depends on the 

hydroxyl groups at positions 3, 4, and 6 (Huber & Gaunt, 1983). If these three groups are 

in the same orientation as in D-galactose, there is good binding. If one of them is absent 



9 

or oriented incorrectly, binding becomes very poor. Studies with fluorinated and 

deoxygenated glycosides have shown that the interactions with the C3, C4 and C6 

hydroxyl groups each contributes at least 16.7 kJmor l (4 kcalmor1
) of binding energy. 

In addition, more than 33.5 kJmor l (8 kcalmor') of binding energy is contributed by the 

C2 hydroxyl group (McCarter et aI., 1992). The magnitude of these interactions is 

greatest at C2 position due to the fact that the C2 hydroxyl group has to undergo the most 

significant deformation/distortion when the substrate transforms into a carbocation 

transition state. The galactosyl component experiences a structural distortion from a 

chair conformation to a half-chair form and becomes nearly planar. 

The glucose subsite has only poor affinity for free glucose (Ki>400 mM) and 

binding at the glucose subsite is rather nonspecific. Two classes of compounds were 

found to bind well to the glucose subsite of the galactosyl form of B-galactosidase: 1) 

sugars/alcohols that are structurally similar to D-glucopyranose; 2) small hydrophobic 

alcohols (Huber et a1., 1984). The relative hydrophobic nature of the glucose subsite 

renders both oNPG and pNPG as excellent synthetic substrates for B-galactosidase. For 

example, the nitro group of oNPG binds at the glucose subsite and it experiences some 

polar interaction with a nearby His-418 residue, which is located at the active site of B

galactosidase. This interaction can help enhance the electron-withdrawing nature of the 

nitro group and make the o-nitrophenyl a better leaving group (Juers et aI., 2001 

preprint). Taken together, B-galactosidase in its free form is specific for galactose but not 

very specific for glucose. The specificity alters upon the cleavage of the glycosidic bond. 

The glucose subsite then has very strong affinity for glucose. This change in binding 
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affinity results from a conformational change acquired by the galactosyl enzyme and is 

very important for the formation of allolactose. 

For most enzymes the interactions with their substrates in their ground states are 

relatively weak. This weak interaction increases significantly when the ground state is 

transformed into the transition state. Since the transition state species are extremely 

unstable, it is logical to reason that the maximal interaction should occur when the 

substrate is in its transition state form. For example, in the case of B-galactosidase, the 

positively charged high-energy bearing carbocation transition states (see next section) are 

stabilized by at least one nearby negatively charged Glu residue. His-540, His-357 and 

His-391 of B-galactosidase are also known to contribute to the stabilization of the 

transition state complexes by establishing hydrogen bonds with the C2, C3 and C6 

hydroxyl groups. Catalysis is facilitated as a consequence of the transition state 

stabilization. The details for such interactions will be discussed in section 1.8. 

1.4 Reaction Mechanism of 6-Galactosidase (E. coli) 

Enzymatic hydrolysis of the glycosidic bond requires two critical residues: a 

proton donor/acceptor and a nucleophile (Davies & Henrissat, 1995). This hydrolysis can 

occur either with a retention (retaining) or an inversion (inverting) of anomeric 

configuration. B-Galactosidase in E. coli is a retaining glycosidase. The generally 

accepted mechanism is shown in Figure 1.3. 
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Upon substrate binding to B-galactosidase, there is a protonation of the glycosidic oxygen 

by an acid catalytic group. This protonation event facilitates the departure of the 

aglycone group. This protonation is especially important. If the leaving group is a poor 

one, the reaction proceeds very slowly. For example, the rate of reaction with lactose is 

essentially zero if the acid catalytic group is absent (Cupples et aI., 1990). After 

protonation, the glycosidic bond is cleaved. This generates the first product of the 

reaction as well as a glycosyl carbocation transition state. This high-energy species is 

planar at Cl due to its trigonal planar configuration and it bears a positive charge which it 

partially shares with the ring oxygen. The carbocation is stabilized by at least one 

negatively charged carboxyl group located nearby. A nucleophilic reaction then takes 

place between the negatively charged carboxyl group and the "anomeric carbon" of the 

carbocation and produces a transiently linked covalent galactosyl intermediate. A second 

carbocation transition state is formed from the transient covalent bond. Then a water 

molecule, activated by the base, attacks the "anomeric carbon" of the second transition 

state and this generates the second product and completes the reaction. The k2 

(galactosylation) value in the above reaction mechanism represents the rate of formation 

of the covalent galactosyl-enzyme intermediate; k3 (degalactosylation) describes the rate 

of the second half of the reaction cycle. For some substrates such as pNPG and lactose, 

the galactosylation step (k2) is rate limiting. Degalactosylation (k3) is rate determining 

for substrates such as 3,5-dinitrophenyl B-D-galactopyranoside (DNPG) with very good 

leaving groups. When the substrate is oNPG, k2 and k3 are roughly equal and are both 

partially rate determining (Viratelle & Yon, 1973). 
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B-Galactosidase can also catalyze transgalactosidic reactions (Figure 1.4). The 

transgalactosidic activity of B-galactosidase is important because one product of this 

reaction, allolactose (B-D-galactosylpyrano-l,6-glucopyranose), is a natural inducer of 

the lac operon. In the presence of lactose, the lac operon initiates the expression of the 

structural genes to efficiently utilize the lactose as a new form of energy source. 

Allolactose, produced from the transgalactosidic reaction pathway by a basal level of B-

galactosidase (see Figure 1.4) functions as an inducer of the lac operon to bring about the 

production of B-galactosidase. 

E·GAL
 
GAL 

E=<i== E· LACTOSE 

~ k4 

.J.LLOLACTOSE 

Figure 1.4. A proposed mechanism for the action of B-galactosidase on lactose. The 
upper part of the reaction scheme represents the hydrolytic reaction. The bottom part is 
the transgalactosidic reaction. E=p-galactosidase; GAL=galactose; Glu=glucose; 
EeGALeGLU=enzymeesubstrate complex; EeGAL=galactosyl enzyme. Ks=dissociation 
constant; k2=rate of galactosylation; k/=rate of degalactosylation; k4=rate of allolactose 
formation; k.=rate of glucose association; k.•=rate of glucose dissociation. The dot 
represents a complex between the enzyme and reactant/intermediate/product. 
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The production of allolactose is referred to as "direct" transgalactosidic activity (Huber et 

a1., 1976). There is a direct transfer of the galactosyl moiety from the 4 to 6 position of 

the glucose. The proportion of allolactose versus monosaccharides produced depends on 

the relative values of k4 and the rate of release of the glucose molecule k_a (see Figure 

1.3). When lactose is used as a substrate, the wild-type B-galactosidase gives a ratio of 

approximately 50:50 (allolactose versus monosaccharides). A transfer of the galactose 

molecule to the 6 position of free glucose that is released from the original substrate and 

then rebound to the glucose subsite is also possible and this event also leads to the 

production of allolactose (Huber et a1., 1976). Such type of reaction is called an 

"indirect" transgalactosidic activity. It is known that the ratio of 

transgalactosidiclhydrolytic activity is pH-dependent (Huber et aI., 1976). Moreover, it 

has been suggested that the conformation of a "loop" (residues 794-804) of each B

galactosidase subunit and residue Trp-999 partly determines whether the hydrolytic or the 

transgalactosidic reaction is favored (Juers & Huber, unpublished observations). 

1.5 Metal Bindin2 Sites of 8-Galactosidase (E. coli) 

1.5.1 Ma2nesium Ions 

B-Galactosidase requires Mg2 
+ or Mn2 

+ (Case & Sinnott, 1972; Rickenberg, 1958; 

Strom et aI., 1971) for maximum activity. In the absence of Mgz 
+ or Mnz 

+, the enzyme 

has only 6% of the normal catalytic activity (Strom et aI., 1971). Mg2
+ also affects the 

transgalactosidiclhydrolytic reaction ratio (Huber et a1., 1976). The X-ray crystal 

structure shows that there is a Mgz 
+ at the active site (Jacobson et a1., 1994; Juers et aI., 

2000). It is probably this Mg2 
+ that is required for the enzyme's full catalytic activity. 
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Several other Mg2t sites may bind at the 'activating' interface (Jacobson et aI., 1994) but 

they do not seem to affect the activity of the enzyme. Despite many investigations to 

probe the functionality of this important divalent cation, the exact role of the Mg2t at the 

active site is still under debate. It is thought that Mg2t may act as an electrophile 

(Selwood & Sinnott, 1990) or that the Mg2t mediates a conformational change that takes 

place during catalysis (Case & Sinnott, 1972; Strom et al., 1971). Recent evidence in this 

laboratory indicates that the Mg2t may be important for the proper conformation at the 

glucose subsite. Glu-461 is one of the Mg2t ligands at the active site, and Mg2t may 

enable it to act as a general acid catalyst through complex ligand interaction (Juers et al., 

2001 preprint). Because Mg2t is bound in octahedral geometry, it is capable of forming 

ligands with a number of groups such as amino acids and/or water molecules that are in 

close proximity. Glu-416 and His-418 are also believed to be ligands for Mg2t and they 

will be discussed separately later. In addition to the amino acids mentioned above, two 

or three water molecules serve as ligands to the active site Mg2t (Juers et al., 2000). 

1.5.2. Sodium/Potassium Ions 

Na and K are classified as Group IA alkali metals and they both have one valence 

electron. Because Na and K lose their valence electrons easily, they form positively 

charged ions and can interact with negatively charged species via electrostatic interaction. 

Although Nat and Kt are known to be activators of B-galactosidase, the role of these 

monovalent cations is not yet resolved and their interactions with Asp-20 1 and the 

substrates are the subject of this thesis. B-Galactosidase has lower activity in the absence 

of Nat or Kt (Neville & Ling, 1967). It was suggested that the positively charged 
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monovalent cations interact electrostatically with a negatively charged group on B

galactosidase (Becker & Evans, 1969) to activate the enzyme. The suggestion was that 

this interaction would have an overall stabilizing effect on the enzyme. Juers et a1. 

(2000) have now shown that Na+/K+ binds at the active site; more specifically, it interacts 

with residue Asp-201 of B-galactosidase. 

It has been suggested that Na+ is a better activator for oNPG while K+ is a better 

activator when pNPG and lactose are the substrates (Wallenfels et aI., 1960). Since the 

glycone of each of the three substrates is the same, the interaction with the nitro group on 

the aglycone could be a main factor that differentiates the effects of Na+ and K+ for oNPG 

and pNPG (Becker & Evans, 1969). Studies by Neville & Ling (1967) suggested that 

Na+ enhances both the affinity of B-galactosidase for its substrate (Km) and the maximal 

rate of hydrolysis (Vm). Their findings are consistent with the conclusions reached by 

Becker & Evans (1969). 

Na+/K+ binding sites have now been identified by X-ray data (Juers et aI., 2000). 

Five putative Na+/K+-binding sites exist, but only one of the five is found at the active 

site. Figures 1.2 a) and b) respectively depict the Na+ and K+ binding. Although Na+ 

and K+ are quite similar in their physical and chemical properties, there exists factor that 

distinguish the two monovalent cations. The radius of K+ is larger than that of Na+ (1.33 

Aversus 0.95 A). This in turn causes the attractional force generated from the nucleus of 

K+ to be smaller than that of Na+. Therefore, the electrostatic linkage that K+ forms is 

weaker than the respective one with Na+. Moreover, the differences in the sizes of Na+ 

and K+ result in the different angles and distances between each one of the metal ions and 

the corresponding amino acid residues that they interact with (at the active site of §
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galactosidase). For example, the angle formed between Na+ and the two oxygens of Asp

201 carboxyl side chain is 39.9° while the same angle is found to be 36.9° for K+. Also, 

the distances between Na+ and the two oxygens of Asp-201 carboxyl side chain are 2.40 

Aand 3.54 A; while the distances between K+ and the two oxygens of Asp-201 carboxyl 

side chain are 2.63 Aand 3.67 A. 

Unlike divalent metal cations (i.e., Mg2+) which can firmly complex several active 

site residues of §-galactosidase, a monovalent cation such as Na+ or K+ probably binds 

the protein with only moderate strength due to its larger size and smaller charge. Despite 

this, Na+ or K+ is important for catalysis. The electrostatic interaction between the 

negatively charged Asp-201 of §-galactosidase and Na+ may cause a change in 

conformation so that the enzyme transforms from an inactive form to a more active form. 

On the other hand, Na+may assist in binding a substrate to the enzyme. Recent findings 

(Juers et aI., 2001 preprint) show that prior to the substrate binding, Na+ has square 

pyramidal geometry with two water ligands and three protein ligands. When the 

substrate binds, the C6 hydroxyl group on the galactosyl moiety of the substrate replaces 

one of the water ligands. A direct interaction between Na+and the C6 hydroxyl group of 

the substrate is then established (see Figure l.5a). Furthermore, upon the switch of the 

enzyme s binding mode (shallow to deep), the C6 hydroxyl group of the substrate 

retains its ligand interaction with Na+, but moves slightly further away (see Figure I.Sb). 

Na+ could contribute to the stabilization of the transition tate complex through its 

interaction with C6 hydroxyl group. Meanwhile, Na+ may assist the conformational 

change and stabilize an active conformation of the intermediate complex via its 
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interaction with Asp-20l. K+ presumably acts the same manner as Na+ but its larger size 

could have different consequences. 

Figure 1.5 a). Stereoview of the interaction between Na+ and the C6 hydroxyl group of 
the substrate D-galactose. The D-galactose molecule that is colored in dark blue 
represents the "shallow" binding mode. The same molecule that is colored in white 
represents the "deep" binding mode. (Courtesy of Juers & Matthews) 
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Figure 1.5 b). Stereoview of the interaction between Na+ and the C6 hydroxyl group of 
a transition state analogue galactonolactone and of the covalent intermediate. The 
galactonolactone molecule is colored in white and the covalent intermediate is colored in 
dark blue. The figure also shows E461 donating a proton to the anomeric oxygen. 
(Courtesy of Juers & Matthews). 
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1.6 General Acid/General Base Catalysts 

General acid/base catalysis is a process in which proton transfer from a Br0nsted 

acid or proton abstraction by a Br0nsted base aids catalysis. The active sites of many 

enzymes contain precisely positioned groups that act as general acidlbase catalysts. 

General acid catalysts participate in the cleavage of glycosidic bonds by facilitating the 

departure of the aglycone molecule. More specifically, a general acid catalyst is capable 

of donating its proton to the glycosidic oxygen so that the electron distributions between 

the anomeric carbon and the glycosidic oxygen are altered and weaken the glycosidic 

bond. The departure of very basic aglycone groups requires such assistance from general 

acid catalyst. It is thought that Glu-461 may function in this way in B-galactosidase 

(Richard et ai, 1996; Juers et aI., 2000) but its role in chelating Mg2+ is somewhat 

problematic as will be discussed in Section 1.8.2. Glu-461 could also function as the 

general base catalyst. When its carboxylic side chain is deprotonated, it can extract a 

proton from water to make it a potent nucleophile (Richard et aI., 1996). 

1.7 Formation of the Covalent Intermediate 

The reaction carried out by B-galactosidase involves a two-step mechanism with 

the formation of a covalent enzymatic intermediate. The first piece of evidence that an 

intermediate (not necessarily covalent) exists came from nucleophilic competition studies 

that were done by Stokes and Wilson (1972). Eight aryl B-galactosides were utilized as 

substrates and they were hydrolyzed in the presence and absence of alcohols (methanol 

and ethanol) which served as galactose acceptors in competition with water. They then 

measured the ratio of product formation with and without the added acceptor molecules. 
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The rationale that Stokes and Wilson proposed was that if the reaction followed a two-

step mechanism in which a common intermediate was generated, the ratio should remain 

unchanged regardless of the identity of the aglycone moiety (since the aglycone molecule 

would be diffused away before the action of an acceptor molecule can take place). On 

the other hand, if no common intermediate was formed, then the type of aglycone moiety 

would distinguish the relative ability of water and alcohol to serve as acceptors. The 

ratio was found to be constant with all substrates investigated. Therefore, a common 

intermediate must be present in the hydrolytic reaction catalyzed by ~-galactosidase. 

Viratelle et al. (1969, 1973) further refined the reaction mechanism through 

nucleophilic competition experiments. Methanol was used as an acceptor molecule with 

a series of ~-D-galactoside substrates. For "poor" substrates such as pNPG, addition of 

methanol had no effect on the kcat value. Therefore, k2 must be rate determining. On the 

other hand, methanol was seen to increase the value of kcat for substrates such as oNPG. 

It was then concluded that k3 is at least partially rate determining for oNPG. Based on 

their studies, the following reaction mechanism was proposed (Figure 1.6). 

Figure 1.6. Simple reaction mechanism proposed by Viratelle & Yon (1973). In this 
scheme, E, S, ES and ES' represent enzyme, substrate, Michaelis complex and 
intermediate complex. PI is the aglycone component of the substrate. P2 is galactose 
and P3 is the transfer product obtained by the action of a nucleophile on the ES' complex. 
Ks, k2 and k3' represent the dissociation constant, the rate of glycosylation and the rate of 
deglycosylation, respectively. k4 is the rate of formation of the transfer product. 
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Viratelle & Yon (1973) also determined a series of kinetic parameters for the 

hydrolysis of some glycosides by ~-galactosidase. The value of k2 was found to be 2100 

S·l and 90 S·l for oNPG and pNPG, respectively. The value of k3 was the same for both 

substrates, and it is equal to 1200 S·l. Because k3 represents the rate of breakdown of the 

galactosyl enzyme intermediate, the reaction rates with all ~-galactosides should share 

the same k3 value due to the presence of a common intermediate. The evidence that there 

is actually a covalent bond formed will be discussed below (Section 1.8.1). The 

nucleophile involved is the carboxyl group of Glu-537. 

1.8 Active Site Groups 

1.8.1 Glu-537 

Glu-537 is the catalytic nucleophile of ~-galactosidase (Gebler et aI, 1992; Yuan 

et al., 1994). It is conserved among all related ~-galactosidases and similar residues are 

conserved in most glycosyl hydrolase families (Kalnins et al., 1983; Burchhardt and 

Bahl, 1991; Buvinger and Riley, 1985; David et al., 1992; Fanning et al., 1994; Hancock 

et al., 1991; Poch et al., 1992; Schmidt et al., 1989; Schroeder et al., 1991; Nagano et al., 

1994; Obst et al., 1995). Gebler et al. (1992) used 2F-DNPGal (2,4-dinitrophenyl B-D-2

deoxy-2-fluorogalactopyranoside) as an inactivator to trap the reaction and GIu-537 was 

found to be covalently linked to the trapped galactosyl intermediate. In their studies, the 

inactivator was found to bind at the enzyme active site and the inactivation was shown to 

occur because of the good leaving ability of the dinitrophenyl group and the subsequent 

accumulation of the relatively stable covalent 2F-DNPGal-enzyme intermediate. The 

accumulation of this intermediate was a consequence of the significant destabilization of 
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the electron-deficient oxocarbonium ion-like transition state. The presence of the very 

electron-withdrawing fluorine atom at the C2 position, coupled with the removal of 

important interactions which would otherwise stabilize the transition state caused the 

deglycosylation step to slow down enormously. Therefore the "trapping" was possible. 

Glu-537 was shown to be the nucleophile through sequencing the complex formed by the 

3H-Iabeled 2F-DNPGal (the inactivator) and B-galactosidase. Yuan et aI. (1994) further 

confirmed the catalytic role of Glu-537 of ~-galactosidase (E. coli) through site specific 

mutagenesis studies. In their findings, E537D-, E537Q- and E537V-B-galactosidases all 

had dramatically reduced kCal values. Both E537Q- and E537V-B-galactosidase were 

found to be completely inactive and the minuscule activities associated with these two 

mutants were due only to the presence of a few molecules of wild-type enzyme. Newly 

refined X-ray crystal structures of various B-galactosidase complexes and intermediates 

(Juers et aI., 2001 preprint) clearly shows that a covalent linkage exists between the 

galactosyl ring of the substrate and Glu-53? at the enzyme active site. 

