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ABSTRACT 

The glyoxalase system removes cytotoxic a-ketoaldehydes h m  the cell. The first 

enzyme in this systern, glyoxalase 1 (GlxI), is a metalloenyme which catalyzes the 

isomerization of the nonenqmatically formed hemiacetal of methylglyoxal and glutathone to 

S-D-lactoylglutathione. Our investigations have focused on the bacterial GlxI enzyme 

isolated fiom Eschericlria coli. We have previously demonstrated that E. coli GlxI is a 

hornodirneric protein, which is rnaximally active in the presence of ~ i ~ '  and shows no activity 

with ~n". This is in marked contrast to GlxI fiom Homo sopiens, Saccharomyces cerevisiae, 

and Pseudomonas putida that are active with 2n2'. To extend our knowledge of glyoxalase 1 

and the factors affecting this unexpected metai activation in E. coli GM, numerous kinetic 

analyses, structural studies, and sequence cornparisons have been performed. 

Examination of the kinetic parameters for E. coli G U  indicated that the Km remains 

relatively constant in the presence of several catalytic metal ions. However, the activity of the 

enzyme is significantly altered. Maximal activity is observed in the ~i~+-reconstituted G U  

enzyme, with decreasing activity seen with the following rnetals; co2', hAn2+, ~ e ~ + ,  and cd2+. 

No activity was observed in the presence of ~n" ,  cu2', M ~ ~ ' ,  or ca2+. Metal analyses and 

isothermal titration calorimetry (TTC) were utilized to determine that the enzyme binds one 

mole of metal per mole of dimeric enzyme, including 2n2+ and cu2+ which produce an 

inactive enzyme. The ITC analyses also indicated that the metal ions are very tightly bound 

to the enzyme with association constants (Ka) greater than 10'40~ M', with the exception of 

~ n "  which has a Ka of approximately 106 M-'. Metal cornpetition studies suggested that 

exchange of the metal ion can occur, the rate of which is dependent upon the concentration, 

incubation temperature, and nature of the competing metal ions. Differential scanning 

caiorimetry indicated that the metal-bound enzyme is significantly more stable than the 

apoenzyme, with the melting temperatures increasing 7-2I0C in the presence of a metal ion. 



Eaensive stnictural studies were performed on E. coli G U .  The chemical shifi fiom 

a '13cd NMR study on C~"-GM was consistent with oxygen and nitrogen ligands around the 

metal, as predicted based on sequence sirnilarity to the H. sapiem GlxI enzyme. Electron 

paramagnetic resonance P R )  analysis of h4n2'-~ld indicated an octahedrd metal 

environment. X-ray absorption spectroscopy (XAS) on ~ i - ~ l x ~  confirmed these findings. 

However XAS analysis of the 2n2'-çubstituted enzyme suggested the metal was penta- 

coordinate. These findings were confirmed by extensive protein c~ystallographic studies. 

The structure of E. coli GlxI is cornposed of P a P P P  motifs, which serve to place Glxi as a 

member of a structural superfamily. The metal ligands in the E. coli GlxI active site were 

identified as His5, Glu56, His74, and Glu122. Two water molecules complete the octahedral 

coordination around ~ i " ,  co2', and cd2'. Interestingly, in E. coZi 2n2+-~lxI, the metal has 

only one water molecule and hence a higond bipyramidd coordination. It appears that an 

octahedral metal environment is required to produce an active enzyme. 

The first metal ligand, His5, was changed by site-directed mutagenesis to a glutamine, 

the ligand found in the H. sapienr enzyme. Surprisingly, the metal affinity of this mutant E. 

coZi GlxI enzyme was greatly decreased. Although the activities were reduced, the enzyme 

was still most active with ~ i " ,  but low levels of activity were observed in the presence of 

~ n ?  This ligand evidently appears to affect the metal binding properties of the enzyme, but 

is not the sole factor determining the metal selectivity in this enzyme. 

To extend our knowledge of the sequence variation in glyoxalase 1 and to identiQ 

putative GlxI enzymes in other organisms. the sequence of E- coli GlxI was utilized to search 

the National Center for Biotechnology Information sequence databases. Twenw-eight 

putative GlxI sequences were identified. including nineteen from pathogenic organisms. 

Comparative analysis of these sequences revealed consistent alterations between the bacterial 

GlxI sequences and the H. sapiens GlxI sequence. One such a l t e d o n  results in the active 

site of E. coli GlxI being much more open compared to the H. sapiem GlxI enzyme, as 

evident in the crystal structures. 

The DNA postulated to encode GlxI enzymes fiom Yersinia pestis and Pseudornonas 

aeruginosa were isolated and placed in overexpression vectors. Preliminary studies indicated 

these sequences do indeed encode enzymes with GlxI activity. Furthemore, addition of 

NiCi2 but not ZnClz was observed to increase the activity of these enymes. 
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CHAPTER 1 

INTRODUCTION 

1.1 The Glyoxalase System 

The glyoxalase system converts 2-ketoaldehydes into 

hydroxycarboxylic acids (Vander Jagt. 1989; Thomalley, 1998). 

system, glyoxdase 1 (GlxI; S-D-1actoylgIutathione rnethylglyoxal 

their corresponding 3- 

me first enzyme in this 

lyase (isomerizing), EC 

4.4.1.5) is a metalloenzyrne that catalyzes the isomenzation of hemithioacetals formed non- 

enzymatically fiom glutathione (y-L-glutamyl-L-cysteinylglycine; GSH) and cytotoxic a- 

ketoaldehydes into a-hydroxythioesters. Glyoxalase II (GM;  S-2-hydroxyacylglutathione 

hydrolase, EC 3.1.2.6) then hydrolyzes the a-hydroxythioesten to the corresponding non- 

cytotoxic a-hydroxycarboxyIic acids. regenerating GSH. The natural substrate in vivo for the 

glyoxalase reaction is believed to be rnethylglyoxal (MG) and hence the final product is D- 

lactate (Figure l .  l ; Vander Jas, 1 989). 

MG GSH 

Hemiacetal S-D-Lactoylgiutathione 

Figure 1.1: The reactions catalyzed by the two component glyoxalase system. 



1.2 Historical Perspective 

~irs t  identifid in 1913, the glyoxalase system was believed to be involved in 

glycolysis due to the production of lactate (Dakin and Dudley, 1913a; Dakin and Dudley, 

19 13 b; Neuberg, 19 13 a; Neuberg, 19 13 b). However, following the finding that glycolysis 

could occur in the absence of GSH, an essential cofactor in the glyoxalase reaction, and that 

D-lactate was generated, not L-lactate found in glycolysis' the physiological role of the 

glyoxalase system remauied unknown (Lehmann, 1932; Racker, 1954). Fuahermore, 

intermediates were found in the conversion from rnethyiglyoxal to lactate suggesting the 

involvement of more than one enzyme in this system (Jowett and Quastel, 1933; Yamazoye, 

1936; Racker, 1951). By 1948, two independent enzymes were identifie& GW and GMI 

(Hopkins and Morgan, 1948). Although the reaction catalyzed by glyoxalase 1 is an 

isomerization, G k I  was classified by the Enzyme Commission as a lyase based on the early 

knowledge of the reaction mechanism (Davis and Williams, 1969). Initially it was believed 

that GlxI used GSH and MG as substrates, rather than the non-enzymaticdly formed 

hemiacetal now known to be the single substrate in the reaction @avis and Williams, 1969; 

Kurasawa et al., 1976). 

The function of the glyoxalase system has been the focus of much speculation. Szent- 

Gyorgyi and coworkers had postulated that a derivative of methyglyoxal may be the so called 

"retine" or growth retarder, while glyoxalase I was 'promine" or a growth promoter by 

removal of growth uihibitory MG (Egyûd and Szent-Gyorgyi, 1966a; Együd and Szent- 

Gyorgyi, 1966b). A great deal of effort was invested in examining retine and promine fkom 

various tissues, their effect on ce11 growth and division, and any possible link to cancer 

(Szent-Gyorgyi, 1 965; Szent-Gyorgyi et al., 1 967). Methylglyoxal was already known to be 

cytotoxic, as discussed below, and it was posnilated that the presence of MG suppressed cell 

growdi (Együd and Szent-Gyorgyi, 1966a). When damage occurred, glyoxalase 1 was 

released to remove MG and hence ce11 division was no longer inhibited. It is now known that 

the factors conaolling ce11 growth and division are much more cornplicated with numerou 

controlling factors. As such, MG and the glyoxalase system are no longer believed to be the 

retine/promine pair or a direct cancer link (Reviewed by Kalapos, 1999). However, there 

does appear to be a definite trend in the levels of MG and GlxI in certain types of cancer cells, 



making this a target for anticancer agents, as discussed below. Based on the current 

understanding, it is now believed that the primary function of the glyoxalase system is to 

remove toxic MG, as discussed in the following section. 

1.3 Methylglyoxal 

1.3.i Sources 

One of the major sources of methylglyoxal in the ce11 is believed to be fiom a side 

product in the triosephosphate isomerase (TM; EC 5.3.1.1) catalyzed reaction (Figure 1.2; 

Iyengar and Rose, 1981). TIM generally catalyzes the conversion of dihydroxyacetone 

phosphate (DHAP) to glyceraldehyde-3-phosphate (G3P) in glycolysis. However, the 

phosphoenediolate intermediate produced by this enzyme has been found to elimuiate 

phosphate, breaking down to MG rather than G3P (Pompliano et al., 1990; Richard, 1991). 

Although only 1 of 100,000 turnovers of TIM produces methylglyoxal, the physiological 

concentrations of TIM and triose phosphates suggest that approximately 0.4 mM of MG 

would be produced in each ceil every day (Richard, 199 1). 

DHAP 

H Enzymatic Reaction 
I 

Figure 1.2: The normal reaction catalyzed by triosephosphate isomerase and the side reaction 
which produces methylglyoxal. 



Methylglyoxal is also produced by a number of other cellular sources (Figure 1.3; For 

a review see houe and Kimura, 1995). Methylglyoxal synthase (EC 4.2.99.1 1) converts 

dihydroxyacetone phosphate (DKAP), a glycolytic intermediate, into MG (Hopper and 

Cooper, 1971 ; Hopper and Cooper, 1972). As such it has been suggested that the glyoxalase 

system provides a glycolytic bypass irnparting a non-phosphorylated route for the conversion 

of triose phosphates to pymvate (Cooper, 1984). Fuaher support for the involvement of MG 

synthase in this postulated bypass is evident by the inhibition of the enzyme by inorganic 

phosphate and relief of this inhibition by DHAP (Hopper and Cooper, 1971). In fact, 

examination of MG synthase deficient cells suggests production of MG fiom DHAP is 

important for survival and adaptation for bacterial growth under certain conditions, alleviating 

the stress from the accumulation of phosphorylated intermediates (Ferguson et al., 1998; 

Totemeyer et al., 1998)- 

MG synthase from Escherichia coli has been the best studied (Hopper and Cooper, 

1971; Hopper and Cooper. 1972; Totemeyer et al., 1998), with a 1.9 A cryçtal structure 

having recently been released (Saadat and Harrison, 1999). The structure confirmed 

mechanistic predictions based on site-directed mutagenesis studies that a conserved aspartate 

residue in the active site appears to fünction as the catalytic base (Saadat and Harrison, 1998). 

The reaction mechanism is believed to be similar to that of TIM. The substrate for each is 

DHAP and they are both thought to form an enediol(ate) phosphate intermediate. The MG 

synthase reaction mechanism would be similar to that illustrated by route 2 in Figure 1.2, the 

phosphate elimination side reaction of the TIM reaction. The crystal structure of MG 

synthase is a homohexamer composed of interacting five-stranded B/a proteins, dissimilar to 

the d B  barre1 characteristic of TIM. As such it has been proposed that these two enzymes are 

related by convergent evolution. having dissimilar sequences and structures but catalyzbg 

similar mechanisms (Saadat and Harrison, 1999). 

In addition, MG is produced by monoamine oxidase (EC 1.4.3.4) fiom the 

deamination of aminoacetone. a product of the oxidation of L-threonine by threonine 

dehydrogenase and spontaneous decarboxylation (Elliott, 1959; Green and Elliott, 1964; 

Lyles and Chalmers, 1995; Murata et al., 1986b; Ray and Ray, 1987). Acetone has been 

suggested to be an additional cellular source of MG by the action of acetol dehydrogenase or 

an acetone-inducible monooxygenase on I -hydroxyacetone (acetol) (Inoue and Kimura, 



1995). MG has also been found to form non-enzymatically from triose phosphates (Phillips 

and Thornalley, 1 993). 

1.3.2 Routes of Degradation 

As mentioned, the glyoxaiase system is believed to be the primary route for the 

removal of methylglyoxal from the celL However, there are other routes for its degradation 

(For reviews see Cooper, 1984; Murata et al., 1989; houe and Kimura, 1995). Methylglyoxd 

reductase (EC 1.1.1 -78) has been studied prirnarily fiom microbial sources with a few reports 

on mammaiian sources such as goat and porche liver (Ray and Ray, 1984; Saikusa et al.? 

1987). The E. coli enzyme appears to have a relatively broad substrate specificity, accepting 

several 2-oxoaldehydes, including glyoxal, methylglyoxal, phenylglyoxd, and 4,5- 

dioxovalerate, in addition to aldehydes such as glycoaldehyde and acetaldehyde (Saikusa et 

al., 1987). The enzyme from rat and goat liver also has very broad substrate specificis: 

unlike the S. cerevisiae and mrakii enzymes. in addition, the E. coli and goat liver MG 

reductase enzymes can utilize NADPH or NADHI whereas those fiom S. cerevisiae, H. 

rnrakii, and A. niger require NADPH (Murata et al., 1989; Inoue and Kimura, 1995). 

MG is also converted to pyruvic acid in an NAD'- or NADP+-dependent marner by 

the action of a-ketoaldehyde dehydrogenase (EC 1 -2.1 -23 and 1.2.1 -49; Ray and Ray, 1982). 

and to acetol by the NADPH-dependent aldose reductase (Vander Jagt et al., 1992), well 

reviewed by Inoue and Kimura (1995). Figure 1.3 surnmarizes the sources of MG and the 

routes of MG degradation. 

Although other routes for the removal of MG exist, the glyoxaiase system is believed 

to be the primary means of metabolism. In 1983 Penninckx and coworkers demonstrated that 

when S. cerevisiae was grown on glycerol GlxI was induced (Penninckx et al., 1983). AS 

glycerol is a source of DHAP that c m  be converted to MG, it was postdated that the 

increased GlxI activity detected was in response to increase levels of this toxic electrophile. 

Similar results were observed when MG was added directly to the growth media (Penninckx 

et al., 1983). Furthemore, a S. cerevisiae ce11 line deficient in GlxI production secreted MG 

into the media and then died when the cells were exposed to growth on glycerol (Penninclot et 

al., 1983). A contradictory report was presented in 1996 however (Inoue and Kimura, 1996). 

In this work both wild-type yeast and that without a functional GlxI enzyme survived when 



grown on glycerol. Introduction of the G U  gene on a multicopy plasmid did increase the 

resistance of the S. cerevisiae cells to added MG however (Inoue and Kimura, 1996). The 

observed cellular survival when grown on glycerol in this study is most likely due to removal 

of MG by alternate routes, as described above. It is also important to note that the conditions 

in which the yeast cells were grown in the laboratory setting rnay not accurately depict the 

stresses that rnay be applied to cells in a naniral environment. Hence the importance of a 

functional glyoxalase system may be more evident under other conditions. 

Recently, additional support has been presented indicating the essential role 

glyoxalase I plays in removing toxic methylglyoxal (Ferguson et al., 1998; MacLean et al., 

1998; Totemeyer et al., 1998). As we have demonstrated in our own work (Clugston et al., 

1998a). increased expression of GlxI in E. coli leads to increased tolerance to methylglyoxal 

(MacLean et al., 1998). Furthemore, a mutant ce11 Line lacking a functional GlxI displays a 

low rate of MG detoxification and its viability quickly decreases when exposed to MG 

(MacLean et al., 1998)- 

TIM 

Triose Phosphates DHAP Acetone 

Ammoacetone 

Oxidase Threonine 
Dehyd rogenas e 

Glyoxalase 

Kero ald e hyd e 
Dehydrogenase L-lac taldehyde 

D-Lactate 

Aceto 1 Dehydrogenase 1 

Figure 1.3: Summary of the primary sources of methylglyoxal with routes of degradation. 



7.3.3 Toxic Effecl 

It has been known for many years that methylglyoxal can inhibit ce11 growth (French 

and Freedlander, 1 958; Egyiid and Szent-Gyorgyi, l966a; Vander Jagf 1975). MG has been 

dernonstrated to be cytostatic to E. coli K12 cells at a level of 1 mM (Vander Jagt. 1975). 

Due to its electrophilic nature. MG can covalently modify cellular macromolecules which 

res-dts in cell death (Ferguson et al.. 1998; Thornalley, 1998). The synthesis of DNA, RNA, 

and proteui is inhibited by MG (White and Rees. 1982: Hou et al., 1995). MG has been 

shown to inhibit translation by reacting with the 7-methylguanosine cap structure of mRNA 

(Kozarich and Deegan, 1979). In addition. MG binds and modifies a r m e ,  lysine, and 

cysteine residues in proteins (Lo et al.. 1994b; Westwood and Thomalley, 1995; Uchida et al., 

1997; Westwood et al., 1997). The reaction of MG with proteins has also been found to 

produce what is termed advanced glycation end products (AGEs) (Papoulis et al., 1995; 

Ahmed et al., 1997; Oya et al.. 1999). The formation of AGEs in vivo has been linked to 

aging and complications associated with diabetes (Oya et al., 1999 and references therein). 

n i e  relationship bebveen MG. GlxI. and various disease states will be further examined in the 

following section. 

1.4 The Role of Glyoxalase I in Disease States and as a Drug Target 

As the fünction of the glyoxaiase system is to rernove cytotoxic methylglyoxal, this 

system has long been a target of interest for inhibitor design (Kermack and Matheso~ 1957; 

Vince and Daluge, 1971 ; Vince et al.. 1971 ; Barnard and Honek, 1989; Barnard et al., 1994. 

for example). Selective inhibition of GlxI can block the metabolkm of MG and take 

advantage of the toxic effects of MG to restrict ce11 growth. A great deal of effort has been 

placed on developing new potential anticancer agents that target the glyoxalase system 

(Creighton et al., 2000). It has also been proposed that GlxI inhibitors may be useful 

antirnalarial agents (Vander Jagt et al.. 1990: Barnard et ai., 1994; Thomalley et al., 1994) and 

similarly. selective inhibition of bacterial GlxI enzymes might be advantageous for 

antibacterial therapy. In addition the glyoxalase system appears to be involved in the 

complications associated with diabetes mellitus, as a result of increased MG levels 

(Thornalley, 1998). Our current understanding of the roles GlxI and MG play in these disease 

states is bnefly reviewed below. Further knowledge of the glyoxalase system and its 



mechanism of action codd aid in the understanding a d o r  the possible treatment of these 

diseases. 

7.4.7 Giyoxalase l lnhibiton as Anficancer Agents 

Consideration of the glyoxalase system as an anticancer target was recognized as early 

as 1969, and is recently receiving renewed interest (Vince and Wadd, 1969; Vince and 

Daluge, 1971; For a recent review see Creighton et al., 2000). As a result, numerous studies 

have focused on developing better inhibitors, particularly for GlxI (Reviewed in Douglas and 

Shiakai, 1985; Thornalley, 1995; Creighton et al., 2000). Inhibition of G U  could Iead to a 

build up of toxic methylglyoxal in the cell, resulting in ce11 death. Although there are other 

pathways for the removal of MG, the glyoxalase systern is believed to be the primary route. 

Rapidiy dividing cells have increased flux through glycolysis. Therefore as would be 

expected, tumor tissues have been reported to have an abnormally high rate of glycolysis and 

hence increased production of MG (Ranganathan et al., 1995; Thomalley, 1998). 

Furthermore, although some reports are contradictory, variation in the level of both GlxI and 

GlxII in certain types of cancer cells has been observed (Ayoub et al., 1993; Di Ilio et al., 

1995; Tew et al., 1996). In general, GlxI activities appear higher in tumor samples compared 

to normal tissue (Ranganathan et al., 1995; Davidson et al., 1999). This may be due to the 

requirement to remove increased levels of MG. In contrast, G M  activity is lower in some 

types of  cancer cells compared to non-cancerous tissues (Ayoub et al., 1993). Therefore the 

hydrolysis of GSH analogue-based GlxI inhibitors should be siower in tumor tissues. As such 

this is thought to be a means of selectively inhibiting GlxI in cancerous cells. However? since 

the inhibitor will be slowly broken down by GlxII. high levels or steady administration of the 

inhibitor may be required to reach toxic levels. 

Many inhibitors of GlxI initially studied did not appear to be effective anticmcer 

agents. Problems with delivery of the drugs into the cells were most likely the cause. 

Glutathione monoethyl esters were show to be transported into many types of cells more 

readily than GSH itself (Anderson et al., 1985). In 1992 it was found that the [glycyl, 

glutamyl] diethyl ester of a known GlxI inhibitor, S-bromobenzylglutathione, diffised into 

leukemia cells and underwent deesterification by intracellular esterases to yield the active 

inhibitor (Lo and Thornalley, 1992). Preparation of effective inhibitors in this ethyl ester 



p r o h g  form has proved successfbl for delivery into the cells where GlxI inhibition can occur 

(Hamilton and Creighton, 1992; Murthy et al., 1994; Thornalley et al., 1996a; Thornalley et 

al., 1996b; Kavarana et al., 1999). A recent report has presented a new method to deliver 

GlxI enzyme inhibitors into the ceIl (Hamilton et al., 1999). The ethylsulfoxide form of a 

GSH-based inhibitor was shown to enter c e k  by an acyl interchange with intracellular GSH, 

which is catalyzed by GSH transferase. This method is much more efficient than the 

diffusion of ethyl ester derivatives across ce11 membranes, hence the intracellular 

concentrations reach higher levels making the inhibitors more potent in vivo. 

We have reported the synthesis and kinetic analysis of .our own transition state 

analogue inhibitor (Ly et al., 1998). Figure 1.4 illustrates the structure of the inhibitors tested 

and the postulated reaction intermediate they were designed to mimic. The replacement of the 

sulfur widi a carbon should ensure GlxIi can not hydrolyze the inhibitor, which would lower 

its effective concentration in the cell. Although effective inhibitors against GlxI £iom S. 

cerevisiae (Ki = 1.9 pM when Ri = H and RI = CH3), and E. coli (Chapter 2), they were not 

potent anticancer agents (Ly et al., 1998). The ethyl ester denvatives were also synthesized to 

irnprove transport into the cells but unfortunately this did not significandy enhance their 

anticancer effectiveness. 

R I  = Hor CHgH3 
R1 = H or CH3 

Figure 1.4: Structure of (A) the transition state analogues and their ethyl ester derivatives 
tested as GlxI inhibitors (Ly et al., 1998) and (B) the intemediate in the GlxI reaction 
these inhibitors were designed to mimic. 



There has been a recent report of successfül tumor treatment with a cornpetitive 

inhibitor of GM. S(N-p-Chlorophenyl-N-hydroxycarba~oyl)gluone an enediol 

analogue, was administered to mice as the [glycyl, glutamyl]diethyl ester prodmg and was 

found to inhibit the gmwth of solid tumors (Sharkey et al., 2000). This recent fmding 

demonstrates that GlxI inhibitors may have the potential to be anticancer zigents. 

It was demonstrated that human leukemia cells which are resistant to antitumor dmgs 

have higher expression of glyoxalase 1 than non-resistant leukemia cells (Sakamoto et al., 

2000). Furthermore, treatment of these resistant cells with a known GlxI inhibitor, S-p 

bromobenzylglutathione, in the cyclopentyl diester form, in conjunction with the antitumor 

agent etoposide, resulted in apoptosis (Sakamoto et al., 2000). A similar increase in apoptosis 

was not observed in leukemia cells not normally h g  resistant. It is possible that the 

resistance is as a result of MG detoxification by GlxI but there may be other unidentified 

factors involved. Not only does this study implicate GlxI as a d m g  resistance factor but 

provides a means of overcoming some dnig resistances observed in cancer treatment This 

finding is even more significant given that GlxI could also be used as a cellular marker to 

identie dmg resistant turnors. 

1.4.2 Glyoxalase 1 as an Antirnalarial Target 

There are four known species of malaria parasites that infect humans, Plasmodium 

vivax. Plasmodium ovale. Plasmodium malariae. and Plasmodium falciparum (Knell, 1 99 1 ). 

The protozoan, P. falciparum, is the most comrnon malarial parasite in Afiica and causes the 

most serious illness (Kreier, 1980; Knell, 199 1). This parasite has been shown to have a very 

high glycolytic rate (Sherman, 1979; Homewood and Neame, 1980). Increased flux through 

glycolysis suggests higher leveis of MG may be produced in the parasite than in the human 

erythrocyte cells. Analysis of the activities of the glycolytic enzymes as well as GlxI and 

GlxII in both the P. falciparum and the host erythrocyte indicated a marked increase in these 

enzymes in the parasite (Vander Jagt et al., 1990). Furthermore the production of both D- and 

L-lactate was increased in parasite-infected erythrocytes. Thus it has been concluded that 

higher levels of the glyoxalase enzymes are responsible for production of D-lactate, most 

likely to remove toxic MG resulting from increased glycolysis. Kinetic properties of both 



G U  and G M  suggest that the parasite is not simply using the glyoxdase system of the hast 

cell, but encodes its own glyoxalase enzymes (Vander Jagt et al., 1990). 

Based on these findings, it has been suggested that inhibitors of the glyoxalase system 

may be effective antirnalarial agents (Vander Jagt et al., 1990). Examination of the effect of 

known 'GM inhïbitors on P. falciparurn suggests this is a valid assumption. S-p- 

bromobenzylglutathione, was demonstrated to induce toxicity in this parasite when 

administered in its diethyl ester form (Thomalley et al., 1994). Several additional GSH 

analogues have also been shown to have antimalarial activity at the rnicrornolar levels 

(Barnard et al., 1994). Our recently reported hydroxarnate-based transition state analogue 

inhibitors (Figure 1.4) displayed moderate antimdaxial activity with ICso values in the range 

of 5-20 ph4 (Ly et al., 1998). Based on these results M e r  development of effective GlxI 

inhibitors should be investigated. 

It was initially suggested that GlxIX could also be a target for antimalarial agents 

(Vander Jagt et al., 1990). The detoxification of MG would be restricted and S-D- 

lactoylglutathione would accumulate, potentially depriving the parasite of essential GSH. It 

has since been observed that the malaria parasite has a very hi& level of GSH synthesis and 

ability to reduce GSSG (glutathione disulfide; Atamna and Ginsburg, 1997; Ayi et ai., 1998). 

This provides the parasite with effective protection against oxidative injury, unlike the host 

ce11 in which GSH levels are reduced (Atamna and Ginsburg, 1997). This observation implies 

thai inhibitors of GlxII would not be able to rapidly deprive the parasite of GSH to cause ce11 

death. 

1.4.3 The Role of MG and Glyoxalase 1 in Diabetes 

Modifications in the glyoxalase system during hyperglycemia have focused attention 

on the role MG and GlxI may play in diabetes (For a review see Thomalley, 1995; 

Thomalley, 1998). As mentioned, advanced glycation endproducts (AGEs) have been 

associated with several disease States, including complications associated with diabetes 

(Thomalley, 1998). The effect of the glycation of proteins within the ce11 is reduced by the 

high turnover of intracellular protein. In contrast, long lived extracellular proteins accumulate 

these adducts over tirne. Although generally thought to be caused primarily by glucose, it has 

been demonstrated that reactive a-oxoaldehydes, particularly methylglyoxal, can also cause 



glycation under physiological conditions (Thomalley et al., 1999). Combining thïs 

information with the observation that MG concentrations are fomd to be elevated in the 

kidney cortex and rnedulla, Lens, and blood of diabetic rats, and the levels of MG, S-D- 

lactoylglutathione, and D-lactate are eievated in the blood of diabetic hum=, suggests that 

the role of MG in diabetes requires fuaher investigation (Phillips et al., 1993; McLellan et al., 

1994). Furthemore, aminoguanidine, an agent used to prevent diabetic complications, was 

dernonstrated to scavenge methylglyoxal thereby preventuig modification of human plasma 

proteins under physiological conditions (Lo et al., 1 994a). 

It has also been observed that GlxI and G M  levels were higher in insulin-dependent 

diabetics suffering from diabetic complications (Ratliff et al., 1996), yet MG levels were still 

elevated. Partial inhibition of GlxI in endothelia1 cells by a GSH-bas& cornpetitive inhibitor 

led to increased AGE formation under high glucose conditions (Shinohara et al., 1998). 

When incubated with high levels of glucose, a niro-fold increase in both MG and 13-lactate 

was observed for normal cells. whereas fer those with increased GlxI production? the level of 

MG was not increased but D-lactate production was ten-fold higher (Shinohara et al., 1998). 

This clearly illustrates the increased production of MG during hyperglycemia and the 

requirement for its removal by GlxI. The observation that overexpression of GlxI completely 

prevented hyperglycemia-induced AGE formation provides a definitive link between the 

detoxification of MG and diabetic complications (Shinohara et al., 1998). Differences in the 

levels and activity of the glyoxalase enzymes may provide a clue to the differences observed 

in diabetic patients and their susceptibility to developing complications. 