1.8.2 Glu-461 

Glu-461 is found at the active site of B-galactosidase (Jacobson et aI., 1994; Juers 

et aI., 2000). Site-directed mutagenesis of Glu-461 has shown that this residue is 

essential for the full catalytic activity of the enzyme (Cupples et aI., 1990). It is a strictly 

conserved residue (Kalnins et aI., 1983; Burchhardt and Bahl, 1991; Buvinger and Riley, 

1985; David et aI., 1992; Fanning et aI., 1994; Hancock et aI., 1991; Poch et aI., 1992; 

Schmidt et aI., 1989; Schroeder et aI., 1991; Nagano et aI., 1994; Obst et aI., 1995). 
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Glu-461 is involved in substrate binding in some manner. The evidence comes 

from studies done by Cupples et aI. (1990) in which B-galactosidases with substitutions 

for Glu-461 (E461Q-, E461 H-, E461K- B-galactosidases) were found to bind both 

substrates and the substrate analog IPTG poorly. This could partially be a conformation 

effect. 

In addition, Glu-461 is probably also important for general acid and general base 

catalysis. Richard et aI. (1996) demonstrated that Glu-461 participates in facilitating the 

departure of basic aglycone molecules by donating a proton to the leaving group. The 

more recent X-ray structural studies of B-galactosidase (E. coli) further support the 

postulation since Glu-461 was shown to be in good position to donate a proton to the 

glycosidic oxygen (Juers et aI., 2001 preprint). More specifically, Glu-461 was found to 

lie in the same plane with the glycosidic oxygen, and it was also in close proximity (at a 

90° angle) to the nucleophile Glu-537. 

Glu-461 is also a ligand to the Mg2 
+ at the active site (Jacobson et aI., 1994; Juers 

et aI., 2000). This was reported before the first crystal structure of B-galactosidase was 

solved (Edwards et aI., 1990). In the studies carried out by Edwards et aI., substitutions 

of Glu-461 with both neutral and positively charged amino acids significantly decreased 

the affinity of B-galactosidase for Mg2
+. On the other hand, substitution by Asp at 

position 461 had no effect on Mg2+ binding. It was thus concluded that Glu-461 is 

important for binding the Mg2 
+ at the active site. This conclusion was further confirmed 

by the X-ray crystal structures. Under this circumstance, the carboxyl group of Glu-461 

would probably exist in a deprotonated form. This is contradictory to the suggestion that 

Glu-461 is a proton-donating agent. In order to serve as a ligand to Mg2 
+ while also 



25 

being a general acid catalyst would require that Glu-46l dissociate from Mg2 
+ when the 

substrate binds, acquire a proton from solution and then donate it to the glycosidic 

oxygen. More investigation is required on this subject. 

1.8.3 Glu-416 

Glu-416 is one of the three inner sphere ligands for the Mg2+ (the other two are 

Glu-461 and His-418) at the active site of ~-galactosidase(E. coli) (Jacobson et al., 1994; 

Roth & Huber, 1996; Juers et al., 2000). It is highly conserved in related B

galactgosidases ((Buvinger & Riley, 1985; David et al., 1992; Hancock et al., 1991; 

Kalnins et al., 1983; Poch et al., 1992; Schmidt et al., 1989; Schroeder et al., 1991; 

Stokes et al., 1985). Mutagenesis of this residue contributes to the loss of the ability to 

bind the substrate analog IPTG (Roth & Huber, 1996). Recent studies in this laboratory 

(Sonuhi & Huber, unpublished observations) showed that substitutions for Glu-416 alter 

the binding at the glucose subsite. These studies also showed that Mg2 
+ causes inhibition 

rather than activation of the substituted enzymes. The reason for this latter finding is not 

obvious. 

1.8.4 His-418 

His-418 is conserved in almost all of the related ~-galactosidases sequenced 

(Buvinger & Riley, 1985; David et al., 1992; Hancock et al., 1991; Kalnins et al., 1983; 

Poch et al., 1992; Schmidt et aI., 1989; Schroeder et al., 1991; Stokes et al., 1985). Roth 

and Huber (1994) showed that His-418 is required for the full enzymatic activity in the 

presence of Mg2
+ and that it probably serves as an inner sphere ligand for Mg2

+ binding. 
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The role for His-418 acting as a ligand to Mg2
+ was confinned by X-ray crystal structures 

(Jacobson et aI., 1994; Juers et aI., 2000). The kCal values of enzymes with substitution 

for Mg2 
+ are uncoupled from Mg2 

+ binding. In other words, the kCal values of H418F ~

galactosidase in the presence and absence of Mg2+were found to be similar to the kCal of 

the wild type enzyme in the absence of Mg2
+ (Roth & Huber, 1994). Besides being a 

ligand to Mg2 
+, His-418 is also speculated to participate in substrate binding (Roth & 

Huber, 1994), and the effect is probably at the glucose subsite (Rob & Huber, 

unpublished observations). Recent X-ray crystal studies have shown that the nitro group 

of oNPG experiences a polar interaction with His-418, and that this interaction facilitates 

an electron-withdrawing character of the nitro group, thereby making oNP an especially 

good leaving group. H418F-~-Galactosidase exhibited a Km value that was 70-fold 

higher than the Km of wild-type enzyme in the presence of 1 mM Mg2 
+ (Roth & Huber, 

1994). The enzymes with substitutions for His-418 are also unusual in that their Km 

values increase as the Mg2t concentration increases (this was also observed with the 

enzymes that have substitutions for Glu-416). 

1.8.5 Met-502 

Naider et aI. (1972) showed that the inactivation of ~-galactosidaseby galactosyl 

iodo- or bromoacetamide was due to the labeling of a methionine. The same study also 

indicated that replacement of all the Met residues with norleucine (obtained from a Met 

auxotroph of E. coli in which the culture was supplemented with norleucine) did not yield 

any discrepancy in terms of the enzymatic activity when compared to the wild-type ~

galactosidase (Naider et aI., 1972). Since the structure of norleucine is analogous to Met, 
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this experiment suggested that Met is probably not directly involved in catalysis. Sinnott 

& Smith (1978) showed that an active site directed suicide inhibitor (~-D

galactopyranosylmethy1-p-ni trophenyltriazene) inactivated ~-galactosidase. Through 

peptide mapping experiments, Met-502 was proposed to be one of the two possible Met 

residues that was modified by this active site directed inhibitor. A similar study carried 

out by Fowler et al. (1978) confirmed that the radioactively labeled inhibitor was 

covalently bound to Met-502. These results suggested that Met-502 is either within or 

very near to the active site. It was thought that the reason that the activity of the enzyme 

was lost upon Met-502 modification was that Met-502 just precedes Tyr-503 and that it 

was Tyr-503 that was being affected by the Met-502 modification (possibly by a steric or 

conformation effect). However, Sinnott (1990) suggested that Met-502 could be directly 

involved in the reaction. He suggested that the residue could form a glycosyl sulfonium 

intermediate with the substrate and that this intermediate would be unstable and turn over 

very slowly. X-Ray crystallographical study has identified that Met-S02 is present at the 

active site wall (Jacobson et aI., 1994). Although Met-502 is unlikely to confer any 

binding or catalytic function, the past studies on this residue have nevertheless helped to 

elucidate the active site of ~-galactosidase (prior to any knowledge on crystal structures) 

and they also led to the discovery of a catalytically important residue, Tyr-503. 

1.8.6 Tyr-S03 

Kinetic analyses (Tenu et aI., 1971; Sinnott & Viratelle, 1973; Ring et aI., 1985, 

1988) revealed that a residue with the properties of a Tyr at the active site of ~

galactosidase is essential for catalysis. A role of Tyr-503 as a general acid catalyst was 
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suggested by Sinnott & Smith (1978). They reasoned that a change in the conformation 

of the E-S complex is associated with the correct placement of an acid catalytic group 

and Tyr was thought to carry out such a task through the labeling studies with Met-502 

(see section 1.8.5 for details). Ring et a1. (1985,1988 & 1990) did m-fluoro-labelling as 

well as site-directed mutagenesis studies on Tyr-503 of ~-galactosidase (E. coli) and 

demonstrated that residue Tyr-503 is involved in catalysis. Penner et a1. (1999) have 

shown that the Km values of Tyr-503-substituted enzymes that do not have readily 

transferable protons were significantly smaller than the Km of the wild type ~

galactosidase. They also showed that the decreases in the Km and kCal values were the 

result of reduced deglycosylation rate (k3). Therefore they concluded that Tyr-503 most 

likely participates in the breakdown of the covalent intermediate by transferring its 

phenolic proton to the covalent bond oxygen. 

1.8.7 His-357, His-391 and His-540 

Studies done in this laboratory (Roth & Huber, 1994, 1996; Roth et aI., 1998; 

Huber et aI., 2001) showed that His-357, His-391 and His-540 are important for binding 

the substrate in its ground state and/or transition state. The X-ray structures of B

galactosidase (E. coli) have shown that His residues are present at the active site 

(Jacobson et aI, 1994; Juers et aI., 2000). Recent work by Juers et a1., (2001 preprint) has 

confirmed such findings. Histidine can form hydrogen bond through its nitrogen atom on 

the imidazole side chain; it can be either a H-bond acceptor or donor. Its pKa is also such 

that it can act as a general acid/base catalyst. 
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His-540 is a highly conserved residue in related B-ga1actosidases that have been 

sequenced (Kalnins et aI., 1983; Burchhardt and Bah1, 1991; Buvinger and Riley, 1985; 

David et aI., 1992; Fanning et aI., 1994; Hancock et aI., 1991; Poch et aI., 1992; Schmidt 

et aI., 1989; Schroeder et aI., 1991; Nagano et aI., 1994; Obst et aI., 1995). His-540 is 

involved in weak binding of the ground state substrate and strong binding of the 

transition state substrate by forming hydrogen bonds with the C6 hydroxyl of galactose 

(Roth & Huber, 1996). Therefore, His-540 is important for both binding and catalysis. 

Through site-directed mutagenesis studies, Roth & Huber (1996) showed that when 

kca/Km for all His-540 substituted B-ga1actosidases (note: kca/Km is a second order rate 

constant for the formation of the enzyme-transition state complex) was calculated, pNPA 

and pNPF resulted in merely a 15-fold reduction of the kca/Km value in strikingly 

contrast to a 5000- to 1O,000-fo1d decrease with oNPG and pNPG. Therefore, His-540 

interacts with the C6 hydroxyl group of the transition state since the replacement of this 

residue did not significantly affect the catalytic power of B-galactosidase if the substrates 

employed lacked a C6 hydroxyl group (pNPA and pNPF), and it did so when substrates 

retained such a functional group (oNPG and pNPG). A parallel observation was obtained 

with transition state inhibitors, where the binding abilities were largely lost for His-540 

substituted enzymes with inhibitors that retained a C6 hydroxyl group but not with the 

ones which did not possess such group. 

His-391 is a highly conserved residue among the 14 B-ga1actosidases that are 

related to the E. coli B-galactosidase and that have been sequenced (Kalnins et aI., 1983; 

Burchhardt and Bahl, 1991; Buvinger and Riley, 1985; David et aI., 1992; Fanning et aI., 

1994; Hancock et aI., 1991; Poch et aI., 1992; Schmidt et aI., 1989; Schroeder et aI., 
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1991; Nagano et aI., 1994; Obst et aI., 1995). The structure shows that the imidazole side 

chain of His-391 is part of the wall of the active site and that one of its nitrogen atoms is 

available for H-bonds. Crystallographical analysis shows that the nitrogen atom of the 

imidazole ring from His-391 is in close proximity to the C3 hydroxyl groups of the 

transition state but it does not form an interaction with the C3 hydroxyl group of the 

substrate (Juers et aI., 2001 preprint). Huber et a1. (2001) have now shown that this 

residue is important for interaction and stabilization of the transition state during 

catalysis. Recent structural studies indicate that His-391 might also form an interaction 

with the C2 hydroxyl group of the galactosyl moiety when the enzyme is in the "deep" 

binding mode (Juers et aI., 2001 preprint). 

The main role of His-357 seems to be the stabilization of the transition state by 

interacting with the C3 hydroxyl group of the galactose (Roth et aI., 1998). Similar to 

His-391, His-357 is conserved among 14 related B-galactosidases (Kalnins et aI., 1983; 

Burchhardt and Bahl, 1991; Buvinger and Riley, 1985; David et aI., 1992; Fanning et a1., 

1994; Hancock et aI., 1991; Poch et aI., 1992; Schmidt et aI., 1989; Schroeder et aI., 

1991; Stokes et aI., 1985). The crystal structure shows that His-357 also lies within the 

active site of B-galactosidase and its imidazole ring forms part of the wall of the active 

site pocket (Jacobson et aI., 1994). His-357 probably interacts indirectly with the 

transition state via a water molecule (Juers et aI., 2001 preprint). Site-directed 

mutagenesis studies with His-357 of B-galactosidase (E. coli) showed that the mutants 

required much higher amounts of energy in order to stabilize their first irreversible 

transition state complex. When compared to that of the wild-type enzyme, the value of k2 

(glycosylation rate) was much smaller with His-357 substituted enzymes, and the Ki 
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values in the presence of transition state analogues were very high (Roth et aI., 1998). 

The orientation of the C3 hydroxyl group of these transition state analogues were critical 

in their interactions with both His-357 and His-391. Such observations provide strong 

evidence that His-357 of p-galactosidase helps to mediate catalysis through its specific 

interaction with the C3 hydroxyl group of the transition state. 

1.8.8 Asp-20t 

Asp-201 is found at the active site of p-galactosidase (Juers et aI., 2000). It 

interacts electrostatically with Na+ or K+, both of which activate p-galactosidase. 

Possible roles of these monovalent cations have been described in section 1.5.2. 

Another important feature of Asp-201 is its interaction with the C4 hydroxyl group of the 

galactosyl moiety of the substrate (Juers et aI., 2001 preprint). The C4 hydroxyl group is 

very important to the specificity of the galactose subsite binding (Huber & Gaunt, 1983). 

Therefore, the interaction between Asp-201 and the C4 hydroxyl may have an overall 

stabilizing effect and the same interaction is likely to aid in substrate binding. Asp-20 1 

may somehow facilitate the switch of the binding mode from "shallow" to "deep" by 

retaining its interaction with the C4 hydroxyl group when the substrate is in the transition 

state and/or intermediate form (Juers et aI., 2001 preprint). Because Na+ interacts with 

the C6 hydroxyl group of the galactosyl substrate, Na+ can form a "bridge" between Asp

201 and the C6 hydroxyl group and the overall effect is to enhance the binding 

interactions. This may thus affect the activity of p-galactosidase. 
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2. OBJECTIVES 

The goal of this study was to determine how Asp-201 and Na+/K+ are involved in 

the reaction of ~-galactosidase (E. coli) and how they interact with each other and with 

the substrates. More pecifically, it was decided to do the following: 

I.	 Investigate the role of Asp-201 on the action of ~-galactosidase by doing kinetic 

analysis on enzymes with site-directed substitutions for Asp-201 in order to examine 

the effects Asp-20 I has on binding and reactivity. 

2.	 Investigate the kinetic effects that Na+ and K+ have on the binding and reactivity of 

wild-type ~-galactosidase and on the B-galacto idases with substitutions for Asp-201. 

3.	 To make an attempt to obtain crystals with one of the substituted enzyme . 
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3. MATERIALS
 

3.1 Biochemical Rea2ents 

Imidazole, EDTA, TES, oNPG, pNPG, IPTG, PETG, D-fucose, D-O

galactonolactone, D-galactose, L-arabinose, PNPA, PNPF were purchased from Sigma. 

Acetic acid, ammonium hydroxide, calcium chloride, lactose, magnesium sulphate, 

methanol, PEG 8000, potassium chloride, sodium chloride, sodium hydroxide, sodium 

monophosphate and sodium diphosphate were from BDH. Acrylamide, bisacrylamide, 

agarose, ethidium bromide, X-Gal, SDS and the restriction enzymes (CIaI and SstI) were 

from Gibcol-BRL Life Technologies Inc. The UltraClean Mini Plasmid Prep Kit and 

Qiagen Plasmid Midi Kit were acquired from MoBio Laboratories Inc. and Qiagen Inc., 

respectively. The QuikChange Mutagenesis kit was purchased from Stratagene. 

ProBond resin was acquired from Invitrogen. Ultrapure ammonium sulfate, DTT and Tris 

were obtained from ICN Biomedicals. Ampicillin, streptomycin and tetracycline were 

purchased from Boehringer Mannheim. PfuTurbo DNA polymerase and the restriction 

enzyme, Dpn I, were from Stratagene. All reagents were the purest grades available. 

3.2 E. coli Bacterial Strains 

Topl0: F mcrAL1(mrr-hsdRMS-mcrBC) ¢80lacZL1M15 L1lacX74 deoR recAl araDl39 

L1(ara-leu)7697 galU galK rpsL(St,fl) endAl nupG (Sambrook et aI., 1988); was 

transformed with the mutant pBADlHis/lacZ plasmids and used to amplify the copy 

numbers of the site directed mutagenized plasmid. 

LMGI94: F tilacX74 gal E thi rpsL tipho A (Pvu II) tiara7l4leu::TnlO (Sambrook et 

aI., 1988); was utilized as the ultimate host for the expression of the pBAD/His/lacZ 
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plasmids for the production of wild-type B-galactosidase as well as the substituted B


galactosidases.
 

XLI-Blue: supE hsdR lac- F' proAB+ lacIq lacZ ~I5 (Sambrook et al., 1988); was
 

utilized as a host for the immediate product of the site-directed mutagenic polymerase
 

chain reaction because the XLI-Blue supercompetent cells were capable of repairing the
 

nicks present in the peR product.
 

3.3 Plasmid 

The plasmid used was pBAD/His/lacZ (Invitrogen). The map of this plasmid is 

outlined in Figure 3.1. It is a 7114 base pair vector containing the gene for B

galactosidase and the DNA coding for the peptide fused to the N-terminal peptide (Figure 

3.1). The important elements of the pBADlHis/lac Z vector shown in Figure 3.1 

include: the N-terminal polyhistidine tag (forms metal-binding site for affinity 

purification of recombinant fusion protein on metal chelating resin); the Xpress epitope 

that contains eight residues Asp-Leu-Tyr-Asp-Asp-Asp-Asp-Lys (permits detection of 

recombinant fusion protein by the Anti-Xpress antibody); the enterokinase cleavage site 

which includes five residues Asp-Asp-Asp-Asp-Lys (allows removal of the N-terminal 

peptide by enterokinase for the production of native protein); the Ampicillin gene 

(facilitates selections of the plasmid in E. coli); the araC gene (provides tight regulation 

of the PBAD promoter). There were four amino acid residues deleted from the lac Z gene. 

This minor deletion had no effect on the production of a functional B-galacosidase. 
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Figure 3.1 Map of the pBAD/His/lacZ plasmid. 

The activity of His-tag-containing B-galactosidase is essentially identical to that of the 

normal wild type enzyme (Huber, unpublished observation). The plasmid was first 

transformed into E. coli Top 10, a general host for expression of the plasmid. This was 

done because it was difficult to transform the final host, LMG 194, without first obtaining 

a large amount of plasmid. However, the Top 10 strain could not be used as the ultimate 

host for the expression of the substituted B-galactosidases because it contains lacZ~15 

which codes for M15 B-galactosidase. This MI5 B-galactosidase is normally u
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complemented with the a-peptide. However, any B-galactosidase is able to complement 

MI5 8-galactosidase as long as it has the a-peptide as part of the structure (Gallagher & 

Huber, 1998). Therefore, a trace of B-galactosidase activity (like wild-type enzyme) 

always accompanied the preparation of the substituted B-galactosidases if Top 10 was 

used as the host. E. coli LMG 194 confers Strep and Tet resistance and lacks the lacZ 

~15 gene. It was, therefore, used as the final host. 