1.5 Glyoxalase I Properties and Distribution 

Glyoxalase 1 has been identified in numerous organisms, fkom E. coli to sapiens 

(Vander Jagt, 1989; Ranganathan et al.. 1993; Clugston et al., l998a). Given its widespread 

existence it is expected to play a key role in the cell, and currently it is believed that the 

detoxification of methylglyoxal is that role. As  such, GlxI has been proposed as a novel 

anticancer, antirnalarial, and putative antibacterial target by taking advantage of the toxic 

effects of MG. To target GlxI with specific inhibitors, molecular details of the enzyme 

structure and reaction mechanism must be known. The current knowledge regarding the few 



well studied glyoxalase 1 enzymes is outlined below, in addition to a listing of the known 

feames of additional GlxI enzymes which have been identified. 

1.51 Homo sapiens Glyoxalase I 

Identz~cation und Sequence Variation 

nie GlxI enzyme studied in the most detail to date is that fiom Homo sapiem. 

Although the sequence of the 1 84 amino acid protein was not reporred until 1 993, a great deal 

was already known about this enzyme (Kim et al., 1993; Rangmathm et al., 1993). Early 

work indicated that this homodimenc enzyme had a stoichometry of one zinc per e n w e  

subunit and that removal of the zinc eliminated catalytic activity (Aronsson et al., 1978). 

Fuahermore, nvo alleles of GlxI appeared to exist in humans, inherited in an autosomally co- 

dominant fashion., giving rise to diree kinetically indistinguishable enzymes, which could be 

separated by ion-exchange chromatography (Aronsson et al., 1979; Schimandle and Vander 

Jagt. 1979). The alteration has since been ascribed to a change in one amino acid residue; 

position 11 1 is either alanine or glutarnic acid (Kim et al., 1995). A trend in the population 

genetics of these alleles was identified (Thomalley, 1991). The frequency of the alanine 

containing GlxI allele is highest in native Alaskan-Eskimo and Indian populations. The 

frequency of this allele was found to decrease geographically to the south and east, with 

minimum levels in the Papua New Guinea native tribes as well as Australian populations. 

Large variations in the levels of this aiiele in regions of the United States and Europe could be 

attrïbuted to the immigrant populations in these areas (Thomalley, 1991). The glutamic acid 

containing allele is proposed to be the ancestral gene and the second allele is proposed to have 

arisen following mutation of position 1 1  1 to alanine. Attempts were made to link the 

frequency of this allele to the occurrence of insulin-dependent diabetes mellitus but no trend 

was observed (Thomalley, 199 1 ). 

Metal Ion Requirernenl 

The catdytic activity of H. sapiens GlxI is inhibited by metal chelators, and metal 

analysis has indicated the presence of one metal per enzyme subunit (Aronsson et al., 1978). 

Although the metal measured in these studies was zn2+, it was onginally believed that the 

natural metd was M ~ ~ '  as enzyrnatic activity was most easily restored by reconstitution with 



M ~ ~ ' .  Activity was also observed with co2' and M.nZ', and although inactive the H sapiem 

G M  e-e also binds cd2' and cu2+ (Sellin et al., 1983a and references therein). Atthough 

no direct report of the enzymatic activity of H. sapiens GM in the presence of ~ i "  is 

available, the rat erythrocyte enzyme was found to be active with ~ i ~ ' ,  althoiigh only 40% of 

the activity observed with M ~ ~ +  (Han et al., 1977). It is g e n d l y  assurned that the same 

activation wodd be observed for the H sapiens enzyme (Sellin et al., 1983a). As our studies 

on the E. coli GlxI enzyme illustrate (Clugston et ai., 1998a), this may not be a safe 

assunption. 

The dissociation constants (Kd) of various divalent metals for H. sapiens GlxI were 

evaluated by a modification of equilibrium didysis utilking nitrilotriacetic acid as a meral 

b a e r  to establish low Ievels of the divalent metal under analysis. From this study it was 

detemined that zn2' had the highest affinity, followed by co2+, A4n2+, and finally M ~ ~ '  with 

KI approximately 104-fold lower than that of zn2' (Sellin and Mannervik, 1984). This 

evidence cornbined with the metal analysis, which detected 2n2+ in the purified enzyme led to 

the conclusion that 2n2+ was in fact the native rnetal in H. sapiem GM. 

Spectroscopie studies on sapiens GlxI reconstituted with various metals also 

indicated that the metal ion may play a vital roIe in the enzymatic cataiysis as outlined below. 

Hence the essential metal is catalytic rather than just a structural element in glyoxalase 1. 

SîructuruZ Studies 

Replacement of the bound ~ n ' -  with ~ n ~ '  in H. sapiens GlxI permitted analysis of the 

environment around the metal by electron paramagnetic resonance (EPR) studies and the 

nuclear relaxation rate of water protons (Sellin et al., 1982a; Sellin et al., 1982b; Sellin et al., 

1983a). These studies, in the presence of the reaction product, S-D-lactoylglutathione, 

suggested that the metal was not close enough for direct interaction. This led to the 

hypothesis that the substrate binds outside of the first coordination sphere of the metal and 

that there are one or two water molecules coordinated in the active site, interacting with the 

metal and substrate. Addition of the cornpetitive inhibitor, p-bromobenzylglutathione, 

appeared to occlude one of the exchangeable water ligands (Sellin et al., 1982a). Further EPR . 

snidies were performed with H. sapiens GlxI reconstituted with co2', as well as the inactive 

cu2' f o m  (Sellin et al., 1983b; Sellin et al., 1987). The results of these analyses indicated 



that the metd was in an octahedral environment with at least one nitrogen-contauiing ligand. 

X-ray absorption spectroscopy W S )  on the ZnZ' site in H. sapiens GlxI was also consistent 

with an octahedral environment around the metal (Garcia-Iniguez et al., 1984). 

H. sapiem GlxI has been recently crystallized in several foms. The native enzyme 

containhg Zn2+ was cocrystallized with each of the following glutathione analogues. S- 

benzylglutathione, a putative transition state analogue, and a proposed product analogue. In 

addition a mutant form of the enzyme was cryçtallized (PDB lFRO, 1QIN. l Q P ,  1BH5 

respectively; Cameron et al., 1997; Ridderstrom et al., 1998; Cameron et al., 1999a). The 

structure of the native H sapiens GlxI enzyme with S-benzylglutathione bound is iIlustrated 

in Figure 1.5. Each monomer of tnis homodimeric enzyme consists of NO domains, linked 

by a 20 amino acid connecter region. In addition, each subunit has an N-terminal arm that 

wraps amund the other subunit but does not directly interact with another region of the 

protein. Each of the four domains of the protein has a general P a P P B  topology, fomiing a 

mixed P-sheet. Although the sequence homology is quite low, the N- and C-terminal domains 

of each subunit share a similar structural fold, the PaP PP motif, leading the authors to suggest 

that 3D domain swapping has occurred in this protein structure (Cameron et al., 1997). Based 

on this B a P P B  topology, glyoxalase 1 represents a member of a previously unidentified 

structural superfamily (Armstrong, 1998; Bergdoll et al., 1998; Laughlin et al., 1998), as 

discussed in Chapter S. 

The two active sites in H sapiens GlxI are located at the interface of the subunits with 

each active site containing a catalytic metal, zn2+. There are four residues fiom the protein, 

Gln34, Glu1 00, His 127. and Glu173. two from each subunit, and one water molecule 

coordinated to the metal. in a square pyramidal arrangement (Cameron et al., 1997). The 

geometry appears to be octahedral with one ligand rnissing. Presumably a second water 

ligand is precluded dur to the presence of the benzylglutathione in the active site. 

Crystallization of the enzyme in the presence of a glutathione analogue, S-p- 

ni~obenzyloxycarbonylglutathione, designed to rnirnic the reaction product complex reveals 

two water molecules around the active site zinc, as does the structure of the Q33ElE172Q 

double mutant cocrystallized with hexylglutathione (Ridderst.m et al., 1998; Cameron et al., 

1999a), supporting this assumption. This apparent octahedrd geometry is consistent with the 

earlier spectroscopic studies outlined. 



Figure 1.5: Structure of H. sapietzs glyoxalase 1 (PDB 1 FRO; Cameron et al., 1997). Subunit 
A is illustrated in green, B in blue, the zinc atom in black space BU, and the 
benzylglutathione cocrystallized in the active site is displayed as sticks. (Prepared 
with WebLab Viewer Pro ver 3 -7, Molecular Simulations Inc,) 



The results of the crystallization of the native enzyme with a putative transition state 

analogue and product mllnic, as well as the mutant form of the enzyme are discussed M e r  

in relation to the proposed mechanism of action (Section 1.6). 

It should be noted that the N-terminal methionine is not present in the active fomi of 

the enzyme and hence is not in the crystal structure. The numbering of the Ml sapiens 

GlxI sequence, including the N-terminal methionine, will be utilized throughout this thesis. 

1.5.2 Pseudomonas putida Glyoxalase 1 

Sequence Analysis 

The sequence encoding glyoxalase 1 fiom P. putida was first reported in 1988 and 

updated in 1994 (Rhee et al., 1988; Lu et d.. 1994). The gene encodes a 173 amino acid 

protein with a subunit molecular weight of 19.4 kDa, following the loss of the N-terminal 

methionine in the active 172 amino acid enzyme (Lu et al., 1994). We have shown that the 

GlxI protein sequence from P. putida is 55% identical to that fiom sapiens, with an 

additional approxirnately 10% sequence similarity (Clugston et al., 1997). Interesùngly, this 

bacterial Glxl more closely resembles the eukaryotic sequences than the other known and 

predicted GlxI sequences fiom bacterial sources (Lu et al., 1994; Clugston, 1997; Clugston et 

al,, 1997). 

For several years the metal usage in P. putida GlxI was unclear as published reports 

were contradictory. The addition of 2n2* was reported to inhibit the activity of the enzyme by 

75% at 0.1 mM and completely at 1.0 mM (Rhee et al., 1986). On the other hand, 1 .O rnM of 

M$-. ~ n ?  ~a': CU'-. or had no apparent effect on the enzyme activity in this 

study. Furthemore, the addition of the metal chelator EDTA had no effect on the activity 

(Rhee et al., 1986). This led to the assunption that P. putida GlxI did not require a metal ion 

for catalytic activity. Within two years however, the sarne research group reported the 

expression and purification of P. putida GlxI and indicated that 0.9 mole of zinc was detected 

per mole of enzyme (Rhee et al., 1988). When the DNA was resequenced in 1994 and the 

possible role of a catdytic loop in the enzyme examined, there was no report on the metal 

content in the enzyme leaving this issue umesolved (Lu et al., 1994; Lan et al., 1995). The 



recent report on the structural features of P. putida GlxI clarified this by confirming that the 

enzyme did require zinc and that there were two zinc ions in the active, dimeric enzyme 

(Saint-Jean et al., 1998), sllnilar to that observed in if sapiens G U .  There was however, no 

report of any investigation into the activation with other rnetals at this point. 

Structural Studies 

The characterization of P. putida (31x1 appears to have been plagued with 

discrepancies, fkom the DNA sequencing to the metal requirement as well as the stmctud 

propertïes. Contrary to initial reports that indicated that P. putida GlxI was monomenc, the 

active form of the enzyme is a homodimer with two zinc atoms b o n d  (Rhee et al., 1986; 

Saint-Jean et aI., 1998). Furthemore, the proposal that there exists a "catalytic loop" near the 

active site of the enzyme, similar ta that observed in triosephosphate isomerase (TIM) does 

not appear to be valid (Joseph et al., 1990; Pompliano et al-, 2990; Lan et al., 1995). Circula 

dichroism and fluorescence studies were perfonned with H sapiens and P. putida (31x1 in the 

presence of an enediol andogue and S-D-lactoylglutathione. These analyses suggested that a 

small conformational change occurs upon binding, consistent with the movement of such a 

catalytic loop region (Lm et al., 1995). Proteolytic cieavage experiments pointed to a region 

with moderate sequence homoiogy to the catalytic loop in TM, including a glutamate residue 

which functions as the catalytic base in TZM. Mutation of the corresponding glutamate in P. 

putida (31x1 (Glu93) led to inactivation of the enzyme. Based on these results it was 

concluded that Glu93 is the catalytic base in the glyoxalase I reaction. Howeve- no metal 

analysis was performed on the enzyme at any stage. We now know, based on the structure of 

the homologous H. sapiens Glxl (Cameron et al., 1997), that this glutamate is actuaily a 

ligand to the catalytic ~n". Therefore the loss of activity upon mutation of this residue was 

rnost likely due to loss of the metal ion. 

A more detailed analysis of the structural features of P. putida GlxI has recently been 

reported, revealing the dimeric nature of this enryme, and confuming the binding of two zinc 

ions to the active dimer (Saint-Jean et al., 1998). En addition, structural studies were 

performed utilizing circular dichroism and size exclusion chromatography. This work 

displays an interesting feature of this protein, which has been proposed to have undergone 3D 

domain swapping, based on the structure of the H sapiens GlxI enzyme (Cameron et al., 



1997). It was found that although the most active form of the P. purida enryme is a dimer 

with two zinc atoms boun& a monomeric form contauiing ody one zinc atom can be 

observed under parücular conditions. Treamient of the dimer with glutathione produces a 

monorneric enzyme with a k, approximately one-fia that of the dimeric enzyme and k&K, 

about fifieen-fold lower (Saint-Jean et al., 1998). Removal of the GSH results in slow 

dimerization of the protein. 

Three-dimensional (3D) domain swapping is described as a means for stable dimeric 

proteins to evolve from monomeric proteins. For this to occur the two domains of the 

monomer covalently linked by a flexible hinge, open at the hinge perrnitting dissociation 

followed by reassociation of the domains fiom different monomers (Saint-Jean et al., 1998 

and reference therein). The result is a two-fold symmetrical dimer. It is proposed that the 

monomeric form of P. putida GlxI is simply an altemate conformation of the protein, with the 

same characteristic active site. The domains are believed to be the P a P B B  motifs observed in 

the H. sapieas GlxI crystal structure (Cameron et al., 1997; Section 1.5.1). Figure 1.6 

summarizes the proposed evolution of the 3D domain swapped GU, which supports the 

evolutionary development of this superfamily described in Chapter 5. 

Figure 1.6: Various schematic representations of the structures of glyoxalase 1 during its 
proposed evolution. (A) Homodimer of a single domain protein, (B) monomer of a 2- 
domain protein, believed to be the structure of the monomeric P. putida GlxI 
observed, and (C) general arrangement of the 3D domain swapped dimer with two 
intermoiecular domain-domain interfaces, as observed in the dimeric H. sapiens and 
P. putida GlxI enzymes. The numbers are used to represent the structural symmetry in 
the various forms of the enzyme. (Adapted fiom Saint-Jean et al., 1998) 



1.5.3 Saccharomyces cerevisiae Glyoxalase / 

Nurnerous reports are available fer the inhibition of yeast glyoxalase 1, as this enzyme 

is commercially available (Ekwdl and Mannervik 1970; Vince et al., 1971; Ray and Ray. 

1987; Barnard and Honek, 1989; Ly et al.. 1998, for example). Fewer accounts however have 

been published describing the characteristics of the enzyme itself. Early reports indicated that 

the enzyme was inhibited by EDTA suggesting it is also a metalIoenzyme (Aronsson et al., 

1978; Murata et al., 1986~). However it initially appeared that the S. cerevisiae GlxI enzyme 

was not reactivated by the addition of divalent metals (Aronsson et al., 1978). Further snidies 

revealed that partial reactivation of the yeast enzyme could be achieved with M~'', ca2+, and 

to a small extent with ~ n ' ~  (Murata et al.. 1986~). However, ~ i ~ + ,  co2+, and had no 

effect on the inactive apoenzyme. Comparative studies with H sapiens GlxI have indicated 

that both enzymes contain zinc in their native form (Aronsson et al., 1978; Marmstal et al., 

1979: Murata et al., 1986~). Unlike the H supiens enzyme, cerevisiae GlxI contains only 

one zinc per active enzyme. but the S. cerevisiae GlxI enzyme is monomenc, whereas the H. 

sapiens GlxI enzyme is dimeric (Aronsson et al.. 1978; Marmstal and Mannervik, 1978). 

Furthemore, equilibrium dialysis revealed binding of only one competitive inhibitor, S-p- 

bromobenzylglutathione. to the monomeric yeast enqme, reconfirming the suggestion that 

only one active site exists in GlxI from S. cerevisiae (Mamista1 and Maimervik, 1979). 

Sequence Similarity and Analysis 

Interestingly, although the S. cere~fsiae GlxI enzyme has been studied for many years 

its sequence was not available untii 1995 (NCBI Accession # CAA89938) and not published 

untiI the following year (Inoue and Kimura 1996). The DNA encodes a 326 amino acid 

protein with a molecular weight of 37.2 kDa (Inoue and Kimura, 1996). As mentioned, S. 

cerevisiae GlxI is a monomeric enzyme. The monomer however is double the size of each 

subunit in the dimeric H. sapiens, P. purida, and E. coli GlxI enzymes. Analysis of the 

sequence of the S. cerevisiae GlxI enzyme with rhe other known and postulated GlxI 

sequences led to the proposa1 that this enzyme is the result of a gene duplication event 

forming a fiised dimer gene product (Ridderstrom and Mannervik, 1996; Clugston, 1997; 



Clugston et al., 1997). The N- and C-terminal halves of this large G M  sequence are 

homologous to each other as well as to the sequences of the monomeric G U  e-es. 

Putative G U  sequences which also appear to be the result of a similar gene duplication event 

have dso  been identified in Schizosacchmomyccs pombe, and the plants, Brassica oleracea, 

and Sporobolus stapfianus (Clugston et al., 1998b). As the dimee are now jouied, and the 

active site of the H sapiens GlxI enzyme is lmown to be at the dimer interface the enzyme 

may not be able to form a second functional active site. It is possible that only one metal and 

inhibitor binding site exists because the protein cm not reach the correct confinnation in the 

second site due to the linkage of the dimen. Additionally, not dl of the metal ligands are 

completely conserved in each of the halves of the sequences. Based on ahgnment with the X. 

sapiens GlxI enzyme, and knowledge of the ligands to the metal identified in the H. snpiens 

GlxI crystal structure (Cameron et ai., 1997), the putative metal ligands have been identified 

(Clugston, 1997; Clugston et al., 1 !Wb). The f i s t  metai ligand, a glutamine in the H. sapiens 

GIA enzyme but a histidine in most of the other sequences, is either a GLn or His in each of 

the halves of these duplicated proteins. The second ligand is univeeally consewed as a 

glutamate. The third and fourth ligands however are not conserved in the C-terminal haIves 

of the S. stapfianu'i or B. oleracea sequences. being a glutamine versus histidine for the third 

ligand, and a valine rather than a glutamate for the final ligand (Clugston, 1997; Clugston et 

al.. 1998b)- Although these sequences are just postulated to encode GlxI at this stage, 

examination of these enzymes will most likely reveal that they only bind one metal ion as 

seen in the S. cerevisiae GlxI enzyme. 

A similar duplication event was observed in the biphenyl-cleaving extradiol 

dioxygenase enzyme (Han et al.. 1995) in which there is low sequence homology between the 

ni.0 halves but great structural similarity. Additionally, only the C-terminal domain binds 

iron as not ail of the metal ligands have been conserved in the second site. This enzyme is 

now known to be a member of the BaPPf3 structural superfarnily of which GlxI is a member 

(Bergdoll et al., 1998). The evolutionary deveiopment of these two groups of enzymes is 

believed to have involved divergent evolution fiom a common structural motif, a Pûf3BP 
module. This is M e r  discussed in Chapter 5. 



1.5.4 Other Sources of Glyaxalase 1 

We have identified numerous putative G U  sequences in a vast array of organisms 

(Cliigston et al., 1997; Clugston et al., 1998b; Clugston and Honek, 2000; Chapter 5)- 

However, these m u t  only be considered & putative GlxI enzymes before experimentd 

evidence indicates they encode a protein with glyoxalase 1 activity. Nevertheless, in addition 

to the knowledge of the three GlxI enzymes outlined and our studies on the E. coli enzyme, 

numerous other GlxI enzymes have been identified and snidied to a more limited extent. 

Several of these enzymes are outlined below, 

Plant Sources 

The expression of glyoxalase 1 was examined in Lycopersicon esculentum (tomato) 

and it was observed that stress fiom treatment with NaCI, mannitol or abscisic acid resulted in 

an increase in both the mRNA and protein levels in the roots, stem, and leaves (Espartero et 

al., 1995). It was suggested that a higher demand for ATP in the salt-stressed plant resulted in 

an enhanced rate of glycoylsis and hence increased levels of methylglyoxal. As a result the 

expression of GlxI was increased to remove the toxic MG (Espartero et al., 1995)- 

The 185 amino acid protein from L. escuZentum has a molecular weight of 20.7 kDa 

It was not indicated whether the quatemary nature of the protein was examined. The 

homology to other dimeric GlxI sequences (Clugston et al., 2997) suggests it would also be 

dimeric. 

Characterization of GlxI fiom Glycine max (soybean) indicates expression is enhanced 

during ce11 division, as reported in other plants (Paulus et al., 1993; Skipsey et al., 2000). The 

puified GlxI enzyme, with a predicted mass based on the sequence of 21 Ba, migrated as a 

24 kDa monomer on SDS-PAGE. but as a 38 kDa homodimeric protein with gel permeation 

chromatography (Skipsey et al.. 2000). This is contrary to the initial daim that this enzyme 

was a 60 kDa heterodimer (Paulus et al., 1993). AIthough ce11 growth and expression of G. 

m a  (31x1 in the presence of supplemental ZnS04 (1.0 mM) produced a protein with higher 

activity, and three moles of 2n2' per mole of protein subunit, the metal was lost upon dialysis 

with GSH yet retained full activity. It was suggested that the metal is required for correct 

assembly of the protein but not required for catalysis (Skipsey et al., 2000). Given the high 

degree of homology to other known G U  enzymes and the conservation of the metal ligands 



in the protein it is likely that a metal is requked but was not detected in conditions w d  in 

these analyses. As the primary thiol in G. m m  is homoglutathione (y-glutamyl-cystehyI-P- 

alanine) rather than glufathione (y-glutamyI-cysteinylglyche), the analysis of glutathione- 

utilizing enzymes from this organism has been of interest (Skipsey et al., 2000 and references 

therein). Kinetic analysis of the purified enzyme indicated no preference for homoglutathione 

substrate adducts over glutathione adducts (Skipsey et al., 2000). 

Recently, the sequence. expression. and crude purification of GLxI fiom Triticum 

aestivum (wheat bran) have been reported (Johansen et al., 2000). The 37 kDa prorein is 

monomeric with high homology to the GlxI sequence from S srapfinnus, indicating GlxI fkom 

this source is also the result of a gene duplication event. 

Although the sequence has not yet been reported, GlxI isolated fiom Aloe vera was 

f o n d  to be a monomeric 44 kDa protein (Norton et al., 1990), suggesbng it too is the resdt of 

a gene duplication event producing a füsed dimer gene product, resembling the yeast and 

some of the plant sequences reported. This GlxI enzyme also resernbles the S. cerevisiae 

erxqme in its metal activation properties. Full enzyme inhibition was found by treatment with 

EDTA. however the enzyme could not be reactivated (Norton et al., 1990). 

Analysis of the levefs of GlxI in Zea mays (corn) demonstrated that there is 20-30 

tirnes more GlxI in the Ieaves compared to the roots, consistent with the higher rate of 

glycolysis and photosynthesis in green tissues. and hence the increased requirement for GlxI 

to remove toxic MG (Spano et al., 1998). Furthemore. the Ievels were increased in Ieaves 

when subjected to cold stress, whereas no change was detected in the root levels (Spano et al., 

1 998). No characterization of the GlxI enzyme itself has been reported. 

The expression. purification. and characterizaton of Brassica juncea (mustard) G l d  

has been reported (Deswal and Sopoq-. 199 1). As observed with other plant GlxI enzymes. 

the apparent mass of the GlxI enzyme based on a denaturing gel is higher than that predicted 

based on the sequence alone. In fact. the protein with a predicted weight of 24 kDa appears as 

two bands at 27 and 29 D a  suggesting the enzyme may undergo posttranslational 

modification resulting in a heterodimeric enzyme (Deswal and Sopory, 1998; Veena et al., 

1999). Further analysis revealed this is a ~ n "  enzyme but the apoenzyme can be reactivated 

by addition of ~n", M~", ~n", and ca2' (Deswal and Sopory, 1991; Deswal and Sopoq, 

1998). As reported for other plant GlxI enzymes, B. juncea G U  expression is upregulated in 



response to stresses such as salt and heavy metal (Veena et al., 1999). Recently, it has also 

been suggested that the activity of B. juncen G M  is regulated by ca2+ and calmoduh 

(Deswal and Sopory, 1999). This observation is intriguing, as GlxI expression is upregulated 

by stress and the ~a~'/calmodulin signaling pathway is important in ce11 division and ca2+ is 
also involved in stress sipaling @eswal and Sopory, 1999 and references therein). The exact 

nature of this interaction requires fürther investigation however. 

Microbial Sources 

GlxI purified fiom the yeast Hansenula mrakii was shown to be a monomenc 38 kDa 

protein, although the sequence is not yet known. Interestingly, no inhibition was seen upon 

addition of EDTA (houe et al., 1991). Further analysis of this enzyme is required to CO& 

this property. 

n i e  sequence postulated to encode GlxI from Neisseria rneningitidis has been 

identified (Kizil et al., 2000). This 138 arnino acid sequence encodes a protein with a 

calculated molecular weight of 15.7 kDa and high sequence homology to other known and 

postulated GIxI sequences. An E. coli ce11 Iine containing a plasmid expressing this protein 

displayed increased resistance to exogenously supplied rnethylglyoxal. 

GlxI expression imparts increased resistance to methylglyoxal. We exploited this 

charactenstic to identie the multicopy plasmid containing the gene encoding GlxI from a 

Salmonella typhirnurium cDNA library (Clugston et al., 1997). This 135 amino acid protein 

has high homology to the other known andpostulated GlxI sequences, including 91% identity 

to the sequence of the E. coli GlxI protein (Clugston. 1997). 

Marnmalian Sources 

Purification and partial characterization of GlxI has been reported for numerous 

mamrnalian sources. A selection of these are bnefly outiined. 

Porcine erythrocyte GlxI has an apparent molecular weight of 52 kDa, is inhibited by 

EDTA, but could be reactivated by M ~ ~ ' ,  ~ n ~ + ,  and ca2+ (Mannervik et al., 1972). In 

addition, the kinetics and inhibition of GlxI fiom rat liver has been exarnined and a 43 kDa 

GlxI enzyme was isolated fiom mouse liver (Kester and Norton, 1975; Kurasawa et al., 1976). 

Purification of GlxI fiom monkey intestinal mucosa revealed the protein is a 

homodimer with a native molecular weight of 48 kDa (Baskaran and Balasubramanian, 1987). 



Active site modifications on this enzyme revealed the imporiance of numerous residues on 

enzymatic activity, and included tryptophm, lysine, and glutamate or aspartate residues. 

Jntexestingly, these results also suggested that histidine residues were not important for 

activity (Baskaran and Balasubramanian, 1987). Although the sequence is unlaiown it would 

be expected that the ligands to the metal wodd be conserve& including at least one histidine. 

1.5.5 Escherichia coli Glyoxalase i 

We have reported the sequencing and identification of glyoxalase 1 from Salmonella 

îyphimurium (Clugston et al., 1997). However, the research presented in this thesis has 

focuscd on the charactenzation of the highly homologous G M  enzyme fiom Escherichia coli 

(Clugston et al., 1998a). With the exception of an early report in which a crude preparation of 

glyoxalase 1 isolated fiom E coli was analyzed for comparative kuietics with the enzyme 

from yeast sources (Vander Jagt, 1975), there have been no analyses of E. coZi GlxI available 

pnor to our studies. As outlined in Chapter 2. we have constnicted a system for the efficient 

overexpression and purification of large quantities of apo E. coZi GlxI (Clugston, 1997; 

Clugston et al., 1998a). We have shown this microbial glyoxalase 1 to be a honodimer, 

contrary to initial reports which suggested al1 microbid glyoxalase 1 enzymes were 

monomeric like that of S. cerevisiae (Kdderstrom and Mannervik, 1996). Furthemore, 

analysis of the metal activation of E. coli GlxI has indicated that unlike other GlxI enzymes 

reported. E. coli GlxI is rnaximally active in the presence of ~ i "  and shows no activity with 

~ n ?  The structural and mechanistic implications of this unexpected activation are examined 

in the work presented herein. 

1.6 Mechanistic Considerations 

The mechanism of the glyoxalase 1 reaction and the role the metai ion may play in this 

process has been of interest for many years. Numerous studies have focused on the substrate 

specificity of the enzyme as weIl as the role the catalytic metal ion may play in the process. 

7.6.1 Substrate Specificity 

Although glyoxalase 1 from various sources has been shown to accept several a- 

ketoaldehydes and glutathione adducts as hemiacetal substrates, including phenylglyoxal and 

glyoxal and GSH analogues such as hornoglutathione, the in vivo substrate is believed to be 



the non-enzymatically formed hemiacetal of rnethylglyoxal and glutathione (Vander Jagt et 

al., 1972; See Vander Jagt. 1989 for a review). Two stereoisomers of the substrate c m  be 

fomed, yet the product of the GlxI reaction is not a mixture of isomen but S-D- 

lactoylglutaîhione. It was initially presumed that the enyme accepted only one isomer as its 

substrate. Initial reports appeared to support this theory (Brown et al., 198 1). However. it has 

since been demonsirated by several groups that glyoxalase 1 actually accepts both isoniers of 

the hemiacetal substrate (Griffis et al., 1983; Creighton et al., 1988; Landro et al-, 1992; Rae 

et al., 1994). Using 'H-labelled GSH. a series of pulse-chase isotope trapping experirnents 

were performed. This work indicated that both diasteriomers were used by GlxI fiom yeast 

and porcine erythrocytes (GrifEs et al.. 1983). An expansion on this work ushg measured 

and calculated rate and equilibrium constants for several stages of the glyoxalase reactions, 

from formation of the hemiacetal substrateT GIxI conversion to S-D-lactoylglutathione 

product, and GlxII catalyzed hydrolysis, support the suggestion that both isomers are utilized 

by the enzyme with approximately equal efficiency (Creighton et al., 1988). The most 

definitive example involved the use of a stereochemically "locked" substrate (Figure 1.7). 