3.4 Primers for the Creation of D201E-B-Galactosidase 

Since the mutagenic primers must contain the desired mutation and anneal to the 

same sequence on opposite strands of the plasmid, the following two complementary 

mutagenic primers were designed to create the D201E-B-galactosidase prior to kinetic 

studies. All other B-galactosidases employed in the study were created by Dr. Beatrice 

Rob. 

Primer 1 

5'-GCT CAT CCG CCA CAT CTC CTG ATC TTC CAG ATA ACT GCC-3' 

Primer 2 

5'-GGC AGT TAT CTG GAA GAT CAG GAG ATG TGG CGG ATG AGC-3' 

(Note: the underlined GAG in Primer 2 codes for Glu; the underlined CTC in Primer 1 is 

complementary to GAG of Primer 2.) 

3.5 Growth Media 

All cell cultures prepared for the purification of B-galactosidases were grown in 

LB medium (Invitrogen). Each liter of LB contained 109 tryptone, 109 NaCI and 5g 



37 

yeast extract. The pH was adjusted to 7.5 with 2.5 M NaOH. The LB medium was 

autoclaved and cooled to room temperature before use. 

To prepare the agar plates for the growth of the bacterial colonies, 10 g of NaCI, 

10 g of tryptone, 5 g of yeast extract and 20 g of agar were mixed in a final volume of 1 L 

with distilled-deionized H20. The pH was adjusted to 7.5 with 2.5 M NaOH. After 

autoclaving, the solution was immediately dispensed into petri dishes (-25 mlllOO-mm 

plate) using sterile technique. Amp (at a final concentration of 50 Ilg/ml) was added to 

the cooled agar before it hardened on the petri dish. The plates with the hardened agar 

were dried in an inverted position in a 37°C incubator overnight prior to usage. 

3.6	 Overview of the Buffers/Solutions Used and Their Compositions 

The buffers listed in Table 3.1 were used in the study. 

3.7 PhastGel Buffer Strips 

PhastGel buffer strips were produced by dissolving 2 g of Agarose in 100 mL of 

the Buffer strip solution (composition: 0.2 M Tricine, 0.2 M Tris, 0.55% SDS, pH 8.1). 

The mixture was heated to boiling in a microwave oven and the boiling solution was 

immediately dispensed into petri dishes and allowed to cool in a 4°C cold room until it 

hardened. The buffer strips were stored at 4°C in petri dishes with parafilm to prevent 

loss of moisture. 
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Table 3.1 Composition of buffers. 

Bu He r ISo lu t io n
 
Cell suspension buffer"
 
Binding buffer"
 
Ethanol wash solution"
 
Elution buffer"
 
Resuspension buffer
 
Lysis buffer"
 
Neutralization buffer
 
Equilibration buffer
 

Wash buffer
 
Elution buffer
 
TE buffer
 
lOX Buffer #1
 
lOX Reaction buffer
 

SOX TAE buffer
 
Native binding buffer
 
Native wash buffer
 
SDS-PAGE sample buffer
 

Imidazole stock buffer
 
Crystallization buffer
 

Co I11llOsit ion 
Tris, EDTA, Rnase A 
acetate/binding salt 
Ethanol, Tris, NaCI 
10 mM Tris-HCl 
50 mM Tris-HC1, pH 8.0; 10 mM EDTA, 100 IJg/mL RNaseA 
200 mM NaOH, 1 % SDS 
3.0 M potassium acetate, pH 5.5 
750 mM NaCl; 50 mM MOPS, pH 7.0; 15% isopropanol; 0.15% 
Triton X-IOO 
1.0 M NaCI; 50 mM MOPS, pH 7.0; 15% isopropanol 
1.25 M aCl; 50 mM TriseCI, pH 8.5; 15% isopropanol 
10 mM TriseCl, pH 8.0; 1 mM EDTA 
50 mM Tris-HCI, pH 8.0; 10 mM MgCl2 
100 mM KCI; 100 mM (NH4)2S04; 200 mM Tris-HCI, pH 8.8; 
20 mM MgS04 ; 1% Triton X-lOO; 1 mglmL nuclease-free BSA 
0.04 M Tris-Acetate, 2 M EDTA, pH 8.0 
20 mM sodium phosphate, 500 mM sodium chloride, pH 7.8 
20 mM sodium phosphate, 500 mM sodium chloride, pH 6.0 
10 mM TriseCl, 1 mM EOTA, 2.5% SDS, 5% p
mercaptoethanol, 0.01 % bromophenol blue, pH 8.0 
500 mM imidazole, 20 mM NaP04 buffer, pH 6.0 
100 mM Bis-Tris, 200 mM MgCl2, 1 mM OTT, 5 mM NaCI, pH 
6.5 

(The concentrations and/or pH values were not given in the manufacturer's instruction 
manual.) 
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4. METHODS
 

4.1. Site Directed Mutagenesis 

4.1.1 Mutagenesis Overview 

D201E B-Galactosidase was created usmg the QuikChange Site-directed 

Mutagenesis Kit (Stratagene). Plasmid (pBADlHis/lacZ) was isolated from E.coli LMG 

194 using the MoBio MiniPrep method. The mutagenic reaction was performed using 

PfuTurbo DNA polymerase and a thermal temperature cycler. PfuTurbo DNA 

polymerase extends the oligonucleotide primers (each complementary to the opposite 

strand of the vector) during the temperature cycling. The amplified DNA contains 

staggered nicks. The restriction enzyme, Dpn I (target sequence 5'-Gm6ATC-3'), is 

specific for methylated and hemimethylated DNA. Since only the parental DNA is dam 

methylated, Dpn I endonuclease was used to digest the parental DNA template and select 

for the newly synthesized DNA. The amplified DNA was then transformed into E. coLi 

XL I-Blue supercompetent cells (Stratagene). 

4.1.2 Primer Design 

Each primer was 39 bases in length, and the melting temperature was calculated 

to be 85.3°C. This exceeded the minimal requirement of 78°C for an efficient PCR 

reaction to occur (Stratagene). To ensure that effective annealing would take place 

between each primer and its complementary strand of vector DNA, the desired mutation 

spots were made in the middle of each primer with 18 bases of correct sequences flanking 

both sides. Because there are three hydrogen bonds between G & C pairs while only two 

between A & T pairs, each primer was designed to contain slightly more G & C bases 



40 

than A & T bases. In addition, both primers terminated in two or three C or G bases to 

enhance the adhesiveness with the corresponding template strand. The two mutagenic 

primers were synthesized and purified at the University Core DNA Services Centre (the 

University of Calgary). ' 

4.1.3 Polymerase Chain Reaction (peR) 

PCR was carried out with five samples. Each sample contained a different 

amount of plasmid DNA template (0.5 ~, 1 ilL, 2 ilL, 3 ilL, 4 ~) of the pBADlHis/ lac 

Z vector. In addition to the plasmid DNA, each reaction mixture also contained 5 J1L of 

lOX reaction buffer, 2.981lL Primer 1, 2.861lL Primer 2, 1 ilL dNTP mix and finally, 

different amounts of sterile ddH20 (37.66 ilL, 37.16 ilL, 36.16 ilL, 35.16 ilL, 34.16 ilL) 

in order to achieve the same final volume in each case (50 ilL). PfuTurbo DNA 

Polymerase (l ~) was added to each of the five reaction tubes prior to the PCR reaction. 

The cycle was started with a brief heat treatment (1 min. at 95°C) to separate the two 

strands of the dsDNA. A subsequent cooling of the DNA to 55°C in the presence of 

excessive amounts of mutagenic primers allowed the latter to hybridize with their 

complementary strands of parental DNA. In the presence of PfuTurbo DNA polymerase 

and dNTP mix, the regions of DNA downstream from each primer could be synthesized. 

A total of 16 repeated heating-cooling alternate cycles was performed. Following the 

temperature cycling, the reaction tubes were allowed to cool to below O°C overnight. 
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4.1.4 Digestion of the Parental DNA with Dpn I. 

Upon completion of the PCR reaction, 1 ilL of Dpn I endonuclease was added to 

each of the five sample tubes. The contents were thoroughly mixed and incubated at 

3TC for 90 min. 

4.1.5 Plasmid Preparation 

Isolations of pBAD/His/lacZ from E. coli XLI-Blue and Top 10 were achieved 

with a MoBio Mini Plasmid Prep Kit and a Qiagen Plasmid Midi Kit, respectively. The 

two plasmid purification kits were virtually identical except that the Midi Kit was capable 

of accommodating a higher volume of cell culture. The techniques are based on a 

modified alkaline lysis procedure described below (Sambrook et aI., 1988). 

For isolations from E. coli XL I-Blue, one bacterial colony of the host was 

inoculated into 2 mL of autoclaved LB medium containing 2 ilL of Amp (50 Ilg/mL). 

The cell culture was shaken at 300 rpm (37°C) for 8 hrs. The 2 mL cell culture was then 

inoculated into 5 mL of autoclaved LB medium containing 5 ilL Amp (50 Ilg/mL) and 

was shaken under identical conditions for 15 hrs. The resultant cell culture was harvested 

by centrifugation for two min. (12,000 x g). The supernatant was removed and 50 ilL of 

Cell suspen ion buffer was added to the bacterial pellet. When the pellet was completely 

dissolved in the Cell suspension buffer with the aid of vortexing, 100 ilL of Cell lysis 

solution (composition: NaOH, SDS) was added to the cells followed by 325 ilL of 

Binding buffer. The mixture was then centrifuged for 5 min. (12,000 x g) and the 

subsequent clear liquid supernatant was transferred into a spin filter and another 30 sec. 

centrifugation (12,000 x g) was performed. Then, 300 ilL of Ethanol wash solution was 
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added to the spin filter and the mixture was centrifuged for 30 sec (12,000 x g). Upon 

transferring the spin filter to a new 2 mL Microcentrifuge tube, 50 IJL of Elution buffer 

was put directly into the middle of the spin filter membrane. After a 30 sec. 

Centrifugation (12,000 x g), the desired plasmid DNA was harvested as the clean filtrate. 

(Note: to prepare samples for DNA sequencing, 50 flL of sterile ddH 20 was added in the 

final step instead of the Elution buffer). 

The isolation of pBAD/His/lacZ from the ToplO strain (Qiagen Midi Kit) was 

done as follows: a 25 mL bacterial cell culture was harvested by centrifugation at 6000 x 

g for 15 min. The pellet collected was resuspended in 4 mL of Resuspension Buffer. 

Then 4 mL of Lysis Buffer was added followed by an incubation at room temperature for 

5 min. (after thorough mixing). Subsequently, 4 mL of chilled Neutralization Buffer was 

added and the mixture was incubated on ice for 15 min. After two repeats of 

centrifugation (20,000 x g) while keeping the supernatant each time, the final supernatant 

that contained the plasmid DNA was allowed to bind to Qiagen Anion-Exchange Resin 

(previously equilibrated with Equilibration buffer). Upon binding, the resin was washed 

with Wash buffer which had the same composition as Equilibration buffer but was at 

higher salt concentrations. This buffer was used to remove any contaminants that might 

be present throughout the plasmid DNA preparation. The plasmid DNA was then eluted 

with a high salt Elution buffer. The eluted DNA was treated with isopropanol and the 

precipitated pellets were collected. Ethanol solution (70 %) was used to wash the DNA 

pellets in order to remove any precipitated salt and to replace isopropanol with a more 

volatile alcohol, making the DNA easier to redissolve. The ethanol-washed DNA pellet 
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was left to air-dry for 5-10 min. Subsequently, it was redissolved in TE buffer and stored 

in a -20°C refrigerator. 

4.1.6 Restriction Enzyme Digestion 

To verify the size and/or the identity of the plasmid DNA, a restriction digestion 

was carried out and analyzed by agarose gel electrophoresis. The digestion procedure 

was performed in lOX Buffer #1 since this buffer is known to be compatible with the two 

restriction enzymes used (Gibcol-BRL Life Technologies Inc.). The digestion 

experiment utilized a double-digestion procedure involving restriction endonucleases Sst 

I (recognizing sequence 5'-G AGCT /C-3') and CIa I (recognizing sequence 

5'-AT/CG AT-3'). The reaction mixture in the sample tube included 1 ilL of plasmid 

DNA, 1 J.JL of Sst I, 1 ilL of CIa I and 6 J.JL of sterile ddH 20. An incubation period of 3.5 

hr. in a 37°C water bath was required to ensure thorough digestion. 

4.1.7 Agarose Gel Electrophoresis 

Agarose gel (l % [w/v]) electrophoresis was done in the presence of IX TAE 

buffer. Ethidium bromide was added to the cathodic side of the gel apparatus at a final 

concentration of 0.2 IlLlmL. ADNA was used as a "marker" for quantifying the sizes of 

the two fragments generated from the restriction enzyme digestion. Samples to be loaded 

were mixed with equal volumes of bromophenol blue dye prior to loading. The gel was 

run at 80 V for approximately 3 hr. and a photograph of the gel was subsequently taken 

with a Poloroid MP-4 Land camera using Type 52 film. 
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4.1.8 Preparation of Competent Cells 

E. coli Top 10 and E. coli LMG 194 competent cells were prepared using a 

modified calcium chloride method (Sambrook et aI., 1988). First, 5 mL of autoclaved LB 

medium was inoculated with a colony of either E. coli Top 10 or LMG 194. The cell 

culture was allowed to grow (3TC, 250 rpm) for 16 hr. Then, 0.1 mL of the resulting 

cell culture was inoculated into 5 mL of fresh LB medium and the cells were shaken at 

3TC for -1.5 hr. until the OD600 reached 0.5. Subsequently, the cells were collected and 

chilled on ice for 10 min. followed by centrifugation at 3000 x g (10 min). The pellet 

was kept and resuspended in a total of 4 mL of autoclaved, pre-chilled CaCl2 solution. 

The mixture remained on ice for 20 min. in order to make the bacterial cell wall 

"permeable". This was followed by another centrifugation at 3000 x g for 10 min. The 

resulting pellet was resuspended in 1 mL of autoclaved CaCl2 solution. By then, the cells 

were competent and ready to take up foreign DNA. All of the competent cells were used 

within 24 hr. 

4.1.9 Transformation of Competent Cells 

The transformation of plasmids into competent E. coli Top 10 was accomplished 

by vortexing 200 ilL of the competent cells and 50 ilL of pBADlHis/ lacZ and incubating 

for 45 min. on ice. The cells were then heat shocked in a 45°C water bath for 2 min. and 

immediately plated onto the agar plate which contained Amp (50 Ilg/mL) for selection of 

the pBADlHis/lac Z. The plate was spread with 100 ilL of transformed cells, 40 !JL of 

X-gal (20 !Jg/mL) and 20 ilL of IPTG (20 !Jg/mL) and incubated at 3TC for 16 hr. A 

control plate was made simultaneously which contained Amp, X-gal and IPTG and 
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spread with competent cells with no plasmid. For transformation of the pBADlHis/lacZ 

into the competent E. coli LMG 194 strain, the same procedure applied except that the 

agar plate contained Amp (50 IJg/mL), Tet (50 IJg/mL) and Strep (12 IJg/mL) for the 

selection of the proper colony. 

4.1.10 DNA Sequencin2 

The DNA sequencing primer was a IS-base nucleotide which was complementary 

to the sequence 84 bases upstream from the desired mutation site. The sequence of the 

primer was: 

5'-CCGTCTGAATTTGAC-3' 

DNA sequencing was done at the University Core DNA Service (University of Calgary). 

4.1.11 Stora2e of E. coli Stocks 

E. coli stocks were stored at -80°C in a final concentration of 50% autoclaved 

glycerol (v/v). 

4.2 Purification of the 8-Galactosidases 

4.2.1 Growth Conditions and Cell Breaka2e 

Sixty mL of LB medium and 60 ilL of Amp (50 IJg/mL) were inoculated with a 

single E. coli colony and grown overnight (3TC, 250 rpm). After 16 hr, the cell density 

reached an OD6oo of 1-2. This start up cell culture was inoculated into 3 L of autoclaved 

LB and 3 mL of Amp (50 mg/mL) was added. 

L-Arabinose was used to induce the expression of the recombinant B

galactosidase. pBADlHis/lac Z contains a region (bases 6210-7088) which codes for the 
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araC gene and the same gene encodes the regulatory protein for tight regulation of the 

PBAD promoter. AraC can act both as an activator of PBAD promoter in the presence of L

arabinose and a repressor in the absence of L-arabinose. Therefore, L-arabinose induces 

B-galactosidase expression and it cannot be metabolized by Top 10 or LMG 194 E. coli 

strains. 

Various concentrations of L-arabinose were employed and it was found that the 

expression for B-galactosidase was optimal at an L-arabinose concentration of 0.2% 

(w/v). This amount of L-arabinose was, therefore, added when cells reached an OD600 of 

0.5. Following the addition of L-arabinose, the cells were allowed to grow for another 5 

hr. (this time frame was pre-determined through a range-finding experiment). The cells 

were harvested via centrifugation at 5,000 X g for 5 min. The collected pellets were 

resuspended in a minimal amount of Native binding buffer and subsequently lysed by 2 

passes through a French Pressure cell at a pressure of 1,000 psi. The majority of the 

cellular debris was then removed from the cell extract by centrifugation at 12,000 X g for 

25 min. (4°C). The enzyme was in the supernatant and was ready for purification. 

4.2.2 ProBond Column Purification 

The purification was performed using the Xpress system from Invitrogen. This 

system utilizes a nickel affinity chromatographic column (ProBond, Invitrogen). The 

polyhistidine tag on B-galactosidase enabled this enzyme to have high affinity for the 

ProBond nickel column matrix. ProBond resin, which is stored in 20% (v/v) ethanol 

solution, was first washed with three volumes of double deionized water. The resin was 

then eluted with two volumes of Native Binding Buffer (the same buffer that the B
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galactosidase to be purified was in). The cell-free extract was then loaded onto the 

column. Three volumes of Native Wash Buffer were used to displace the proteins 

without the His-tag. B-Galactosidase was then eluted from the column with Native wash 

buffer that contained 500 mM of imidazole (pH 6.0). The purity of the B-galactosidases 

was examined by SDS-PAGE. The regeneration of ProBond resin was done according to 

manufacturer's protocol. 

4.2.3 FPLC Purification 

For the purpose of crystallization, ~-galactosidase was further purified and 

desalted by passage through the Superose 12 connected in series with a Superose 6 FPLC 

column. All solutions that were to be loaded onto FPLC were degassed prior to loading 

according to the manufacturer's instruction. The Superose 12/6 column was pre

equilibrated with the crystallization buffer and a total volume of 500 ilL B-galactosidase 

was loaded. The protein was eluted at a flow rate of 0.3 mUmin. Fractions were 

collected in 1 mL volumes. Tubes containing B-galactosidase were visualized by SDS

PAGE and only thoses containing pure B-galactosidase (>99%) were used for 

crystallization. 

4.2.4. SDS-PAGE 

The PhastSystemTIo< (Pharmacia) was used for SDS-polyacrylamide-gel 

electrophoresis (SDS-PAGE). Small volumes of the fractions collected from the 

ProBond purifications that had high B-galactosidase activity was mixed with an equal 

amount of SDS-PAGE sample buffer. The mixture was heated for 5 min. in a boiling 
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water bath. A 3 IJL aliquot of the supernatant was then analyzed by SDS-PAGE. Two 

buffer strips were used for each gel; one at the cathode, one at the anode. The electrodes 

rested on the strips during electrophoresis. Samples were loaded using 8-3 sample 

applicators (8 lanes - 3 ~L sample applied) and were run on Phastegel (stacking gel has 

8% [w/v] T, 3% [w/v] C; separating gel has a gradient of 8-25% [w/v] T and 2% C 

[w/v]) according to the manufacturers instructions (Pharmacia, 1986) for 75 Vhr. (Note: 

the percentage of T stands for the concentration of total polyacrylamide; the percentage 

of C indicates the concentration of the cross-linking polyacrylamide or bis-acrylamide). 