Rather than having GSH combine non-enzymatically with MG, R- and S- 

glutathiolacetaldehyde were synthesized and used as the substrate for the G U  catalyzed 

reaction. The stereoisomers of the natural herniacetal substrate of GSH-MG have an 

estimated interconverion rate of 10-40 s-'. In contrast. the "locked" subsaate have a very 

slow interconversion rate between the isomers. The rate is slow enough that the conversion to 

the product of the GlxI reaction is favoured (Landro et al., 1992). 'H NMR was utilized to 

monitor the reaction catalyzed by ff. sapiens GlxI. It was found that both isomers of the 

substrate are converted to product. glutathiohydroxyacetone in this case. The isomers are not 

accepted equally however. The R-isomer was converted at a rate of 0.8 s-', compared to 0.4 

s-' for the S-isomer (Landro et al.. 1991). This work appears to demonstrate that GlxI accepts 

both isomers of the substrate. 



Figure 1.7: Stereochemically "locked" substrate analogue; (A) R- and (B) S- 
glutathiolactaldehyde. The methylene group circled is the o d y  structural difference in 
this analogue compared to the normal substrate, making the proton of interest more 
dificuit to remove and hence the rate of interconversion of the two isorners is greatly 
reduced. 'GS7 represents the glutathione moiety. 

7.6.2 Hydnde Migration versus Enediol Intermediate 

In the GlxI reaction the hemiacetai of MG and GSH is converted to S-D- 

lactoylglutathione. In this process the proton fiom the C-1 carbon must be removed and the 

C-2 carbon protonated. There are two ways this could proceed in the reaction mechanism, 

either by an intramolecular hydride migration (Figure 1.8), or by removal of the proton, 

endioI(ate) formation, followed by reprotonation at C-2 (Figure 1.9). To distinguish between 

these two possibilities. isotope exchange expenments were perfonned. Initidly the reaction 

was perforrned in tritiated water (TOH) with yeast GlxI. Very little exchange of tritium (less 

than 4%) into the product was observed. suggesting that the hydnde migration was occurring 

(Rose' 2957). However, the issue was later re-examined utilizing deuterium and a change in 

the temperature of the reaction with yeast GlxI. monitoring the production of labelled product 

by NMR (Hall et al., 1976: Hall et al.. 1978)- Under these conditions a small increase in the 

incorporation of the deuterium was observed, 15% incorporation at 2S°C versus 22% at 35OC 

(Hall et al., 1976). The low Ievels of incorporation and lack of evidence in the initial 

experirnent may be due to the active site conformation resulting in a shielded proton transfer. 

These results confjirmed that the reaction did not proceed through a 1,2-hydride shift as 

originally believed but that an enediol intermediate was formed. 



Figure 1.8: A previously proposed mechanism for the glyoxalase 1 rernoval of the C-1 
hydrogen Eom the hemiacetal via a hydride migration. 

Based on this knowledge a general mechanism has been proposed for the glyoxalase I 

reaction, sumrnarized in Figure 1.9. The base responsibie for the initial deprotonation was not 

elucidated at this stage. nor was the role of the essential metal ion. 

1.6.3 Proposed Mechanism 

Solution of the first crystal structure of a glyoxalase 1 enzyme (Carneron et al., 1997) 

not only provided a great deal of information regarding the protein structure in general, but 

also provided valuable knowledge about the catalytic metal site. Examination of the region 

smounding the metal in the active site of the H. sapiens GlxI enzyme revealed an unexpected 

finding. There are no suitable residues close enough to fünction as a catalytic base. This led 

to the assumption that the metal bound water molecules may be important, as previous studies 

suggested, or that one of the ligands to the metal has a dud role (Selfin et al., 1982a; Sellin et 

al., 1982b). 

Mannervik and coworkers were of the belief that one of the metal ligands also served 

as the catalytic base in this reaction' and proceeded to test this hypothesis. Initially 

methionine 158, in the active site of the enzyme, was mutated to establish any role this 

residue might play in the catalytic reaction (Ridderstrom et al., 1997). Analysis of this mutant 

form of the H. sopiens GlxI enzyme confirmed that Met158, a threonine in the E. coli 

enryme, plays no role in the enzymatic catalysis but rather is involved in substrate binding. 

Further mutagenesis studies were directed towards the metal ligands. The two glutamate 

ligands (1 00 and 173) to the zinc in the enzyme active site were each replaced by glutamines. 

These two single mutants were found to have minimal enzymatic activity, which could be 

correlated to the lack of a catalytic metal in the enzyme as determined by inductively coupled 

plasma atomic emission spectroscopy (Ridderstrorn et al., 1998). 
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Figure 1.9: The reactions catalyzed by the glyoxalase system, with an enediol intermediate in 
the GlxI catalyzed reaction. 



To compensate for the loss of a charged amino acid in the metal ligands, double 

mutants were constructed in which glutamine 34 was simultaneously rnutated to a glutamate. 

The full metal complement of one mole of zinc per mole of enzyme subunit was found for the 

Q34EE 1 73 Q double mutant however no catalytic activity codd be detected. (Note: 

Nurnbering of the residues in the H sapiens GlxI enzyme corresponds to the sequence 

including the N-terminal methionine, whereas some published reports refer to the residue 

numbers following removal of this methionine.) The Q34EE 1 00Q mutant however onIy 

retained 0.3 mole of zinc per mole of subunit and only 1.5% of the activity measured for the 

wild-type enzyme. It should be noted however that the activities of these enzymes were 

measured without the addition of supplemental metal to the assay solution. It is possible that 

the enzymatic activities wouid be higher had more metal been present. If  the affhify of the 

enzyme for the metal is reduced the enzyme may not be able to bind the metai under the given 

conditions to reveal enrymatic activity. The crystal structure of the inactive Q34EE173Q 

double mutant was determined and revealed no significant alteraîion in the enzyme active site 

or metal binding. Based on these results it was concluded that the metal ligand glutamate 173 

is directly involved in the catalytic mechanism of the glyoxaiase 1 reaction, perhaps sening as 

the catalytic base for removal of the C-1 proton fiom îhe substrate (RidderstMm et al., 1998). 

Analysis of the crystal structure of the wild-type GlxI enzyme fiom H sapiens and rnodeling 

of the structure revealed that glutamate 173 may lie as close as 4 A to this carbon suggesting 

this dual role is possible (Cmeron et al.. 1997). 

Figure M O :  (A) A product analogue (NBC-GSH), and (B) putative transition state analogue 
(HIPC-GSH), cocrystallized with H. sapiens GlxI. The 'GS' indicates the glutathione 
moiety of the molecules. 



The c~ystallographic snidies with the W. sapiens GIxI enzyme have recently been 

expanded to include analyses of the enzyme with a putative transition state analogue, S-(N- 

hydroxy-N-p-iodopheny1carbamoyI)gIutathione (HPC-GSH) which is designed to mimic the 

enediol intermediate believed to form during the reaction. As well a glutathione analogue 

proposed to rnirnic the reaction product, S-p-ni~obenzylcarbonylg1~tathione WC-GSH). 

was aiso studied (Cameron et al., 1999a; Figure 1 - 10). 

n i e  stnicture with the putative transition state analogue bound to the enzyme revealed 

that the hydroxycarbamoyl group was directly coordinated to the zinc ion, and the one or two 

water molecules seen around the metal ion in other forms of the H- sapiens GlxI crystal 

structure were not present in this complex (Cameron et al., 1999a). Based on this observation 

and the results of the mutant forms of the enzyme a detailed mechanisrn for the GlxI reaction 

was proposed (Figure 1.1 1). It is suggested that when the substrate is bound in the enzyme 

active site the metal bound waters are replaced by the oxygens of the substrate, and glutamate 

173 is also displaced. This would result in the 6-coordinate zinc becoming 5-coordinate for 

the duration of the reaction and the metal ion directly coordinated to the substrate, contrary to 

previous spectroscopie studies which suggested the presence of intervening water molecules. 

The glutamate is now able to fùnction as the catalytic base and rnay be able to absuact the 

proton fiom the C-I carbon of the substrate. The enedioIate intemediate which is formed 

then may be reprotonated at the C-2 carbon, forming the product of the reaction which is then 

released from the active site (Cameron et al.. 1999a). 

However, this mechanism does not account for the apparent use of both isomers of the 

hemiacetal substrate. Although a similar mechanisrn utilizing glutamate 100 as the catdytic 

base could be proposed for the R-isomer of the substrate, the data does not support this. The 

position of th is  residue in relation to the reaction intermediate does not appear to allow 

reprolonation to form the D-lactoylglutathione isomer required, only the L-isomer would 

resdt based on the curent analysis (Cameron et al., 1999a). The strengths and weaknesses of 

this mechanisrn are further discussed in Chapter 3, as are other possible mechanisms for the 

GlxI reaction. 



Figure I.11: The mechanism of  the glyoxalase 1 reaction, proposed based on mutagenesis and 
crysrallographic studies on the sapiens enzyme (Ridderstrom et al., 1998; Cameron 
et al., 1999a). 



1.7 Glyoxalase II 

The second enzyme in the glyoxalase system, glyoxalase II (GlxII) hydrolyzes the 

product of the GlxI reaction, S-D-lactoylglutathione, to D-lactate and regenerates GSH. GlxII 

has been purified and studied from several sources. GlxII enzymes £kom tbee yeast sources, 

Candida albicans, Hansenula mr~ki i ,  and Sacchuromyces cerevisiae were purified and found 

to be monomeric with molecular weights ranging between 22-32 kDa (Murata et al., 1986a; 

Talesa et al., 1990; houe and Kimura, 1992; Bito et al., 1997). The substrate of the GLd 

reaction, the condensarion product of GSH and MG, was inhibitory to these enzymes. This 

hemiacetal substrate is also inhibitory to the G M  enzyme h m  mouse liver (Oray and 

Norton, 1980). 

The gene encoding Arabidopsis thaliana G M  was recently cIoned, the protein 

purified and characterized by two independent groups (Crowder et al., 1997; Maiti et al., 

1997; Ridderstr6m and Mannervik, 1997). This monomeric enzyme had a molecular weight 

of 28.8 kDa and an isoelectric point of 6.2 (Crowder et al., 1997; Ridderstrom and Mannervik, 

1997). It was also detemined that there were two moles of 2nf+ bound per mole of 

monomeric enzyme (Crowder et aI., 1997). Sequence analysis of the H. sapiens and A. 

thaliana enzymes indicated high homology between the proteins and led to the observation 

that a 15 arnino acid region. containing several histidine residues is highly conserved. This 

region is also conserved in two other hydrolase families, the metallo-P-lactamases and a 

group of arylsulfatases (Crowder et al.. 1997; Melino et al., 19%). - 
GlxII has also been identified in a wide range of additional species and tissues, from 

rat erythrocyte to pigeon spleen (Vznder Jagt, 1989 and references therein). However, the 

available knowledge regarding GlxII expanded rapidly in recent years with the expression and 

characterization of the enzyme fiom H. sapiens (Ridderstrlim et al.. 1996; Cameron et al., 

1999b). The 780 base pairs coding for the GIxII gene, yields a monomeric 28.9 kDa protein 

with an isoelectric point of 8.5. Limited proteolysis of H. sapiem GlxII combined with 

secondary structure predictions suggested that the monomeric enzyme is cornposed of two 

domains made up of different secondary structures (Aceto et al., 1998). This was confkned 

by the recent solution of the crystal structure of H. snpiem GlxII (Cameron et al., 1999b). 

The 1.9 A structure reveals that GlxII is composed of a four-layered f3 sandwich domain 



similar to that observed in metdo-B-lactamase enzymes, and a second d o m a  unique to 

G M ,  which is composed mainly of a-helices (Figure 1.12; Cameron et al., 1999b). The 

active site contains a binuclear zinc-binding site, also observed in some metallo-P-lactamases. 

Examination of the ligands around the two zinc ions indicated the presence of a water 

rnolecule coordinated between the two metais. As such it is believed to exist as a hydroxide 

ion (Cameron et ai., 1999b). 

This enzyme was aiso cocrystallized with a substrate that is slowly hydrolyzed by the 

enzyme, S-(N-hydroxy-N-bromophenylcarbamoyl)gluone (HBPC-GSH). Forniitously, 

one molecule of the asymrneuic unit contained this molecule while the second was found to 

contain glutathione, the product of the hydrolysis reaction. The hydroxide ion bound to the 

two metal ions was found to be only 2.9 A fiom the subsmte carbonyl carbon suggesting that 

it may act as nucleophile in the hydrolysis reaction. This has Ied to the postulated mechanism 

outlined in Figure 1.13 (Cameron et al., 1999b). 



Figure 1.12: Structure of H. sapiens glyoxalase II (PDB 1QH5; Cameron et al., 1999b). The 
zinc atoms are in black space fill, and the HBPC-GSH cocrystallized in the active site 
is displayed as sticks. (Prepared with WebLab Viewer Pro ver 3.7, Molecular 
Simulations Inc.) 
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Figure 1.13: Proposed reaction mechanism for glyoxalase II. The amino acids observed in 
the crystal structure to be metal ligands are indicated with the corresponding residue 
numbers. (Adapted from Cameron et al., 1999b). 



1.8 Glyoxalase III 

In 1995 a unique glyoxalase enqme was identified, capable of conveaing 

methylglyoxal directly to D-lactate* in a glutathione independent fashion (Misra et al., 1995). 

This enzyme, named glyoxalase III, was shown to be dimeric with a native molecular weight 

of approximately 82 kDa. Unlike GlxI which will accept a range of a-ketoaldehydes, to 

varying degrees, glyoxalase III prefers methylglyoxal and phenylglyoxal only, wit!! the latter 

utilized at only 15% the rate of rnethylglyoxal (Misra et al., 1995). The purified protein was 

confirmed to be fiee of contarninating GlxI or GlxII activity by monitoring any production or 

consumption of S-D-lactoylglutathione. Neither was detected, nor was any GSH present. 

Furthemore, addition of GSH to the enzyme did not affect eflzyme activity (Misra et al., 

1995). Therefore, the activity observed is clearly due to a novel enzyme. 

Surpnsingly, in the five years since this unique enzyme was reported there have been 

no hrther publications regarding glyoxalase III in any organism. MacLean and coworkee 

(1998) reported that the activity of glyoxalase III in E. coli cells was tested during their 

analysis of MG resistance in ce11 lines expressing GlxI and GLvI nul1 mutant ce11 Lines. 

However. the only information gained was the observation that the activity of glyoxalase III 

was not enhanced in cells lacking a functional (31x1 enzyme. Hence there appears to be no 

inherent compensation mechanism (MacLean et al.. 1998). 

q.9 Nickel and E coli 

As E. coli Glxl is rnaxirnally active in the presence of ~ i "  it is worth examining the 

levels of nickel available in the ce11 and other nickel-utilizing enzymes. It should be noted at 

this point however. that althouph we have detected maximal enzyrnatic activity with ~ i ~ ' ,  and 

s h o w  that addition of ~ i ' -  to the growth media enhances the activity of the expressed GixI 

protein. indicating the ~ i "  is transported into the ce11 and taken up by the enzyme, we have 

not unequivocally established that ~ i ' -  is the native metal in E. coli GlxI outside a laboratory 

setting (Clugston, 1997; Clugston et al.. 1998a). ïha t  being said, our report on the maximal 

activation of E. coli GlxI by nickel ions has attracted much interest and has been included in 

current reviews on nickel enzymes (Maroney, 1999; Watt and Ludden, 1999). 



1.9.1 Nickel Transport 

Aithough nickel is an essentid trace metal, the levels of fiee nickel in cells must be 

tightly controlled. Toxicity can result fiom nickel binding non-specificdy to biomolecules, 

or by displacing the natural metal fIom the binding site in proteins required for ce11 growth 

and suMvaI (Ankel-Fuchs and Thauer, 1988; Drake, 1988; Wu et al., 1994; Chivers and 

Sauer, 2000). The cellular proteins requiring nickel will be discwed in the following section 

after an examination of the rneans by which nickel is transported into the cell. As our 

investigations deal with a bacteriai enzyme, only the transport at the level of a single ce11 will 

be examined. A review of the transport in multicellular organisms, fiom plants to vertebrates 

can be found ersewhere (Drake, 2 988). 

Nickel can be transported into the ce11 in a passive or facilitated manner. Nickel can 

diffuse into the ce11 where is it incorporated into intracellular molecules. As such the nickel 

will essentially accumulate against a concentration gradient, if the intracellular fom is 

different fiom the extracellular form. Facilitated nickel transport in microbial cells has been 

found to occur both by a high-affinity and low-affinity transport system. Three distinct M~'' 

transport systems have been identified in S. typhimuriurn, CorA, MgtA, and MgtB (Snavely et 

al.. 1989). These magnesium transport systems have been demonstrateci to also translocate 

nickel, as well as CO" and zn2' alrhough with lower afinity than for M ~ ~ '  (Drake, 1988; 

Snavely et al., 1989; Silver, 1996; Watt and Ludden, 1999). 

Hi&-affinity ~ i ' '  transport has been identified in several microbial organisms. There 

are two main classes, the single component and the rnulticomponent ATP-dependent group 

(Reviewed by Watt and Ludden. 1999). Examples of the single component class include 

HoxN. a nickel permease identified in AZcaligenes eurrophus (Eitinger et al., 1997). This 

integral membrane protein does not appear to require additional protein components to import 

nickel. Another integral membrane protein. NixA, has been identified in Helicobacter pylori 

as a high affinity nickel import protein (Fulkerson et ai., 1998). A hi&-affinity nickel- 

specific transport system was also identified in E. coli. Unlike HoxN or NixA, the 'Nik' 

transport system is encoded by an operon of five genes. These genes are believed to encode 

an ATP-binding cassette transport ATPase (Figure 1.14; Navarro et al., 1993). The 

transcription of this operon appears to be highly regulated. An oxygen-sensitive 

transcriptional factor, the fumarate nitrate regulatory protein (Fm) acts as an activator, and 



NikR acts as a repressor when intraceMar concentrations of ~ i ' '  are high (Chivers and 

Sauer, 2000). It has also been demonstrated recently that NikR is dimeric with two high 

affinity nickel binding sites and a low affinity site that regulates the DNA binding affinty of 

this protein. When NikR binds nickel it recognizes and binds to the operator DNA. repressing 

expression fiom the nikABCDE operon (C hivers and S auer, 20 00). There fore, maximal 

expression of the five genes in the nik operon is observed when the intracellular nickel 

concentration is very Iow and the growth conditions are anaerobic. 

Figure 1.14: The ATP-dependent NikABCDE perrnease in E. d i .  (From Silver, 1996) 

1.9.2 Nickel Enzymes 

As more nickel-dependent enzymes are identified the biological importance of this 

once ignored micronutrient are becoming clear (Ankel-Fuchs and Thauer, 1988; Drake, 

1988). Although numerous metalloenzymes are active upon addition of ~ i ~ '  or replacement 

of the native metal with ~ i ' '  (For example see Pallen and Wang, 1986; Angleton and Van 

Wart, 1988; Omburo et al., 1992; Ragusa et al., 1 W8), some even to levels greater than or 

comparable to the native enzyme activity, very few enzymes actually utilize nickel as the 

natural catalytic metal ion. The enzymes known to be nickel-dependent include: urease, 



hydrogenase, carbon monoxide dehydrogenase, methyl-S-coenzyme M reductase, and one 

group of superoxide dismutase enzymes (For reviews see Hausinger, 1987; Volbeda et al., 

1996; Hausinger, 1997; Maroney et al., 1998; Ragsdaie, 1998; Maroney, 1999; Watt and 

Ludden, 1999). Other proteins that may prove to be nickel enzymes include peptide 

deformylase, cis-tram isomerase, and E. coli GM. In general, nickel-utilking enzymes c m  

be divided into two groups, those involving redox chemisûy, and non-redox enzymes. The 

enzymes catalyzhg redox reactions are briefly described first- 

Superoxide dismutase (SOD) enzymes protect the cell from oxidative damage by 

catalyzing the disproportionation of superoxide to peroxide and molecdar oxygen. This 

enzyme has been found to require a redox active metal and classes of SODs have been found 

to bind manganese, iron, copper, and the recently identified nickel-containing SOD (Kim et 

al., 1996; Youn et al., 1996). Spectroscopie studies on the nickel site indicate the metal is 

five-coordinate with three S-donor ligands, one N-donor, and one additional N or O-donor 

(Choudhury et al., 1 999). 

Hydrogenases catalyze the reversible activation of hydrogen, either oxidizing H2 to 

generate reducing equivalents. or producing H2 dufing fermentation when protons are the 

terminal electron acceptor in the electron transport chain. Although three groups of 

hydrogenases exist, based on their cofactors' the largest group contains nickel and iron. The 

nickel is coordinated by sulfur ligands from four cysteine residues (Maroney et al., 1998; 

Maroney. 2 999 and references therein). 

Carbon monoxide dehydrogenase catalyzes the oxidation of carbon monoxide to 

carbon dioxide. Growth of Clostridiurn therrnoaceticum in the presence of 6 3 ~ i  was utilized 

to establish that nickel in the growth media was taken up by the bacteria and incorporated into 

the dehydrogenase (Drake et al.. 1980). The nickel center has sulfûr donor ligands and is 

linked to an iron-sulfur cluster (Diekert. 1988; Watt and Ludden, 1999). Carbon monoxide 

dehydrogenase is a bifunctional enzyme in acetogenic (anaerobes that produce acetate from 

autotropic gowth on CO? and Hz or a product of sugar fermentation) and methanogenic 

(convert acetate to methane and COz, coupled to ATP synthesis) bacteria (Watt and Ludden, 

1999). The second active site catalyzes acetylcoenzyme A synthesis and also appears to 

contain a nickel site linked to an iron-sulfix cluster (Maroney, 1999; Watt and Ludden, 1999). 



MethylS-coenzyme M reductase catalyzes the last step of methane production in 

rnethanogenic Archaea, often cdled methanogens (Wackett et d., 1988). Nickel is not 

direcrly bound by the enzyme but rather contained in a yellow chromophonc tetrapymole 

called F430 (Wackett et al., 1988; DiMarco et al., 1990; Hausinger, 1994; Watt and Ludden, 

1 999. and references therein). 

One of the most extensively studied nickel enzymes is urease (Reviewed by 

Hausinger, 1994; Mobley et al., 1995; Hausinger, 1997; Maroney et al., 1998; Waît and 

Ludden, 1999). Urease catalyzes the hydrolysis of urea to form ammonia and carbamate via a 

non-redox reaction. The structure of Klebsiella aerogenes urease is a trimer of trimers with 

three dinuclear active sites. In addition to water ligands, one nickel has two histidine ligands, 

the second two histidine ligands in addition to an aspartate ligand. One of the key feaîures 

however is the carbamylated lysine that bridges the two nickels (Jabri et al., 1995). 

Identification of this ligation pattern helped to explain why apourease regained very low 

levels of activity upon addition of nickel, unless COz was also supplied (Park and Hausinger, 

1995). The carbamate Ligand is not specifically required, but a bidentate carboxylate-like 

bridging ligand is essential for proper positioning of the nickel ions. 

The assembly of a functional urease enzyme has been s h o w  to require numerous 

proteins. Four accessory proteins and three structural proteins have been identified in the 

urease gene cluster. Although the role of al1 the accessory proteins has not yet been clearly 

established. UreE is believed to be the accessory protein responsible for delivering M2' to the 

apourease enzyme (Brayman and Hausinger. 1 996; Co1 pas and Hausinger, 2000). An 

extensive number of reports have been presented on the analysis of the nickel insertion into 

apourease. The particulan of the currently proposed mode! can be found in great detail in 

several reports (Mobley et al.. 1995; Watt and Ludden, 1999). 

The hydrogenase and carbon monoxide dehydrogenase enzyme also appear to have 

associated gene products involved in delivery of nickel (Reviewed by Watt and Ludden, 

1999). 

Of these known nickel enzymes, only urease and hydrogenase enzymes have been 

identified in E. coli (Mobley et al., 1995; Silver, 1996; Maroney, 1999; Watt and Ludden, 

1999). In addition to these known nickel enzymes, several other proteins require M e r  

investigation to determine if they are naturally nickel enzymes. A prelixninary report has been 



presented outlining the purification of an E. coli cis-trans isomerase that is proposed to bind 

nickel (WüIfing et al., 1994). Although the natural metal has not yet been established, peptide 

deformylase isolated fiorn E. coli shows activity with ~ i ~ +  and has been purified and snidied 

as an ~e~~ and enzyme (Groche et al., 1998; Ragusa et ai., 1998). Similarly E. c d i  GlxI 

is maximally active with ~ i ?  and the enzyme incorporates ~ i ~ '  during protein expression in 

media containing ~ i ~ +  (Clugston et al.. 1 998a), and may indeed be a ~ i - d e p e n d e n t  enzyme. 

However, determination of the native metal awaits M e r  investigation. 

1.1 0 Summary and Research Objectives 

The potential for the glyoxalase system to be an effective dmg target, taking 

advantage of the toxic effects of rnethylglyoxal, is receiving renewed interest particularly in 

the area of anticancer agents. Alterations between eukaryotic G U  enzymes and those fiom 

bacterial sources such as E. coli could also be targeted for novel antibacterial agents. As such, 

improvements in Our understanding of the mechanism of action of this enzyme are cntical. 

Our knowledge of the glyoxalase system has advanced significantly in recent years with many 

insights into the reaction mechanism, the solution of the first crystal structure of a glyoxalase 

1 and glyoxalase II enzyme fiom H sapiens. our identification of the unique metal activation 

properties of E. coli GlxI, and identification of many putative GlxI sequences in other 

organisrns. 

In this work we sought to gain a more detailed understanding of the structural and 

mechanistic erqmology of glyoxalase 1. Our investigations have focused specifically on the 

metal binding site and properties of Escherichia coli GlxI. To begin, the kinetics of the 

enzyme activation with various metal ions was examined in addition to the relative affinity of 

the e n q r n e  for the divalent metals. These characteristics are cornpared to a mutant f o m  of 

the enzyme in which one of the metal tigands is altered. Structural features of the overall 

enzyme and details of the active site metal environment were exarnined pnmarily with 

spectroscopie and crystallographic techniques revealing interesting insights into the variation 

in metal activation of this enzyme. In addition, numerous putative GlxI sequences have been 

identified, including nineteen from pathogenic organisms. Analysis of these postulated 

sequences in cornparison to the GlxI sequences fiom H. sapiens, P. putidu, and S. cerevisiae 

allowed the identification of consistent alterations in the bacterial sequences. Furthemore, 



the DNA encoding two of  the putative GLxI sequences has been placed in an overexpression 

system, and the metal activation of the produced protein examined. 

A s  E. cofi GlxI is maximally active in the presence of PJi2', our improved knowledge 

of this enzyme enhances our understanding of the glyoxalase system and the role of the metal 

ion in the GixI reaction. This work also provides M e r  insight into the factors that may 

controI metal selectivity by an enzyme and the effect of various metai ions on the enzymatic 

activîty with structural expianations for such differences. Furthemore, analysis of E. coZi 

glyoxalase 1 containhg M2' amelioiates our knowledge of protein-nickel interactions in 

generd. 



CHAPTER 2 

ESCHERICHIA COLI GLYOXALASE I : 

KINETIC STUDIES AND DETAILED METAL ANALYSES 

2.1 Introduction 

To increase our knowledge regarding the detoxification enzyme, glyoxalase 1 (GlxL), 

and to obtain information on a represen~tive bacterial form of the enryme, we pursued the 

isolation and charactenzation of Escherichia coli glyoxalase 1. We have previously reported 

the creation of an expression and purification system and several unique properties of this 

enzyme (Clugston, 1997; Clugston et al., 1998a). This work performed during my MSc. 

studies, is outlined in the following section. The results of this work led to the current 

investigations presented in this thesis in which we have examined the enzyme kinetics, as well 

as the numerous properties of the metal substituted forms of the enzyme, fiom activation 

levels to enzyme afI5nit-y for the metals and stability of the enzyme. This work has provided 

fascinating insights into the characteristics of glyoxalase 1. 

2.1. i E. coli Glyoxalase I 

Protein Expression and Purification 

n i e  DNA encoding E. coli glyoxalase 1, gloA (Figure 2.1), was placed under the 

control of the ptac promoter in the plasmid. pTTQ 18 (Stark, 1987). The resultant expression 

system. E. coli MG16WpGL10. consistently produces 150-200 mg of protein per liee of ceIl 

growth in rich media. A two-step purification protocol was developed, yielding homogeneous 

apoenzyme for use in extensive kinetic and structural studies (Figure 2.2). Our initial studies 

on this enzyme revealed interesting properties of the enqme, some of which are quite 

different fiom the properties of previously studied GlxI enzymes, such fiom H. sapiens or S. 

cerevisiae. 



TGGCGGCGCGGAAGGCTATACCGATTACCCGACGTTGTAAATTGCGAGCGGCGT 126 
-35 

A W G C C G C C G C T A T A C T A A A A C A A C A T T T T G A A T C T G T T A G C C A T T T T G  186 
-10 HinfI SD 

ATGCGTCTTCTTCATACCATGCTGCGCGTTGGCGATTTGCCGCTCCATCGATTTTTAT 2 4 6  
M R L L H T M L R V G D L Q R S I D F - 0  

TGGGGCGTGGATAFATACGMCTCGGCACTGCTTATGGTCACATCGCGCTTAGCGTAGAT 4 2 6  
W G V D K Y E L G T A Y G H I A L S V D  80 

AACGCCGCTGAAGCGTGCGAAAAAATCCGTCWCGGGGGTMCGTGACCCGTGMGCG 4 8 6  
N A A E A C E K I R Q N G G N V T R E A 1 0 0  

GGTCCGGTAAAAGGCGGTACTACGGTTATCGCGTTTGTGGAAGATCCGGACGGTTACM 5 4 6  
G P V K G G T T V A F V E D P D G Y K 1 2 0  

ATTGAGTTAATCGAAGAGAAAGACGCCGGTCGCCGTCTGGGCAACTMTCTCCTGCCGGG 606 
I E L I E E K D A G R G L G N  135 

CGTGAACTCATCGCGCCCGCATCTTTACTGCATCGACMGTAATATTTGTCATAATGCGC 666 
B s s H I  1 

Figure 2.1: E. coli glyoxalase 1 DNA sequence and corresponding protein sequence. The 
sites utilized in the construction of the expression plasmid, pGLlO, are shown for 
reference. Details of the plasmid construction have been presented previously (M-Sc. 
work; Clugston, 1 997; Chgston et al., 1998a). 
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Figure 2.2: Stages in the purification of E. coli glyoxalase 1. (15% SDS-PAGE with 
Coomassie staining; From Clugaon, 1997; CIugston et al., 1998a). 

Figure 2.3: Reconstructed electrospray mass specaum of purified E. d i  glyoxalase 1, 
indicating the observed subunit molecular mass in Daltons (Calculated = 14 919). 
Other srnall peaks corresponding to non-covalent adducts with sodium, potassium, and 
MOPS b a e r  are evident. No other peaks were observed in the spectra over a mass 
range of 1000-1 00 000 Da. 



Characteristics of E. coli Glyoxalase I 

We have demonstrated that E. coli glyoxalase 1 is a metdoenzyme that hc t i ons  as a 

homodimer with a subunit molecular weight of 14 91 9 Da, confkmed by electrospray mass 

spectrometry (Figure 2.3). The addition of metal does not appear to affect the overall 

structure of the enzyme, based on circular dichroism studies. nor does it influence the dimeric 

nature of the enqme. Gel filtration studies indicated the enzyme to be dimenc both in the 

presence and absence of metd ions (Clugston, 1997; Clugston et al., 1998a). 

Metal Activation 

For the Homo sapiens, Saccharomyces cerevisiae, and Pseudomonas pufida GixI, the 

essentid metal has been shown to be zinc (Aronsson et-al., 1978; Ridderstr6m and 

ManneMk, 1996; Saint-Jean et ai., 1998). In contrast, however, GlxI fiom E. coli is 

completely inactive in the presence of zinc. Maximal activity is found in the presence of ~ i ~ ~ ,  

with reduced activity with CO", cd2', and ~ n "  (Figure 2.4; Clugston, 1997; Clugston et al., 

1998a). In addition, maximal activity was observed with one mole of metal per mole of 

dimeric enzyme (Figure 2.5), compared to the two equivalents seen for the dimeric H. sapiens 

GlxI enzyme. This was confirmed by metai analyses which indicated that active N~"-G~XI 

contained only one equivalent of metal. This was especially punling given the relatively 

high amino acid sequence homology between the E. coli and H sapiens enzymes (36% 

identity plus and additional 14% si mi la ri^; Cameron et al., 1997; CIugston, 1997; Clugston et 

al., 1998a). 



Metal Chloride 

Figure 2.4: Activation of apo E. coli GlxI by various metal ions (10x mole equivalence; 
Clugston. 1997; Clugston et al., 1998a). 

Figure 2.5: Titration of apoGlxI with four activating met& (Clugston, 1997; Clugston et aL. 
1998a). Activities are shown relative to the ~i~'-activated enzyme with the lines 
indicating the trend in the data. 



2.1.2 Kinetic Analyses 

To M e r  examine the role the metal ion plays in the activity of E. coZi GM, a 

detailed kinetic study has been undertaken. The kinetic parameters of the enzyme activated 

with several metai ions have been examined. In addition, the effect of pH on the e q m a t i c  

h c t i o n  of C O - ~ 1 x 1  has been compared to the previous work with N ~ - G M  (Clugston, 

1997; Clugston et al., 1998a). which indicated the Km for the MG-GSH hemiacetal adduct 

substrate was significantly increased above a pH of 8.0. As our prelunuiary analysis indicated 

that E. coli GIxI reaches maximal enzymatic activity with only one mole of rnetal suppiied per 

mole of dimeric enzyme (Figure 2.5). it appeared that the affinity of the enzyme for metd was 

also quite high. To determine how tightly the meral is bound, and whether any exchange of 

the bound metd ion can occur, a series of metal cornpetition experiments were performed. 

2.1.3 Metal Binding 

In an effort to characterize the metal binding in E- cofi GlxI we have examined two 

particular aspects, the amounr of metal bound to the enqme and t4e affinity of the protein for 

specific metal ions. 

Quantitative Meral Analysis: Indztcrively Coupled Plasma Analysis (ICP) 

Elemental analysis is ofien employed to determine the arnount of metd in a given 

sarnple. Two common techniques to analyze the levels of metais in a solution are atomic 

absorption (AA) and inductively coupled plasma (ICP) spectroscopy. The basic principle 

behind these techniques is that eve? element produces its own characteristic s p e c t m  when 

excited. When energy is supplied to an atom. one of the valence electrons can move fiom its 

low energy state. or ground state, to a higher orbital, or excited state and the absorbed 

radiation is termed the resonance line (Robinson. 1996). The principle diserence between 

these two analyticd techniques is that atomic absorption spectroscopy is concemed with the 

absorption of energy when the electron is excited. whereas ICP analysis is within the field of 

atomic emission spectroscopy. The transition of an electron fiom an excited state to any 

lower excited state, even the ground state, produces a photon of energy and this emission is 

the basis for ICP analysis (Robinson, 1996). Discrete energy levels exist and therefore the 

difference between these levels can be defined and the absorbed or emitted energïes, which 



are partïcular wavelengths of light, are characteristic for each element (Robinson, 1996). The 

intensity of the light emitted, in the case of emission spectroscopy, is related to calibration 

curves to determine the concentration of the particular metal in the sample. The radiant 

energy absorbed or emitted is generally in the ultraviolet range, as opposed to x-ray 

radiation utilized in techniques such as x-ray absorption spectroscopy W S )  in which core or 

inner shell electrons are excited (Chapter 3). For both absorption and emission spectroscopy 

fiee atoms must be generated prior to excitation. This is generally accomplished with a flame 

or thermal atomizer. In ICP emission a plasma torch, generally argon, is utilized to generate 

and excite the atoms. AIthough there axe several differences between AA and ICP 

spectroscopy, well described by Robinson (1996). for our purposes the key feature was that in 

AA analysis one individual element is examined at a time. In ICP emission spectroscopy 

numerous elements can be anal yzed simubneousl y. 

We were interested in detemining the types of metaIs present in our protein solutions 

and their quantities. Therefore, ICP analysis was employed. To detemiine the arnount of 

metal bound to each G M  dimer, metal analysis was performed on the enzyme that had been 

reconstituted wiùi several different metal chlorides- In addition we were interested in 

detemining the amount of metd incorporated into the enzyme during bacterial expression of 

the protein. E. coli expressing GlxI, was grown in the presence of NiC12, ZnClr, or no 

additional metals and metal analyses performed on the partidly purified enzymes to 

determine if the metal was tmsported into the ceIl and bound by the enzyme. 

Binding A B n i w  Isothermal Titration CuZorimerry (ITC) 

There are many techniques available for the analysis of the interactions of a protein 

with various ligands, several of which are briefly outlined below and have been reviewed 

elsewhere (Hensley, 1996; Doyle and Hensley. 1997; Loo, 1997; Fersht, 1999). 

Equilibriurn dialysis has been widely utilized for analysis of binding interactions. This 

involves diaiyzing a solution of the enzyme plus ligand agallist ligand alone, separated by a 

semipermeable membrane. The semipermeable membrane will allow passage of the ligand 

but not the protein. Following eqdibration, the amount of b o n d  and free ligand in the 

protein cornpartment is determined and compared to the amount of fiee ligand in the other 

chamber (Hughes and Klotz, 1956; Fersht, 1999). Analysis of the ratio of bound to fiee 



ligand at various concentrations of ligand is performed to detemiine the dissociation constant- 

Traditionaily ligands that are radioactive are employed due to the ability to perfonn these 

rneasurements on s m d  quantities of protein. Various methods are available to quanti@ the 

metal of interest (Hughes and Klotz, 1956). Equilibrium dialysis has been extensively 

employed in the analysis of metal dissociauon rates and dissociation consranls for carbonic 

anhydrase (Kefer et ai., 1995; Huang et al., 1996; Hunt and Fierke, 1997). A 'PAR assay7 

was developed by Hunt and coworkers (Hunt et al., 1984) in which 4-(2-pyridylazo)resorchol 

(PAR) is utilized to detect the enzynne-bound zinc colorimetrically, following the 

chromatographie removal of the fiee metal after dialysis. 

Fluorescence spectroscopy is atso commoniy utilized to detect and quanti@ changes 

that may occur when a macromolecule and ligand bind. This technique is dependent upon 

either the macromolecule or ligand undergoing a change in its fluorescence upon interaction. 

In principle, increasing amounts of iigand are added to the protein solution and the change in 

fluorescence rnonitored (Fersht, 1999). This methodology has also been applied in some 

cases tu systerns in which there may not be a change in fluorescence upon binding, but an 

absorbance change cm be monitored (Fersht, 1999). 

Andytical ultracentrifugation has also been applied to this problem (Hensley, 1996). 

The absorbance of the bound and fiee forms of the rnacromolecule are monitored by 

ultraviolet spectroscopy during the sedirnentation process- The higher molecular weight 

compIexes will sediment more rapidly and hence a moving boundary in the absorbance 

measurements is observed (Fersht, 1999). 

As described in the foIlowing section in &ch the association of various inhibitors for 

GlxI is examined. electrospray mass spectrometiy (ESMS) is also gaining acceptance for the 

analysis of non-covalent complexes (Loo, 1 997). 

A rnethod that is just begiming to becorne widely used, as more instruments are 

available, is surface plasmon resonance (SPR). In this technique, the macromolecule is 

immobilized on a surface and the ligand solution flows over the immobilized partner. Any 

changes in the refiactive index, associated with the interaction of the two molecules, are 

measured in real time (Szabo et al., 1995; Doyle and Hensley, 1997). From these 

measurements the association rate constant, ka, and dissociation rate constant, kd, can be 

measured, and the corresponding dissociation constant Kd, caiculated fiom these results. An 



obvious source of error or interference with this method is the requirement for immobilization 

of one of the ligands. This may rnodïfy or alter the interaction (Loo, 1997). 

The technique chosen for the investigation of the interaction between E. d i  G U  and 

various metal ligands was i s o t h e d  titration calorirnetry (ITC). This thermodynamic 

technique measures the heat of binding. either endothermic or exothemiic, when two 

molecules interact. By exact measurement of this heat a binding isothem can be constnicted 

fiom which thermodynamic parameters of the interaction can be determined (Doyle, 1997; 

Ladbury and Chowdhry, 1998). This is becorning a widely used techaique as it has many 

advantages over other methods. For example, ITC does not require immobilization of the 

protein as in SPR, no specific labels are required on either the Iigand or macromolecule, and 

no spectroscopic change is required to rnonitor the interaction. TTC is also useful for 

numerou applications, fiom the interaction between two proteins, to protein-ligand 

interactions, DNA-protein or DNA-ligand interactions (Brandts et al., 1990; Ladbury and 

Chowdhry, 1996). 

In a typical ITC titration the sample ce11 contains the macrornolecule, equilibrated to 

the desired temperature. Aliquots of the ligand are then added in precise amounts by a motor 

driven syringe. The heat change upon each addition is monitored compared to the reference 

ce11 and appears as a peak on the binding isotherm, As the binding sites on the 

macromolecule are filled with ligand the heat change decreases with each addition until only 

the heat of dilution of the ligand is observed, producing the binding isotherm (Ladbury and 

Chowdhry. 1996). The area under each peak in the binding isotherm is determined to 

quantitate the heat fiorn the titration. Figure 2.6 illustrates the general design of an isothermal 

chamber and the specific setup of the CSC calonmeter utilized in our analyses. 

From this data the stoichiometry (n) of the interaction can be determined fiom the 

molar ratio of the macromolecule and ligand at the equivalence point. In our case this was the 

number of metal ions bound to each dimeric protein molecule. In addition the 

themodynamics are measured. namely the change in enthalpy (AH) and association constant 

(K or Ka). From this information the entropy change (AS) and the Gibbs fkee energy change 

(AG) can be calculated according to the following equation: 



where R is the gas constant and T the absolute temperature in Kelvin. 

The variables are ofien referred to with a 'B' (eg asGO) to indicate they are derived 

fiom binding studies. The ITC analysis of a particular system can be expanded to include 

analyses performed at various temperatures (Ladbury and Chowdhry, 1996; Ladbury and 

Chowdhry, 1998), which c m  be used to determine the change in heat capacity (A&~) 

according to the following: 

where Ti and T2 are the two temperatures at which the experiment was performed. 

The amount of protein required is dependent upon the amount of heat produced for the 

given interaction. Sufficient levels are required to ensure the heat being measured is above 

baseline levels. It has been found that 3-12 mg of protein is generally required in each 

titration. As a general guide, it is recommended that sufficient protein be used such that the 

product of the molar protein concentration and the binding constant O() is between 1 and 

1000 (arbitrary units: Brandts et al., 1990). 

In this work, the interaction of apo E. coli GlxI with ~ i ' + ,  zn2+, CO". cd2+' ~ n ~ + ,  

M ~ ~ ' ,  and ~ a ' ~  has been exarnined by isothemal titration calorimetry. 



Figure 2.6: (A) General concept in ITC illustrating the binding o f  a ligand to a 
macromolecule (From Doyle and HensIey, 1997). AT is the temperature difference 
between the sarnple and reference ce11 measured during the titration. (B) Schematic of 
the CSC ITC (From CSC 4200 ITC User's Manuai). T.E.D. refers to the thermo 
electric device which are the semiconductor thermopile heat flow sensors. 



A widely used technique to determine the thermal stzibility of an enzyme is differentid 

scanning calorimetry (DSC). This thermodynamic method measures the conformational 

energy in macromolecules. The sample, protein in this instance, is heated over a temperature 

range and the difference in heat between the sample and reference cells are monitored. At a 

particular stage in the temperature scan, the melting temperature (Tm), the sample will 

undergo a physical change. For proteins this is generally denaturation, or thermal unfoldhg 

(Ladbury and Chowdhry, 1998: Fersht, 1999). Protein dolding is an endothermic process, 

hence there is an uptake of heat in the sample cell. Differences in the Tm give an indication of 

any variations in the stability of various forrns of the protein. The expzriments can be M e r  

expanded to examine the thermal denaturation curves with variations in îhe buffer pH. With 

this information the change in the heat capacity (AC,) between the folded and unfoided states 

c m  be detemined and further thermodynamic parameters, such as AH can be calcuiated 

(Ladbury and Chowdhq. 1 998; Fersht. 1 999). Detailed reviews of these calculations can be 

found elsewhere (Ladbury and C howdhry. 1 998; Fersht. 1 999). 

In this preliminary DSC study. the transition or melting temperature was examined for 

E. coli GlxI reconstituted with different rnetal ions as well as the apoenzyme. Cornparison of 

the Tm values provides an indication of the variation in stability of the enzyme with the 

particuIar metal ion present. 

2.1.5 Analysis of lnhibitor Binding Afinity &y Mass Spectrometry and 

Comparative Kinetics 

Traditional screening of potential inhibitors can be a labour-intensive process 

involving the examination of the enzyme kinerics in the presence of various levels of the 

inhibitor under examination. The increased availability of plate-readers has allowed for more 

rapid determination of enzyme kinetics and inhibition leveis on smaller quantities of matend. 

However. an alternative technique to the standard spectrophotometric assays is gaining wider 

acceptance, the use of mass spectrometry for determining the binding affinity of an inhibitor 

to the protein of interest (Przybylski and Glocker, 1996; Loo, 1997; RoepstorFf" 1997). Many 

inhibitor molecules act by non-covalent binding to the enzyme, usually at the active site of the 

enzyme. Such non-covalent interactions are thus of crucial importance in biochemistry, not 



only in enzyme-substrate and enzyme-inhibitor interactions, but also in the area of protein- 

protein interactions. Over the Iast several years biomolecular mass spectrometry has evolved 

into a potentid alternative technique for the investigation of these complexes, with its speed 

and sensitivity as significant advantages (Loo, 1997). For example, using mass spectrometry 

enryme substrate and/or inhibitor interactions have been studied even for rather large 

combinaional peptide libraries (Camilleri and Haskins, 1993; Gao et al., 1996; Potier et al.. 

1997). Electrospray mass spectrometry has also been used to investigate specific molecular 

protein-protein and protein-ligand interactions (Ayed et al., 1998; Jorgensen et al., 1998; 

Nettleton et al., 1998; Rostom et al., 1998). With this in mind, we have examined the non- 

covalent protein-protein interactions and binding fiinities of several S-substituted glutathione 

analogues, a putative transition state analogue (Ly et al., 1998) and a flavonoid towards E. 

coli glyoxalase 1 by nanoflow electrospray time-of-flight mass spectrometry (nanoESI-TOF- 

MS), in collaboration with Dr. A. J. R. Heck and E. Stokvis at Utrecht University (Utrecht, 

the Netherlands). The relative affinity of the inhibitors for the protein are compared to the 

level of inhibition measured by srandard enzyme kinetics (Stokvis et al., 2000). 



2.2.1 Reagents and Materials 

The following reagents were obtained fiom Sigma Chernical Company (St. Louis, 

MO): albumin (bovine), ampicillin (trihydrate), S-@-azidophenacy1)-glutathione, carbenicillin 

(disodium salt), Coomassie brillinant blue R, cupric chloride (dihydrate), diethanolamine 

(bis [2-hydroxyethyl] amine), DTNB ( 5 3  ' -dithiobis-(2-nitrobenzoic acid), ethylenediamine- 

tetraacetic acid (EDTA), glutathione (reduced), glutathione-sutfonic acid, S-hexylglutathione, 

S-lactoylglutathione, S-methylglutathione, methylglyoxal (40% aqueous solution), MES (2- 

(.N-morpho1ino)ethanesulfonic acid), MOPS (3-(N-morpholino)propanesulfonic acid), 

myricetin, S-@-nitrubenq1)-glutathione, S-octylglutathione, S-propylglutathione, and Tris 

@ydroxymethyl)aminomethane. 

S- {2- [3 -(Hexyloxy) benzoyl] -vinyl } glutathione, N-methyldiethan~lamine~ and nickel 

(II) chloride (hexahydrate, 99.9999% pure) were obtained fiom Aldrich (Oakville, ON). 

Ammonium chloride, calcium chloride (dihydrate), DMSO (dimethyl sulfoxide), 

hydrochioric acid, orthophosphonc acid, magnesiurn chloride (hexahydrate), potassium 

acetate, potassium chloride, potassium hydroxide, sodium chloride, sodium hydroxide, 

sulfuric acid. and yeast extract powder were obtained from BDH (Toronto, ON). Each was 

analytical reagent grade material. 

Agarose was obtained fkom ICN (Cleveland, Ohio). Tryptone (~acto@) was from 

Difco Laboratories (Detroit, Mi). IPTG was obtained fkom Diagnostic Chernicals Ltd. 

(Charlottetown. PEI), and Coomassie brilliant blue G-250 from Eastman Kodak Co. 

(Rochester, NY). chelex" 100 resin and ~ o t o ~ ~ t e s "  were obtained from Bio-Rad 

(Mississauga, ON). ~ a c t o "  tryptone was obtained fiom Difco (Detroit, MI). 

"Baker-Analyzed" reagent grade. manganous chloride (tetmhydrate), cobalt chloride 

(hexahydrate). cadmium chlonde, and zinc chloride were purchased fiom J.T. Baker 

(Toronto, ON). Chromium chloride and iron (II) chlonde was h m  Alfa Aesar (Ward Hill, 

MA). 

ACS certified reagent grade acetic acid (glacial), glycerin, nickel chloride 

(hexahydrate), and nitric acid were obtained from Fisher Scientific (Nepean, ON), in addition 



to potassium phosphate mono and dibasic, sodium phosphate mono and dibasic. Acetone 

(HPLC grade) was fiom Fisher Cr EM Science (Gibbstown, NJ). 

Restriction enzymes were obtained nom Roche Diagnostics (previousiy Boehringer 

Mannheim, Laval, QC) and New England Biolabs (Beverly, MA), and used according to the 

manufacturer's instructions. T4 DNA ligase and Pwo DNA polymerase were from Roche. 

Incubators 

Cell cultures were grown in a  rotor^@ Water Bath Shaker Model G76, at a speed of 

approximately 5 ,  or in a Senes 25 Controlled Environment Incubator Shaker, 200 rpm 

shaking rate, New Brunswick Scientific (Edison, NJ). For cell growth on plates or standing 

liquid cultures, two modeis of oven incubators were utilized, a precisiona Gravity Convection 

Incubator. Precision Scientific, Inc. (Chicago, IL), and a a ab-~ine@ L-C Incubator, Lab-Line 

Instruments, Inc. (Melrose Park. IL). 

Centrifuges 

Large scale centrifugation (>20 ml) was performed using a Beckrnan Avanti J-251 

centrifuge, Beckrnan Instruments. Inc. (Mississauga, ON), at 4OC or a Beckman 52-21 

centrifuge. Amicon Centricon concentrators were spun in a IEC clinical centrifuge, 

International Equipment Co. (Needham Heights. MA). Sarnples in microcentrifuge tubes 

were spun in either a Biofuge A (Heraeus Sepatech GmbH, Germany), or a B e c h a n  GS-15R 

centrifuge. 

Cell suspensions were dismpted utilizing either sonication with a SonicatorM Cell 

Disruptor Model W225, converter mode1 62 and standard tapered microtip, output control set 

at 5, Heat Systerns-Ultrasonics, Inc. (Plainview, NY), or French Press, Carver Laboratory 

Press at 10,000 - 12,000 psi (Fred S. Carver Inc., Summit, NJ). 



Chroma fography 

Fast Protein Liquid Chromatography (FPLC? was performed wiîh a Pharmacia 

Biotech system (now Amersham Phamiacia Biotech, Uppsala, Sweden), with the following 

components; LCC-509 controller, two P-500 pumps, MV-7 motor valve, UV-M monitor, and 

a REC-482 charî recorder. The ~ - ~ e ~ h a r o s e @  Fast Flow and superdex@ 75 columns were also 

obtained fkom Pharmacia Buffers for use with the FPLC columns were filtered through a 

0.22 jm filter (Millipore, Bedford, MA). 

Protein Concentration 

Protein sampleç were concentrated using either an Amicon centricon@ YMlO or a 

~ i a f l o @  Ultrafiltration Membrane PMI O in a 200 ml Amicon stirred ce11 (Millipore? Beverly, 

MA) - 

Absorbance Measurements 

Spectrophotometric assays were performed with a Varian Cary 3 spectrophotometer, 

software version 3.04 (Mississauga, ON). 

2.2.3 General Experimental Protocols 

n i e  following section outlines protocols utilized throughout many aspects of the work 

in this thesis. Any changes for a particular experiment are noted in the appropriate section. 

GZyoxalase I Enzymatic Assay 

The standard gIyoxalase 1 assay was performed as descnbed by Bergrneyer (1983). 

MG and GSH were preincubated in 50 mM degassed potassium phosphate buffer, pH 6.6, for 

approximately 15 minutes at room temperature to allow the hemimercaptd substrate to form 

non-enzymatically. The fiee GSH concentration was maintained at 0.1 mM to avoid enzyme 

inhibition (Cliffe and Waley, 196 1). The hemimercaptal concentration was calculated using a 

Kdirs of 3.1 rnM (Vince et al., 197 1): and the following equilibrium equation: 

Note: [GSHfiee] = [GSHtoid - GSHcompia] = 0.1 mM 



The rate of formation of the glyoxalase I reaction product, S-D-lactoylglutafione, was 

monitored at 240 n m  in 10 mm pathlength quartz cuvettes using an extinction coefficient (E) 

of 2860 ~-'crn-' (Vander Jagt et al., 1972). One unit of enzyme is defined as the amount of 

enzyme that produces 1 pnol of S-D-lactoylglutathione per minute. 

Cal ibration of Methylglyoxal Solution 

Methylglyoxal (MG; 40% aqueous solution) was distilled at atmospherïc pressure, to 

remove any contamïnants and polymers, collecting the distillate behveen 92 - 96OC (Vince et 

al.. 1971). This distilled stock solution was kept at 4°C for up to six months. 

Calibration of the distilled MG stock solution was performed based on a modification 

of the standard glyoxalase I assay (Bergmeyer, 1984). In 1 ml matched cuvettes, 0.5-1.0 mM 

GSH, and -0.1 units GlxI (purified E. coli GlxI or yeast GlxI grade IV from Sigma) was 

added to 100 mM potassium phosphate buffer, pH 6.8. The reaction was initiated with the 

addition of MG to a concentrztion of 0.2-1 mM, from a sample of the distilled stock MG that 

was diluted 50-150 fold. The GSH is added in excess to ensure al1 MG is consumed in the 

reaction. Distilled stock concentrations varied between 4-8 M. 

The concentration of the MG stock solution was calculated based on the amount of 

product formed (d240). using the standard extinction coefficient for S-D-lactoylglutathione 

(2860 M-' cm-'). 

Glutathione Calibration 

For most general assays the concentration of a fieshly prepared GSH solution can be 

calculated based on the weight of the GSH powder and the volume of the solution. However, 

for determination of kinetic parameters the exact concentration of the solution was determined 

by iitration based on the rnethod by Ellman (1  939). A 50 mglm1 GSH stock was prepared in 

the buffer employed in the reaction under analysis. A sample of the stock solution was 

diluted 60-fold with 100 rnM potassium phosphate buffer, pH 7.4, and basified to a pH of 7.5- 

8.0 with Na2C03. To a cuvette containing 1 ml of potassium phosphate biiffer, pH 7.4, a 

sample of the diluted GSH (-0.05 mM final concentration) was added. An aliquot of DTNB 

(5,S1dithio-bis(2-nitrobenzoic acid); 2 mg/ml stock in methanol) was added to both the sarnple 

and reference cuvettes and the absorbance at 312 nrn monitored- Further aliquots of DTNB 

were added, until there was no further change in the absorbance. The concentration of the 



stock GSH was calculated based on the overail absorbance change (E = 14, 150 ~*'crn-'; 

Collier, 1973)- 

DNA Methods 

Plasmid isolation and al1 standard DNA manipulations were performed according to 

Sambrook et al. (1989). 

Protein Electrophoresis 

A Pharrnacia PhastSystemm with commercially available gels and precast buffcr 

strips was utilized for SDS-PAGE (sodium dodecylsulfate polyacrylamide gel 

electrophoresis) analysis of protein samples. Unless otherwise indicated 20% homogeneous 

gels were used for analysis of GlxI samples. Sampies were mked in a 1 :1 ratio with loading 

buffer (150 mM Tris Base, 2% SDS, 1% beta-mercaptoethanol, 10% glycerol, 0.1% 

Bromophenol blue pH 8.0) and boiled for 10 minutes. 

Gels were aiso stained in the PhastSystem development unit. The three steps of the 

Coomassie staining consisted of staining with 0.1% Coomassie brilliant blue R, 30% 

methanol, and 10% acetic acid. followed by three destaining steps of 30% methanol and 10% 

acetic acid. and a final preservation uith 5% glycerol and 10% acetic acid. 

Proiein Concentration Determinarion 

The Bradford method (Bradford. 1976) was utilized for determination of protein 

concentrations with bovine alburnin as a standard. The Bradford dye reagent, 0.01% w/v 

Coomassie brilliant blue G-250. 95% ethanol. 10% phosphork acid (85% w/v), was filtered 

through Whatmann fil paper and stored at 4OC for up to one monrh. 

In addition. the accuracy of this method was confinned by utilizing the theoretical 

extinction coefficient of the denatured protein (6.0 M guanidine hydrochloride) predicted for 

E- coli Glxl (E = 15 930 ~ ' ' c m - '  for a single subunit), calculated by ~ ~ / ~ e n e @  6.85 software 

(IntelliGenetics Inc., Mountain View. CA). based on the method of Gill and von Hippel 

(1989). Also, because of the presence of a single Cys residue in each subunit of the 

homodimenc protein, quantitation of the Cys in the denatured GlxI protein by DTNB based 

on the method of Riddles et al. was performed (Riddles et al., 1983). A sample of protein was 

added to potassium phosphate buffer (100 mM, pH 7.4), containing guanidinium chloride (6 



M) and EDTA (1 mM), and the absorbance at 412 nm monitored followkg the addition of 

DTNB (25-50 pl of a 3 mM stock in buffer). The concentration of thiol was calculated using 

a molar extinction coefficient of 13 700 M - ' c ~  under these conditions (Rïddles et al., 1983; 

Creighton, 1 989). 

Preparation of Metal-Free Buffers and Plas~icware 

To remove extraneous rnetals from buffers and water, the solutions were passed over 

Chelex 100 resin ( ~ a +  fom) pnor to use (-5 ml resinnitre of b d e r  or l e s )  using a Phannacia 

penstaltic pump P-1. To 'Chelex-treat' a protein sample, <5 ml metal nibstituted protein was 

passed over -3 ml resin. As the Chelex treatment removes divalent metds from solution, 

replacing them with Na+, the solution may become somewhat basic following treatment and 

therefore the pH was monitored particularly in solutions of low buffer concentration. 