The gels were developed with the Coomassie Blue staining technique described by the 

manufacturer (Pharmacia, 1986). 

4.3 Kinetic Characterizations of 6-Galactosidases 

4.3.1	 Assays with 6-Galactosidases 

The enzymatic assays were carried out in 30 mM imidazole buffer (pH 7.0) 

containing 1 mM MgS04 • Imidazole buffer was chosen in order to achieve the desired 

pH and to be able to avoid the addition of any Na+ or K+. The pH of the imidazole buffer 

was adjusted with the addition of some dilute Hel solution. Purified wild-type B

galactosidase as well as D20IE-, D201F-, D201N- and D201Y-B-galactosidases were 

rendered free (except for small contaminating amounts) of a+/K+ by dialysis into this 

imidazole buffer. A small amount of EDTA (0.1 mM) was added to the dialysis buffer 

since it is known that dilute B-galactosidase undergoes inactivation at the wall-liquid 

surface in the absence of EDTA (Edwards & Huber, 1991). The presence of EDTA 

protects the B-galactosidase by sequestering traces of metal ions that are adsorbed onto 
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the walls of the glass or tubes that catalyze the inactivation. The stability constants of 

EDTA are much more favorable for chelating divalent cations (e.g., Hg2+, Cd2+, Cu2+) 

than Mg2+ and thus only a small amounts are needed to remove them. Only a small 

amount of EDTA was added so that the Mg2+ present was free to fulfill the Mg2+ 

requirement of the enzyme. Dialysis was carried out at 4°C in the cold room with several 

buffer changes for a total of 7 hr. The concentrations of the ~-galactosidases were 

determined using an extinction coefficient of 2.09 cm2/mg at 280 nm (Wallenfels & Weil, 

1972). 

Because the enzyme was in solution without any Na+ or K+ prior to use, it was 

necessary to first incubate the assay solution and the enzyme in order to allow time for 

the equilibration of the Na+/K+ binding. The counter-ion used was Cr. Each assay tube 

was therefore pre-incubated (25°C) with enzyme and buffer at the correct Na+/K+ 

concentration for 30 minutes. A fixed amount of enzyme (50 ilL) was added in every 

case. The substrates used to carry out the kinetic assays were oNPG and pNPG and the 

total assay volume was 0.8 mL. The ranges of the substrate concentrations varied with 

each type of B-galactosidase studied. The variations in substrate concentrations were 

necessary due to the different Km values associated with each type of B-galactosidase. If 

possible, the concentrations chosen were evenly distributed above and below the 

corresponding Km values of each type of B-galactosidase studied. However, in some 

cases this was not practical because the Km values exceeded the maximum solubility of 

the substrates. The concentrations of Na+ and K+ studied ranged from 0 mM to 2000 

mM. The upper range of Na+ or K+ added was very high and this could lead to 

difficulties in interpretation of the data since it could be argued that effects found were 
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due to ionic strength rather than the specific monovalent cationic effects. In addition, the 

very high salt concentrations led to further complications when the substrate 

concentrations were also very high. In those cases, the substrate was occasionally seen to 

precipitate in the 25°C water bath prior to use. When this happened, the cuvettes were 

warmed slightly until the substrate redissolved completely into solution and the reaction 

mixture was reincubated at 25°C. These solutions were obviously supersaturated but as 

long as the assays were done before the substrates reprecipitated, the results were 

satisfactory. 

The assays were started by the addition of the substrates (also pre-incubated at 

25°C). All of the substrates were made up in 30 mM imidazole buffer and had the arne 

Na+ or K+ concentrations as the buffer used for each assay. The change in absorption at 

420 nm was followed with a Shimadzu spectrophotometer. The spectrophotometer was 

equipped with a CPS 260 temperature controlled multicell changer and the temperature 

was set at 25°C. The spectrophotometer was interfaced to a Packard Bell 386SX-II 

computer with UV-210l/3101PC Software (version 3.0) and UV-2101/3101PC Optional 

Kinetics Software (version 2.0). The time frame of the kinetic assays depended on the 

activities of the B-galactosidases being analyzed. An extinction coefficient of 2670 M' 

(cm'l was used for oNP and 6700 M,lcm" for pNP at pH 7.0. 

The B-galactosidases studied were quite stable. However, all of the assays were 

performed with a minimum of delay once the purified enzyme were obtained so that the 

enzymes would lose as little activity as possible. If necessary, the ~-galactosidases were 

frozen in liquid nitrogen and stored in a -80°C freezer to prevent the loss of enzymatic 

activity. They were then thawed in lukewarm water just before use. 
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4.3.2 Determination of the Vm and Km Values 

The Vm and Km values of the wild-type and substituted ~-galacto idases were 

determined for both oNPG and pNPG. Assays were performed in duplicate and the 

results were averaged between two trials. MicrosoftExcel was used to plot Eadie-Hofstee 

graphs (Hofstee, 1959) and the values of Vm and Km were subsequently obtained from 

Excel graphical analysis. The Eadie-Hofstee plot is based on the Michaelis-Menten 

equation. It can be empirically described as Vo =- Km· (Vo/[S]) + Vm, where Yo, Km, 

[S] and Vm represent the initial velocity, the Michaelis-Menten constant, the substrate 

concentration and the maximum velocity, respectively (Eadie-Hofstee, 1959). The 

Eadie-Hosfstee plot is a linear graph. The slope of the line is mathematically equal to 

-Km and the y-intercept yields the Vm. An example of such plot is shown in Figure 4.1. 

4.3.3 Determination of Inhibition Constant, Ki values 

Inhibition assays were carried out in the presence of a fixed concentration of 

inhibitor. If possible, the inhibitor concentration chosen was always 2-3 times greater 

than the Ki value for that inhibitor. Occasionally this could not be achieved due to an 

extremely high Ki value associated with a particular type of inhibitor. The concentration 

of the inhibitor was then made as high as possible without exceeding the maximum 

solubility of the compound. The postulated reactions of ~-galactosidasein the pre ence 

of an inhibitor are shown in Figure 4.2. 
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Figure 4.1. Sample Eadie-Hofstee plot. The units for Km and Vrn are mM and unit/rng 
re pectively. 
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Figure 4.2. Reactions of ~-galactosidasewith an inhibitor. The inhibitor here binds to 
both the free and the galactosyl forms of the enzyme. E=~-galactosidase; I=inhibitor; 
GA-OR=substrate; GA=galactose; HOR=aglycone molecule; GA-I=galactosyl inhibitor 
complex; EeI=enzyme inhibitor complex; EeGA-OR=enzyme substrate complex; 
EeGA=galactosyl enzyme; EeGAeI=galactosyl enzyme inhibitor complex. The rate 
constants are Ki=dissociation constant of the inhibitor; Ks=dissociation constant of the 
substrate; k2=galactosylation rate; k3=degalactosylation rate; k4=rate of release of the 
galactosyl inhibitor; Ki=inhibition constant when the I binds to the free form of the 
enzyme; Ki"=inhibition constant when the I binds to the galactosyl form of the enzyme. 
The dot represents a complex between the enzyme and reactant/intermediate/product. 

If an inhibitor binds only to the free form of the enzyme, the effect would be entirely on 

the Km. However, with ~-galactosidase, an alternative route where an inhibitor can also 

bind to the galactosyl form of the enzyme and thereby alter the Vm value occurs 

(Deschavanne et aI., 1978; Huber et aI., 1984). The inhibitor serves as an acceptor 

molecule and the maximum rate (Vapp) in the presence of the inhibitor (acceptor) 

depends on the Ki" and the k4 value. In order to compensate for the acceptor action and 

obtain true Ki values, the following equation (Equation 4.1) is used: 

Vapp =(~)*(1+[I~) Equation 4.1 
Kmapp Km Kl 
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where Vapp and Kmapp are the values in the presence of an inhibitor; V and Km are the 

values in the absence of an inhibitor (Deschavanne et aI., 1978; Huber et aI., 1984). This 

equation was used to obtain the Ki values. 

4.3.4 Preparation of 5-Galactonolactone 

The cyclic ester o-D-galactonolactone is formed from D-galactonic acid. The 

reaction occurs because the D-galactonic acid has a hydroxyl group on its 0 carbon and it 

spontaneously undergoes an intramolecular esterification through an attack by the delta 

hydroxyl group on the carboxylic carbon to form the cyclic o-D-galactonolactone. For 

the purpose of kinetic assays, all of the substrates and/or inhibitors had to have a pH 

value of 7.0. However, the pH value of o-galactonolactone solution decrea ed with time 

after solvation due to a continuous loss of protons (the ones that are attached to the 

carboxyl oxygen) as the galactonic acid converted to the 8-galactonolactone, making the 

solution acidic. As a result, the 8-galactonolactone solution was carefully monitored for 

its pH and was adjusted with NH40H until the solution came to equilibrium and reached 

a stable pH value of 7.0. 

4.3.5 Crystallization 

D201F-I3-Galactosidase was the protein used for the crystallization attempt. It 

was prepared so that it was >99 % pure as seen on the SDS-PAGE gel. The method used 

for crystal trials was the hanging-drop vapor-diffusion method. Three crystal plates were 

set up for this purpose. The lips of each sample well were greased with high-vacuum 

grease where the coverslips would later be placed. The reservoir solution (also known as 
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the mother liquor) was pipetted into the well. The composition of reservoir solution was 

that used by Juers et al. (2000). It included: various amounts of PEG 8000 in the vicinity 

of 10 % (w/v), 100 mM Bis-Tris, pH 6.5, 200 mM MgClz, 100 mM NaClz, and 10 rnM 

DTT. The reservoir solution was mixed thoroughly upon addition of PEG with a pipette 

tip. Reservoir solution (2.5 ilL) was drawn onto the coverslip and mixed with 2.5 ilL of 

protein sample. The coverslip was then put on to seal the well completely. Caution was 

taken to ensure that no gaps existed between the coverslips and the lips of the wells. 

After setting up the crystallization plates, they were stored in a place with a 

minimum of vibration and the temperature was kept constant at room temperature. All 

crystals plates were examined daily with a microscope for the possible formation of 

crystals. 
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S. RESULTS 

5.1 Mutai:enesis Reaction and the Generation of D201E-p-Galactosidase 

Plasmid DNA used for sequencing was isolated from white E. coli LMG 194 

colonies. A restriction endonuclease digestion was performed to verify that the 

pBAD/His/lac Z plasmid was present. This is shown in Figure 5.1. 

3 2 

6.1 kb 
7.1 kb control plasmid 

1.1 kb ----------1t--~ 

Figure 5.1. Restriction fragments generated by digestion of the putative pBADlHis/lac 
Z with CIa I and Sst 1. The plasmid pBADlHis/lac Z was digested with CIa I and Sst I for 
3.5 hrs at 37°C. The digestion products were separated by agarose gel electrophoresis on 
a 1 % agarose gel. Lane 1: ADNA Hind III marker corresponding to fragments of 23 Kb, 
9.4 Kb, 6.6 Kb, 4.4 Kb, 2.3 Kb and 2.0 Kb in size; Lane 2: control plasmid (7.1 Kb) in 
the absence of any digestion enzyme; Lane 3: double digestion product (CIa I and Sst I) 
of the pBAD/His/lac Z plasmid. 

The double digestion experiment yielded the expected fragments of 6.0 and 1.1 kb. This 

confirmed the presence of the correct plasmid. In total, five plasmids from five different 

colonies were isolated. These were sequenced at the University of Calgary Core DNA 

Service. The nucleotide sequences of three of these plasmids were found with the codon 

for Asp-201 replaced with the codon for Glu (results not shown). One of the three was 
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chosen for expression. 5.2 Expression and Purification of 6-Galactosidase 

5.2.1 Determination of the Optimal Concentration of L-Arabinose for 

Induction 

A pilot expression experiment was performed for each substituted plasmid (the 

one described above and the others that were synthesized by Dr. Beatrice Rob) with 

various amounts of L-arabinose over a lO,OOO-fold range (0%, 0.00002%, 0.0002%, 

0.002%,0.02% and 0.2% [w/v]) to establish the concentration of L-arabinose needed for 

maximum expression of the ~-galactosidases. This was done by adding different 

amounts of L-arabinose to the cell cultures that were grown to an OD600 of 0.5 and then 

shaking each sample culture for 4 hrs before harvesting. A SDS-PAGE gel revealed that 

there was no expression of ~-galactosidasein the absence of L-arabinose (see example in 

Figure 5.2). In the presence of L-arabinose however, the ~-galactosidase band with the 

highest intensities were obtained upon addition of 0.2% (w/v) L-arabinose. To further 

optimize the expression, a time course of induction was run after the addition of L

arabinose to the cell culture with an OD600 of 0.5. The induction was carried out over 6 

hrs and one sample was taken each hour to determine if varying the time would increase 

the expression of B-galactosidase. The time course of induction showed that a 5 hr time 

period yielded the maximum expression of this enzyme (results not shown). Therefore, 

each type of ~-galactosidasestudied was harvested under these conditions. 
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Figure 5.2 The expression of ~-galactosidasesat various concentrations of L-arabinose. 
Lane 1: molecular weight markers (Myosin (200), Phosphorylase B (92.5), Bovine serum 
albumin (69), Ovalbumin (46), Carbonic anhydrase (30), Trypsin inhibitor (21.5), and 
Lysozyme (14.3) in kDa); Lanes 2, 3,4, 5, 6 and 7: expression of B-galactosidase at 0%, 
0.00002%, 0.0002%, 0.002%, 0.02% and 0.2% [w/v] L-arabinose, respectively. The 
bands in the box indicate the production of B-galactosidase. 

5.2.2	 Purification of li-Galactosidases 

The wild-type and all of the substituted ~-galactosidases were purified using the 

same procedure. The fractions collected from the ProBond column were examined by 

spot tests to quickly identify samples that were active. Then activity assays were done in 

order to select the fractions with the highest enzymatic activities. The purity of B-

galactosidases was determined by SDS-PAGE and the purest fractions were pooled. If 

the enzymes were not greater than 95% pure (as seen on the SDS-PAGE gels), the active 

fractions from the ProBond column were pooled and precipitated with ammonium sulfate 

at 50% saturation. The pellets were dissolved in a minimal amount of Native Binding 

Buffer and the solution obtained was dialyzed against the same buffer overnight. A 
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second round of ProBond purification was carried out and the SDS-PAGE analysis was 

repeated. The second purification with the ProBond column was always ufficient to 

achieve> 95% purity if protein obtained from the first pass through the column was not 

pure enough. SDS-PAGE gels of the final purified wild-type and substituted enzymes are 

shown in Figure 5.3. 

5.3 Kinetic Characterization and Inhibition Studies 

The focus of the study was to investigate how the interaction(s) between Na+ and 

K+ and Asp-201 affected the kinetic behavior of ~-galactosidase and to correlate the 

results with what is known about the structure of this enzyme. The characterization of 

the effects that Na+ and K+ had on the Km and Vm values was achieved through enzyme 

assays. The goal was to determine the Km and Vm values associated with each 

substituted ~-galactosidase for two substrates (oNPG and pNPG) and to compare them 

with the Km and Vm values of wild-type enzyme so that information about the role of 

Asp-201 could be obtained. Each type of ~-galactosidase was analyzed in the presence 

of various amounts of added Na+ or K+ in order to observe the effects of each metal ion. 

In addition, inhibition studies with several substrate analogues and one transition state 

analogue were done to provide further insights into the interaction between Na+ and K+ 

and Asp-201 of ~-galactosidase. 
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Figure 5.3. SDS-PAGE of the ~-galactosidases studied. Samples were 
electrophoresed for 75 Vh at I5°C using Pharmacia's Phastsystem. The proteins were 
visualized by Comrnassie Blue staining. a). Lane I: molecular weight markers (Myosin 
(200), Phosphorylase B (92.5), Bovin serum albumin (69), Ovalbumin (46), Carbonic 
anhydrase (30), Trypsin inhibitor (21.5), and Lysozyme (14.3) in KDa); Lane 2: wild
type ~-galactosidase; Lane 3: D20IN-~-galactosidase. b). Lane 1: molecular weight 
markers; Lane 2: D201F-B-galactosidase. c). Lane 1: molecular weight markers; Lane 2: 
D201 Y-B-galactosidase. d). Lane 1: molecular weight markers; Lane 2: D201E-B
galactosidase. 
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5.3.1 Wild·Type ~.Galactosidase 

The kinetic constants of wild-type B-galactosidase at vanous Na+ and K+ 

concentrations served as "standards" for comparisons with p-galactosidases which had 

substitutions for Asp-201. 

5.3.1.1 Effects of Na+ on Wild-Type ~-Galactosidase 

5.3.1.1.1 oNPG 

Wild-type P-galactosidase was assayed with oNPG over a range of Na+ 

concentrations. Eadie-Hofstee plots were drawn. Figure 5.4 hows how Eadie-Hofstee 

plots varied at some representative Na+ concentrations. It can be seen that the Ym values 

increased (the y-intercepts) and the Km values (slopes) decreased when Na+ was added. 

Plots of the variations of the log Km values and the Ym values as functions of the 

Na+ concentration are shown in Figures 5.5 and 5.6, respectively. The Km and Ki 

values were plotted as logarithms in order to better compare the variations of the very 

different Km and Ki values of the different substrates and substrate analogues. If this 

would have been done, the changes in value for small Ki and Km would not have been 

evident without drawing several graphs, each with a different Y-axis. As already stated, 

the value of Km (of oNPG) decreased at low concentration of Na+. The Figure shows 

that the Km values then leveled off (Figure 5.5). The Km values increased slightly (data 

not shown) at very high Na+ concentration (i.e., 1000 rnM and 2000 rnM Na+). Figures 

5.6 shows that there was a large increase of the Ym value when very small amounts of 

Na+ were added and then the values leveled out. At Na+ concentrations above 150 rnM, 

the Ym values decreased slightly (data not shown). The Na+ concentration that gave a 
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one half decrease in KIn was about 0.5 mM Na+, and the Na+ concentration that gave one 

half of the total increase of the Vm value was also about 0.5 mM. It is important to point 

out that the"Na+-free" imidazole buffer was in fact found to contain 0.1 mM of Na+ and 

0.01 mM K+. 
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Figure 5.4. Eadie-Hofstee plots of wild-type B-galactosidase with oNPG at four 
concentrations of Na+ . C+ ) 0 mM Na+; ) 0.4 mM Na+; (A ) 25 mM Na\ and C 
150mM Na+. 

------------~ ----- --
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Figure 5.5. The log K.m and log K.i values for wild-type B-galactosidase in the presence 
of various amounts of Na+. (0 ) Log K.m (oNPG); <> ) Log K.m (pNPG); (0 ) K.i 
(IPTG, Na+); (~ ) Log K.i (Lactose, Na+); (. ) Log K.i (Galactose, Na+); (. )Log K.i 
(Arabinose, Na+); ( .. ) Log K.i (Fucose, Na+). 
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Figure 5.6. The Vm values for wild-type B-galactosidase at various Na+ or K+ 
concentrations. ( .) Vrn (oNPG, Na+); (. ) Vm (pNPG, Na+); (. )Vm (oNPG, K+); 
( • ) Vm (pNPG, K+). 

Such information was obtained by Inductively-Coupled Plasma (lCP) analysis and was 

conducted by Dr. Elizabeth Dixon (Environmental Science, the University of Calgary). 

These amounts of Na+ or K+ were taken into consideration when the plots were made. 
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5.3.1.1.2 pNPG 

A similar study to that with oNPG was done with pNPG and the resulting plots of 

the log Km values and the Vm values as functions of the Na+ concentration are also 

shown in Figure 5.5 and 5.6. It was observed that as the concentrations of a+ 

increased, the values of Km decreased and then remained constant. The concentration of 

Na+ needed to decrease the Km to one half of its eventual value was about 0.5 mM Na+. 