Al1 Chelex-treated solutions, and apoenzyme samples were stored in plasticware 

presoaked in acid to minirnize leaching of met& into the solution. BuEers were stored in 

Naigene bottles and protein samples in scintillation vials (ensuring there was no metal liner in 

the lids). Plasticware was soaked in 10% nitric acid for 15 min then rinsed with copious 

amounts of Chelex-treated MilliQ-&O. To minimize the level of metal leaching from the 

quartz cuvettes during the kinetic measurements of apoGlxI, the cuvettes were soaked in 1:1 

nitric acid:sulfunc acid for 15 min prior to use. 

EIectrospray Mass Spectromeny (ESMS) 

The integrity of each protein sample was monitored by ESMS, provided by the 

Biological Mass Spectrometry Laboratory (BMSL), University of Waterloo. A Micrornass 

Quattro II triple-stage quadrupole mass spectrometer equipped with an electrospray ionization 

source was utilized. Samples were introduced in an eluant of 1: 1 HrO/CH3CN (containing 

1% formic acid). The data was analyzed with the Masslynx software (version 3.0) and the 

multiply charged distribution profile subjected to the MaxEnt algorithm in order to determine 

the tnie molecular mass and its associated errors. 



2-2.4 Protein fipression and Purification 

The ce11 growth and protein purification conditions have been previousiy reported in 

detail in my MSc. work (Clugstori, 1997; CIugston et al., 1998a). The final conditions used 

throughout this work are summarized here. 

CelI Growth Conditions 

Cell cultures were generdly grown in Luria-Bertani (LB) broth (1% wlv tryptone, 

0.5% yeast extract, 0.5% NaCl, * 1.25% agar, pH 7.4 with NaOH), supplemented with 

ampicillin (Amp) or Carbeniciilin (Carb), at a concentration of 100 &ml in LB agar plates, 

50 p g h l  in LB broth, or 3 0 &ml in minimal media where indicated. 

To express E. coli GlxI a starter culture of LBcd was inoculated with E. coli 

MG1655lpGL10 and the culture left standing at 37OC ovemight. After approximately 14 

hours, the culture was shaken at 37°C for -30 minutes, to ensure the celis wodd be in a stage 

of rapid growth. A large scale culture of LBch plus 1 mM NiC12, was then inoculated with 

10 ml starter cuihxe/lL media. When the ODbO0 mached approximately 0.5 (4 h) the culture 

was induced with 0.5 mM IPTG (isopropyl-P-D-thiogalactopyranoside) for an additional 6 

hours. at 37°C- The cells (-3.5 g/L) were then collected (10,000 rpm JA-14 or 15 300 g, 15 

min). washed with 20 mM Tris pH 7.0, repelleted (10,000 rpm JA-25.5 or 12,f 00 g, 15 min), 

fiozen in liquid Nz, and stored at -80°C. 

Frozen E. coli MG1655IpGL10 cells were thawed on ice in 20 rnM Tris pH 7.0. (10 

rnl/grarn of fiozen celk for sonication or -5 mYg for French Press disniption). The ce11 

suspension was disrupted by two rounds of sonication using short pulses (-10 S )  with 

intermittent cooIing on ice (-30 s) or by two passes through the French Press at 10,000- 

12,000 psi. PMSF (phenylmethylsulfonyl fluoride; 1 mM) and glycerol (3 0% vlv) were 

immediately added to the solution and the ce11 debris removed by centrifugation (20,000 rpm 

JA-25.5 or 48 300g, 15 min). As the solution was too viscous to effectively filter, the 

supernatant was respun in a clean centrifuge tube to remove any additional debns. 



Protein Purzjication 

The crude extract was applied to a Q-Sepharose Fast Flow column (HR 10/30), 

equilibrated with 20 mM Tris, 30% glycerol, pH 7.0 at 1-2 ml/& and eluted wiîh a linear 

(l%/rnin) gradient to 1 M KC1' in the sarne buffer. The fiactions containing GlxI activity (30- 

50% KCl) were pooled and dialyzed overnight (2 x 1 L 10% glyceroVH20, 4OC) with 

SPECTRA/POR@ moiecularporous membrane tubing, molecular weight cutoff 12,000- 

14,000, (Spectnim Medical Industries, hc.  Los Angeles, -CA) with fiequent additions of 

PMSF (1 -5 mM initially, an additional 1.0 mM afier 3 hours and after 8 hours from the start of 

the dialysis the dialysis solution was changed and 1.5 mM PMSF added). The pH of the 

glyceroVHzO was adjusted to between 6-9 using KOH afier each PMSF addition. 

The dialyzed protein sample was funher purified by preparative isoelechk focusing 

(IEF; Bio-Rad ~ o t o f o r ~ ,  Miçsissauga ON). Pnor to protein loading, the IEF was loaded with 

MilliQ-gade water and a constant power of 3-5 W was applied for 20 minutes to rernove any 

contaminating ions from the system. To separate G U ,  a pH gradient of 4.5-5.0 was 

established with Bio-Rad ~ o t o ~ y t e s ~  (final concentration of 100 mM each MES and Gly- 

Gly). Following a 6 hour separation at 12 W constant power, the active hctions were pooled 

and concentrated by ultrafiltration (10 kDa cutofQ with a b a e r  change to 50 mM MOPS pH 

7.0 (Chelex treated). The protein under these conditions was stable to storage at 4OC for at 

least six months. 

2.2.5 Enzyme Kinetic Studies 

Determination of Kinetic Parameters 

Determination of the Michaelis constant, Km, and the maximal enzyme velociv, Vma., 

for E. coli GlxI activated with various metal chlorides involved measurernent of the initiai 

reaction rate utilizing 10 substrate concentrations ranging between 0.005 and 2.0 mM. The 

enzyme stock was diluted with 50 mM MOPS, pH 7.0, and 2.5 mole equivalence of metai to 

dirneric enzyme added unless otherwise noted. The data was fit by non-linear regression 

analysis using GraFit 3.01 (Enthacus Software Ltd.). 

As the iron (II) chloride readily oxidizes, care had to be taken to prevent exposure to 

air. The metal powder and prepared solutions were handled under a flow of argon. Al1 



buffers and solutions were degassed and sparged with argon pnor to use. The ~e"-activated 

G U  was introduced with a standard pipetman, keeping a layer of argon over the enyme 

solution and bubbling argon through the substrate solution in the cuvette immediately prior to 

addition of the enzyme. 

To ensure that the metal chlorides did not affect the stability of the S-D- 

lactoylglutathione product or the hemithioacetal substrate, each was incubated separately with 

the metals in the assay buffer, in the absence of G U  and the absorbante at 240 nrn was 

monitored over time. 

A profile of the effect of pH on the activity of the co2'-activated enzyme was 

performed by altering the pH between 5.0 and 8.2, as previously descnbed for ~ i - ~ l x ~  

(Clugston, 1997). This is within the range that the dissociation constant for the substrate 

formation is valid (3.1 mM; Vince et al., 1971 ; Vander Jagt et al., 1972). The ionic strength 

was maintained at 0.2, half fiorn the buf5er and half fiom potassium chloride (0.1 M). 

Potassium acetate buf3er (0.1 M) was utilized for pH 5.0 and 5.5, potassium phosphate 

between pH 5.85 and 8.0 (0.0807 M at pH 5.85, 0.062 M at pH 6.2, 0.0463 M at pH 6.9, 

0.03 8 1 M at pH 7.4, 0.0343 M at pH 8.0), N-methyldiethanolamine (0.146 M) for pH 8.2, and 

diethanolamine (0.133 M) for pH 8.4. When higher concentrations of substrate (>OS mM) 

were added to the buffer the pH decreased up to 0.1 units, particularly with the lower 

concentration phosphate buffers. To compensate the phosphate buffers were prepared 0.1 pH 

units higher than the final desired value. 

To determine if the metal bound to GlxI can be replaced by another rnetal in solution, 

metal cornpetition studies were performed. One mole equivalent metal chloride (Ni2* or zn23  

was added to dimeric apoGlxI and the activity determined. Five- and one hundred-fold 

equivalents of the competing metal (Ni2+ or 2n2', CO*', cd2', bin2+, c u 2 3  were then added 

and the solutions kept at 4OC. The activities were tested with 0.5 rnM substrate, 1 min, 1 

hour, 1 day, and 7 days after addition of the competing metal. Similar cornpetitions were 

performed with GlxI reactivated with each of co2', cd2+, M d C ,  and cu2* versus ~ i ' +  and 

2n2' as the competing rnetal, with the exception of 2n2+ versus cu2+ as both are inactive and 



hence no exchange could be monitored by activity- assays. To avoid a decrease in the 

enzymatic activity during storage at low concentrations, all incubations were performed at a 

protein concentration of 2 mg/ml. Immediately prior to determination of the activity an 

aliquot of the protein-metal solution was diluted 20-fold to permit activity measurement of 

low quantities of enzyme. Two controls were also monitored for each metal. In one case 

water was added in place of the competing metal and in the second, the metal added in excess 

matched the original activating metal to ensure there was no M e r  activation beyond that 

observed with one equivalent. 

Further analysis was performed with incubation of the solutions at 37OC. To ensure 

the enzyme is stable under these conditions, the activity of GlxI activated with one mole 

equivalent NiCl* to dimenc enzyme was monitored over a 2 &y period. Complete metal 

cornpetitions were performed by adding one equivalent metal then five-and one hundred-fold 

equivalents of the competing metai. incubating at 37OC and monitoring the activity over a 2 

hour penod. Each of the metal combinations described for the tests at 4OC were repeated at 

W°C. As this is a time-dependent experiment each time point was measured once but each of 

these sets of measurements was per?ormed in duplicate. 

Inhibit or Studies 

Purified apoenzyme was diluted in 50 mM MOf S, pH 7.0 and one mole equivalent of 

NiCl? added to produce an active dimeric enzyme. ICjo measurements were perfonned at 6-9 

different inhibitor concentrations with a substrate concentration of 0.04 mM, maintainhg a 

k e  GSH concentration of 0.1 mM to avoid enzyme inhibition, assuming a Kd of 3.1 mM for 

rnethyIglyoxai and GSH (Cliffe and WaIey. 1961; Vince et al., 1971). Every point was 

measured in tnplicate and each set of rneasurements was performed at Ieast twice. The 

inhibitors studied were dissolved in the assay buffer, 50 mM potassium phosphate, pH 6.6, 

with the exception of the transition state analogue (TSA), which was dissolved in water and S- 

(2-[3-(hexyloxy)benzoyl]vinyl)glutathione. dissolved in DMSO (dimethyl sulfoxide). The 

IC jo curves were fit using GraFit 3.0 1 (Erithacus Software Ltd.) according to the following 

equation: y = a/(l+(x/ICso)s), or by a standard linear fit (y = mx + b) when the solubility and 

low inhibition level of several compounds limited testing over a wide concentration range. 



Inducrivei'y Cotrpled Plasma OCP) Anulysis 

For inductively coupled plasma (ICP) analyses of the E. coli GM protein, the p d e d  

protein was prepared in metal fiee solutions. For the various metal substituted forms of the 

enzyme analyzed, apoGlxI was reconstituted with 2.5 mole equivalents of metal chloride 

(NiC12, ZnClz, CoC12, CdC12, MnC12. CuC12, MgC12, CaC12) and the solution dialyzed 

overnight versus 2 x 500 ml 50 mM MOPS, pH 7.0 (Chelex treated) to remove any unbound 

metal ions. Initially samples and controls were passed through Chelex 100 resin to remove 

loosely bound metals, and acidified to below pH 2 with high purity ninic acid. As this was 

not found to be necessq subsequent samples were not passed over Chelex resin pnor to 

acidification. To ensure that the Chelex treatrnent was not removing bound metai fiom the 

enzyme or affecting the activity in any other marner, the activity of the sample was tested 

before and after passage through the Chelex resin as weU as before and after the dialysis. 

Attempts were made to also test the binding of FeClz to apoGlxI, however precipitation of 

~ e ~ '  occurred during the dialysis. preventing passage of the unbound metal from the dialysis 

tubing and hence the results were invalid. 

To determine the meral content of E. coli GlxI grown in the presence of m l z  (0.1 

mM). the enzyme was purified with the Q-Sepharose Fast Flow anion exchange column, and 

dialysis, but not subjected to isoelectric focusing. as this removes any bound rnetal. This was 

to determine if 2n2' added to the media is taken up by the cells and incorporated into E. coli 

GlxI. The effect of added ~ i ' -  to the growth media and the effect of no metals added on the 

metal content of GlxI has previously been reporied (Clugston, 1997; Clugston et al., 1998a). 

Concentrations of 0.1 rnM ZnCl? or 1 mM NiCl? added to the growth media was found not to 

be detrimental to E. coli MG 1659pGL 10 ce11 growth. 

Metal analyses were performed at the Solutions Analytical Laboratory (previously 

called the Water Quality Laboratory, Department of Earth Sciences, University of Waterloo). 

lnductively coupled plasma analyses were performed using a Thermo Instruments IRIS 

Plasma Spec~ometer (ICP). The following metals were tested for: Al, As, B, Ba, Ca, Cd, Co, 

Cr, Cu, Fe, Li, Mg, Mn, Mo, Ni, P, Pb, S, Se, Si, Sr, Ti, V, and Zn. Commercial standards 

were prepared in house in duplicate. 



Isothermal Titratior! Cabrime@) (iTC) 

ITC titrations were carried out in a Calorimetry Sciences Corporation (CSC; Spanish 

Fork, UT) 4200 Isothermal Titration Calorimeter, with Hastelloy stainless steel cells, at a 

constant temperature of 2S°C, 297 rpm stirring rate. Titrations were perfomed with pded 

apoGlxI and several metal chiorides (NiC12, ZnC12, CoC12, CdC12, MnC12, MgC12' CaC12). 

The enzyme concentration in each titration was between 0.06-0.14 mM dimeric apoGU in 50 

mM MOPS pH 7.0 (Chelex treated), or 3.6-8.4 mg of protein per run to fill the 1.260 ml cells 

plus the access portais. Metal concentrations were between 1-2 mM in matching buffer, 

prepared in the sarne bufler stock used for protein storage (must be exactly identical). The 

reference ce11 was filled with MilliQ-grade water. Titration with each metal into apoG1d was 

performed a minimum of three times, with the exception of M ~ "  and cap which were only 

measured twice. 

Titration data was collected with the "shell" software provided with the instrument. 

The area under the peaks in the binding isothem, corresponding to the heat absorbed or 

released when the ligand interacted with the protein, was analyzed with ITC Data Worksm 

Version 1 .O, and the thermodynamic parameters determined utilizing BindWorksTM version 

1.0. The heat of dilution was calculated by determination of the area under each peak at the 

end of the titration following saturation. This value was added or subtracted to each value 

during the titration. A sample titration of each metal into buffer was first performed to ensure 

the heat of dilution was not concentration dependent. 

Pnor to analysis of protein-metal interactions, the ITC was calibrated utilizing the 

interna1 elecnical heater to ensure the heat measured by the thermo electric device is properly 

converted into pwatts. In addition a chemical calibration was performed (Briggner and 

Wadso. 1991) titrating barium chloride (Aldrich) into 18-crown-6 (Aldrich) and the exact cell 

volume found to be 1260 pl. Test titrations were also performed with 2'CMP and RNase A 

(Sigma). The thermodynamic parameters determined were within acceptable limits of the 

published values (Wiseman et al., 1989) confirming the insûument was fùnctioning properiy 

and the techniques utiIized to setup the titration were suitable. 



DBerential scanning calorimetry @SC) was performed by Dr. H. Frey in Professor J. 

Lepock's laboratory (Department of Physics, University of Waterloo), on a Calorimeûy 

Sciences Corporation (CSC) Nano DSC. G U  samples (1 m g h l  in Chelexed 50 mM MOPS 

pH 7.0) were prepared by adding 2.5 mole equivalence metal chloride to dimeric apoenzyme 

concentration. The samples were scanned at 1°C per minute and each sample was rescmed 

to derennine the denaturation revenibility. Data was analyzed with MicrocalTM OriginIM 

version 5 .O software (Microcal Software, Inc., Northampton, MA). 

2.2.8 Mass Spectrum Analysis of the Non-covalent Interactions between 

Glyoxalase 1 and Various GSH Analogues 

For mass speceum analyses purified apoenzyme, following isoelecûic focusing, was 

concentmted and the b a e r  changed to 5 mM ammonium acetate buffer, pH 7.0 using an 

Amicon Centricon (YMIO). Aiiquots of the enzyme were stored in microcentnfiige tubes, 

which had been presoaked with 10% nitric acid to remove any exmneous metals and well 

rinsed with Chelex treated water. The samples were then lyophilized and stored at -80°C. 

Mass spectrometry (MS) studies on the non-covalent interactions between E. coli GlxI 

and various GSH anaiogues were perfbrmed by Dr. A, J. R Heck and E. Stokvis at Utrecht 

University (Utrecht, The Netherlands). The buffer solutions used in the MS studies generally 

consisted o f  aqueous 5 rnM ammonium acetate, acidified with acetic acid to a pH of 5.0. For 

the pH dependence studies 5 mM ammonium acetate solutions were adjusted using acetic acid 

or ammonium hydroxide to pH values of 2.5, 3.0, 4.0, 5.0, 7.0, 8.0, and 10.0- GlxI was 

dissolved in a 25 mM ammonium acetate buffer (pH 5.0). The transition state analogue 

(TSA), S-methylglutathione and S-propylglutathione were directly dissolved in the buffer. 

Stock solutions of S-hexylglutathione, S-octylglutathione, SD-lactoy~gIutathione, S-@- 

nitrobenzy1)-glutathione, S- (2-[3 -(hexyloxy) benzoylJviny1) glutathion glutathionesulfonic 

acid. and S-@-azidophenacy1)-glutathione were first dissolved in DMSO and placed ovemight 

in an ultrasonic bath. A myricetin stock solution was prepared in absolute ethanol. These 

solutions were diluted to the selected concentrations with buffer. The final solutions 

contained only marginal quantities of organic solvent (DMSO or ethanol). No loss of 

enzymatic activity was observed under these conditions. 



Nanoflow ESI-TOF (electrospray ionization the-of-flight) mass spectra of GlxI and 

the potential inhibitors were acquired using a Micromass Q-TOF hybrid tandem mass 

spectrometer equipped with a 2-spray ionization source, using gold-coated glas capillaries. 

The capiLiary was typically loaded with a few microlitres of the buffered solution. 

Experimental ion source parameters were optimized for detection of non-covalent complexes 

as described previously (van Berkel et ai., 2000; van Dongen and Heck, 2000). The potential 

between the nanospray needle and the orifice of the mass specimmeter was approximately 

1700 V; the optimal cone voltage was approximately 60 V. The &st quadrupole was used in 

the RF-only mode. TOF spectra were measured over a d z  range of 800 to 4000. The data 

were recorded and processed using the MassLynx software. Mass calibration of the 

spectrometer was perfomed using horse heart myoglobin. 



2.3 Results and Discussion 

2.3.1 Kinetic Analyses 

Determination of E v ~ y m e  Kinetic Purameters in the Presence of Various Metul Ions 

The detailed kinetic studies on E. coli GlxI in the presence of various met& 

reinforced our preliminary findings (Figure 2.7). The enqme is maxirnally active with ~ i ~ -  

and exhibited lower levels of activity with co2', cd2: and Mil2+. In addition, activity was 

found upon addition of ~ e "  but not with cu2'. Table 2.1 summarizes the results of the kinetic 

analysis. During these experiments several difficulties were encountered. One obvious 

problem was the oxygen sensitivity of ~ e " .  Initial attempts to introduce the ~e"-activated 

GlxI into the cuvette with a gas-tight Hamilton syringe proved problematic. The enzyme 

appeared to be activated by contact with the syringe needle. As these needles are made of 

stainless steel. which contains nickel, it is likely that this is the source of the enzyme 

activation. As a result the ~e'&-activated enzyme solution had to be introduced with a 

standard pipettor. The enzymatic assay is monitored for only a few minutes and the substrate 

solution was sparged with argon to minimize possible oxidation of the metd ~ e "  to ~ e ~ * .  

Using this technique it was possible to obtain the V,, and Km for ~e~'-activated GlxI. 

Attempts by an undergraduate thesis snident, G. Konrath, to perform an activity titmtion for 

~ e "  into apoGlxI was hampered by iron oxidation. The maximal activity appeared to be 

reached between one and two mole equivalents of metal to dimeric enzyme, rather than 1 

equivalent seen previously for the other metals (Figure 2.5). With one equivalent of ~ e ~ '  the 

activity was only approximately 75% of the hlly active form. It is likely that there was some 

oxidation of the iron solution upon preparation lowering the effective concentration used in 

the titration. As the kinetic analysis presented ir. Table 2.1 were performed with 2.5 

equivalents of metd in each case, there was suscient ~ e ~ '  available for the analysis. 



Metal Chloride 

Figure 2.7: Activation of apo E. coli GlxI by various metal ions (10x mole equivalence; 
Clugston, 1997; Clugston et al., 1998a and this work). 

Table 2.1: Kinetic analyses of E. coli glyoxalase 1 with various activating metals*. 

Meta1 C hloride Vmm Km (PM) k a t  6 ' )  kcat/Km (M-l S-9 

Cd)i 43.1 * 4.6 8.9 * 0.4 21.4 2.4 x 106 
'~rorn Clugston et al., 1 W8a 

w 

*10 substrate concentrations were measured in rriplicate ~ i t h  -0.4 pg of enzyme per assay, and each set of 
kinetic measurements performed 2-3 times for each metal, 



A second problem that was encountered was in the analysis of &+-GU. After 

addition of the metal activated enzyme to the substrate solution, the activity appeared to 

siowly decrease during the course of the reaction. It was found that addition of excess metal 

to the substrate solution reduced the rate of tbis decrease, suggesting that the metai was being 

lost in the reaction mixture. Analysis of the enzyme activiq using MES as the assay buf5er 

rather than phosphate eliminated this problern. The pH was maintained at 6.6 so as not to 

alter the equilibrium for the MG-GSH substrate. This loss of metal was also observed, and to 

a much greater extent, for the H5Q mutant form of GlxI discussed in Chapter 4. Although it 

has a very low affmity, phosphate does bind rnetals, whereas MES-based buffers do not have 

detectable metal binding properties (Price. 1996). As this problem was only encountered with 

the Mh2+-activated enzyme ir suggests that the affinity of the e-e for MnZ' is slightly 

lower than for the other merals. This was in fact proven in the metal binding analysis 

presented in the following section. The kinetic parameters for ~ i - G M  were measured using 

MES for the assay buffer and there were no significant effects on the enzyme activity. Hence, 

al1 subsequent ~ n "  activity assays were performed in MES. This buffer effect may also 

explain why the V,, reported in this work is somewhat higher thm the apparent V,, (- 65 

prnol/min/rng) reported fiom Our previously metal titration study (Clugston, 1997). 

As evident from Table 2.1. there is a slight alteration in the Michaelis constant, Km, 

with the various metai ions. suggesting the alteration of the active site metal is not greatly 

affecting the substrate binding. The value for the ~i'+-activated enzyme is somewhat higher 

than that measured for the other forms of the enzyme. but is still within the same order of 

magnitude. For the five metal activated forms of E. coli GlxI, the primary alteration in their 

kinetics is seen in the V,, or k,,,. There is approximately a 15-fold difference in the activity 

range of these five active forrns of the enzyme. 

In cornparison. the zn2--active foms of GlxI fiom S. cerevisiae, H. sapiens, and P. 

putida have k,, values of 1120 s-'. 1500 s". and 500 s'l respectively (Vander Jagt and Han, 

1 973 ; Ridderstrom et al.. 1 997; Saint-Jean et al., 1998). However, the values fZom 

these sources are sirnilar to that of the E. coli GlxI, being 3.5 x 106 M%', 23 x 106 ~ " s - ' ,  and 

1.3 x 1 o6 M%' fiom S. cerevisiae. H. sapiens, and P. putida, respectively (Vander Jagt and 

Han, 1973; Ridderstrtim et al.. 1997; Saint-Jean et al., 1998). The &/Km values indicate that 

the E. coli GlxI is very efficient. iùnctioning at close to a diffusion-controlled rate. Recent 



studies on the kinetic properties of the yeast G U  enzyme utilizing various viscosometric 

methods supports the suggestion that GlxI functions at a difiion-controlled rate, under 

physiological conditions (Shih et al., 1997). 

pH Profile 

The activity of E. coli GlxI was analyzed at various pHs to determine the effect of pH 

on enzyme activity. We previously reported that ~ i ~ + - G l x i  was active between pH 5-8 with 

no significant effect on the catalytic activity (Clugston, 1997; Clugston et al., 1998a). At pH 

8.4 V,, was not reached precluding determination of the Michaelis constant at this value. 

However, between pH 8.0-8.4 a signifiant increase in the Km was noted. There was also an 

increase in the Km below pH 5.8. A similar pH profile analysis has been performed on the 

co2+-activated enzyme (Figure 2.8). As illustrated, the Km is also increased above pH 8 but 

not as signincantly as observed for N~"-GIXI. Like the M2' fom, the maximal activity of the 

CO-activated enzyme could not be detemined at pH 8.4. Also similar to the ~i"-GU, 

C O ~ ~ G ~ X I  did exhibit an increase in the Km at pH 5.5 but once the pH was reduced to 5.0 the 

maximal activity was no longer measurable. This is not observed for ~ i - ~ 1 x 1 .  It is possible 

that at this lower pH the afEnity of the enzyme for the metal is reduced and the activating 

CO" is lost. A decrease in the activity of the enzyme during the time carne of the assay 

suggested that the activity was not simply decreased at this pH but that there were other 

complicating factors, such as metal loss. Alteration in the ionization state of glutathione in 

this pH range has been considered to be unlikely fkom studies with yeast GlxI (Vander Jagt 

and Han, 1973). The sudden change in the Km suggests that the protonation state of some 

residues involved in substrate binding may have been affected. Examination of the crystal 

structure of E coli GlxI and cornparison with the H sapiens GlxI structure cocrystallized with 

a GSH-analogue, allows for the identification of potential active site residues that rnay be 

affected (Chapter 3; Carneron et al.. 1997; He et al., 2000). Although the active site 

environment may alter the pK, value, in general histidines have been found to have a pK, 

value in the range of 5-8 in proteins, cysteines between 8-1 1, and the carboxy of aspartate or 

glutamates have been observed to have pK, value between 2-5.5 in proteins (Fersht, 1999 and 

~eferences therein). The ligands to the catalytic metal in E. coli 

and glutamates (56 and 122) and therefore rnay be affecteci by 

Glxl are histidines (5 and 74) 

the change in pH above 8 or 



beIow 5. However, as the enzyme was seiU able to reach maximal enzymatic activity until pH 

8.4 this is not expected to be the cause of the increase in Km. In the H sapiens GlxI enzyme, 

the aromatic ring of phenylalanine 68 lies above the peptide Zinkage in glutathione. In the E. 

coli enzyme this residue is tyrosine 39. Although tyrosines generally have pK, values 

between 9-12 in proteins (Fers- 1999): it may be af3ected above a pH of 8 in the E.. coli 

enzyme. Aside from the glutamate residues iwoIved in metal ligation, glutamate 49 may be 

involved in substrate binding, although it is rather distant from the active site. In H. sapiens 

G U  this residue corresponds to leucine 93, which is 4.3 A fiom the benzyl ring of the 

benzylglutathione bound in the active site. Arginine 38 in the H. sapiens enzyme was 

observed to form a salt bridge with the carboxylate of the GSH. Aithough the pK, values for 

arginine is generally in the range of 12, this residue is conserved in the E. coli enzyme and 

therefore rnay be important in substrate binding. The role of these residues in substrate 

binding in E. coli GlxI is speculative at best given o u .  curent knowledge. The active site of 

the E- coZi enzyme is much more open than in the H. sapiens enzyme (Chapter 3) and 

therefore there may be alterations in the binding of substrate. Upon completion of the data 

analysis of E. coli GlxI cocrystallized with a GSH-analogue, the detemination of the residues 

involved in substrate binding that might be Sected by a change in pH may be identified. 



Figure 2.8: Cornparison 
of V,,,/K,) of E. 

of the effect of pH changes on (A) the Km and (B) activity (log plot 
coli glyoxalase 1 activated with N2' ( 0 )  and co2' (O). 



Metal Cornpetition Studies 

As maximal enzymatic activity is achieved without an excess of metal present but ody  

one equivalent of metal added to the apoenyme, it appeared that E. coli GlxI has a high 

afnnity for the metal ions. Therefore it was of interest to determine if any exchange of the 

bound metal could occur. To evaluate this possibility numerous metal competition -dies 

were undertaken. Initially, the enzyme was activated with one mole equivalent of metal and 5 

or 100 equivalents of the competing metal were added. The enzyme-metal solution was 

incubated on ice and the activity monitored. Figures 2.9 and 2.10 illustrate representative 

plots for ~ i ~ ' - ~ l x I  and ~ n " - ~ l x l  with co2+, MI?, cd2-, cu2+ and either M2' or 2n2+ added 

in excess. If we assume that we are obsewing metal exchange then this exchange appears to 

occur very slowly. Similar trends were seen with GlxI reconstituted with each CO", Md', 

cd2', and euZi and excess ~ i "  and 2n2' added to attempt to compete for the m e d  binding 

site. In order to better analyze the potential metal exchange, the experiments were then 

repeated but with the enzyme solution incubated at 37OC. ~i~'-activated GlxI was first 

incubated at 37OC and the enzyrne activity rnonitored to ensure enzyme stability under these 

conditions. The enzymatic activity of E. coli GlxI in the presence of ~ i "  did not change over 

the course of 48 h when incubated at 37°C. Thus, these conditions could be employed for 

M e r  competition studies. In al1 of the competition expenments the enzyrne was incubated 

at a concentration of 2 mg/mI and diluted irnmediately pnor to analysis. This ensured 

consistency in the incubation concentrations. and maintained the enzyme concentration at a 

hi& Ievel to ensure enzyme stability. 

A senes of plots are illustrated in Figures 2.1 1 and 2.12 showing the aiteration of 

enzyme activity over time in the presence of altemate rnerals. The activity change is related 

to the specific metal ion, in addition to the incubation temperature and metal concentration. 

In the case of the 2n2+- and CU'--substituted GlxI the enzyme activity increases upon addition 

of the competing metal. This increase is attributed to the activation by the competing metal. 

Conversely, for the ~i'+-activated enzyme, the activity decreases with this possible metai 

exchange. The specific activity eventually levels out, and in most cases this occurs at the 

level of activation of the metal in excess, suggesting the bound metal may now be completely 

exchanged. As illustrated in Figure 2.9A and 2.1 lA, ~ n ~ +  does not completely replace N2' 



with only 5 equivalents added (relative activity 0.5 rather than expected 0.2). Similarly 

cornpetition with cu2+ did m t  produce a completely inactive enzyme. A m e r  reduction in 

activity was observed with 100 equivalents, which possibly indicated that more of the metal 

had exchanged. This suggests that the rate of exchange for Mn2+ and eu2+ is lower than for 

other metals tested. In contrast? complete exchange with cd2', based on a decrease in ?he 

relative activities to 0.08, suggests a more rapid exchange for this metal. The Mn2+-~IxI  was 

more rapidly activated with the addition of excess ~ i ~ '  than c d 2 * - ~ h d .  Similar results were 

observed for the analysis with 5 equivalents of cornpethg metal (data not shown), but the 

exchange appeared to occur at a slower rate. 

One exception to these observations was the activation of zn2+-~lx1  and C U ~ ' - G ~ ~ I  

with excess ~ i "  (Figure 2.1 0 and 2.12A and E). Although the activity increases with time, it 

does not reach the maximal activity generdly seen for ~ i - G U .  Even when the activity of 

the sample incubated at 37°C was tested 24 hours Iater the activity had not reached its 

maximal level. This could rnean there was incomplete exchange of the metal ions, or that the 

enzyme is less stable when incubated with 2nZ* or cu2' and the enzyme was becoming 

inactive prior to activation with the ~ i ~ ' .  Our recent differential scanning calorimetry results 

(Section 2.3.3) indicate this later suggestion is not likely for the zn2+ sample, as the enzyme 

appears very stable in the presence of ~n". ApoGixI can be fùlly reactivated with the 

addition of metal. hence it is possible to achieve full activity afier removal of the metal in E. 

coli GlxI. This is not the case for S. cerevisiae GlxI (Murata et al., 1986~). Without an 

analysis of the metal content of the enzyme following the incubation with excess metal it is 

not possible to speculate further on the reasons for the lack of complete re-activation. 
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Figure 2.9: N ~ ~ ~ G ~ X I  metal cornpetition. (A) 5 equivalents and (B) 100 equivalents of the 
indicated cornpeting metal added and incubated at 4OC. Activities are shown relative 
to Mly active N~~'-G~xI.  The lines are arbitrary fits to show the trend in the data 
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Figure 2.10: zn2+-~lx1 metal cornpetition. (A) 5 equivalents and (B) 100 equivalents of the 
indicated competing metal added and incubated at 4OC. Activities are shown relative 
to fully active N?+-G~xI. The lines are arbitmry fits to show the trend in the data- 
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Figure 2. Il: ~ i " - ~ l x ~  metal cornpetition. (A) 5 equivalents and (E3) 100 equivalents of the 
indicated competing metal added and incubated at 37OC. Activities are shown relative 
to fully active ~ i ' + - ~ l x I .  The lines are arbitrary fits to show the trend in the data 
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Figure 2.12: Metal cornpetition with 100 equivalents of the indicated competing metal, 
incubated at 37OC. ApoGlxI was first activated with one mole equivalent metal to 
reconstitute the enzyme in each of the following forms (A) 2n2+, (B) MC, (C) cdt4, 
(D) co2+, and (E) cu2'. Activities are shown relative to fuliy active N ~ ~ + - G ~ x I .  The 
lines are arbitrary fits to show the trend in the data. 



2.3.2 Metal Binding 

As our metai analysis indicated that E. coli GixI is maximally active with one mole of 

metai per mole of dimeric enzyme (Figure 2.5) and analysis of the metal content confirmed 

only one ~ i ~ +  ion per dimer in the active enzyme (Clugston, 1997; Clugston et al., 1998a), 

further analysis of the metal binding properties of E. coZi Gùd was warranted. 

Incorporation of Metal into E. coli GZxI During Protein Expression 

Previous analysis of the metd content of E. coli GlxI, produced in E. coli MG1655 

grown with no added metal ions as well as with NiCl2 added to the growth media (M-Sc. 

work; Clugston, 1997), were expanded to include an analysis of the protein when grown in the 

presence of ZnCIz. Appendix A, Table A.l lists the results of the metal analysis for E. coli 

GlxI grown in the presence of NiC12 and ZnClz. Based on this combination of experiments, 

the following observations and general conclusions can be made for E. coli GlxI. When NiC12 

was added to the growth media, ~ i ' '  was incorporated into the produced protein as 

determined by ICP analyses (Clugston, 1997). This indicates that N2+ is transported into the 

cells, most likely through the low-affinity M ~ ~ +  transport system (Drake, 1 988; Snavely et al.. 

1989; Silver, 1996), where it is taken up by the GlxI protein. In addition, the activity of the 

overproduced enzyme directly correlated with the amount of M2' incorporated into the 

protein during cell growth (based on ICP and kinetic analyses). However, incorporation of 

~ n "  (available from die powth media with and without supplementation with &Clz) into the 

overproduced enryme resulted in production of inactive holoenzyme. The amount of protein 

produced was not 8ec ted  by the presence of ~ i "  or 2n2' in the growth media. Because of 

the high efficiency of protein production from our constnict (150-200 mgL with a 6 h 

induction time), substantial amounts of apoenzyme (50-70%) were always produced. The 

rernaining amount of apoenzyme could be converted to active holoenzyme upon addition of 

nickel to the protein solution. Addition of ZnClz did not activate the apoenzyme even when 

incorporated during protein expression. 

Nurnber ofiMefuZ ions Bound to E. coli GZxl 

ICP analysis was dso employed to determine if each of the activating metals bind in 

the same ratio as seen for nickel. This was also utilized to detennine if the metals îhat do not 



activate the enzyme, such as 2n2' and M ~ ~ ' ,  are bound by the e m e .  but in an inactive 

fom. Table 2.2 summarizes the results of these analyses. For each of the activating metals, 

~ i ~ + ,  co2", cd2+? ~n'+, one metal ion is detected per enzyme dirner. Interestingly, 2n2' and 

cu2+ do in fact bind to the enzyme in the sarne ratio but produce an inactive holoenzyme. 

M ~ ~ '  and ca2+ however do not appear to bind to E. coli GlxI, explainhg the lack of 

activation. This is in contrast to the fi. sapiens GlxI enzyme which is equally active with zn2' 

or Mg2+ (Sellin et al., 1983). S. cerevisiae GlxI has been found to c o n t h  2n2' as its natural 

metal but partial activity is recovered by addition of Mg2' or ca2+ to the apoenzyme (Murata 

et al., 1986~). 

These results clearly indicate that one mole of metal is bound per mole of dimenc 

enzyme. This is in sharp contrast to what was expected. H. sapiens GlxI has been shown to 

be a homodimeric enzyme with two equivalent active sites each located at the dimer interface, 

with one zn2' ion in each site (Carneron et al., 1997). The E. coli GlxI protein sequence is 

36% identical to that of sapiens including three of the four ligands to the metal, hence a 

similar structure and similar active site arrangement were expected. To confirm that our 

results are accurate, isothermal titration calonmetry (TTC) was performed in conjunction with 

the metal analyses. This analytical technique confirmed the ratio of bound metal ions to the 

apoenzyme in each case (Table 2.2). The protein concentration was determined by the 

Bradford method (Bradford. 1976) using albumin as a standard. To confirm the validity of 

this technique for E. coli GlxI the theoretical extinction coefficient of the denatured E. coli 

(31x1 protein (E = 15 930 ~ - ' c m - '  for a single subunit) was employed. In addition, a cysteine 

titration with DTNB was performed. E. coli GlxI has 1 cysteine at position 86. The results of 

these methods were found to be in agreement with the determination of the protein 

concentration by the Bradford method. within experimentd error, Therefore. Our conclusion 

that E. coli GlxI reaches maximal activity with one metal ion bound per dimer appears to be 

accurate. 



Table 2.2: Results of the isothermal titration calorimetry (ITC) and inductively coupled 
plasma (ICP) analyses of E coli GlxI with various metal ions. 

n AH Ka* 
Moles M e t d  

Metal Chloride 
(M-9 

Dimeric Enzyme 
(Binding sites) (k.J/mol) by ICP 

Nickel 1-04 AZ 0.11 -16.4 * 0.9 > I O /  1.2 

Zinc 0.93 c 0.05 -10.8 * 0.4 > 108 0.80 

Cobalt 0.92 I 0.02 -10.9 * 0.2 > 10' 0.80 

Manganese 0.90 * 0.06 -14.0 * O S  3.9 * 1.0 x 106 0.84 

Cadmium 1-00 & 0-03 -3 1.8 3t 0.6 > lo8 0-95 

Calcium O - - O 

Copper N.D.~ 1.2 

*Only an approximate association constant could be deterrnined except for ~ n -  bindïng. The values rneasured 
were quite variable when the best fit was cakulated, even within the same titrarion data. The ranges are just 
presented as a guide to the relative binding affinity for each metal examined. 
Nor determined. 

It is possible? and expected. that a second putative rnetal binding site exists in d i  

GlxI. It may be that this second site has much weaker affinity for any of the rnetals tested. 

Addition of a very large excess of NiCl? to the enzyme (-1000 equivdents) did not increase 

the enq-mztic activity above that observed when only one equivalent of NiCIz was added. 

Hence. any binding to a second site does not appear to affect the enzyme activity. ITC was 

also performed in which an excess of metal (20-fold) was titrated into the enzyme to 

determine if there was any evidence for a second binding site. Under the conditions examined 

no evidence for a second site was detected. However, ESMS analyses described in section 

2.3.4 found thar two inhibitor molecules could bind to the enzyme, indicating two active sites 

do exist. Nevertheless. our crystallographic results presented in Chapter 3 show one metai ion 

bound in each of two active sites- under the crystallization conditions used. 

Aflniw of E. coZi GLxl for Various Meral Ions 

The isothermal titration calorimetry studies not only provided information on the 

number of binding sites on the macrornolecule. but also provided information regarding the 



therrnodynamic parameters of the interaction between the protein and metal ions. As seen in 

Table 2.2, the equilibrium binding constant or association constant 6) is very high for most 

of the metals andyzed. Unfortunately, the affinity is too high for accurate determination by 

cdorimeny in most instances. Only a general range could be determined, for example bIi2+ 

appears to have a Ka greater than 10' M-'y which corresponds to a dissociation constant &) 

of la or in the nanomolar range. Fi=ure 2.13 illustrates a sarnple titration of Nielz Uito 

apoGlxI. Determination of an exact affinity at rhis level is difficult with any of the techniques 

listed in the introduction, not just isothermal titration calorimetry. What can be deterrnined 

from these Ka values for each of the metals are the relative afhities. 

The enzyme appears to have a Iower affinity for &ln2+ dlowing for more accurate 

detemination of the association constant (3.9 x 106 M.'). X2+ and CO'+ have &inities (Ho7 
M-') intermediate between ~ n ' -  and the tightly bound cdZ' and zn2' (>IO* MI). 

n i e  enthalpy change (AH) for the interaction of each metal with apoGlxI is each in the 

same range. although AH for cd2+ is somewhat lower. Without an accunite Ka value, m e r  

thermodynarnic parameters of the interactions can not be determined (AG and AS for 

example). 

A complication was encountered during the analysis of the metal binding. The cells in 

the ITC are made of Hastelloy stainIess steel. which is -60% nickel (Alfa Aesar 1999-2000 

Research Chemicals, Metals and Matenals Catalogue). As E. coli GlxI readily binds nickel 

there were problems with baseline stabiiity dunng some of the titrations. While the 

apoenqme was present in the ITC ceIl for approximately one h o u  equilibrating prior to the 

srart of the titration. a small steady production of heat was observed. Even after the start of 

the titration. the baseline often had a positive dope. Once approximately one equivalent of 

metal chloride was added the baseline rapidly decreased and leveled out, suggesting the 

increase was due to binding metal in the system. A sarnple of protein was removed from the 

iTC after approxirnately 90 min in the stainless steel cell. The relative activity was about 

10% that seen with fûlly active N~'--G~xI. which may explain why in some instances the 

number of binding sites (n) was slighrly below one. Pnor to each titration, the ceils were 

rinsed with Chelex treated MOPS buffer. a buffer that matched the protein solution buffer. 

Earlier trials involving a 15 min presoak of the cells with EDTA (1 mM) did not prove 

beneficial. Uninterpretable titration data resulted. It was speculated that the EDTA might 



simply be binding to the w d s  of the ce11 rather than removing any fiee or loosely bound 

metals, even followiag extensive rinsing with b d e r  pnor to addition of the enzyme. When 

the metal was titrated into the cell it might then bind to the apoenzyme and to the residuai 

EDTA, effectively titrating the EDTA fkom the walls of the sample ceIl. During the same set 

of experiments it was found that buffer with 10% glycerol as a protein stabilizer could not be 

used in any titrations, even when matchuig buffer was utilized in the reference cell. As a 

result, it could not be determined how rnuch of the problem was due to the EDTA rime, or 

glycerol interference. 

1 I I 1 
O 960 1920 2880 3840 

Time (s) 

Figure 2.13: Representative binding isothenn of a titration of NiCl? into apo E. c d i  
glyoxalase 1. 



Dzrerential Scanning Calor irne~ (DSC) 

The stabilities of the various metal-substituted forms of wild-type E. coli GlxI were 

evaluated by differential scanning calorïmetry (DSC). As seen in Fieure 2.14, the results 

reveal a very interesting trend. Although the apoenzyme is quite stable (Tm = 67.0°C) there is 

a significant increase in stability upon addition of rnetal. The ~i~'-substituted GW has a 

thermal denamation temperature (Tm) of 83.8OC, whereas this increases even M e r  in the 

presence of 2n2", to 88.4OC. The co2'-, Mn2+-, and cd2+-substituted GlxI enzymes have 

thermal denaturations of 82.7OC, 74.2OC, 84.3"C respectively. The denaturation does not 

appear to be reversible for the enzyme in any form. Similar trends in enzyme stability upon 

addition of metal ions have been reported. The presence of zinc in Aeromonas hydrophila 

AE036 metallo-f3-lactamase was found by DSC to stabilize the enzyme conformation, as 

evident in a 14°C increase in the Tm of the mono-2n2' form of the enzyme compared to the 

apoenzyme (Hernandez Valladares et al., 1997). Similady, the single-stranded DNA binding 

protein, gene 32 protein (g32P) from bacteriophage T4, a zinc metalloprotein, has a T m  6OC 

higher than the apoform of the enzyme (Keating et al., 1988). The Tm for this protein 

reconstituted with either cdZ' or CO" was very similar to that observed for the zn2' form of 

the enzyme. 

We have previously shown that E. coli (31x1 remains dimeric in the absence of metal 

and circular dichroisrn indicated there were no major stnicniral changes upon binding ~ i "  

(Clugston. 1997; Clugston et al.. 1998a). This suggests that the rnetal does not play a 

structural role but rather the metal binding site is intact in the enzyme, ready for the catalytic 

metal to bind. This was confimed in Our crystallographic analysis which revealed that 

apoGlxI had the same structure as the metal substituted forms of the enzyme and the four 

metal ligands from the protein were simply less ngid pnor to metal binding (Chapter 3; He et 

al.. 2000). However, the differences in the stability of the enzyme displayed here indicate the 

metal ion does have some effect on the structural integrity of the enyme. It is interesting that 

although the eluyme is inactive with 2n2', the protein is slightly more stable in the presence 

of this metal than with ~ i " .  Our work has suggested that the affinity of the apoenqme for 

zn2+ is very hi&, and that excess 2n2' can replace one of the activating metals in GlxI over 



h e .  The significance of this increased stability in the presence of 2 8  is not known at this 

time. As zn2' is readily available in the cell, it is possible however, that binding zn2+ may be 

a way to sequester GlxI in the cell in an inactive yet stable form till needed. 

60 70 80 

Temperature (OC) 

Figure 2.14: Illustration of the DSC results for apo E. coli GIxI and various metal substituted 
forms. 



2-3.4 Inhibitor Binding Affinities of E. coli Glyoxalase I Detennined by Mass 

Spectrometry of Non-covalent Complexes and Comparative Kinetic 

Analyses 

En-yme Topology and pH Influence 

We have previously demonstrated by gel filtration chromatography, that the active 

form of E. coii GlxI is dimeric. however al1 of our m a s  spectral data on E. coli GlxI was 

collected under denaniring conditions and hence only the protein monomers were evident 

(Clugnon, 1997; Clugston et al., 1998a). In order to determine whether a possible non- 

covalent dimer of the enzyme could be detected by ESI-MS (electrospray ionization mass 

spectrometry), and to probe the stability of this dimer. mass spectra of E. coli GlxI in buffers 

with a pH of 2.5, 3 .O, 4.0, 5.0, 7.0, 8.0, and 10.0 were recorded. Figure 2.15 graphicaUy 

illustrates the relative contribution of dimer species to the total ion signal as observed in the 

ES1 spectra recorded at different pHs. As indicated. at pH values between 4 and 8 the mass 

spectra were dominated by ion signals originating from the dimer. Nevertheless at these pH 

values the mass spectrum still showed rninor ion signals corresponding to the monomer. At 

the more extreme pH values, monomeric species were predominantly detected It is predicted 

that the extremes in pH could disrupt the non-covalent quaternary structure and dissociate the 

subunits. It is interesting to note that this pH smdy resembles the pH activity profile of the 

enzyme in solution (Clugston, 1997; Clugston et al.. 1998a; Figure 2.8). These resdts 

indicate that ESI-MS might be an extrernely useful technique to give prelirninary pH stability 

information on protein assernblies (Loo, 1997: Green et al., 1999; van Berkel et al.. 2000). 



Figure 2.15: Percentage of dimer to dimer + monomer ions as determined fiom the m a s  
spectra of E. coli GlxI as a function of the pH. Nanoflow ESI-TOF spectra were 
aquired on a Micromass Q-TOF hybrid tandem mass spectrometer, as described in the 
material and methods- 

RoZe of in En-zme DNnerization Erarnined by ESI-US 

It  is known that GIxI requires a catalytic metal ion for bioactivity and E. coZi GlxI is - 

rnaximally active with ~ i ' - .  However. al1 the m a s  spectra were recorded on the apoenzyme. 

The results sumrnarized in Figure 2.15 suggest rhat the E. coli glyoxalase I enzyme remains in 

its dimeric form even in the absence of ~ i ' -  ions. Our previous gel filtration study also 

confirmed that the enzyme is dirneric even in the absence of a bound metal ion (Clugston et 

al.. 1998a). Circular dichroism has also indicated that there is no significant structural 

alteration in the enzyme upon metal binding (Clugston, 1997). Hence, it can be concluded 

that the ~i'--binding is not essential for dirnerization of the E. coli enzyme, nor for the 

molecular structure of each subunit. This was reconfirmed by examination of the crystal 

structure of the apoenzyme (Chapter 3). 



Enyme  inhibitors of GlxI are conventionally investigated by monitoring the 

enzymatic production of S-D-lactoylglutathione using W difference specuoscopy. niis 

method requires comparatively large quantities of enzyme and inhibitor per r u ,  and is rather 

time-consuming. Additionally. it is rather difficult to obtain Wonnation about the enzyme- 

inhibitor complex topologyl~toichiometry by UV diEerence spectroscopy on its oum. ESI- 

MS was utilized as an initial inhibitor screen by determination of their relative binding 

affinities to the enzyme. For these s d i e s  a 7 pl mixture of 5 pM E. coli GlxI (10 pmol) with 

a fixed amount of inhibitor was incubated for an hour in an ammonium acetate buffer at 

neutral pH. An illustrative nanoflow ES1 mass s p e c t m  of E. coli G U  and S-(2-[3- 

(hexylcxy)benzoyl]-vinyI ) glutathione is shown in Figure 2.16. In addition to the ion signals 

onginating fiom the unbound monomer (m) and unbound dimer (a), additional signals were 

observed (indicated by the arrows) which couId be attributed exclusiveIy to the dimer non- 

covalently bound to an inhibitor molecule. The data shown in Figure 2.16 clearly reveal that 

while the inhibitors bind strongly to the GlxI dimer. they do not bind to the monomer. These 

results suggest that the inhibitor binding sites. or active sites, are most likely formed by the 

two subunits. This is consistent with the observation that the active sites are at the dimer 

interface in the homologous H. sapiens GlxI (Carneron et al., 1997), and confirmed by our x- 

ray structural studies on the E. coli enqme (Chapter 3: He et al., 2000). 

RoZe of ~i'- in Inhibitor Binding 

As outlined, this mass spectrometric approach evaluates binding affinities rather than 

inhibition values. In order to detemine whether the binding of an inhibitor to (31x1 was 

influenced by the presence or absence of ~ i ' - .  mass spectra of Glxi and S-(2-[3- 

(hexyloxy)benzoyl]vinyl}glutathione in buffered solutions containing 0, 2.5 and 25 mole 

equivalents of ~ i "  were compared. No significant differences were obsewed and therefore it 

was assumed that indeed Ni'- does not influence the binding affinities appreciably. In the 

presence of Ni2' the m a s  spectrornetric data becarne rather complicated as many additional 

ions were detected containing several ~ i ' -  andor N~CI' adducts, making the assigrment of 

the ion signals quite dificult. Therefore, we chose tu carry out the mass spectrometric studies 

in the absence of nickeI. 



Figure 2.16: ES1 mass spectnim of E. coli GlxI (5 CiM) with S{2-13-@exyloxy)benzoyi]- 
viny1)glutathione (2.5 CiM)- indicate the G U  monomer, the dimer, and the arrows 
indicate the binding of an inhibitor molecde. 



Inhibitor Screening by Mass Spectrorneby 

The binding of a small library of inhibiton (Table 2.3) to E. d i  GlxI was individually 

tested keeping the concentration of the different inhibitors constant (8 PM) If it is assumed 

that the relative intensities of the free and 'inhibitor-bound dimer are an indication of the 

relative affinity of the enzyme for inhibitor, then the mass spectra may be used to obtain 

relative bînding affinities. This has been considered a reasonable asstmption in previous ESI- 

MS protein-ligand bio-affinity studies (Jorgensen et al., 1998; van Dongen and Heck, 2000). 

From the mass spectral data it could be directly detemiined that S-methylghtathione (a) binds 

weakl y compared to S-hexy lg lutathione (c)  . To denve more quantitative data the rnultiply 

charged distribution profiles were transformed to produce true molecular neutral spech-a using 

the Masslynx NT software. From the peak integrals, relative &inities of inhibiton for 

binding to GlxI were established. The average number of bound inhibitor molecules (n) was 

calculated per dimer and is given in Table 2.3. 'n' was calculated from the mass spectra for al1 

the studied inhibitors at constant enzyme and identical inhibitor concentrations. For 

cornparison, solution IC50 values were deterrnined for some selected inhibitors. Figure 2.17 

shows an illustrative plot of the fractional enqme activity as a fünction of the transition state 

analogue concentration, fiom which the ICS0 value of the transition state analogue for GIxI 

from E. coli could be determined. The measured ICjO values have been included in Table 3.3. 

It  should be noted again that in the ESI-MS studies only the interaction berneen the enzyme 

and the inhibitor is studied, in the absence of ~ i ' - .  For the enzyme kinetic analyses. ~ i -  had 

to be added. as the enzyme is othenvise not active. Regardless, the extent of inhibitor binding 

seems to show an accurate correlation with the determined ICS0 values. The inhibition values 

confirm the mass spectrometric results and indicate that out of the 1 1 -membered library only 

two are inhibitors in the micrornolar range. the transition state analogue (k) and S-{2-[3- 

(hexy loxy) benzo yllvinyl } glutathione (e). The agreement found in the ESI-MS a.f!fïnity data 

and the ICso data fiom kinetic analyses emphasizes that the absencdpresence of ~ i -  has no 

significant effect on the binding affinity. The ~ i "  ions do affect the enzymatic catalysis rate, 

but the absence/presence of ~ i "  most likely does not lead to major conformational changes in 

the inhibitor binding site(s). 



Table 2.3: Structures, inhibition values (ICSo with 0.04 mM substrate), and relative binduig 
e t i e s  (n) of the library of potential inhibitors of  E. coli G U  evaluated. 

Compound Structure G o  (mM) n 

S-Substituted GSH 

S- (2-[3-(hexyloxy) 
benzoyl]vinyl) glutathione 

S-@-azidophenac y 1)- 
glutathione 

S-Lactoylglutathione 
(reaction product) 

Glutathionesuifonic acid R = -O3- > 5 

OH N.D. 



Several glutathione analogues have been demonstrated to be competitive inhibiton of 

the S. cerevisiae and sapiens GlxI enzymes (Kermack and Matheson, 1957; Vince and 

Wadd, 1969; Aronsson et al., 198 1; Cameron et al., 1997). It has been suggested that the 

binding pocket present in S. cereviriae and H. sapiens glyoxalase I has a hydrophobic region 

(Aronsson et al., 1981; Cameron et al., 1997). In order to detemiine whether similar 

interactions are important in the E. coZi enzyme we evaluated a series of increasingly 

hydrophobic glutathione analogues (a to d in Table 2.3). Both our mass spectrometric data 

and IC50 data indicate that the inhibition potency increases with increasing chah length 

(Table 2.3). However, none of these alw-glutathione analogues reach the high inhibition 

Ievel previously demonstrated for the S. cerevisiae enzyme (e-g. ICSo of octyl-GSH = 59 pM; 

Barnard and Honek, 1989)- suggesting a significant alteration in the binding pocker of the E. 

coli enzyme- If sirnilar alterations exist between the active sites of E. coli and H. supiens 

glyoxalase 1, determination of such differences in the binding pocket could be targeted for the 

development of novel antibactenal agents. Chapter 3 presents the recently determined c r y d  

structure of E. coli GlxI (He et al.. 2000). Cornparison of the active site of this enzyme with 

that of the H sapiens indicates that the active site is much more open, which may explain the 

difference in the response to these inhibitors. 

Other GSH-based analogues containing aromatic groups (f and h) were evaiuated. 

However. no major increase in potency was observed by the inclusion of an aromatic 

functionality. Neither the reaction product. S-D-Iactoylglutathione f g), nor the negatively 

charged glutathionesulfonic acid (i) appear to bind particularly strongly to the enzyme. 

However. two compounds in our Iibrary exhibited particulariy strong binding amnity, the 

transition state analogue (k) (Ly et al., 1998) and S43-[3-  

(hexyloxy)benzoyI]vinyI)gIutathione (e)  (Table 2.3). We previously demonstrated that the 

transition state analogue (k) is also a competitive inhibitor of S. cerevisiae GlxI (Ly  et al.. 

1998) and heflce binds in the e n v e  active site. 



Figure 2.17: Representative plot of the fractional enzyme activity as a function of the 
transition srate analogue inhibitor concentration, used to determine ICso values. These 
curves were fit using GraFit 3 .O 1 (Erithacus Software Ltd.) according to the following 
equation: y = a/(l +(>dlC ja)S). 

The rnass spectrometric approach has apparent advantages in that it is much more 

rapid. it requires far less enzyme and inhibitor (i-e. as Little as several picornoles of enzyme . 

and inhibitor) and it does not suffer from problerns associated with spectral interference. For 

instance the flavonoid myricetin ü). has been previously shown to inhibit the S. cerevisiae 

GlxI enzyme at a level of 50 pM (Barnard and Honek, 1989). However, because of the 

unfavorable effect of myricetin on the standard I = 240 nrn spectrophotometric assay, an 

altemate protocol is required for testing such a compound. Due to this difficulty and the very 

weak binding of myricetin to the E. coli glyoxalase 1 enzyme, illustrated in the ESI-MS study, 

myricetin was not tested in the present kineiic analyses. Also, several other compounds 

evaluated, such as S-@-niuobenzy1)glutathione (k) and the reaction product S-D- 

lactoylglutathione (g), contribute to the absorbance at h = 240 nm, which lirnits the effective 

range of inhibitor concentrations that can be evaluated. Using electrospmy m a s  spectrometry 



to evaluate the relative binding of these compounds does not d e r  fkom these disadvantages 

and may therefore provide a powerful alternative method for an initiai screening of inhibitors 

for this enzyme. 

Speczjk and Nonrpecz~c Binding EvaZuated by Titration Experiments 

Other snidies described previously have indicated that only one metal ion is required 

per dimer to produce a fully functional E. coli (31x1 enzyme, suggesting only one functiond 

active site. Therefore. a particularly interesting resdt from our present ESI-MS data is that it 

appears that the dirneric enzyme cm bind w o  inhibitors. In order to determine whether this 

binding of a second inhibitor is indeed specific, GlxI was titrated in nibsequent experiments 

with different amounts of inhibitor. These experiments were performed on S- 

hexylglutathione (c), myicetin a). the transition state analogue (k) and S{2-[3- 

(hexyloxy)benzoyl]vinyl)glutathione (e). Figure 2.18 shows illustrative examples of mass 

spectra obtained in titration expenments performed with the transition state analogue (k), with 

concentration ratios of e-e to inhibitor of 0.20. 1 and 4. The numbers in the figure 

indicate the number of bound transition state analogue molecules to E. coZi GlxI. From this 

figure it is clear that even below saturating conditions a second transition state analogue 

molecule binds to the GlxI dimer. indicating that the binding of two inhibitors is specific. 