The value of Vrn for pNPG, however, remained essential1y unchanged regardless of the 

Na+ concentration (Figure 5.6). The maximum hydrolysis rate (Vm) attained by pNPG 

at 150 mM Na+ was about one fifth of that of oNPG (at 150 mM Na+). 

5.3.1.2 Effects of K+ on Wild-Type 6-Galactosidase 

5.3.1.2.1	 oNPG 

Wild-type ~-galactosidase was assayed with oNPG in the presence of added K+. 

The values of Vm and Km obtained are shown in Figures 5.6 and 5.7, respectively. 

The values of Km (oNPG) decreased as a function of the K+ concentration and 

then remained constant (Figure 5.7). The K+ concentrations that resulted in about one 

half of the eventual decrease of Km value was about 5-10 mM. The Km values remained 

constant even up to 2000 mM K+ (results at higher concentrations are not shown). The 

Vm value of oNPG did not change much as a function of the K+ concentration (Figure 

5.6). 



66 

3 """T""---------------------,
 

2 

1 

o 

-1 -+-------....--------.------,..........
 
o 50 100 150 

[K+](mM) 

Figure 5.7. The log Km and log Ki values for wild-type B-galactosidase in the presence 
of various amounts of K+. (0 ) Log Km oNPG, K+; CO ) Log Km pNPG, K+; ( 0 ) 
Log Ki IPTG, K+; (6 ) Log Ki Lactose, K+; ( • ) Log Ki Galactose, K+; ( • ) Log Ki 
Arabinose, K+; ( • ) Log Ki Fucose, K+. 
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5.3.1.2.2	 pNPG
 

The effects of K+ on the Vm and Km values of pNPG are also shown in Figure
 

5.6 and 5.7, respectively. The trend of Km followed a similar pattern as that of oNPG
 

except for the fact that the decrease in the Km value was relatively small for pNPG
 

(Figure 5.7). The value of K+ that yielded one half the decrease in Km value was about
 

5-10 mM. The value of Vm increased significantly (over 3-fold) as a function of K+
 

concentration. The value of K+ where the increase of Vm was at about one half of the
 

total increase was at about 10 mM.
 

5.3.1.3 pNPA and pNPF 

pNPA and pNPF can be used as substrates for B-galactosidase since they both
 

resemble D-galactose (see Appendix A). However, pNPA does not have a C6 hydroxyl
 

methyl group and pNPF does not have a C6 hydroxyl group. These substrates were
 

assayed with the wild-type B-galactosidase in the absence of any added Na+ or K+, with
 

150 mM Na+ and with 150 mM K+, respectively. Table 5.1 shows the Km, Vm and
 

KmIVm values obtained for these two substrates and for oNPG and pNPG.
 

Table 5.1. Kinetic constants obtained with substrates pNPA, pNPF, oNPG and pNPG of
 
wild-type B-galactosidase
 

p'\ I' \ (l '\ 1'( j p'\l'l	 p'\ I'(j 

Vm	 Km VmIKm Vm Km VmIKm Vm Km VmIKm Vm Km VmlKm 
(unit	 (mM) (S-I (unit (mM) (S-I (unit (mM) (S-I (unit! (mM) (S-I 

/m,g) mM- 1) /m,g) mM- 1) /m,g) mM-1) m,g) mM-1) 

0 18.1 12 LSI 123 1.4 88 8.6 15.9 0.54 52 0.52 100 
150 mM Na+ 132 12.6 10.5 250 0.13 1920 41 15.2 2.7 50 0.046 1090 
150mM K+ 32 11.8 2.7 120 0.28 428 23.6 15.7 1.5 150 0.37 405 
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Table 5.1 shows that the Km values of pNPA and pNPF did not vary much in the 

absence of added Na+ or K+, in the presence of 150 roM Na+ or with 150 roM K+. This is 

different from the variations of the Km values of oNPG and pNPG under similar 

concentrations. The trends of the Vm values were also different for pNPA and pNPF. 

Overall, the Vrn/Km values for the four different substrates increased by approximately 

the same factors upon the addition of 150 roM Na+ or 150 roM K+ (relative to those with 

no Na+ or K+ added). 

5.3.1.4 Inhibition Studies with Wild-Type p-Galactosidase 

The Ki values of IPTG, galactose, lactose, L-arabinopyranose and fucose were 

studied as functions of Na+ and K+. The Ki values for all of the inhibitors at zero added 

Na+ or K+ as well as 150 roM Na+ and 150 roM K+ are shown in Table 5.2. 

Table 5.2. Inhibition constants (Ki, in roM) of IPTG, lactose, D-galactose, L
arabinopyranose and D-fucose for wild-type B-galactosidase. 

Concentration of IPT(; Lartose D-galartosc L- D-fucosc 
added Na+/K+ arahino

(ml\l) Plranose 
oNa+/K+ 1.05 20.5 206 199 189 

150 roM Na+ 0.096 1.4 35 195 184 
150 roM K+ 0.16 3.7 42 185 192 

IPTG contains a ~-thio-galactosyl bond (see Appendix A) which cannot be hydrolyzed by 

~-galactosidase. It binds across the galactose and the glucose subsites. D-Galactose 

binds to the galactose subsite of ~-galactosidase (Huber & Gaunt, 1983). Lactose is the 

natural substrate (galactose with glucose joined by a B (1 ~4) glycosidic bond) but it can 

be studied as an inhibitor because the rate of its breakdown is slow compare to the 
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breakdown of oNPG or pNPG. It would bind across the galactose and glucose subsites. 

D-Fucose is a hexose which resembles D-galactose except for an absence of a hydroxyl 

group at C6 position. It is a relatively poor inhibitor with a Ki value of 185 mM (Huber 

& Gaunt, 1983). L-Arabinose (found mainly as the pyranose in solution and thus called 

L-arabinopyranose) is a pentose and like D-fucose, it is also a poor inhibitor with a Ki 

value of 218 mM (Huber & Gaunt, 1983). It is like D-galactose but it does not have a C6 

hydroxylmethyl group. Studies (Juers et aI., 2001 preprint) have shown that Na+ and K+ 

form an interaction with the C6 hydroxyl group of the galactose part of the substrate and 

with the transition state. Since both D-fucose and the predominately pyranose form of L

arabinose lack a hydroxyl (or hydroxyl methyl) group at the C6 position, these two 

compounds were used to explore the putative interaction between Na+ and/or K+ and the 

C6 hydroxyl group of the galactosyl substrate. The results shown in Table 5.2 indicate 

that Na+ and K+ affect the inhibition (Ki values) of wild-type B-galactosidase by IPTG, 

lactose and galactose but not by L-arabinopyranose or D-fucose. 

5.3.1.4.1 Effects of the Na+ Concentration on the Inhibition 

The Ki values of IPTG, lactose and galactose all decreased in the same general 

way in response to the Na+ as did the Km values for oNPG and pNPG (Figure 5.5). The 

values of Ki decreased at low concentrations of Na+ and then remained constant when 

more Na+ was added. The Na+ concentration that caused about one half of the eventual 

final decreases of the Km values were between 0.5 and 1 mM Na+. Figure 5.5 also 

shows the effect of Na+ on the Ki values of L-arabinopyranose. In contrast to the three 

inhibitors mentioned above, the values of Ki for L-arabinopyranose fluctuated very little 
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(Figure 5.5). The value of Ki for D-fucose was only done in the absence and presence of 

Na+. The Ki value was 189 mM in the absence of added Na+ and 184 mM in the presence 

of 150 mM Na+ (Figure 5.5 and Table 5.2). Thus, it also changed very little as a 

function of the Na+ concentration. It is worth noting that the Ki value of D-galactose in 

the absence of any added Na+ was quite large and roughly equal to the Ki values of L

arabinopyranose and of D-fucose. 

5.3.1.4.2 Effects of the K+ Concentration on the Inhibition 

Table 5.2 shows that the Ki values of IPTG, lactose and galactose at high K+ 

concentrations were larger than the values obtained at high Na+ concentration. This is in 

agreement with the higher Km values associated with K+ for both oNPG and pNPG. 

When inhibition experiments were performed at various K+ concentrations, the Ki values 

of IPTG, lactose and D-galactose were decreased with an increasing concentration of K+ 

(Figure 5.6). The K+ concentration that gave Ki values about one half of their eventual 

values at high K+ concentrations were between 5 and 10 mM. The Ki and Km patterns 

were again all quite similar. As was the case with Na+, the value of Ki obtained with L

arabinopyranose showed little variation with K+ (Figure 5.6). Also, the values for D

fucose were 189 mM in the absence of added K+ and 192 mM in the presence of 150 mM 

K+(Figure 5.7 and Table 5.2). Therefore, it was also subject to little variation. It is 

again significant that the Ki value for D-galactose in the absence of any added K+ was 

similar to that of L-arabinose and D-fucose at high K+ concentrations. 
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5.3.2 D201E-l3-Galactosidase 

D201E-/3-Galactosidase was al 0 tudied at various concentrations of Na+ and K+. 

The kinetic data for oNPG and pNPG were then compared to those of wild-type /3

galactosida e. Glu is very similar to A p and it contains a carboxyl group. The only 

difference is that Glu has an extra CH2 group in its side chain. 

5.3.2.1 Effects of a+ on D201E-13-Galactosidase 

5.3.2.1.1 oNPG 

The Km value for oNPG in the absence of any added a+ (or K+) was quite large 

(21 roM). This is about 16-fold higher than the Km value of wild-type /3-galactosidase in 

the absence of added Na+ (or K+). The value of Km decreased as the concentration of Na+ 

increased and it then leveled out (Figure 5.8). The point at which the Km value had 

decreased to one half of its final level wa at about 2-3 roM a+. 

The Ym value at zero added Na+ was 101 units/mg (Figure 5.9). This relatively 

high value decreased as Na+ was added until the concentration of Na+ reached 50 mM. 

This is different from wild-type B-galactosidase since the Ym value of wild-type B

galactosida e increased as Na+ was added (Figure 5.6). The point at which one half of 

the decrea e occurred was at about 2 roM Na+. The value of Ym then increased at 

concentrations higher than 50 roM Na+ and at 2000 roM Na+, the Ym value was at nearly 

194 unit/mg (data not shown). The reason for thi unexpected result (increa e in Ym at 

the higher Na+ concentrations) was not investigated further. 
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Figure 5.8. The log Km and log Ki values for D201E-B-galactosidase in the presence of 
various amounts of Na+. (0 ) log Km oNPG, Na+; (<> ) log Km pNPG, Na+; ( 0 ) 
log Ki IPTG, Na+; (.6. ) log Ki Lactose, Na+; (II ) log Ki Galactose, Na+; (. ) log Ki 
Arabinose, Na+. 
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Figure 5.9. The Vm values for D20IE-B-galactosidase at various Na+ or K+ 
concentrations. (. ) Vm (oNPG, Na+); (. ) Vm (pNPG, Na+); (. ) Vm (oNPG, 
K+); (. ) Vm (pNPG, K+). 

5.3.2.1.2 pNPG 

The value of Km in the absence of any added Na+ was 21 mM. This value is 

about the same as for oNPG. This Km value is quite high (approximately 40-fold higher 

than the Km for pNPG wild-type enzyme in the absence of added Na+). Figure 5.8 
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shows that the value of Km decreased as a function of Na+ concentration. The Km had 

dropped to one half of its final value at a Na+ concentration of about 2 roM. 

For pNPG, the value of Vm in the absence of Na+ was again quite high (95 

units/mg). As occurred with oNPG, Na+ caused the Vm values of pNPG to drop (Figure 

5.9). The concentration of Na+ that caused a 50 % drop in the Vm value was about 2 

roM. There was no increase of the Vm value at higher Na+ concentrations, unlike the 

effect seen wi th oNPG. 

5.3.2.2 Effects of K+ on D201E·6·Galactosidase 

5.3.2.2.1 oNPG 

Except for a possible small decrease at low K+ concentrations, the values of Km 

for oNPG remained essentially constant at about 16-17 roM (log Km- 1.2) as a function 

of the K+ concentration (Figure 5.10). This constant Km value is roughly lO-fold higher 

than the value found at high Na+ concentration (Figure 5.8). 

The Vm value in the absence of added K+ with D201E-B-galactosidase was 101 

units/mg (Figure 5.9). The point at which about one half of the Vm decrease occurred 

was at about 7 roM. The Vm values associated with oNPG at high K+ concentrations 

were somewhat lower than the Vm values at between 10 and 50 roM Na+ (Figure 5.9). 

With K+ there was no increase in the Vm values for oNPG at K+ concentrations above 50 

roM (as there was at Na+ concentrations above 50 roM). 
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Figure 5.10. The log Km and log Ki values for D201E-B-galactosidase in the presence 
of various amounts of K+. (0 ) log Km (oNPG, K+); ( <> ) log Km (pNPG, K+); ( • ) 
log Ki (IPTG, K+); (A ) log Ki (Lactose, K+); (. ) log Ki (Galactose, K+); (. ) log 
Ki (Arabinose, K+). 

5.3.2.2.2 pNPG 

The value of Km for pNPG (Figure 5.10) remained essentially constant 

regardless of the K+ concentration. The value of Vm was quite high (95 unit/mg) in the 

absence of any added K+ and it decreased as the concentration of K+ increased. The point 

at which there was one half of the total loss in the Vm value (Figure 5.9) was at about 5

10 mM K+. The Vm value of pNPG at 150 mM K+ was higher than the Vm value 
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attained with oNPG. At K+ concentrations greater than 500 mM, the value of Vm 

dropped significantly (data not shown). This was not investigated further. 

5.3.2.3 Inhibition Studies (D201E-6-Galactosidase) 

5.3.2.3.1 Effects of Na+ on Inhibition 

The Ki values for IPTG, galactose and lactose obtained with D201E-B

galactosidase were large compared to wild-type B-galactosidase (see Table 5.2 and 5.3). 

At 150 mM Na+ for example, the fold increases for IPTG, lactose and galactose were 

calculated to be 15, 45 and 6.6 when compared to the Ki values obtained with wild-type 

enzyme. Nevertheless, the values of Ki showed similar trends in the presence of an 

increasing amount of Na+ (Figure 5.8). Moreover, the inhibition pattern resembles that 

of the Km for both oNPG and pNPG. The Ki values for L-arabinopyranose were found 

to be independent of Na+ or K+ concentration and the average Ki value was calculated to 

be 350 mM (Figure 5.8). This is about 2 fold higher than the Ki value for L

arabinopyranose of wild-type B-galactosidase (Huber & Gaunt, 1983). 

Table 5.3. Inhibition constants (Ki, in mM) of IPTG, lactose, D-galactose and L
arabinopyranose for D201E-B-galactosidase. 

Concentration of IPTG ladose D-galadose I,-ara hinopyranose
 
Na+/K+
 

omMNa+JK+ 42.6 336 422 357
 
150 mM Na+ 1.45 63 232 353
 
150 mM K+ 36.2 268 348 360
 

5.3.2.3.2 Effects of K+ on Inhibition 

In the presence of K+, the Ki values of IPTG, lactose and galactose were also 

quite large (Table 5.3 and Figure 5.10) when compared to those obtained with the wild
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type enzyme. At 150 mM K+, the fold increases for IPTG, lactose and galactose were 

found to be 225, 72 and 8 when compared to the Ki values of wild-type B-galactosidase. 

In general, the Km and Ki values varied only a little as the amount of K+ increased. The 

Ki for L-arabinopyranose did not change as a function of the K+ concentration (Figure 

5.10). It is worth pointing out that the value of Ki of D-galactose in the absence of any 

added K+ was found to be higher than the Ki of L-arabinopyranose. However, upon the 

addition of 150 mM K+, the two inhibition constants became roughly equal to each other. 

5.3.3 D201N-li-Galactosidase 

D201N-B-Galactosidase in which a negatively charged Asp is replaced with a 

neutral Asn was studied at various concentrations of Na+ and K+. The results show that 

large concentrations of Na+ or K+ were required to affect the activity of this enzyme and 

that the effects were relatively small. 

5.3.3.1 Effects of Na+ on D201N-B-Galactosidase 

5.3.3.1.1 oNPG 

The Km values of D201N-B-galactosidase (oNPG) were very high (Table 5.4 and 

Figure 5.11) and did not change much when Na+ or K+ was added. 

Table 5.4. The values of Km (mM) of oNPG and pNPG for D201N-B-galactosidase in 
the presence and absence of added Na+/K+. 

D20 I N-B-galal'tosidase \\ i1d-t~ pe-B-galal'tosidase 
Concentration of oNPG pNPG oNPG pNPG 

Na+/K+ 
o rnM Na+/K+ 22 19 1.4 0.52 
150mMNa+ 34 21 0.13 0.046 
150 rnM K+ 21 24 0.29 0.37 
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The value of Vm increased as a function of Na+ concentration (Figure 5.12). The 

Vm value in the absence of added Na+ was only 10 units/mg. The value of Vm increased 

to about 145 unit/mg in the presence of 2000 mM Na+ (Figure 5.12). 

150 ""T'"-------------------. 

100 

50 

O+----,.....-----r----..,...---~ 
o	 500 1000 1500 2000 

[Na+J or [K+J (mM) 

Figure 5.12. The Vm values for D201N-B-galactosidase at various Na+ or K+ 
concentrations. ( • ) Vm (oNPG, Na+); ( • ) Vm (pNPG, Na+); (. ) Vm (oNPG, K+); 
( • ) Vm (pNPG, K+). 

The increase was unusual. It seemed cooperative since the plot is somewhat sigmoidal. 

At high Na+ concentration (2000 mM), the Vm value (for oNPG) was high. It was 

actually about one half of that of wild-type B-galactosidase at high Na+ concentration 

(150 mM). 
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5.3.3.1.2 pNPG 

The pattern of the pNPG Km values as a function of the Na+ concentration was 

similar to that for oNPG in the presence of a low amount of Na+ (Figure 5.11). The Km 

value for pNPG initially increased a little. However, at higher Na+ concentration, the 

same value decreased. The Km values associated with pNPG were large in general when 

compared to the wild-type enzyme (Table 5.4). For example, at 150 mM Na+, the Km 

value for D201N-B-galactosidase was found to be at least 260-fold higher than that of the 

wild-type enzyme at 150 mM Na+. 

The value of Vm (pNPG) increased significantly as a function of the Na+ 

concentration but the increase was again sigmoidal (Figure 5.12). At very high Na+ 

concentration (2000 mM), the Vm was actually greater than the Vm (pNPG) for wild

type B-galactosidase at 150 mM Na+. 

5.3.3.2 Effects of K+ on D201N-8-Galactosidase 

5.3.3.2.1 oNPG 

The Km value in the absence of added K+ for oNPG was 22 mM. This value 

decreased very little as a function of the K+ concentration (Table 5.4 and Figure 5.13). 

The Km values in the presence of K+ were similar to those in the presence of Na+ 

(Table 5.4), but higher than the Km values of the wild-type enzyme at high K+ 

concentration (approximately 72-fold larger). 

The value of Vm again increased in a sigmoidal pattern as a function of the K+ 

concentration (Figure 5.12). The value of Vm in the presence of high K+ concentration 

was quite a lot lower than that in the presence of Na+. 
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Figure 5.13. The log Km and log Ki values for D201N-B-galactosidase in the presence 
of various amounts of K+. ( D ) log Km (oNPG, K+); (0 ) log (pNPG, K+); (e ) log Ki 
(IPTG, K+); (... ) log Ki (Lactose, K+); ( • ) log Ki (Galactose, K+); (. ) log Ki (L
arabinose, K+). 

5.3.3.2.2 pNPG 

When pNPG was used as the substrate, the value of Km remained essentially 

constant as a function of the K+ concentration (Table 5.4 and Figure 5.13). The values 

of Km for pNPG in the presence of 150 roM K+ (about 24 roM) were nearly 65-fold 

higher when compared to the Km values of the wild-type enzyme at 150 roM K+(Table 

5.4). The Vm values increased a little as the concentration of K+ was increased (Figure 

5.12), but in this case the small increase of the Vm value did not seem to be sigmoidal. 