Similar profiles were observed for the other inhibitors. In Figure 2.18C the possible binding 

of a third transition state analogue inhibitor rnolecule is observed. Since this binding was 

only observed at very high inhibitor concentrations. above saturation, this binding of the third 

molecule is believed to be much less-specific. Similar profiles were observed for the other 

inhibitors. Titration cuves for the binding of four different inhibitors to E. coli (31x1 (10 pM) 

determined by ESI-MS indicate that two inhibitor molecules bind specifically to the dimeric 

enzyme (Figure 2.19). suggesting that there are two intact binding sites. These titrauon 

curves again display the relative binding of the inhibitors to the dimeric enzyme. For 

example. even at very high inhibitor to enzyme ratios, myricetin (j) still does not reach 

saturation levels, unlike the transistion state analogue (k) and S-12-[3- 

(hexyloxy)benzoyl] vinyl ) glutathione (e) .  



Eigun 2-18: NaaoESI-TOF m a s  spectmm of 5 p M  E wIi giyoxaiase 1 with (a) 1 I<M. (b) 5 
pM, and (c) 20 plid transition state d o g u e  (k). The numbers in the figure indicaie 
the number of bond transition state d o g u e  molecules to E coli GlxL 
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Figure 2.19: Titration c w e s  for the binding of inhibitos to E. coli GlxI (10 FM) as 
measured by ESI-MS. 



2.4 Conclusions 

In the examination of the kinetics of E. coli GlxI we have identified several met& 

which activate the enzyme to varying levels, ~ i ~ + ,  co2', Mn2", ~ e ~ + ,  and cd2'. Although the 

enzyme does bind 2n2', the metai ion found in the active forms of G U  fkom S. cerevisiae, H 

sapiens, and P. putida, the GlxI enzyme fiom E. coli is inactive with 2n2+ bound. Activity 

titrations, metal analysis, and isothermal titration calorimetry indicate that E. coli GlxI is 

active with one equivalent of metal bound to the dimeric enqme. The same ratio of bound 

metal was found for the inactive forms of the enzyme containhg 2n2+ and cuZi. In contrast, 

M$+ and ca2+ do not appear to bind or activate the enyme. Furthemore, TTC indicates that 

the metals are tightly bound to the active site, with the exception of ~ n ~ +  which appears to 

have an affinity two orders of magnitude lower than the other metals. Interestingly, although 

2n2' produces an inactive enzyme, the association constant for this metal is quite hi&. 

Although the association constant is very high for these metais, dynamic exchange still 

appears to occur. Metai cornpetition studies indicate that the rate of me& ion exchange is 

dependent not only on the identity of the metals, but also the temperature, and concentration 

of the competing meral. Increased temperature and increased levels of competing metal 

appeared to result in a more rapid replacement of the bound metal. in addition, the stability of 

the enzyme, as determined by differential scanning calorimetry, is greatly enhanced in its 

holoenzyme form over the apoenzyme. 2n2%lx1 has a melting temperature slightly higher 

than that of ~ i " - ~ l x I .  The significance of this is not currenîly understood. 

Although maximally active with ody  one metd ion bound, the enqxne does have two 

active sites able to bind GSH-based inhibitors. as determined by analysis of non-covalent 

complexes by mass spectrornetry. It is speculated that the affrnity of the enzyme for a second 

metal ion is significantly lower than for the first metal bound and does not affect the level of 

enzyme activity. 



CHAPTER 3 

ENZYME STRUCTURAL STUDIES AND DETALED ANALYSE OF THE 

METAL BlNDlNG SITE 

3.1 Introduction 

To gain M e r  insight into the unique metal activation of the E. coli glyoxdase I 

enzyme, numerous stmctural studies were undertaken. To focus specifically on the metd 

center and the ligands to the rnetal '13cd NMR (nuclear magnetic resonance) studies were 

performed in collaboration with V. Robertson at the University of Guelph (Guelph, ON), EPR 

(electron paramagnetic resonance) analysis of the M.n2+-substituted enzyme with Dr. G. D. 

Markham at the Fox Chase Cancer Center (Philadelphia, PA), and XAS (x-ray absorption 

spectroscopy) analyses of the ~ i ' - -  and zn2-substituted enzyme in collaboration with Dr. M. 

J. Maroney and G. Davidson fiom the University of Massachusetts (Amherst, MA). TO 

examine the enùre protein structure and gain a detailed picture of the active site in the 

presence of several different metals. an x-ray crystallographic snidy was pursued in 

collaboration with Drs. B. W. Matthews a d  M. M. He at the University of Oregon (Eugene, 

OR). The results of these stmctural analyses provide extensive details regarding the active 

site metal environment and offer interesting insight into the differential metal activation of 

this metalloenzyme. 

Cadmium (cd2') has been found to readily replace numerous metals in proteins, 

including 2n2-, CU" and ~ a "  (Coleman. 1 993; Surnmers, 1988 and references therein), and 

as such h a  been fiequently utilized to probe the metal binding site of proteins, both structural 

and catalytic. There are two NMR active, '/z spin isotopes of cadmium, " 'cd and Il3cd. 

Each of these isotopes are present in naturd abundance of approximately 12%, but for 

histoncal reasons 'l3cd tends to be utilized over '' 'cd (Coleman, 1993; Goodfellow et al., 

1998). The detection sensitivity however is only 1% that of 'H and 70% of 13c. Hence, to 



facilitate the analysis of metal binding sites in proteins, enriched L'3~d2* at 96% is commonly 

utilized. Even at this level, concentrations of 1-2 mM are required for measurable signal to 

noise ratio in a reasonable time fhme. 

Analysis of numerous proteins and srnall molecules has demonstrated that "3~d2+ has 

a chernical shift range over 1000 ppm. which rnakes it sensitive to srnall changes at the meral 

coordination site (Coleman, 1993). The deshielding firom the coordinathg ligands increases 

fkom O<N<S, with each S ligand increasing the chemical shifi approximately 100 ppm. In 

addition, an increase in shieiding for a given donor is noted with increased coordination 

number. However. a distortion from regular syrnmetry can change the chemicai shift. The 

chemical shifi ideally can be utilized to detemine the type of ligands to the metai, their 

identity and geometry (Goodfellow et ai.. 1998). However, the geometry determination is not 

always reliable. As a result it is difficuit to make accurate conclusions regarding the overall 

binding site simply from a one dimensional l f3cd experiment. Recent studies using 

desulforedoxin and various mutant forms of this enzyme have attempted to establish a 

relarionship between the metal site geometry and the chemical shift (Goodfellow et al., 1998). 

However. at this time the chemical shifi cm  only be reliably used to indicate the type of 

ligands surrounding the rnetal. To identifi the ligands surrounding the cd2+, two dimensional 

( ID) NMR studies have been performed. in which IL3cd is coupled to 'H signals. Two such 

methods have been ernployed in the analysis of the metal binding site of several proteins, 

heteronuclear multiple quantum coherence (HMQC) and heteronuclear cross-polarization 

TOCSY (total correlated spectroscopy; Live et al.. 1985; Gardner and Coleman, 1994). 

We undenook a '13cd NMR analysis of E. coli glyoxalase 1 to determine the m e  of 

ligands around the metal and rhe feasibility of performing detaited 2D NMR analyses. 

3.1.2 Electron Paramagnetic Resonence (EPR) 

Electron paramagne~ic resonance (EPR). also called electron spin resonance (ESR) is 

similar to NMR but involves changes in the spin of unpaired electrons rather than nuclei. It 

can be utilized to detect changes in the environment of the electrons (Cantor and Schimmel, 

1980; Campbell and Dwek, 1984). 

EPR studies on H rapiens GIxI with bound CO", cu2', and ~n~~ in combination with 

various inhibitors have been reported (Sellin et al., 1982a; Sellin et al., 1983; Sellin et al., 



1987). These snidies have suggested that the metai ion is in an octahedral environment, with 

at leai  one nitmgen atom acting as a metal ligand fiom one or two histidines. 

E. coli GlxI reconstituted with &ln2+ was analyzed in the presence and absence of 

various GSH-analogues, including the product of the glyoxalase 1 reaction, S-D- 

lactoylglutathione, and the postulated transition state analogue described previously (Section 

1.4.1 and 2.3 -4). It was hoped thzt if there was a difference in the ligation pattern around the 

metal center during sorne stage of the reaction this codd be detected by cornparison of the 

EPR results of the various sarnples, - 

3.1.3 X-Ray Absorption Spectroscopy (XAS) 

X-ray absorption specuoscopy (XAS) is a widely used tool for the analpis of protek 

metal centers. This technique involves measurernent of the transition of the metal center nom 

its core electronic state to its excited electronic or continuum states (Hay, 1984; Yachandra, 

1995). This is specifically known as x-ray absorption near-edge structure O(ANES). The 

examination of the absorption cross section fine structure at energies above the electron 

release threshold is known as extended x-ray absorption fine structure ( E x A F S ) .  The 

information from these two analyses is complernentary. From EXAFS data, information can 

be obtained regarding not only the type of atoms surrounding the metai but also the distance 

to within 0.02 A (Hay, 1981). EXAFS however can not determine the bond angle and the 

determination of the number of ligands has a 20% error (Hay, 1984). XANES can provide the 

oxidation state of the metai in addition to the symmetry at the metal center (Yachandra, 1995). 

To obtain this data synchrotron radiation is utilized to photoionize the core electrons 

in the metal under analysis. When the e n e r B  of this incident ray is greater than the ionization 

energy of the 1s electron. this electron is excited to the ionization continuum. The EXAFS 

spectnim is produced by the interference of the outgoing photoelectron wave and the back- 

scattering of the wave fiom nearby atoms (Hay. 1984). The interference can be constructive 

or destructive producing oscilIations in the collected data. Figure 3.1 illustrates this 

phenornena. The XANES data is obtained in the same spectrum. in the x-ray absorption 

spectrum, the XANES region preceeds the sudden increase in absorption or absorption edge 

resulting fiom the input of energy to produce a photoelectron. When the photoelectron cornes 

fiom the 1s core level of the atom this is known as the K-edge (Hay, 1984; Yachandra, 1995). 



Figure 3.1: Illustration of the physical ongins of EXAFS using molybdenum as the example 
(From Hay, 1984). 

XAS analysis of E coli GlxI with ~ i "  and 2n2' bound were examined to detemine if 

there was a difference in the ligation pattern surrounding the two metal centers given that ~ i "  

produces an active enzyme and zn2- an inactive GlxI enzyme. A difference in metal ligation 

could provide ches to th is  difference in activation. In addition, the metal substituted enzyme 

was examined with various enzyme bound GSH-analogues, as performed for the EPR studies, 

to determine if a change in the metal ligation accompanies the binding of these molecules. 

These studies could provide dues to the mechanism of the GlxI catalyzed reaction. 

3.1.4 Protein Crysfallography 

Determination of the x-ray crystal structure of a protein can be invaluable in protein 

characterization. The molecukr details of the active site in addition to the overall shape and 

desisn of the protein structure can direct fûture experimental analyses. However, to solve the 

structure of a protein one must determine both the amplitude and phase of each diffracted 

wave in the difiaction data. The collected data however only provides the amplitude but not 

the phase, which is the angle for each reflection (Hendrickson et al., 1990; Rhodes, 1993). 

This is a very general description of the most difficult problem in crystailography, after 

successfdly growhg crystals, known as the "phase problem". To overcome this problem, 



heavy atom denvatives of the protein are ofken utilized. Multiple isomorphous replacement 

(MIR), which involves soaking crystds of the protein with various heavy atoms such as 

mercury, can be employed to solve this problem (Rhodes, 1993). The heavy metal will scatter 

the x-rays more than the atoms of the protein. Examination of the change in ïntensity of the 

d i e c t i o n  data kom tbe heavy atom can be utilized to determine the phase. Another method 

employed is multiwavelength anomalous diffraction (MAD), which has been described as in 

situ isomorphous replacement (Smith, 1991 ; Hendrickson et al., 1990). Selenium is a heav 

atom suitable for such replacements and selenomethionine is a fiequently utilized heavy atom 

derivative. The replacement of methionines with selenomethionine (SeMet) in a protein 

wouid place the selenium heavy atom at a specific nurnber of locations throughout the protein 

structure (Hendrickson et al., 1990; Doublie, 1997; Smith and Thompson, 1998). In fact, the 

incorporation of SeMet as a protein label in crystallographic sixdies utilizing MAD analysis 

accounts for two-thirds of al1 structures solved by MAD (Smith and Thompson, 1998). Other 

MAD analyses have employed heavy amms such as mercury or gold intmduced into the 

protein. SeMet was incorporated into E. coli GlxI to aid in the structure determination 

utilizïng the technique of MAD analysis. The enzymatic characterization of SeMet-GlxI is 

presented in Chapter 4. 

In order to aid in understanding the unusual metal activation observed in E. coli GlxI, 

a detailed crystallographic analysis of various metai substituted forms of this enzyme was 

also undertaken. In addition, the structure of H. sapiens GlxI has recently been reported 

(Cameron et al.. 1997) and has been identified as a member of a P a P P P  superfimily of 

metdloproteins (Bergdoll et al., 1998). Determination of the structure of E. coli GlxI 

provides the first structural information on a bacteriai GlxI and adds to our knowledge of this 

superfamily. These analyses have identified the distinctions between the bacterial and 

eukaryotic GlxI structures and revealed differences in the environment around the metal, 

providinp a clue to the differences in catalytic efficiency. The results suggest that it is the 

geometry of the metal coordination, rather than the metal ion itself, that correlates with the 

catalytic activity. 



3.2 Materials and Methods 

The pertinent details for the preparation of the enzyme samples for each technique are 

provided. As this work was performed in collaboration with other groups, a summary of 

some of the experimenral details of their work in addition to data tables are included in an 

appendices to this thesis or in the indicated references. 

The primary sequence of sapiens GlxI contains 184 amino acids (Ridderstrom and 

Mannervik, 1996), the N-terminal Met being lost in the active enzyme. All references to H. 

sapiens GlxI residue numbers refer to the intact 184 amino acid sequence. 

3.2.1 7 1 3 ~ d  NMR 

Sample Preparation 

ApoGlxI was concentmted to 0.82 mM utilizing an Amicon Centricon (YMIO; 

Millipore, Bedford, MA) and the buffer changed to 22 mM MOPS, pH 7.0, Chelex treated. 

lmmediately before NMR analysis, DZO was added to 10% and 0.9 mole equivalence of 

1 1 3 ~ d ~ 1 2  (US Services Inc, Summit. NI) was added, givhg a final dimeric enzyme 

concentration of 0.72 mM, cd" concentration of 0.65 mM, in 20 mM MOPS, 10% D20. 

IVWR Data Collection 

NMR data acquisition was performed by Valerie Robertson at the University of 

Guelph. ' 13cd NMR was collected at 88.744 MHz utilizing a Bruker-Spectrospin 400 MHz 

NMR under direct observe. wiùi a broad band muitinuclear probe, at 23OC, in a 5 mm NMR 

tube (23 5 ) .  The acquisition time was 0.6 16 1 s, relaxation thne of 2 s, Iine broadening of 10 
Il3 Hz. The Cd signal and 90" pulse time was initially determined utilizing concentrated 

Cd(C10& (Sigma) in 100% no. then the resonance of a 0.1 M Cd(C10& solution in 10% 

DïO was employed as a reference to set the chemical shift at zero. 

To ensure the signal rneasured fiom the enzyme sample was not due to fiee cd2', a 

control sample of 15 mM " 3 ~ d ~ l z  in 20 mM MOPS, 10% DrO was prepared. 



3.2.2 EPR 

Sample Preparation 

Four MC-G~XI samples were prepared by adding 2 mole equivalents of MnClt 

(Baker Andyzed, J.T. Baker) to apoGU. Ultrafiltration was used to remove the excess metd 

and change the buffer to 50 rnM HEPES (4-(2-hydroxyethy1)- 1 -piperazineethanesubnïc 

acid) pH 7.0, ushg a Centricon (YM10). The protein was concentrated to 1.2 mM (-40 

mg/ml). The fust 200 pl sample was enzyme plus metal alone, the second contained 5 mM S- 

octyIglutathione. third 10 mM S-lactoylglutathione, and the fiaal sample contained 10 mM 

transition state analogue (TSA; described in section 1.4.1). The samples were frozen in liquid 

nitrogen and shipped on dry ice to Dr. G. D. Markham for EPR analysis. 

3.2.3 XAS 

Sarnple Preparation 

The samples of E. coli GlxI used in the XAS studies were prepared by reconstitution 

of recombinant apoGlxI with 1-5-25 equivalents of NiCll or ZnC12. Al1 enzyme samples 

were then concentrated to between 1.2-2.7 mM dimeric enzyme using a Centricon 

concentrator (YMIO). the buffer changed to 50 mM MOPS, 25% glycerol and adjusted to pH 

7.0 with tetraethyl ammonium hydroxide (10% solution in water), pnor to loading into sarnple 

holders (Figure 3.2) and fieezing on dry ice. Enzyrnatic activity was monitored throughout 

each sample preparation, and the final enzyme concentrations were determined by the 

Bradford method, as previously described (Section 3.2). 

Side View - 
Figure 3.2: Schematic representation of the polycarbonate EXAFS sample holders. The 

shaded region in the top view represents a trough 0.75 mm deep into which the 4 0  pl 
sample is placed. Drawn at -1 15% actual size. 



The enzyme activity of a representative sample was connmied following x-ray 

exposure. Details of the XAS experimental procedures can be found elsewhere (Davidson et 

ai., 2000a; Davidson et al-, 2000b). 

Preparurion of lnhib itor Complexes 

The enzyme-product complex was prepared by adding S-lactoylglutathione (fuial 

concentration of 5 mM) in 50 mM MOPS and 25% glycerol to one aliquot of the concentrated 

enzyme. An S-octylglutathione inhibitor complex was prepared by adding S-oc~ylglufathione 

(5 rnM fmal concentration) in 50 mM MOPS and 25% glycerol to a second aliquot. A second 

inhibitor complex was prepared by adding L-y-glutamyl-N-hydroxy-h,T-methyl-L- 

glutamhylgiycine (TSA; to 10 mM final concentdon) in water to the third diquot. Sarnple 

three was diluted by the addition of a solution of TSA in water, to give h a 1  concentrations of 

40 mM MOPS and 20% glycerol. The concentrations of S-Iactoylglutathione, S- 

octylglutathione. and TSA used in EXAFS samples were higher than the determined ICso 

values of these compounds (2.05 mM. 0.52 mM. and 1.80 p M  respectively; Chapter 2.3.4; 

Stokvis et al., 2000) 

Sample Preparation 

Native E. coli MG 1 655/pGL 1 0 was grown. GIxI expressed, and the protein purified as 

previously described (Clugston et al., 1998a). The incorporation of selenomethione (SeMet) 

and the purification and characterization of SeMet-GixI can be found in Chapter 4. 

The precipitated prorein follo~?ng isoelectric focusing has the highest purity and was 

utilized for al1 crystallographic work. The protein was concentrated usine an Amicon 

Centricon concentrator (YMIO) and the buffer changed to 50 rnM HEPES, pH 7.0 (Chelex 

treated buffer. N a  form). For the various metal substituted forms of the enzyme, 2-2.5 mole 

equivalents of metal (NiCI2, ZnC12, CdCl?, CoC12, or MnC12) were added to the dimeric 

apoenzyme, pnor to concentration and the enzyme concentrated to beîween 12-37 mg/ml. 

Protein samples were fiozen in liquid nitrogen and stored at -80°C in eppendorf tubes which 

had been soaked in 10% nitric acid for -30 minutes to remove any extraneous metals 

followed by iiberal nnsing with Chelex-treated water. 



CrystaZZization of M.--, CO'--? c&-. 2n'--, A p ,  and se M~~-N?--GM 

The various rnetal-bound forms of native G U  were readily crystallized by vapour 

diffusion in hanging drops with PEG 1000 and PEG 8000 as a precipitmt. The protein 

solution (5 pl of 12-37 mg/ml) was mixed with an equal volume of well liquor cent-g 5- 

10% PEG 1000 and 5-10% PEG 8000. Afier approximately one week at room temperature, 

crystals of dimensions -0.8 x 0.3 x 0.2 mm appeared. Although the apoGlxI protein gave 

crystals under similar conditions. they appeared to be Iess stable. More stable crystals with 

better morphology were obtained by 'placing the trays at 4OC for 2 weeks or longer. The 

crystals of S ~ M ~ ~ - N ~ ~ ' - G I X I  could only be obtained when additional b a e r  (50 mM HEPES 

pH 7.0) was added to the hanging drops containing -1 1 m g h l  protein and they differed in 

morphology fkom the native GlxI crystals. In addition, these crystals difkcted very poorly 

until subjec~ed to one or more cycles of crystal annealing (Harp et al., 1998; Harp et ai., 

1999). The crystds were flash cooled in a Stream of cold nitrogen and then transferred to 

mother liquor with 30% PEG 400 at room temperature. After a 1 min incubation the crystals 

were flash cooled again in the presence of 30% PEG 400. 

Data Colleclion 

The diffraction dara for native ~ i ' - -  and apoGIxI were collected on beamline 9-1 at 

the Stanford Synchrotron Radiation Laboratop. The data for the crystals of CO"-, cd2+-, and 

2n"-~1x1 were recorded under cryo conditions on a Rigaku R-AXIS imaginp plate mounted 

on a rotating anode source. Four data sets of ~ e ~ e t - ~ i ~ ' - ~ l x I  crystals were collected at 

different wavelengths. maximizing the K-edge anomalous dispersion effects of selenium, on 

beamline 5-2 at the Advanced Light Source (Berkeley, CA)- 

Srructure Determination. Model Building. Refinement, and Andysis 

These analyses were perfomed by Dr. M. He and are included in Appendix D (He et 

ai.. 2000). 

Presentation of the Protein Structures 

The selection of graphical representations of the protein presented in the 

crystallographic section were prepared by Dr. M. M. He, using MOLSCRIPT, Render3D, and 

Bobscript (Kraulis, 1 99 1 ; Esnouf. 1997; Merritt and Bacon, 1997). 



3.3 Results and Discussion 

3.3.1 '13cd NMR 

We have demonstrated that cd2' binds and activates E. coli G U ,  readily facilitating 

l I3cd NMR analysis of the rnetal bindïng site in this enzyme. This pretiminq NMR study 

has been performed to determine the type of ligands around the metal and the practicality of 

fbrther 2D NMR experiments with Gld.  

To masure the "'cd signal in a reasonable length of tirne, high concentrations in the 

range of 1 mM, or for E. coli GlxI approximately 30 mg/ml, are required even when utilizhg 

the enriched cadmium. As approximately 500 p1 is required for each NMR analysis, a 

significant amount of protein must be utilized. This is obviously a factor restricting extensive 

analyses. Using the Centricon spin columns high concentrations of GLvI were achieved for 

this experiment. Dilution of a sarnple of this enzyme to workable levels indicated that the 

enzyme was still active following this treatment. 

The chernical shifi observed for the sample of E. coli '13cd2+-~lx1 (Figure 3.3) is 

consistent with a mixture of oxygen and niuogen ligands, but no sulfur ligation as this would 

tend to shifi the signal to above 300 ppm (Coleman. 1993). This is consistent with the 

prediction of histidine and glutamate ligands. based on the sequence cornparison of E. coli 

GlxI to the H. sapiens enzyme (Figure 3.4). However. other types of non-sulfur ligands could 

certainly result in the observed '"cd NMR spectmrn. 

Figure 3.3: 13cd NMR spectrum of cdZ' substinited E. coli GlxI. 



Concentrated (15 mM) 1 ' 3 ~ d ~ 1 2  was analyzed to ensure the signal detected was not 

solely due to fiee ' 13cd in solution. The peak observed had a chemical shift of approxïmately 

25 ppm, significantïy different fiom the 75 ppm for C ~ ~ + - G U .  

V. Robertson also atternpted to perform a 2D NMR analysis on this protein sample, 

coupling the l13cd signal to 'H, however no signal was detected. ")c~-'H heteroTOCSY 

puise sequences used in analysis of the metal site in proteins have been described elsewhere 

(&ive et ai., 1985; Gardner and Coleman, 1994). Our lack of detection of a signal suggests 

that a more concentrated sample is required to facilitate these measurernents. Also, it is ~ i l l  

possible that the H+ fiom the MOPS buffer may interfere with the andysis. Pnor to M e r  

NMR analyses a different buffer system should be investigated such as phosphate or 

druterated MOPS . Phosphate however has the added complication of complexing with cd2' 

and precipitating as either the phosphate or hydroxide complex (Coleman, 1993)? hence the 

levels of cd2* would have to be rninimized. 

The results of this analysis confilm the non-sulfur me of ligands, and our additional 

structura1 studies described later in this chapter confirm this and clearly identiS each ligand. 

Future '13cd NMR studies couId be directed towards any change in the chemical shift upon 

binding substrate analogues or inhibitors, which could indicate a change in ligation around the 

metal center. Comparative ZD NMR snidies of these samples would provide even more 

details regarding the metal ligation. Although this does not provide a static picture as in 

crystallographic analysis, it does not require the crystallization of the protein with each of the 

inhibitor molecules that one wishes to examine, and the instrument and expertise are readily 

available. However, EXAFS and x-ray crystallographic studies of GlxI in the presence of 

inhibitors have yielded important data. 
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Figure 3.4: Protein sequence aiignment of E. coli G M  with sqpiens G U  generated by 
ClustalW 1.8. * indicares conserved residues; : highly homologous; . homologous 
residues. The metal ligands are in bold. 

3.3.2 EPR 

The EPR analysis indicated that the bIn2' in the active site of E. coli GlxI was in an 

octahedral environment. as predicted based on the structure of the H sapiens GlxI enzyme 

(Carneron et al., 1997). Unfortunately M e r  details regarding the specific ligands codd not 

be determined, nor could any notable difference be seen between the enzyme with an empty 

active site and those with bound GSH-analogues. hterestingly, the sample containing S- 

lactoylglutathione gave an EPR signal characteristic of fiee Mh2' suggesting the metal had 

been lost h m  the enzyme active site. It is not known why this would happen when each of 

the four samples contained the same enzyme and metal concentration. The ITC data 

presented in the previous chapter indicated that the affinity of the enzyme for M d C  is lower 

than for the other met& tested. In fact it is approximately two orders of magnitude lower 

than for ~ i ~ *  or ~n" .  In addition during the kinetic analysis of the wild-type enzyme loss of 

the metal was observed for the bln2' reconstituted enzyme when analyzed in phosphate b&er 

(Section 2.3.1). The observation that the ~ n ~ '  is also lost in this EPR analysis M e r  



supports the weak binding nature of E. coli G U  for Mi2'. The Mi? bound to the enzyme 

was also lost durhg crystallographic studies. 

Samples of the EPR spectra provided by Dr. Markham are included in Appendix B. 

Information regarding the coordination number and geometcy of the bIi2' site can be 

found in the XANES region of the spectnm. The region is sensitive to the number of ligands 

and the geometry of the ligands bound to the metal site and therefore provides a more reliable 

determination of the geometry and number of ligands than the EXAFS daîa. The Ni K-edge 

XANES spectnun of E. coli GlxI indicates a symmetric ligand environment. A four- 

coordinate planar geometry was eliminated as a possibility, indicating that the active site Ni is 

six-coordinate. See Appendix C for a table listing the data ftts performed by G. Davidson and 

Dr. M. J. Maroney. Details of the data analysis c m  be found in the published article 

(Davidson et al., 2000a)- 

The EXAFS data indicates that the first coordination sphere of the active site M2' is 

adequately fit by a single shell of 0(N) scattering atoms at an average distance of 2.07 A (fit 
Ni0 l in Table C. 1 of Appendix C). Modeling the first coordination sphere as a six-coordinate 

site cornposed of two shells of O N  donors (1 -2 at 1.91 A and 4-5 at 2.08 A) slightly irnproves 

the fit (Ni02). Multiple scattering analyses of features near 3 and 4 A are consistent with the 

coordination of two histidine ligands (fit Ni03). Addition of a shelI of C atoms with multiple 

scattering parameters in the second coordination sphere at 2.98 A? as might be expected fiom 

carboxylate donors. also improves the fit (Ni04). The best fits are obtained with 1-2 C atoms 

in this shell. indicating that at least one of the O/N donors is a carboxylate ligand. 

The EXAFS of 2n2'-~1x1 is consistent with a five-coordinate Zn site with two shells 

of O N  donor ligands (2 at 1.90 A and 3 at 2.05 A, fit Zn02). Addition of one well-ordered 

histidine ligand, or two histidines with significant disorder (fit 21103) in the atoms in the third 

coordination sphere, greatly improves the fit. 

The structure of the ~ i ~ *  site from this XAS analysis is consistent with that seen in the 

H. sapiens GlxI enzyme, with the substitution of the Gln ligand for a His in the E. coli 

enzyme. As discussed (Chapter l), the crystal structure of sapiens GlxI confïmed 



previous EXAFS and EPR suggestions that the metal is coordinated by six ligands (Sellin et 

al., 1982a; S e l h  et al., 1982b; Sellin et ai., 1983; Garcia-Lniguez et al., 1984;). The four 

protein residues in the H. sapiem enzyme were identified as Ligands, Gln34 with a 2n2?0 

distance of 2.0 Glu100 Z&O = 2.0 & His127 ZI?-N = 2.1 & and Glu173 2n2'-O = 2.0 

A. The final two ligands were identified as water molecules with 28- OH^ distance of 2.1 A 
and 2.8 A (Carneron et al., 1997; Carneron et al., 1999a). The E. coli GlxI sequence has only 

36% identity to the H sapiem. Nonetheless. protein sequence alignments between the E. coli 

and sapiens GlxI enqmes suggest the conservation of three of the four metal ligands in the 

E. coli enzyme (Glu56, His74, and Glu 1 22). with the fourth Iigand tentatively corresponding 

to a histidine (His5; Figure 3.4). 