5.3.3.3	 Inhibition Studies (D201N-p-Galactosidase) 

In the presence of Na+ (Figure 5.11) or K+ (Figure 5.13), the large Ki values for 
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IPTG, lactose and galactose did not change much as a function of the concentration of 

monovalent cation(s). For D201N-~-galactosidase, the Ki values of IPTG, lactose and 

galactose (Table 5.5) were very large compared to those for wild-type enzyme (Table 

5.2) 

Table 5.5. Inhibition constants (Ki, in mM) of IPTG, lactose, D-galactose and L
arabinopyranose for D20 IN-B-galactosidase. 

Confentration of (PTG lal'tose D-galal'tosc L-arahinop~ranose
 
Na+/K+ (mI\1)
 

oNa+/K+ 26 326 483 216
 
150 mM Na+ 26 356 525 205
 
150 mM K+ 27 255 303 207
 

For example, at 150 mM Na+, the Ki values for IPTG, lactose and galactose were found 

to be 330, 324 and 26-fold higher than the respective values for wild-type B-

galactosidase. The Ki values obtained in the absence of any added Na+ or K+ and in the 

presence of 150 mM K+ showed similar features. The Ki values obtained in the presence 

of K+ were a little smaller than those in the presence of Na+. The values of Ki for L

arabinopyranose varied very little regardless of the presence or absence of the 

monovalent cations, and the actual values are quite similar to the values found with the 

wild-type B-galactosidase. 

5.3.3.4 Effects of Na+/K+ on D201N and on Wild-Type 8-Galactosidase 

As stated earlier, a large amount of Na+ and K+ were required to enhance the value 

of Vm for D201N-B-galactosidase. For wild-type enzyme, the concentration of Na+ which 

yielded one half of its maximal Vm value (oNPG) was found to be less than 0.4 mM 
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(Figure 5.6) while it was well above 1000 mM for D201N-B-galactosidase (Figure 5.12). 

Likewise, for wild-type enzyme, the concentration of K+ that gave rise to one half of its 

maximal Vm value (pNPG) was about 10 mM (Figure 5.6) in contrast to a value of 

greater than 1000 mM in the case with D201N-B-galactosidase (Figure 5.12). With 

respect to the value of Km, they all stayed very large and did not vary as a function of 

either Na+ or K+ concentration (Table 5.4). In some cases, the addition of Na+ or K+ even 

caused the value of Km to become higher. 

5.3.4 D201F-~-Galactosidase 

5.3.4.1 Krn and Vrn Values in the Presence of Na+ and K+ 

The presence of the bulky and highly hydrophobic Phe at position 201 should 

abolish most of the binding interaction with Na+ or K+ that would otherwise have been 

formed with residue Asp-201 and there should be no interactions between Phe-201 and 

the C4 hydroxyl group of the galactosyl substrate. In addition, the bulkiness and 

hydrophobicity of Phe would be expected to cause steric hindrance, and could also cause 

conformational rearrangement at the active site of ~-galactosidase. 

5.3.4.1.1 oNPG with Various Concentrations of Na+ and K+ 

The Km values of D201F-~-galactosidasewith oNPG were high (Table 5.6). In 

the absence of added Na+ or K+, the Km value was about 15 times higher than the Km 

0.4 mM) obtained for wild-type enzyme without added Na+ or K+. The addition of 500 

mM Na+ caused the Km value to rise even more and it then remained constant at 175 

mM. The Km value of oNPG of wild type B-galactosidase at 150 mM is 0.12 mM. Thus 
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the value of Km of D201F-B-galactosidase at ~ 500 roM Na+ is about 1460-fold higher 

than that of the wild-type enzyme at 150 roM Na+. 

Table 5.6. Km and Vm values of D201F-~-galactosidasewith substrate oNPG at 
various concentrations of Na+ and K+. 

Conl'ent rations Km \\ith Na+ Km \\ith K+ \'m \\ith Na+ \'m \\ith K+ 
of Na+/K+ (m1\1) (ml\l ) (ml\l ) (unitlmg) (unit/mg) 

0 22 22 0.006 0.006 
500 175 63 0.11 0.03 
1000 175 114 0.11 0.04 
2000 175 159 0.11 0.032 

The Km values associated with K+ were also very high. In this case, the increase 

in Km value was a more gradual function of the K+ concentration. 

The Vm value (0.006 units/mg) of D201F-~-galactosidasewith oNPG in the 

absence of added Na+ or K+ (Table 5.6) was nearly 20,000-fold lower than for the wild-

type enzyme. Upon the addition of 500 mM Na+, the Vm value increased about 17-fold 

and it then remained constant. With K+, the Vm value also increased. However, it did 

not get as large as the Vm value obtained with Na+. 

5.3.4.1.2 pNPG with Various Concentrations of Na+ and K+ 

The Km and Vm values obtained with pNPG in the presence and absence of Na+ 

and K+ are shown in Table 5.7. In general, all the Km values were very large but then 

they decreased at higher Na+ and K+ concentrations. The Km value in the absence of 

added Na+ and K+ was about 6-7 fold higher for pNPG than for oNPG. It then decreased 

in the presence of large amounts of Na+ or K+ but still remained much higher than those 

for wild-type B-galactosidase (Table 5.7 ). 
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Table 5.7. Km and Vm values of D20IF-~-galactosidase with substrate pNPG at 
various concentrations of Na+ and K+. 

Concentra t ions Km with Na+ Km with K+ Vm \\ ith Na+ \'m \lith K+ 
of Na+/K+ (ml\l) (ml\l ) (ml\l ) (unit/mg) (unit/mg) 

0.1 138 138 0.09 0.09 
500 104 116 0.10 0.046 
1000 110 81 0.095 0.025 
2000 108 51 0.08 0.012 

Similar to oNPG, all of the Vm values with pNPG were extremely small. There 

was not much variation in Vm values as the concentration of Na+ increased. Addition of 

K+ caused the Vm value to drop. 

5.3.4.2 Inhibition Studies with Substrate Analo2ues (D201F-1i:. 

Galactosidase) 

Since D201F-~-galactosidase has very high Km values, it was very difficult to 

accurately determine the inhibition effect of competitive inhibitors. Because most of the 

Km values associated with D201F-~-galactosidase were above 100 mM, it was expected 

that very high Ki values would be obtained. Nevertheless, when IPTG, lactose and D-

galactose were studied and the inhibitions were done in the presence of 500 mM Na+ or 

500 mM of K+, the inhibition study revealed that substrate analogues bound to the 

substituted D201F-~-galactosidase extremely poorly (Table 5.8). 
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Table 5.8. Inhibition constants (Ki, in mM) determined for D201F-B-galactosidase. 

D2UIF D2UIF \\ i1d-t~ pl' \\ i Id - t ~ Pl' 

SUU 1111\1 Na+ SUU 1111\1 K+ ISU 111M Na+ ISU 1111\1 K+ 

IPTG 146 158 0.096 0.16 
Lactose 460 457 1.4 3.7 

D-~alactose 550 >550 42 35 

The fold increases in Ki values (500 mM Na+) for IPTG, lactose and galactose were 

found to be at least 1520, 420 and 28 times when compared to the wild-type B-

galactosidase. The corresponding fold increases of the Ki values in the presence of 500 

mM K+ were calculated to be 988, 124 and >16 for IPTG, lactose and galactose. 

5.3.5 D201Yoft-Galactosidase 

Tyr is a bulky phenolic residue and is hydrophobic. Similar statements as were 

made for Phe (section 5.3.4.1) can be made for Tyr. In addition, the hydroxyl group on 

its side chain could affect the overall conformation of the enzyme. This polar group 

could somehow interact with Na+ or K+. It could also form hydrogen bonds with groups 

on the enzyme and the substrate. 

5.3.5.1 Krn and Vrn Values in the Presence of Na+ and K+ 

5.3.5.1.1 oNPG with Various Concentrations of Na+ and K+ 

Very large Km values were again observed in all cases. The Km value in the 

absence of added Na+ or K+ was found to be 13 mM (Table 5.9). 
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Table 5.9. Km and Vm values ofD201Y-~-galactosidase with substrate oNPG at 
various concentrations of Na+ and K+. 

Concentration Km \\ ith Na+ Km \\ith K+ Ym \\ ith Na+ Ym \\ ith K+ 
of Na+/K+(IlI\11 (ml\ll (ml\ll (llnit/mg) (llnit/mg) 

0 13 13 0.0045 0.0045 
500 103 54 0.045 0.0095 
1000 100 93 0.047 0.012 
2000 103 157 0.046 0.011 

It increased nearly 8-fold at 500 mM Na+ and remained essentially constant at higher 

concentrations of Na+. The Km values in the presence of K+ increased gradually as a 

function of K+ concentration from 13 mM in the absence of added Na+ or K+ to 157 mM 

at 2000 mM K+. This observation is different from the effect with Na+, where there was 

not any effect at concentrations above 500 mM. Similar trends for the effects of Na+ and 

K+ were also seen with D201F-~-galactosidase (Table 5.6). The Km values associated 

with D201 Y-~-galactosidase were a little smaller than the corresponding ones with 

D201F-~-galactosidase(Table 5.6 and 5.9). 

The Vm values of D201Y-~-galactosidasewere very low in the absence of added 

Na+ or K+ (about 27,000 fold lower than for wild-type enzyme without any added Na+ or 

K+). Addition of 500 mM Na+ caused the Vm to increase 10 fold and it then remained 

fairly independent of the Na+ concentrations. Addition of K+ only caused the Vm value 

to increase a little more than 2 fold, and the rate did not increase to the maximum until 

1000 mM K+ was added. 

5.3.5.1.2	 pNPG with Various Concentrations of Na+ and K+ 

The KIn and Vm values for pNPG are shown in Table 5.10. 
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Table 5.10 Km and Vm values of D201 Y-~-galactosidase with substrate pNPG at 
various concentrations of Na+ and K+. 

Concentration Km \\ith Na+ Km \\ ith K+ "m \\ith Na+ "m \\ith K+ 
of Na+/K+(IlI\II (mM) (mM) (unit/mg) (unit/mg) 

0.1 197 197 0.09 0.09 
500 179 97 0.11 0.04 
1000 220 60 0.11 0.02 
2000 214 82 0.11 0.02 

The Km values in the absence of added Na+ or K+ were extremely high (Table 5.10). 

Addition of Na+ caused the Km values to increase while adding K+ caused the Km values 

to decrease. The Vm values were very low and Na+ caused them to increase slightly. 

Addition of 500 mM K+ caused the Vm values to decrease and they then dropped steadily 

as a function of the K+ concentration. 

5.3.5.2 Inhibition Studies with Substrate Analoeues (D201Y-(}Galactosidase) 

The same substrate analogues studied with D201F-~-galactosidase were assayed 

with D201 Y-~-galactosidase. In addition, PETG was also included in the inhibition 

studies. It binds particularly well to W.t. enzyme (Ki=1 11M). The subsequently 

calculated Ki values were found to be very large with each type of inhibitor tested (Table 

5.11). 

Table 5.11. Inhibition constants (Ki, in mM) determined for D201 Y-B-galactosidase. 

D20lY D20lY \\i1d-t~pe \\ ild-t~ pe 
500 mM Na+ 500 ml\l K+ 150 mM Na+ 15U mM K+ 

IPTG 134 151 0.096 0.16 
Lactose 220 267 1.4 3.7 

D-galactose 293 >293 42 35 
PETG 12 14.4 0.001 Not done 
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The fold increases in Ki (500 mM Na+) for IPTG, PETG, lactose and galactose were 

about 1400, 8000, 200 and 15 times when compared to wild-type B-galactosidase. The 

values of Ki in the presence of K+ were a little higher than those of Na+. However, all the 

Ki values associated with D201Y-B-galactosidase were smaller than those with D201F-B

galactosidase. 

5.3.6 Comparison of the Na+ and K+ Concentrations for D201F- and D20l Y-6

Galactosidases that Result in One Half of the Chanl:e in Parameter Values 

The dissociation constants for Na+ and K+ (Kr.a+ and KKJ can be compared in the 

case of oNPG with both D201F- and D201Y-B-galactosidases. Because the Km values 

with Na+ stayed constant beyond 500 mM (Table 5.6 and 5.9), the value of KNa+must be 

<500 mM. Conversely, the values of Km with K+ were found to still be increasing beyond 

500 mM (Table 5.6 and 5.9). Thus, the value of KK+ must be increasing and has to be 

>500 mM. The dissociation constants of the enzymatic reaction in the presence of Na+ is 

smaller than that of K+ for both D201F- and D201 Y-B-galactosidases. A similar 

comparison can be made with pNPG for D201F- and D201Y-B-galactosidases (Tables 5.7 

and 5.10). The values of Km (Na+) stayed fairly constant beyond 500 mM, therefore KNa+ 

should be <500 mM. With respect to KK+' D201F- and D201 Y-~-galactosidases did not 

yield consistent patterns. Table 5.7 indicates that the value of Km (K+) continued to 

decease beyond 500 mM. However, since the value of Km (K+) was found to be larger 

than that of Na+ at 500 mM, the value of KK+ would be presumably larger than that of KNa+ 

for D201F-~-galactosidase. In the case with D201-Y-~-galactosidase (Table 5.10), the 

value of Km (K+) stayed constant beyond 500 mM, so the value of KK+ should be <500 
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mM. 

5.3.7 Inhibition Study with O-Galactonolactone 

Table 5.12 is a list of the Ki values obtained with the transition state inhibitor, y

D-galactonolactone. 

Table 5.12. Inhibition constants (Ki) a sociated with y-D-galactonolactone. 

Ki \\ ith SOO ml\l Ki \\ ith SOO ml\l K+ 
Na+ (Ill 1\1) 

(m 1\1) 
Wild-type 1.1 Not done 

D201E 42 34 
D201N 48 40 
D201F >78 70 
D201Y >78 53 

All four substituted ~-galactosidases were tested with this inhibitor in the presence of 500 

mM Na+ or K+. The Ki values were all very high as compared to that of the wild-type at 

150 mM Na+ (Ki= 0.1 mM). However, the increases were not significantly larger than the 

increased Ki values with the substrate analogue inhibitors, and they were certainly not the 

changes one would expect if a group is important for binding transition state. 

5.4 Attempts for Crystallization 

An attempt was made to crystalize D201F-B-galactosidase. It was highly purified 

(> 99%). A ProBond column purification followed by a FPLC column purification wa 

used. The crystallization technique employed was the hanging-drop method. Three 

crystal plate were set up according to the known procedure (Juers et aI., 2000). In total 

there were 36 samples and each of them was varied in the concentration of protein ancIJor 
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the amount of PEG added. All three crystal plates were kept at room temperature and 

were examined for crystals daily. However, no crystal was found after nearly two weeks 

of repeated examinations. If crystals form with B-galactosidase, they would have been 

formed within this time period. Attempts by others in this laboratory to crystallize 

substituted B-galactosidases have also not met with success. 
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6. DISCUSSION
 

6.1 Introduction 

This work describes kinetic studies on how the interactions between Na+/K+ and 

A p-20l affect the overall functionality of B-galactosida e (E. coli). Many enzyme 

require the presence of metal ions for function. Calcium, iron, magnesium and zinc ions 

are probably present the most often. B-Galactosidase is somewhat unique sin e it 

requires Na+ or K+ for its full activity (Neville & Ling, 1967). Not many enzymes u e 

these two metals as cofactors. In fact, the text book most often quoted in reference to the 

roles of inorganic atoms in enzymes ("Principles of Bioinorganic Chemistry" by Stephen 

J. Lippard and Jeremy M. Berg) does not mention any enzymes in which Na+ or K+ play 

roles. The possible reasons for such findings could be that Na+ and K+ are rarely found to 

participate in electron-transfer redox reaction or to form complex ions with firmly 

attached ligands. The atomic radii for Na and K are 1.572 Aand 2.025 A; and their 

respective ionic radii are 0.95 Aand 1.33 A (Zumdahl, 1986). The first ionization energy 

(the minimum energy required to remove the first electron from the atom) is 119 kcallmol 

for Na and 100 kcallmol for K. The slightly larger ionization energy associated with Na 

indicates that the attractional force between the nucleus of Na+ and its valence electron i 

stronger because the size of Na+ is smaller. Na and K lose their valence electrons easily. 

They can, therefore, readily form positively charged ions. In their ionic forms, Na+ and 

K+ interact electrostatically with negatively charged non-metal ions. Na+ and K+ have 

similar electronegativities (Na+ =0.9; K+ =0.8). The ionic bonds that each of them form 

with oxygen in turn is expected to be of nearly identical strength. Moreover, compared to 

other metal ions, the electrostatic forces that Na+ and K+ establish with negatively charged 
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species tend to be relatively small becau e of the single charges (compared to Mi+' Zn2+ 

etc. that have more than one charge). 

Besides their difference in size, Na+ and K+ have different hydration number. 

For both aqueous and most of the non-aqueous solvents, Na+ always has a higher 

hydration number than K+ does (Burge s, 1978). In general, there is a deerea ing trend of 

the hydration number as the atomic number increases for Group IA cations. For example, 

the hydration number of Na+ is 13 and it is 7 for K+ (in water). In association with the 

hydration number, Na+ has a more negative solvation Gibbs free energy than doe K+. 

This indicates that compared to K+, it would be relatively easier (more spontaneous) for 

Na+ to displace its water ligand and replace it with a different kind. This is very 

important in situations such as an enzymatic reaction, where a+ or K+ is usually required 

to transform from its "free" (hydrated form) to a different environment at the enzyme 

active site. It is probably easier to carry out such action with Na+ than with K+; i.e., it 

hould be easier to bind a Na+. 

In the case of B-galactosidase, the interaction between B-galactosidase and Na+ or 

K+ seem to be mainly electrostatic in nature. On the other hand, some complex metal 

ion-ligand interactions are also present since both Na+ and K+ have empty d orbital 

which can accommodate the lone pairs of electrons from the ligand's oxygen atoms. 

Such type of interaction is ligand interaction. 

Asp-201 of B-galactosidase is highly conserved (Figure 6.1) among all related B

galactosidases sequenced (Kalnins et aI., 1983; Burchhardt and Bahl, 1991; Buvinger and 

Riley, 1985; David et al., 1992; Fanning et al., 1994; Hancock et aI., 1991; Poch et al., 

1992; Schmidt et aI., 1989; Schroeder et aI., 1991; Nagano et al., 1994; Obst et al., 1995). 
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198 199 200 201 202 203 204 
Rhizobium meliloti E D G I D y L T 
T. thermosulfurigenes G G Q I D Y L T 
Escherichia coli ebg 0 Q D M W W 
Kluyveromyces lactis E 0 Q D Q w W 
Arthrobacter A Q D Q w W 
Clostridum acetobutylicum E D Q D F .w R 
Strptococcus thermophilus E D Q D F W R 
Leuconostoc lactis D Q D M F R 
Leuconostoc lactis E 0 Q D F F R 
Lactobacillus bulgaricus E D Q D F W R 
Thermotoga maritima E 0 Q D M W W 
Klebsiella pneumoniae D Q D M W R 
Enterobacter cloacae D Q D M W R 
Escherichia coli E D Q D M W R 

Figure 6.1. The amino acid sequences of several organisms showing homology in the 
area of residues equivalent to Asp-201 of B-galactosidase. 

It is located at the active site and is the residue that interacts with Na+ or K+ (Juers et aI., 

2(00). The other amino acids in the vicinity are also quite conserved. No studies have 

been done to determine whether Na+ or K+ play any role in organisms other than E. coli 

or of the importance of Asp-201. 

X-Ray crystallography has been invaluable for understanding the structural and 

functional aspects of this enzyme. The knowledge of the crystal structures of various B-

galactosidase complexes have facilitated the progress of this work (Jacobson et aI., 1994; 

Juers et aI., 2000; Juers et aI., 2001 preprint). The 3-dimensional structure of part of the 

active site was shown in Figure 1.2 and it is re-shown here (Figure 6.2 a and b) for the 

purpose of discussion. Na+ and K+ are in close proximity to residue Asp-201. They also 

interact with the backbone carbonyl group of Phe-601 and the oxygen of the side chanin 

of Asn-604. 



95 

Figure 6.2 a). X-ray crystallographic structure of Na+ binding in the active site (Juers et 

aI.,2000). 
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Figure 6.2 b). X-ray crystallographic structure of K+ binding in the active site (Juers et 

aI., unpublished observations). 



97 

Figure 6.2 illustrates that the differences in the structure of the active site are very 

small in the presence of Na+ vs. K+. Trp-568 and Trp-999 are two hydrophobic residues 

that contribute to the galactose binding site and the glucose binding site of B

galactosidase, respectively. Na+ or K+ interacts electrostatically with the negatively 

charged Asp-201. Moreover, Na+ and K+ ligand to the C6 hydroxyl group of the 

galactosyl substrate both in its ground state and transition state. Asp-20 1 also interacts 

with the C4 hydroxyl group of the substrate and this interaction probably aids in substrate 

binding. Furthermore, since the interaction with the C4 hydroxyl group remains when 

the substrate is in transition and/or intermediate form, Asp-201 might also contribute to 

the maintenance of the overall stabilization of the transition state and the covalent 

intermediate complex. 

To probe the nature of the Na+/K+ interaction with B-galactosidase, the kinetic 

behavior of wild-type B-galactosidase and four B-galactosidases with substitutions for 

Asp-201 was investigated in the presence and absence of various concentrations of added 

Na+/K+. By comparing the properties of the B-galactosidases with site specific 

substitutions to the structure and kinetic properties of the wild-type enzyme, further 

progress was made in establishing the role that Na+ or K+ and Asp-20l have on the 

overall functionality of B-galactosidase. 

Ideally, studies of the role of a residue should be done with enzymes substituted 

with each possible replacement. This is, however, not practical and some representative 

replacements were made to fulfill that purpose. The biochemical nature of each of the 

four substituted residues will be discussed in detail later. It was found that each 

replacement had significant effects on the kinetics of B-galactosidase. 
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Kinetic assays were done with two substrates (oNPG and pNPG). In addition, 

several substrate inhibitors and one transition state inhibitor were studied to explore 

whether Asp-201 is important for binding the substrate in its ground state, its transition 

state or both and for how this is mediated by Na+ and K+. All compounds tested were 

poor inhibitors of the Asp-201 substituted B-galactosidases. The galactose and glucose 

subsites of B-galactosidase each contribute to substrate binding. The work done showed 

that Asp-201 is important in mediating binding at the galactose subsite but not at the 

glucose subsite, and that overall such binding had relatively small effects on the activity 

of the enzyme. 

Results communicated to me by Dr. Doug Juers (Juers et a1., 2001 preprint) 

suggest that Na+ and K+ are direct ligands of the C6 hydroxyl group of the galactosyl 

substrate. Therefore, part of this work was carried out to verify that postulation. 

6.2 Wild-type 6-Galactosidase 

The kinetic constants (Km, Vm and Ki) obtained in the presence of various 

amount of added Na+ and K+ were compared. Studies on wild-type enzyme were done in 

older publications (Becker & Evans, 1969; Wallenfel & Weil, 1960) but were somewhat 

ambiguous. In most cases, only activity was measured at one substrate concentration 

rather than comprehensive measurements of Vm and Km values whose values have 

meanings in terms of catalysis and binding. Thus, comprehensive kinetic studies on 

wild-type enzyme were done to obtain values of kinetic constants that could be used for 

comparisons with the substituted enzymes. 
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6.2.1 Effects of Na+ 

Na+ caused the value of Km of both oNPG and pNPG to decrease (Figure 6.3). 

The Km for B-galactosidase is: 

b
Km=Kse--- Equation 6.1 

b+b 

where Ks is the dissociation constant of the enzyme·substrate complex, k2 is the rate 

constant for the glycosylation reaction, and k3 is the rate constant for the deglycosylation 

reaction (see Figure 1.3). For oNPG with wild-type B-galactosidase at 150 mM Na+, the 

value of k2 i 1500 S·l, whereas for p PG the value is 90 S·I. The value of k3 is 1000 S·l 

for both oNPG and pNPG. Thus k2 is the rate-determining step for pNPG with wild-type 

enzyme and the value of Km is approximately equal to that of the Ks (the dissociation 

constant) for pNPG. For oNPG, k2 and k3 are roughly equal and are both partially rate

determining at 150 mM Na+ (Viratelle & Yon, 1973). Therefore, the value of Km for 

oNPG is dependent on all three parameters as shown in Equation 6.1. The rate 

determining steps for oNPG and pNPG are only known for 150 mM Na+. Thu the 

effects of Na+ and K+ on the Km and Ki values were studied to investigate if the 

decreases in the Km values were caused by binding or by catalysis (or both). 

Figure 5.5 showed that the Km values for both oNPG and pNPG changed in a 

similar way as a function of the Na+ concentration as the Ki values with IPTG, lactose 

and galacto e. Figure 6.3 shows how the values of Km for oNPG and pNPG changed. 

The value of Km dropped rapidly and then remained constant. The fact that the decreases 

were so similar to those of the substrate analog inhibitors shows that the decrease in the 

values of Km for both oNPG and pNPG is mainly due to the decrease in Ks as shown by 
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Equation 6.1. However, for oNPG, the Km value decreased by a larger factor amount 

-
than for pNPG (Figure 6.3). This is because, in the case with oNPG, if kz is increasing 

(and the increase in Vm l suggests that it does increase), it would also contribute to the 

decrease of the Km value. Therefore the large drop of Km is probably a· double effect 

from decreases in Ks and increases of kz values. 

1.5 --.--------------------.. 

1 

0.5 

Q
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~
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Figure 6.3 The values of Km of wild-type B-galactosidase at various concentrations of 
Na+. ( 0 ) Km (oNPG, Na+); (<> ) Km (pNPG, Na+). 

I Vm= lr [E] = kzk, * [E]
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The correlation between the Km and Ki values (Figure 5.5) indicates however, that the 

main effect that Na+ has on B-galactosidase is on the binding. This binding effect is 

undoubtedly due to the interaction that occurs between Na+ and the C6 hydroxyl group of 

the galactosyl substrate. In contrast to how Na+ affected IPTG, lactose and galactose, the 

Ki values of both D-fucose and L-arabinopyranose (which do not have C6 hydroxyl 

groups) showed nearly no variation with the Na+ concentration (Figure 6.4). The 

constant Ki values associated with D-fucose and L-arabinopyranose are in agreement 

with the structural information (Figure 4, Juers et aI., 2001 preprint) which indicates that 

Na+ interacts with the C6 hydroxyl group of the galactosyl moiety. When the C6 

hydroxyl group is missing from the substrate analogue, the interaction between the 

monovalent cation and the substrate analogue is no longer present. The value of Ki is 

then independent of the Na+ concentration. Na+ may also be important for aligning the 

oxygen atom of Asp-201 with the C4 hydroxyl group of the galactosyl substrate. 

However, the lack of an effect on binding D-fucose and L-arabinopyranose indicates that 

Na+ plays no role in aligning Asp-201 with the C4 hydroxyl since both D-fucose and L

arabinopyranose have a C4 hydroxyl group and their binding was not affected with or 

without Na+. 

The similar results with IPTG, galactose and lactose demonstrate that Na+ 

mediates binding through the galactose subsite. The three inhibitors share the arne 

galactosyl component but differ in their respective aglycone parts. D-Galactose does not 

have an aglycone attached. However, it has a similar Ki pattern to that of IPTG and 

lactose. This is strong evidence that only binding at the galactose subsite is affected. 
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It is also of importance that the Ki value of D-galactose in the absence of added 

Na+ or K+ (Figure 6.4) is approximately equal to the Ki values of L-arabinopyranose and 

D-fucose. Then as Na+ concentration increases, the Ki value of D-galactose drops to a 

low value while the Ki values of L-arabinopyranose and D-fucose remain constant. This 

is important because it shows that the main effect of Na+ is its binding at the C6 hydroxyl 

position of the galactosyl substrate. In the absence of added Na+, the binding is 

approximately the same for D-galactose, D-fucose and L-arbinopyranose. However, 

when Na+ was added to the reaction system, its Ki value dropped as a function of the Na+ 

concentration while the Ki values of the other two inhibitors which do not have a C6 

hydroxyl group remained unchanged in the presence of Na+. 

200 

150 

100 

50 

O-+------r------..,....-----.,........J
 
o 50 100 150 

[Na+l (ruM) 

Figure 6.4 Inhibition constants (Ki) obtained with galactose, L-arabinopyranose and D
fucose in the presence of Na+. (e) Ki (Galactose); ( .) Ki (L-Arabinose); ( 0 ) 
Ki (D-fucose). 
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The effect of Na+ on the Vm value was different for oNPG than for pNPG (Figure 

5.6). Na+ was able to activate Vm nearly two-fold from its basal value of 123 unit/mg to 

250 unit/mg for oNPG while it had no effect on pNPG. Depending on the substrate, Na+ 

is able to increase the maximum rate of reaction. Because the only difference between 

oNPG and pNPG is the position of the nitro group, the very different trend of the Vm 

value exhibited by each compound is, on first glance, unexpected. However, small 

structural changes in a substrate can have large catalytic consequences, since even small 

perturbations of the precise substrate alignments can reduce reactivity (Mesecar et al., 

1997). There is a specific interaction between His-418 and the ortho nitro group of 

oNPG that is absent for pNPG. This causes different alignments for pNPG and oNPG at 

the active site and accounts for their different activities (in particular, the different k2 

values). To understand the different catalytic activities of oNPG and pNPG, it is 

necessary to understand that 

Vm =k [E] = k2/s * [E] E . 62 
cat 0 k + Is 0 quatlOn. 

2 

The increase in Vm (or kcaJ for oNPG can be due to either an increase of k2 or k3 (or 

both) as the amount of Na+ is increased. The data suggest, but do not prove, that k2 for 

oNPG but not for pNPG is increased as Na+ is bound (proof would require a stopped flow 

kinetic analysis which was not available to me). If k2 for both compounds would have 

been increased, both Vm values should increase. If it were k3 that was increased, the Km 

values should have increased (Equation 6.1) since k3 is a main component of the 

numerator. These subtle differences for the two substrates and the fact that the structural 
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information (Juers et aI., 2001 preprint) indicate that Na+ has similar effects on both 

substrate and transition state binding, suggests that the effect of Na+ on the catalytic 

activity is simply a matter of aligning the substrate with the catalytic groups to bring 

about a more optimal aligning for oNPG but not for pNPG. 

The concentration of Na+ that resulted in one half of the Km change was about 

-0.5 mM. The amount of Na+ needed in order to obtain the maximum Vm value was less 

than 1 mM (similar to the concentration needed for the half maximal Km value change). 

The data was not reliable enough to determine a more accurate value. 

6.2.2 Effects of K+ 

K+ binds with Asp-201 at the active site of B-galactosidase (at the same position 

as Na+ (Figure 6.2b)). It is also an activator of B-galactosidase (Neville & Ling, 1967). 

Although K+ caused the Km values of both oNPG and pNPG to drop (Figure 5.7), the 

Km values associated with K+ (at high K+ concentration) are higher than with Na+ (at 

high Na+ concentration) for both substrates. 

Overall, the studies with K+ showed that the primary role of K+ (as for Na+) is to 

facilitate binding. In addition, the similarity of the Ki patterns for IPTG, lactose and 

galactose again indicate that the aglycone moiety does not contribute to the binding 

mediated by K+. Therefore, as expected, the effect is again at the galactose subsite. The 

Ki values for IPTG, lactose and galactose associated with K+ (at high K+ concentration) 

were found to be higher than at high Na+ concentration, coinciding with the higher Km 

values obtained with K+. Since K+ possesses a slightly larger ionic radius than Na+ does, 

the difference in size could cause a decrease of the substrate's binding ability. The larger 
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size may not allow the substrate to approach as closely and thus the binding is less 

favorable. Possibly since K+ is larger it may move the oxygen of Asp-201 that interacts 

with the C4 hydroxyl group of the substrate out of an optimal position. However, studies 

with D-fucose and L-arabinopyranose to be discussed below indicate differently. The 

slightly different effects that Na+ and K+ exert on the enzyme is most probably more a 

matter of degree than a fundamental difference. At the same time, K+ has more positive 

solvation Gibbs free energy than Na+. This implies that the initial event of displacing a 

water ligand on K+ by the C6 hydroxyl group of the substrate would be more difficult to 

occur than a similar event with Na+. 

The Ki values of L-arabinopyranose and D-fucose were found to be constant with 

variations in K+ concentrations (Figure 5.7). This shows that K+, like Na+, interacts with 

the C6 hydroxyl group of the galactosyl moiety of the substrate. At the same time, the 

Ki values of these two compounds obtained with K+ are only a little higher than the ones 

obtained in the presence of Na+. This is significant as it indicates that if there is no C6 

hydroxyl group present on the substrate, the binding is not affected by the presence or 

absence of Na+ or K+; while if this functional group does exist, the binding of substrate 

shows discrimination towards Na+ and K+. Figure 6.5 illustrates the difference among the 

values of Ki for D-galactose, L-arabinopyranose and D-fucose as a function of the K+ 

concentration. Since the only difference between D-galactose and L-arabinopyranose is 

the missing C6 hydroxyl group with the latter, the dramatically different Ki patterns these 

two compounds yield show that the C6 hydroxyl group is much more important than the 

C4 hydroxyl group in terms of its participation in binding mediated by Na+ or K+. 
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Figure 6.5 Inhibition constants (Ki) obtained with galactose, L-arabinopyranose and D
fucose in the presence of K+. (. ) Ki Galactose, K+; (. ) Ki L-arabinose, K+; (. ) 
Ki D-fucose, K+. 

A lack of this C6 functional group eliminates the effects on binding that Na+ and K+ have 

on B-galactosidase. The binding at the C4 hydroxyl group by Asp-201 is probably 

important but it is not affect by Na+ or K+. As was argued with Na+ (Section 6.2.1), the 

results of Figure 5.7 also show that K+ does not affect binding at the C4 hydroxyl group 

of the galactosyl substrate. 

In contrast to the effect with Na+, the value of Vm for pNPG increased as a 

function of K+ concentration but not for oNPG (Figure 5.6). Again, the most likely 

explanation is that small orientation differences affect k2 for pNPG while they do not for 

oNPG. As stated previously, small conformational difference can have large effects on 
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the value of Vm (Mesecar et aI., 1997). The fact that the effects are opposite for oNPG 

and pNPG underlines the importance that very small structural changes have. There has 

been a study showing that the replacement of Mg2+ with Ca2+can reduce the reaction 

velocity up to 100-fold in the case with enzyme isocitrate dehydrogenase (Mesecar et aI., 

1997) mainly because of the small orientation changes. Using a similar rationale, it could 

be argued that replacing Na+ with K+ changes the orientation of the reacting orbitals. 

The K+ concentrations that resulted in the Km decreases to about one half of their 

final value were higher (about 5-10 mM K+) than was the case with Na+ (about 0.5 mM 

Na+). The increase in Vm value occurred at about similar K+ concentration (at about 5-10 

mM) as did the decrease of Km value for pNPG. Thus, K+ does not bind as well as Na+ 

does. K+ is a larger ion, therefore it may not be able to fit into its site as easily. K+ may 

have to cause a small unfavorable conformational change of the protein in order to fit in. 

In addition, because the positive charge on K+ is slightly weaker than on Na+, the 

electrostatic linkage formed between K+ and Asp-201 might not be as strong. The more 

positive solvation Gibbs free energy associated with K+ may make it more difficult to 

transfer K+ from its free form to the more hydrophobic environment in which it is 

solvated. 

6.2.3 pNPA and pNPF 

Both pNPA and pNPF are substrates which resemble D-galactose but they do not 

have a C6 hydroxyl group. Their Krn values did not change in the presence or absence of 

added Na+ or K+ (Table 5.1). This indicates (as expected) that Na+ and K+ also interact 

with the C6 hydroxyl group of the substrate (i.e., not only with inhibitors). Since there 
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were large effects of Na+ and K+ with pNPG and oNPG, the interactions with Na+ are 

obviously not present when the substrates lack of a C6 hydroxyl group. In addition, 

Table 5.1 also demonstrates that the catalytic rate of the reaction is 4-fold higher in the 

presence of 150 mM Na+ than in the absence of Na+ or K+ with pNPA and nearly 2-fold 

higher in the case with pNPF. So with both substrates, Na+ is only a little more effective 

in enhancing the reactivity of the enzyme. The kca/Km value (proportional to Vrn/Km) is 

a second order rate constant for the formation of the enzymeetransition state complex 

(Fersht, 1974). The increases of the values of Vrn/Km (Table 5.1) when Na+ or K+ are 

added are of the same order of magnitude as the increase of the values of Vrn/Km for 

oNPG and pNPG when Na+ and K+ are eadded. This indicates that the enzymeetransition 

state complex does not form significantly more readily in the presence of Na+ or K+. This 

is probably because Na+ and K+ play almost similar roles for binding the ground substrate 

as they do for binding the transition state and thus do not enhance the rate of reaction. 

The small differences in reactivities for oNPG and pNPG are probably only due to small 

orientation differences. 

6.2.4 Summary of the Results with Wild-Type 6-Galactosidase 

Both Na+ and K+ are activators for B-galactosidase because they help to facilitate 

binding at the galactose subsite. In the presence of Na+ or K\ the values of Km and Ki 

are reduced in a very similar fashion. The effects of Na+ and K+ seem to be mainly at the 

C6 hydroxyl position of the galactose subsite. However, Na+ is more effective in 

promoting binding, possibly due to its smaller size and because Na+ has a more negative 

solvation Gibbs free energy. Both Na+ and K+ enhance the reactivity of wild-type B
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galactosidase in a substrate-specific way. This is probably an effect of orientation. Na+ 

also binds more tightly than K+. 

6.3 D201E-6-Galactosidase 

Glu is similar to Asp. It has an extra CH2 group but retains the negative charge. 

Because substrates fit an enzyme's active site in a very precise manner, and small 

differences in the chemical nature of Na+ and K+ structures caused large differences in 

binding and had an effect on catalysis, it was decided that D201E-B-galactosidase with a 

larger side chain but the same charge would be a very good enzyme to study. There 

should still be a substantial amount of interaction between the Glu and Na+ or K+. It is 

also possible that the interaction with the C4 hydroxyl group of the galactosyl substrate 

might still be present, although the degree of such interaction might be reduced. 

6.3.1 Effects of Na+ 

As was seen with wild-type B-galactosidase, adding Na+ to assays with D201E-B

galactosidase caused the values of Km to decrease for both oNPG and pNPG (Figure 

5.8). The magnitudes of the decreases were the same for each substrate. The Km 

values associated with D201E-B-galactosidase are much larger than the ones with wild

type enzyme. In the absence of any added Na+, the Km values were found to be 16-fold 

(oNPG) and 42-fold (pNPG) higher than those for wild-type B-galactosidase. In the 

presence of high amount of Na+, the fold increases were still quite large (l6-fold (oNPG) 

and 13-fold (pNPG)) with D201E-B-galactosidase. The decrease in the Km value as a 

function of the Na+ concentration indicates that Na+ still interacts with Glu-201 of 
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D201E-B-galactosidase and also with the substrate. The higher Km value indicates that 

the interaction is not as favorable as with wild-type enzyme. This is probably because of 

the lengthened side chain of Glu-201 residue. The interaction between Asp-201 and the 

C4 hydroxyl group of the substrate is probably also altered in some manner when the 

Asp-201 is replaced with a Glu. Because the "fit" between a substrate and the active site 

of an enzyme is very precise, a reasonable assumption is that the extra length of Glu-201 

contributes to the decreased binding. Inhibition studies with IPTG, lactose and galactose 

further support this conclusion. The Ki values were also decreased as a function of the 

Na+ concentration. The Ki values were larger than those with wild-type B-galactosidase 

(Figure 5.7), which is again probably due to the extra length of Glu-201 that has negative 

effects on binding. In general, D201E-B-galactosidase resembles wild-type enzyme in its 

binding as a result of interacting with Na+. The major distinction is that the substituted 

enzyme does not bind the substrate as well as wild-type enzyme does. The effect on 

binding is still at the galactose subsite in the case with D201E-B-galactosidase as was the 

case for wild-type B-galactosidase since D-galactose, a compound that lacks an aglycone 

component, had a similar inhibition pattern as that of IPTG and lactose as a function of 

the Na+ concentration (Figure 5.8). 

Na+ did not influence L-arabinopyranose binding (Figure 5.8). By comparing the 

Ki patterns for D-galactose and L-arabinopyranose of D201E-B-galactosidase (Figure 

6.6), a similar conclusion that was drawn with the wild-type enzyme can be applied here 

again. 
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Figure 6.6. Inhibition constants (Ki) obtained with D-galactose and L-arabinopyranose 
in the presence of various concentrations of added Na+. (0 ) Ki Galactose, Na+; (<> ) Ki 
L-arabinose, Na+. 

Since L-arabinopyranose is structurally identical to D-galactose except for a missing C6 

hydroxyl methyl group, the strikingly different effect of the concentrations of Na+ on the 

value ofKi (Figure 6.5) is attributable to an interaction with the C6 hydroxyl group. 

The value of Vm for oNPG initially decreased but then increased upon the input 

of 50 mM Na+ and more (Figure 5.9). The value of Vm (oNPG) for D201E-B

galactosidase is about half that of wild-type B-galactosidase at 150 mM Na+. Therefore 

D201E-B-galactosidase is a little less catalytically active but is still quite capable of 
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allowing the reaction to occur. Na+ also caused a decrease of the Vm value with pNPG 

(Figure 5.9). For both oNPG and pNPG, Na+ must cause conformation changes which 

affect the enzyme's catalytic action. The decrease in the reaction velocity implies that 

the substrates become misaligned for catalysis when Na+ binds to Glu-201. Again the 

effects are not large and are probably only due to small alignment changes. 

The value of Vm increased beyond a concentration of 50 mM Na+ for oNPG 

(Figure 5.9). The reason for this is not obvious. Possibly a second Na+ binds at some 

position to change the conformation and increase the activity. 

As stated earlier, the values of Km for both oNPG and pNPG decreased with an 

increasing amount of Na+for D201E-B-galactosidase. However, when compared to the 

wild-type enzyme, higher concentrations of Na+ were needed (about 2-3 mM Na+ caused 

approximately one half of the decrease of the Km values) to achieve such effects with 

D201E-B-galactosidase. The Vm values for both oNPG and pNPG decreased to one half 

of their maximal values at about 2-3 mM Na+. The interaction between Glu-201 and Na+ 

is obviously not as good as in the case of Asp-201. Most likely, the larger side chain of 

Glu-20l does not allow all of the interactions that can occur with the side chain of Asp

201 to proceed or at least makes them more difficult. There may have to be some 

unfavorable conformation adjustments. The weaker interactions associated with D201E

B-galactosidase in turn could decrease substrate binding capacity. 

6.3.2 Effects of K+ 

The effects of K+ were unexpected in that K+ had very little effect on the Km 

values of both oNPG and pNPG (Figure 5.10). One possibility for such an observation 
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would be that K+does not bind. Alternatively, it may bind to Glu-201 but not with the C6 

hydroxyl group of the galactosyl substrate. There were some small decreases of the Ki 

values for D-galactose, IPTG and lactose as the concentration of K+ increased. This 

implies that K+ does actually bind to Glu-20l and that it binds to the galactose but such 

interactions only cause very small changes in binding. The fact that the binding of L

arabinopyranose does not increase as a function of the K+ concentration implies that the 

small effect of K+ on the Ki values of the other three inhibitors is real. It may be 

significant that in the absence of any added K+, the Ki of D-galactose is higher than that 

of L-arabinopyranose, while at high K+ concentration (150 roM for example), the Ki 

value of galactose became nearly identical to the Ki of L-arabinopyranose (Figure 5.10). 

This observation was not seen with the wild-type enzyme where the Ki values of 

galactose became much smaller than those of L-arabinopyranose. The high value of Ki 

for galactose (at zero K+) was reduced to the same level as L-arabinopyranose upon the 

addition of K+. This indicates that in the absence of K+, there is poor binding at the C6 

hydroxyl group. Addition of K+ increases the binding at the C6 site to a small extent so 

that the binding is brought to the same level as with L-arabinopyranose. 

K+ caused the Vm values for both oNPG and pNPG to decrease with a mid-point 

of about 5-10 roM K+ (Figure 5.9). This amount is a little higher than the amount of Na+ 

required to achieve a similar effect. K+ (as is probably the ca e with Na+) may misalign 

the precisely arranged substrate orientation such that the functional groups of the 

substituted enzyme are not oriented properly for effective catalysis to occur. 
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6.3.3 Summary of the Results with D201E-6-Galactosidase 

Replacing an Asp with a Glu lengthens the position of the carboxyl group by only 

1 A. The results obtained with D201E-B-galactosidase demonstrate that such small 

changes in geometry at the active site of B-galactosidase have relatively large effects on 

binding. The effects on catalysis were smaller. Fairly high amounts of Na+ were 

required to reduce the value of Km. The values of Km varied very little as a function of 

the K+ concentration. The values of Vm were lowered in the presence of Na+ and K+. 

These findings are best explained by the postulation that Na+ binds to Glu-201 and 

interacts quite strongly with the C6 hydroxyl group of the galactosyl substrate. On the 

other hand, K+ binds the same residue with a little less affinity and it no longer interacts 

well with the C6 hydroxyl group of the substrate. 

6.4 D201N-6-Galactosidase 

Asn contains a neutral amide group on its side chain but it is of approximately the 

same size as the negatively charged Asp. Despite being neutral, the polar amide group of 

Asn may be able to contribute electrons from its oxygen to interact with Na+ or K+. Since 

a concentrated negative charge does not exist in the case of an amide group, it would be 

expected that the amount of Na+ or K+ needed to affect binding would be much higher. 

The results showed that there was indeed poor binding of Na+ and K+. It was also 

postulated that if there is binding in the presence of high amounts of Na+ or K+, the 

effects would be different from those one seen with D201E-B-galactosidase and wild-type 

B-galactosidase because the oxygen of the amide group of Asn bears only partial negative 

charge while Asp and Glu have a full negative point charges. 
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6.4.1 Effects of Na+ 

Only very small changes of the Km values for oNPG and pNPG were found with 

D201N-B-galactosida e when Na+ wa added (Figure 5.11). The Km values found with 

D201N-B-galactosidase were at least 200-fold higher than the Km value of wild-type B

galactosidase (at 150 mM Na+) for 0 PG and at least SOO-fold higher for pNPG (Figure 

5.10 and Table 5.4). The Km values with oNPG were a little higher than those with 

pNPG. Thi data also shows that Na+ contributes very little to binding in the case of 

D201N-B-galactosidase. The Ki values for IPTG, lactose and D-galactose also did not 

change. Either Na+ does not bind to D201N-B-galactosida e or it exerts no effect. The 

replacement of a negatively charged Asp with a neutral residue would be expected to 

eliminate the strong electrostatical interaction with Na+ and thu Na+ would not bind very 

well. Since Asp-201 also interacts with the C4 hydroxyl group of the substrate, a 

disruption of such interaction caused by a replacement with an Asn would also have had 

large negative effect on substrate binding. If both interaction are lost, it would be 

expected that D201N-B-galactosidase would bind its substrate poorly. 

The Ki values with L-arabinopyranose were constant regardles of the Na+ 

concentration. Since Na+ had no effect even when the C6 hydroxyl group is present, then 

when this group is absent, one would also expect no effect. 

Na+ increased the value of Vm for D201N-B-galactosidase with both oNPG and 

pNPG in a sigmoidal fashion (Figure 5.12). Very high concentrations of Na+ were 

needed to achieve such effects. The enhancement of the reaction velocity i greater with 

oNPG than with pNPG under identical Na+ concentration. At high Na+ concentration, 

D201N-B-galactosidase is quite active. The Vm value at 2000 mM of Na+ (oNPG) is 
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slightly above one half of the Vm value at 150 mM of Na+ for wild-type-B-galactosidase. 

Some binding of Na+ must occur at these high Na+ concentrations to bring about this high 

degree of reactivity. The sigmoidal pattern of Vm indicates that either the binding a Na+ 

to the first subunit is different and this binding "cooperates" to make binding at the other 

subunits better, or that a second Na+ binding (at a different site and with even poorer 

affinity) somehow also contributes to the reactivity of D201N-B-galactosidase and at 

higher concentrations one sees an increased reactivity. The effects on the value of Vm, 

as was the case for the other types of enzymes, may simply occur from changes of 

alignments of active site groups. 

6.4.2 Effects of K+ 

The Km values of both oNPG and pNPG again remained essentially constant 

(Figure 5.13). In addition, the Ki values with IPTG, lactose and D-galactose did not 

vary significantly as a function of the K+ concentration. There was a small effect on the 

Km with pNPG but the reduction of Km value occurred at a very high K+ concentration 

(> 1000 mM) and the magnitude of the reduction was very small (Figure 5.13). The Ki 

values of L-arabinopyranose remained constant despite the variation of the K+ 

concentration (Figure 5.12). One would again expect that if the Ki value of D-galactose 

does not change, the value for L-arabinopyranose would not vary, either. 

K+ caused the value of Vm to increase with both oNPG and pNPG (Figure 5.11). 

In relative terms, the Vm value of oNPG at very large K+ concentration increased more 

than that of pNPG and was sigmoidal. Again, this is probably simply due to the 

alignment differences and possibily to the cooperative effects. However, the Vm values 
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with both oNPG and pNPG in the presence of K+ are found to be lower than those with 

Na+. This implies that D20IN-B-galactosidase is more active when Na+ is present. A 

similar finding was reported with the wild-type enzyme. The Vm pattern for pNPG in the 

presence of K+ did not seem to be sigmoidal (Figure 5.12). The reason for this is not 

obvious. 

6.4.3 Summary of the Results with D201N-6-Galactosidase 

The substitution of Asp-201 with Asn-201 had large effects on binding. [t is 

likely that the binding capacity of D201N-B-galactosidase for both the C4 and C6 

hydroxyl groups of the substrate is affected. Na+ and K+ failed to rescue the poor binding, 

implying that binding the monovalent cations had very little effect on D201N-B

galactosidase. With respect to the Vm value, both Na+ and K+ were able to accelerate the 

reaction rate. The magnitude of enhancement was quite large, although very high 

amounts of Na+ or K+ were needed and the increases in the reaction rate followed a 

sigmoidal pattern in all cases except for the effect of K+ on the Vm value of p PG. 

These results show that the point negative charge of Asp-201 is very important for 

binding. 

6.5 D201F- and D201Y-6-2a1actosidases 

The aromatic side chains of both Phe and Tyr are very bulky and are highly 

hydrophobic. No interaction with Na+ or K+ should occur with either Phe or Tyr 

substitutions. These bulky substitutions probably also create a substantial amount of 
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steric hindrance at the active site. This could impede the binding of substrate and 

transition state and thus cause deleterious effects on the rates. 

6.5.1 Effects of Na+ 

Except for the magnitudes and some other small differences, D201F-B

galactosidase and D20 1Y-B-galactosidase yielded quite similar kinetic data. This was 

anticipated since Phe and Tyr are structurally similar. When oNPG was the substrate, the 

Km value with both substituted enzymes were very high in the absence of added Na+ or 

K+. The Km values of both enzymes increased about 9-fold at 500 mM Na+ and then 

stayed constant when more Na+ was added (Table 5.6 and 5.9). With pNPG however, 

the Km for D201F-B-galactosidase (Table 5.7) was large in the absence of any added Na+ 

and it decreased somewhat upon the addition of very large concentrations of a+. 

Surprisingly, the trend of Km for D201Y-B-galactosidase was the opposite (Table 5.10). 

Addition of Na+ caused the value of Km for pNPG, which was already large, to increase 

even more. It is difficult to give a reason for these different responses to Na+ and K+ 

without any structural information of the substituted enzymes. Since the value of Km is: 

b
Km=Kse- Equation 6.1b+b 

the Ks is always equal to or greater than Km. Thus binding is extremely poor and even 

though Na+ caused the Km values to decrease, the Km values were still high. 

The different effects on binding of oNPG and pNPG could relate to the fact that 

the artha nitro group of oNPG interacts with His-418 while pNPG does not (Juers et aI., 

2001 preprint). The different interaction can somehow influence the way that Na+ affects 
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substrate binding and could partly explain why the Km values follow different trends for 

oNPG and for pNPG. 

The extremely small Vm values associated with D201F- and D201 Y-B

galactosidases (Tables 5.6, 5.7, 5.9 and 5.10) are probably due to misalignment of the 

substrate, transition state or other reaction intermediates. Such effects on the values of 

Vm have already been discussed for D201E-B-galactosidase and D201N-B-galactosidase. 

However, with the two aromatic substituted enzymes, the degree of the misalignment 

must be high. The consequence is that all of the Vm values obtained with D201F- and 

D201 Y-B-galactosidases are much lower than those of the wild-type enzyme. 

Na+ must somehow induce conformational changes at these enzyme active sites 

such that the very slow catalysis became a little more favorable. It is possible that Na+ 

could bind to the carbonyl group of Phe-601 and the amide group of Asn-604 at the 

active site and still exert its effect. It is also possible that the effects are from Na+ binding 

to a different site and exerting its effect. When compared to the Vm values obtained with 

K+, Na+ always yielded higher Vm values with both substituted enzymes (Tables 5.6, 

5.7, 5.9 and 5.10). It should be pointed out that the relatively high Vm values were 

obtained at very large Na+ concentrations and thus considering only the results with Na+, 

it is possible that the effect is from ionic strength. Studies with K+ to be discussed next 

will show, however, that this is probably not the case. 
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6.5.2 Effects of K+ 

The effects that K+ had on D201F- and D201Y-B-galactosidases were also quite 

similar. The Km values of oNPG with D201F- and D201 Y-B-galactosidases became 

higher in the presence of K+ (the same scenario was seen with Na+, Table 5.6 and 5.9). 

Therefore, both high K+ and high Na+ probably bring about an unfavorable 

conformational change in which the binding between the substituted enzymes and oNPG 

is reduced. On the other hand, K+ caused decreases of the values of Km for both D20lF 

and D201Y-B-galactosidases with pNPG (Table 5.7 and 5.10). Conformational changes 

probably cause increases of binding for pNPG. 

K+ caused the values of Vm for both enzymes to increase with oNPG but to 

decrease with pNPG. It is possible that like Na+, K+ could also bind at some other place 

when present in a high amount, or K+ could interact with the carbonyl group of Phe-601 

and the amide of Asn-604 at the normal active site position. 

It is important to point out that since the effects of Na+ and K+ on the values of 

Vm are different, the observations on the values of Vm cannot be explained by the ionic 

strength. The interaction is too specific. 

6.5.3 Summary of D201F- and D201Y-6-Galactosidases 

Both D201F- and D20IY-B-galactosidases resulted in extremely poor binding and 

very low catalysis rates. These results were expected since the large aromatic 

substitutions mean that there is no carboxyl group at position 20 I to interact with the C4 

hydroxyl group of the galactosyl substrate. In addition, Na+ or K+ could not bind to either 
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Phe or Tyr. The active site would probably also be quite disturbed upon the substitutions 

with these large residues. The only binding that does take place could be that Na+ or K+ 

might bind to the backbone carbonyl group of Phe-601 and the amide side chain of Asn

604 at the active site or the monovalent cations could bind at a completely different site. 

The effects can not be due to ionic strength because Na+ and K+ did yield different results 

at high concentrations at the same ionic strengths. In general, the dissociation constant of 

Na+ (KNaJ was smaller than that of K+. 

6.6 Results with 8-D-Galactonolactone 

The inhibition studies with a transition state analogue (o-D-galactonolactone) 

yielded large Ki values with all four substituted B-galactosidases (Table 5.12). D201E

B-galactosidase did give rise to the smallest Ki values with both Na+ and K+; nevertheless, 

the Ki values were at least 42-fold higher than that of the wild-type in the presence of 

Na+. Intuitively, one would assume that the large Ki values associated with all four 

substituted enzymes is an indication that Asp-201 is very important in binding the 

transition state of the substrate. However, structural studies with wild-type enzyme 

(Juers et aI., 2001 preprint) showed that the substrate and transition state analogues are 

bound equally by Asp-201 and Na+ or K+. At the same time, the increase in Ki value for 

the transition state inhibitor is not much bigger than the increase in Ki of the substrate 

analogues (IPTG, lactose and galactose). Certainly the very large increases of the Ki 

values (i.e., up to 10,000) one expects if a residue is important for transition state 

stabilization was not found. 
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6.7 Crystallization 

There could be several reasons for the unsuccessful attempts at crystallization. 

For the purpose of crystallization, B-galactosidase is probably at the best in its native 

form. Therefore, the His-tag should be removed. The conformation of D20IF-B

galactosidase may be disturbed and not allow crystals to form. Further efforts in this 

direction should be made. 

6.8 Overall Conclusions 

The goal of this study was to define how Na+ and K+ interact with Asp-201 of B

galactosidase (E. coli), as well as what role this type of interaction has to play in the 

reactions catalyzed by B-galactosidase. The majority of this work was devoted to kinetic 

characterization, utilizing both wild-type and substituted B-galactosidases as experimental 

models. The results of this study can be summarized as the following: 

1.) Na+ and K+ have large effects on the binding of the substrate. 

2.) Asp-20l, Na+ and K+ exerts their effect on binding at the galactose subsite. There 

are either minimal or no effects at the glucose subsite. 

3.) The effects that Na+ and K+ have on binding are mainly through their interaction 

with the C6 hydroxyl group of the galactosyl substrate. 

4.) In general, Na+ is a better activator than K+ in promoting binding. This may be 

due to the size and lower solvation Gibbs free energy of Na+ compared to that of K+. 
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5.) Na+ binds the C6 hydroxyl group of the galactosyl substrate with more affinity 

than does K+. 

6.) The studies did not prove nor disprove that Asp-201 binds with the C4 hydroxyl 

of galactosyl substrate. However, the fact that so much interaction is lost when Asp-201 

is replaced with an Asn suggests Asp-201 is indeed important for binding to the C4 

hydroxyl group. If binding to the C4 hydroxyl group of the substrate with Asp-201 is 

important, such binding did not seem to be affected by the interaction between Asp-201 

and Na+ or K+. 

7.) The activity of B-galactosidase is not affected by strong binding of the transition 

state, since both substrate and transition state are found to bind equally well. The 

changes in reactivities are probably due to differences in alignment of the reacting 

groups. 

6.9 Future Work 

Future studies to crystallize D201E-B-galactosidase (with and without substrate 

analogues attached) should be done. Isothermal calorimetry should be included because 

such a technique allows a collection of accurate thermodynamic data and so can be used 

to examine the thermodynamics of binding Na+ and K+. Both temperature studies and 

stopped flow kinetics should be carried out to determine the values of k2 and k3 with all 

of the substituted enzymes. This will provide information on whether Asp-201 is 

important for the galactosylation step or the degalactosylation step or perhaps both. In 

addition, studies with Rubidium will be worthwhile because Rb is the Group IA element 
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next to K. It would be interesting to see how the binding and catalysis change in the 

presence of Rb+. 
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