The XAS data on E. coli GlxI support a six-coordinate N i ( G l ~ ) ~ ( H i s ) ~ ( 0 H ~ ) ~  site, 

whereas the EXAFS analysis for the 2n"-substituted E. coZi G U  is consistent with a 

Zn(His)2(Glu)zOH2 site. As the S. cerevisiae and P. putidn enzymes are active with 2n2+ 

bound (Aronsson et al., 1978: Saint-Jean et al.. 1998) yet also have a His ligand rather the Gln 

seen in the H sapiens GlxI this change in ligation is not expected to be responsible for the 

criticaI difference in the activity (See Chapter 4 for interesting results on the HSQ mutant 

GIxI). These results suggest that a six-coordinate metal may be required to produce an active 

enzyme and ~n ' -  does not give that configuration in E. coli GlxI, whereas a six-coordinate 

2n2- does occur in H. sapiens GixL producing an active enzyme. 

inhibitor Binding and rhe Mechanistic impZica~ions 

The results fiom Ni K-edge and X4NES analysis combined suggest that addition of S 

lactoylglutathione or S-octylglutathionine to N~'--G~xI has no effect on either the redox level 

or the geometry of the Ni site. This confirms that the S-octylglutathionine does not directiy 

interact with the metal. Cystallization of the H. sapiens GlxI enzyme in the presence of S- 

hexylglutathione also did not appear to significantly alter the metal ligand environment 

(Ridderstrom et al., 1998). In contrast. EPR and NMR studies on the supiens GlxI enzyme 

suggested that the addition of S-lactoylglutathione removes one water ligand fiom the metal 

environment (Sellin et al., l982a)- There is no evidence for this in the E, coli Ni-GlxI, under 

the given conditions. 



Interestingly, the N~"-GM TSA complex is more consistent with a five-coordinate 

geometry suggesting a trigonal bipyramidd geometry, as determined by XANES analysis. 

This would suggest that a ligand associated with the ~ i "  site in the native sample could be 

lost upon addition of hydroxamate. 

The crystal structure of sapiens GlxI with a transition state analogue inhibitor (S- 

(N-hydroxy-N-p-iodopheny1carbamoyl)glutathh~) added indicates that two water molecules 

and Glu173 are replaced by two O atoms from the inhibitor (Cameron et al., 1999a). The 

EXAFS data for E. coli N~'&-G~xI iire consistent with this result, dthough it is not clear 

whether the TSA displaces a carboxylate ligand in addition to the two water molecules. The 

XANES analysis showing a five-coordinate site is also consistent with a N~(H~S)~(G~U)(TSA) 

structure. Such a structure appears to be consistent with the proposed reaction mechanism of 

the H. sapiens GlxI that features displacement of Glu173, which can then function as a 

catalytic free base (Cameron et al., 1999a). 

3.3.4 Crystallograp hy 

Initially attempts were made to determine the structure of E. coli G U  using molecular 

replacement based on the previously reported H. sapiens GlxI structure (PDB IFRO). As 

these efforts proved unsuccessful. the SeMet form of E. coli GlxI was prepared and 

crystallized for use in MAD analysis for the solution of the native enzyme structure. Fuaher 

details regarding the analysis and interpretation of the crystallographic data can be found in 

Appendix D (He et al., 2000). 

The five E. coli GlxI structures have been deposited in the protein database with the 

following codes: ~ i " - ~ l x l .  1F9Z: ~ n ' - - ~ l s l .  1FA5; co2+-~lxI,  1FA6; cd2+-~lx1, 1FA7; 

ApoGlxI. 1 FA8. 

Overail Structure 

The 133 amino acid native E. coli GlxI protein structure is composed of two idenbcal 

subunits and has an overall fold similar to that of the 184 amino acid H sapiens enzyme 

(Cameron et al., 1997). Each subunit is itself made up of two domains (residues 3-60 and 72- 

126) that are linked by an intervening segment of 12 residues (Figure 3.5A). Each of these 



domains is composed of a PaBPP motif foming a mixed P-sheet (Figure 3.5A). The 

sequence of the strands within the sheet is PiP4PaP2. Within their respective "core" regions, 

the two domains have quite similar structure (eg. The Ca atoms of residues 3-36 and 72-97 

superimpose within 0.3 A). The solvent-exposed loops connecting strands J3z and P3 (residues 

36-38 and 104-1 07) and P3 and pn (residues 47-5 1 and 1 15-1 19), however have very dBerent 

conformations (Figure 3.6A). 

In the dirner, the B I  snand of the first domain fiom subunit A associates in an 

antiparallel manner with the Pi strand fiom the second domain of subunit B. This leads to a 

c w e d  8-stranded f3-sheet (Figure 3.5B). -4 reciprocal interaction between the second domain 

of subunit A and the first domain of subunit B leads to a second curved P-sheet. The two 

metal-binding sites per dirner are located within these c w e d  B-sheets. 

The two monomers are very close in structure (Figure 3.6B), with their Ca atoms 

being superimposable within 0.47 A. To compare the conformation in the vicinity of the two 

active sites, the first domain fiom the first monomer plus the second domain fkom the second 

monomer was overiaid on to the second domain £Yom the first rnonomer pius the first domain 

fiom the second monomer (Figure 3.6C). In this case. the RMS deviation of the Ca atoms is 

only about 0.54 A with the largest difference in the loop regions from residues Gh91-Gly94 

and Va1103-Thr108. The Cu atoms in these two loops have B factors ranging fiom 40 to 70 

A'. significantly higher than the average value of 19.5 A' for the protein as a whole (Figure 

3.7). Higher backbone B factors were also found for the sarne two loops in SeMet- ~i"-~1x1. 

The high B factors of the two loops in both crystal packing environrnents indicate their 

flexibility. The B factors of residues 91 -94 in subunit A are about 25 AZ higher than those in 

subunit B for al1 the (31x1 structures solved. This is consistent with the observation that 

residues 91 -94 in subunit B are involved in crystal contacts whiIe the same residues in subunit 

A are exposed to the solvent. Although the loop formed by residues 103-108, which is 

"above'? the active site, is very mobile, the backbone in the vicinity of the metal-binding 

residues is among the most ngid part of the entire protein (Figure 3.7). 





Figure 3.6: Superposition of (A) domain 1 (red) on domain 2 (light blue), (B) monomer 1 
(magenta) on monomer 2 (green), and (C)  superposition of the respective domains that 
constitute the active site of E, coli GM. 



Residue Number 

Figure 3.7: The B factors of the Ca atoms in subunit A (solid line), and subunit B (doned 
line) of ~i"-(31x1. 

Toward the carboxy-terminus of the molecule the electron density could be followed 

clearly until Glu126, at which point it becarne much weaker. It could however. still be 

followed until it entered the active site of an adjacent molecule in the crysral. At this point? 

the density became much stronger and could be modeled as Gly134-Asn135, the two residues 

at the carboxy-terminus of the protein. The intervening electron density between Glu126 and 

Glyl34 is long enough to account for the intervening seven residues, but was not sufficiently 

well defined to permit the inclusion of these residues in the final model. 

Meral Coordination 

Although biochemical data have indicated that only one metal ion per dimer is 

required to fully activate the protein (Chapter 2 and Clugston et al., 1998a), two such ions are 

seen at essentially equivalent positions (Figure 3.5B). In the native E. coli N ~ ~ + - G ~ X I  structure 



four protein residues (His5 and Glu56 fiom one monomer and His74 and Glu122 fiom the 

other) and two water molecuies are coordinated to the nickel (Figure 3-8A). Very simi1a.r 

ligation is seen in the two active sites. As we have shown E. coli GIxI to be a homodimerk 

enzyme with high homology to the H sapiens enzyme this would have been the expected 

result. However, these contradictory findings suggest that the two active sites may not be 

cornpletely equivalent. If the second site has a much lower affinity for metd ions, it may not 

bind under the conditions of the kinetic analyses. The concentration of enzyme (12-37 mg/ml 

or 0.4-1.2 rnM dimeric enzyme), and hence metal, required in the cryStal1ization conditions 

are significantly higher than that employed in standard kinetic experhnents. The enzyme is 

generdly stored at a concentration of approximately 5 m g h l  and diluted prior to kinetic 

andysis. in which nanograms to microgams of enzyme are used. Metal analysis were 

performed at e r q m e  concentrations of 0.5-1.0 mg/mi. These factors may contribute to the 

abiliîy of the enzyme to bind the second metal in the crystallization conditions, explaîning this 

anomaly. Several examples of oligomeric proteins of identical subunits with half-site 

reactivity have been observed (Beimann and Koshlmd, 1994; Koshland, 1996; Avaeva et al., 

1997; Fersht, 1999; Izard, 1999). however at this time is it unclear how and if this relates to E. 

coli GIxI. Alternatively, it rnay be that the protein crystallizes better if both sites are 

symmetrïc and hence occupied by a metal ion. 

The coordination geometry surrounding the nickel ion is octahedral with close to ideal 

geometry (Figure 3.9; Table 3.1 and 3.2). Nickel lies in the plane defined by NF of the two 

histidine residues and the two water molecules. Monodentate coordination is seen for each of 

the two axial carboxylates. Substitution of different rnetal ions in the active site of GlxI does 

not change the overall structure of the protein. The CO", cd2+, and zn2+ erizymes have a Ca 

RMS deviation not exceeding 0.3 A when compared to ~ i ~ + - ~ l x l .  The changes that do occur 

are localized to the immediate vicinity of the metal sites. As with the native nickel enzyme, 

the enzymaticaily active CO" and cd" derivatives also exhibit octahedral coordination, albeit 

with somewhat longer coordination distances (Table 3. l), consistent with the increased radii 

of co2' and cd2' compared to Pli2- (Pauling, 1 960). In contrast, the inactive zn2+ derivative 

displays trigonal bipyramidal coordination with the sarne four protein ligands plus a single 

water molecule (Figures 3.8B and 3.9B), as suggested by the EXAFS data (Section 3.3.3). 



Figure 3.8: The active sites of (A) ~ i " -  and (B) ~n"-substituted GlxI. The resolution is 1.5 
A for the ~ i "  enzyme and 1.8 A for the form. See appendix D or He et al., 2000 
for details of the restraints used in the refinement of this figure. 



E. coli GlxI, Me = Ni, Co, Cd E. coli GlxI, Me = Zn 

Human GlxI, Me = Zn Hurnan GlxI, Me = Zn 

Figure 3.9: Metal coordination in different GM structures. (A) Complexes of E. coli GlxI 
with M2'. co2+, and cd2'. The two water ligands are labeled W1 and W2. (B) 
Complex of E. coli GlxI with 2n2'. (C) Complex of H. sapiens zn2+-~lxI with S-(N- 
hydroxy-N-p-iodophenylcarbarnoy1)glutathione The two oxygen ligands fiom this 
hydroxarnate inhibitor are labeled 01 and 02. (D) Complex of H. sapiens 2n2+-~lxI 
with S-p-niuobenzyloxycarbonylglutathione (Coordinates fkom PDB 1 QIN and IQIP; 
Cameron et ai., 1997: Cameron et al., 1999a) 



Table 3.1: Coordination distance for the metal ligands in E. coli glyoxalase 1 complexes. 
Ligand Distances (A) 

Ligand Site1 Site2 Site1 Site2 Site1 Site2 Site1 Site2 

Table 3.2: Coordination geometry for the metal ligands in the four E. coli glyoxalase 1 metai 
substituted forms. 

Tngonal Bipyramidal 
Octahedral Bond Angles (deg) 

Bond Angles (deg) - 

~ i "  c O" cd2' 2n2+ 
Atoms Ideal Site1 Site2 Site1 Site2 Site1 Site2 Ideal Site1 Site2 



The geometry of the two zinc ions is slightly different. In one active site the zinc-bound 

water superimposes on one of the two water ligands in the nickel complex and has close-to- 

perfect trigonal bipymmidal geometry. In the other active site, the water does not 

superimpose on either water ligands of the N2+ structure cesulting in distorted trigond 

bipyramidal coordination. 

The overall structure of apoGIxI is very similar to that of the metd-bound foms. The 

RMS discrepancy of the Ca arorns relative to the nickel enzyme is 0.32 A. This is consistent 

with the circula dichroism spectnim. 'which did not suggest any sipnificant structural change 

upon addition of ~ i "  ions to the apoenzyme (Clugston, 1997). There are some changes in the 

immediate vicinity of the meral sites. In the apoenzyrne, the metal ligands are somewhat 

more loosely packed, and the two glutamates are directed away fkom the vacant sites. 

The stnicnire of GIxI substituted with ~ n "  could not be determined. The enzyme 

was prepared in the same fashion as the other metal-substituted forms, and activity assays 

suggested the rnetd was retained throughout the enzyme preparation. However, x-ray 

analysis of the enzyme cocrystallized or soaked in up to 5 rnM MP showed weak electron 

density at the metal binding sites. suggesting rhat the affinity for this metal ion in the crystd is 

low. This finding further supports the previous work that indicated the af f in i ty  of the protein 

for ~ n "  was weaker than for the other metals studied. The EPR analysis however did 

indicate that the ~n'* was in an octahedral environment, consistent with the metal 

coordination environment found in this work for the other active metal forms. 

Cornparison with Human GlxI and Other Members of the B a r n  Superfamily 

The overall stnicture of E. coli GlsI is sirnilar to that found in the H. sapiens enzyme 

(Cameron et al.. 1997). containing two P a P P P  motifs in each monomer. This pattern has 

been suggested to result from gene duplication. and serves to piace the GlxI enzymes as a 

member of a recently identified P a f 3 P P  superfamily of metal loeqnes  (BergdolI et al., 

1998). Despite very low sequence homology and no similarity in enzymaûc function, H 

sapiens GlxI has been shown to be structurally related to the bacterial bleomycin resistance 

protein (BRP) fkom Streproalloteichus hindustanus (Dumas et al., 1994), and 2,3- 

dihydroxybiphenyl 1,2-dioxygenase (DHBD) fiom Burkholderia cepacia (Han et al., 1995). 

The fosfomycin resistance protein (FosA). a hAn2+-dependent glutathione-S-msferase, has 



also been suggested to be a member of this superfamily (Bemat et al., 1997). A detailed 

analysis of the structural similarities and postulated evolution of this family of enzymes has 

been presented elsewhere by BergdoIl et ai. (1998) and is M e r  examined in Chapter 5. 

With the exception of FosA, which has not been structuraIly characterized, ail memben of the 

P a P P P  family have overall structures that are much more similar to that of E coli G U  than 

to that of H. sapiens GlxI. Therefore, the determination of the structure of the E. coli enryme 

provides a more representative member of the family as a whole. 

Despite the expected overall similarity between the E. coli and K- sapiens GlxI 

strixtures there are several substantive differences, many of which WC had previously 

predicted based on sequence alignrnents, presented in Chapter 5. A 29 amino acid N-terminal 

arm which wraps around the adjacent subunit in the EL sapiem protein is absent in the E. coZi 

enqme as well as in other members of the P a P B P  f a d y .  This extended ami may help to 

stabilize the dimeric form of the H. sapiens enzyme, although ir absence in the E- coli 

enzyme shows that such an a m  is not essentiai for dirner formation. Since this arm lies 

mostly on the surface of the enzyme its absence is not expected to subçtantially perturb the 

rest of the structure. 

Another difference is that E. coli GlxI has a significantly larger active site pocket than 

that of H sapiens GlxI. In the H. sapiens enzyme. the active site consists of a largely 

hydrophobie pocket with a volume of about 70 A3. In contrast, the active site in the E. coli 

enzyme consists of a deep solvent charnel about 10-1 5 A in diameter (Figure 3.10). This 

increase in solvent accessibility is predominantly due to the deletion of a 15 amino acid 

segment that would lie approximately between residues 51-52 in the bacterid protein (See 

Chapter 5 for M e r  analysis and figures). This deletion eliminates an a-helix and a loop that 

lies along the side of the active site in the H. sapiens enzyme. As a result, the active site of E. 

coli GlxI may have a very different response to inhibitors and substrates. 

Two smailer regions (residues 10% 1 1 I and 120- 123 in H sapiens Glxl) not present in 

the E- cdi enzyme correspond to small loops iying between the two P a P P P  motifs. These 

differences are mirrored within the other known superfamily members and suggest the E. coli 

enzyme is more similar to the other known members of the superfâmily than is the H. sapiens 

GlxI. Further analysis and figures displaying the regions missing in the E. coli GIxI enzyme 

are presented in Chapter S. 



Figure 3.10: Molecular surfaces of the (A) E. 
potenbal (> 15 mv) is coloured blue, 

CO Li and (B j H- sapie~zs GlxI proteins, Positive 
neutrd potential (O mv) is coloured grey, and 

negative potential (< -15 mv) is coloured red. The molecules are s h o w  in 
approximately the sarne d iament  as Figure 3 S B .  The electrostatic potentials were 
calculated and rnolecular surfaces displayed using the program GRASP (Nicholls and 
Honig, 199 1). 



Previous studies have shown that the four C-terminal residues of E. coZÏ GlXI (Glyl32- 

Asn135) c m  be proteolytically removed without aect ing catalytic activity (Barnard, 1997; 

Clugston et al., 1998a). In the elecnon density map, the residues following Glu126 c m  not be 

traced accurately due to weak electron density, with the exception of the final two residues 

(Gly134-Asn135), which bind within the active site of an adjacent protein molecule in the 

crystai. The mobility of the C-terminal region explains its susceptibility to proteolytic 

degradation. Anaiysis of the B factors of the E. colt' GlxI structure (Figure 3.7) reveals two 

regions with higher than average mobiiity, residues 91-94 and 104-106. The second region 

lies "above" the active site, suggesting a possible involvement in substrate binding. There is 

some evidence for this in the recent structure determination of the sapiens GlxI with a 

proposed transition state analogue, which indicates that Ca of Lys157 moves 3 A toward the 

active site (Cameron et al., 1999a). This residue is located within a loop that corresponds to 

residues Pro 102-Va1 103-Lys 104-Gly105-Glyl06-Thr107-Thr108-Val109 in the E. coli 

enzyme. Thus Lys104 in the E. coli enzyme may play a role simiIar to the Lys157 in the N. 

sapiens enzyme. 

Comparative Analysis of the Metal Binding Site 

High resolution structures of five different foms of the E, coIi GlxI enzyme permits 

comparison of the various active enzymes and also allows for detailed analysis of the inactive 

2nZ+ enzyme and the rnetal-free apoenzyme. n i e  structures presented here show that each of 

the active forms of E. coli GlxI has an octahedral metal coordination, with two participating 

water molecules. In addition. the EPR results (Section 3.3.2) on the Mi?' substituted E. coli 

GlxI. indicated that the ~n'- is also octahedrally coordinated. Examination of the metal 

binding site of the ~ n "  form of the enzyme reveals a significant difference in the coordination 

pometry around the rnetai compared with the active foms of the enzyme (Figure 3.9). Not 

only is there loss of one water ligand to the ~ n "  making this a five rather than six coordinate 

metal. the geometry around the metal has also changed. The octahedral environment seen 

around the active M2--, CO"-, and cdZ'-~lxl, is modified to a trigona1 bipyramidal 

arrangement for the zn2+ enzyme. 

Direct comparison with the metal coordination of the active zn2' H sapiens enzyme is 

difficult as a crystal structure of the H. sapiens enzyme lacking an inhibitor has not yet been 



repoaed. However, the available inhibitor complexes indicate that zn2' is coordinated by 

four protein Ligands (Gln34, Glu100, His127, Glu173) plus one or possibiy two water 

molecules with square pyramidal or octahedral geomeay ( F i p e  3.9). Liganding with the 

inhibitor substitutes for the binding of the second wazer molecule in some cases (Cameron et 

al., 1997; Ridderstr6m et al.. 1998; Carneron et al., 1999a). 

In the case of the E. coli enzyme, the two residues at the carboxy-terminus of one 

molecule bind within the active site of an adjacent molecule in the crystal. The location and 

mode of binding is similar to that of benzylglutathione cocrystallized in the active site of the 

sapiens enzyme (Figure 3.1 1). In particda., the 0 1 1 and N 1 of benrylglutathîone fom 

hydrogen bonds with N~~ and 0" of Am104 that mimic those between the O and N" of 

Am135 and Am60 in the E. coli GlxI enzyme. The presence of these two amino acids in the 

active site does not, however, appear to contribute to or directly innuence the ligation at the 

metal site. 

Even though the H. sapiens and E. coli GlxI enzymes have similar amino acid 

sequences and similar three-dimensional structures, they do not have identical metai ligands, 

as indicated pretiousIy. Figure 3.9 and Figure 3.4 clearly shows that the Gln34 of the H 

sapiens enzyme is replâced with a histidine in the E. d i  enzyme. In the absence of structural 

information, this variability rnight have suggested that this is a nonessential amino acid. Even 

with the knowledge of the respective structures, it might suggest that the presence of the 

elutamine wouid correlate with the use of nickel. This is discounted, however, by the C 

observation that the S. cerevisiae and P. putida GlxI enzymes which are active with zinc, 

maintain the same four metal ligands as the E. coZi including the second histidine ligand 

(Chapter 5 and Clugston et al.. 1997). The key factor responsible for activity, therefore. 

seems to be geometry. 



Fi're 3.11: Superposition of the active site of E. coli Glxl (green) on H. sapiens GlxI (blue). 
Benzylglutathione, which is bound to the H. sapiens enzyme, is shown in blue with its 
hydrogen bonds to Asn shown as dotted lines. Gly134 and Asnl35, which bind within 
the active site of the E. coli enzyme and make analogous hydrogen bonds to Asn60, 
are shown in green. 



Previous midies of the zinc endopeptidase astacin have revealed a relationship 

between the geornetry around the metal center and enzymatic activity of various metal- 

substïtuted forrns of the enzyme (Gomis-Rllth et al., 1994). Trigonal bipyramidal ligation was 

observed for each of the three active foxms of the enzyme, ZI?, cu2+, and co2+, whereas a 

second solvent water was present to form an octahedral coordination for the ~ i "  enzyme, and 

no water molecules existed with the tetrahedrai ~ ~ ' h t i c i n ,  both of which were inactive. 

The results from studies on astacin suggest that the correct orientation of metal-liganded water 

molecules was necessary for catdytic activity. In the case of astacin, 2n2' and CO" give the 

appropriate orientation while ~ i "  does not. The structural anaiysis of E coli GlxI dispïays a 

similar correlation between geometry and activity except that in this case ~ i ~ + ,  CO'-, and cdZi 

appear to have the correct orientation of bound water molecules, while 2n2+ does not. The 

orientation of the water ligands may be important in the reaction mechanism. 

Reaction Mechanisrn 

On the basis of solvent isotope exchange studies on the S. cerevisiae eKyme the 

overall mechanisrn of GlxI has been proposed to involve proton abstraction, formation of an 

enedioI(ate)? and reprotonation at the adjacent carbon (Hall et al., 1976). A specific 

mechanism has been proposed based on the recent crystallographic studies of H. sapiens GlxI 

in the presence of a putative transition state analogue (Cameron et al., 1999a). In this 

mechanism. it is proposed that the six-coordinate zinc. including two water ligands, becomes 

five-coordinate upon substrate binding. The two oxygen atoms of the substrate (seen with the 

enediol inhibitor) replace the IWO water ligands. The binding of the substrate is also proposed 

to displace the zinc ligand Glu173. which is then free to act as the catalytic base (Figure 3.12). 

Based on the present knowledge of the crystal structure of the E. coli enryme, a related 

mechanism could be proposed. i.e. it could be envisaged that Glu122 in the E. coti enzyme, 

the coumerpart of Glu173, would be displaced from the metal on substrate binding and act as 

the catalytic base. There are. however. a number of uncednties. For example, while an 

incoming substrate might be envisioned to displace a glutamate koom zinc, it would be less 

likely to do so for nickel (Gomis-Rüth et al., 1994). However, our recent EXAFS results 

(Section 3.3.3) suggest that this may in fact be the case for E. coli N ~ ~ + - G ~ x I  also. 



Figure 3.12: Postulated glyoxalase I reaciion mechanism proposed based on the H. sapiens 
stmctural data (Adapted from Cameron et al.. 1999a). 



Although we have also utilized a hydroxamate in our own analysis (Ly et al., 1998; 

Sections 2.3.4, 3.3.2 and 3.3.3), it should be noted that the choice of a hydroxamic acid 

transition state inhibitor could be a double-edged sword. Hydroxamic acids have been 

successfully utilized as transition statekeactive intermediate analogues for studies on the 

enzyme triosephosphate isomerase (TIM; Davenport et al., 199 l), an enzyme lacking a metd 

center but whose mechanisrn is believed to proceed via an enediol intermediate. As the Glxi 

reaction is also believed to involve an enediol, hydroxamic acids would appear a naturd 

choice for transition state analogues and have been shown to be potent G U  inhibitors 

(Murthy et al., 1994; Ly et al.. 1998). However, hydroxamic acids are potent metd bùidhg 

agents in general and this property has been utilized in the development of nurnerous 

meialloprotease inhibitors (Babine and Bender, 1997). In al1 cases the hydroxamic acid 

analogue has been found to bind directly to the metal center and yet these compounds 

themselves do not resemble the transition state for the protease mechanism. One must 

consider this metal a f f i n i ~  when using these analogues as representatives of the transition 

state. This is especially problematic in the case of the E. coZi enzyme where, by analogy, one 

would postdate that the incoming substrate displaces the two water molecules aromd the 

nickel. 

In principle, the following mechanisms might be pertinent to the E. coli GU,  based on 

our current structural knowledge: (1) The substrate (or transition state) might displace one or 

both water molecules plus GIu122 to hnction as the catalytic base, analogous to that proposed 

for the H. sapiens enzyme (Figure 3.1 3 ). (1) On the ba i s  of the octahedral geometry for al1 

the activating metals for E cok  a mechanisrn that utilizes the two water molecules to polarize 

and possibly serve in the proton abstraction could be proposed (Figure 3.14). Previous work 

on the H. sapiens enzyme has indicated the importance of two water moIecules directly 

interacting with the substrate (Sellin et al-. 1982a; Sellin et al., 1982b). (3) An additional 

unspecified specific or general base might participate, with either the water molecules on the 

metal polarizing the substrate (shown) or directly displaced by the two oxygen atoms in the 

substrate (Figure 3.15). However. the only putative general base present in the active site is 

Glu49 but this residue is approximately 8.0 A distal fiom the metai center. Udess major 

structural changes occur in the E. coli GlxI active site upon substrate binding, Glu49 acting as 

a general base is doubtfil. 



GS-O 

Figure 3.13: One postulated mechanism for the reaction catalyzed by glyoxaiase 1' similar to 
that proposed for the H. sapiens enzyme with a glutamate being displaced fiom the 
metal and acting as the cataiytic base. 
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Figure 3-14: Illustration of a possible mechanism for the glyoxalase I reaction, in which the 
two water molecules serve to polarize and possibly abstract the proton. 



Base: 
Ghl=  CS2 H20,,.. "NI' 1 .,kHiS74 
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Figure 3.15: A third possible mechanism for the glyoxalase 1 reaction. in which the two water 
molecules either serve to polarize the substrate or are displaced by the substrate, and 
an unspecified base abstracts the proton. 



As our EXAFS analyses (Section 3.3.3) suggested the possibili~ that one metal ligand 

also may be lost in the E. coli enzyme upon binding the hydroxamate TSA, analogous to that 

proposed for the H. sapient GlxI, M e r  crystdlographic studies were required. To M e r  

elucidate the mechanism of the glyoxalase 1 reaction we have attempted to cocrynallize the 

enzyme in the presence of various inhibitors including the putative transition state analogue 

uihibicor used in our other analyses (Ly et al., 1998). Initial cocrystallization artempts were 

unçuccessfül. It was speculated that the binding of the terminal two residues in the active site 

of the adjacent protein dimer prevented binding of the inhibitors. To circumvent this 

problem, a C-terminai tnincated form of E. coli GlxI was consîructed. As we have previously 

shown that the removai of the terminal four residues by proteolytic degradation still produced 

an active enzyme, and the structural data have indicated that these residues are mobile, these 

residues are not believed to be critical to the enzyme activity. As described in Chapter 4, a 

protein lacking the terminal nine residues was constructed. During the development of an 

effective protein production and purification protocol for this expression system, conditions 

were found for the successful crystallization of the wild-type GlxI enzyme cocrystallized with 

various inhibitors. As such the C-terminal m c a t e d  protein was no longer required. The 

difiaction data fkom these cocrystallization experiments is currently under analysis by Dr. M. 

He in Professor B. Manhews laboratory at the University of Oregon. 



3.4 Conclusions 

The most remarkable feature of these structural studies is the correlation between 

catalytic activity and the coordination at the metd binding site. Each of the protein-metal 

complexes that have octahedral (six-fold) geometry yields an active enzyme. This includes 

the complexes of the E. d i  enzyme with ~i ' - '  co2', cdzr, and bIn2+ as well as the complex 

of the H. sopiens enzyme with 2nZ'. Conversely, the complex of the E. coli enzyme with 

2nZ' has trigona1 bipyramidal (five-fold) coordination and is inactive. It would seem clear 

that octahedral geometry is a prerequisite for activity. Two possible reasons can be suggested 

for this. First, it rnay be that a rather special geometry is required to have a glutarnic acid (e-g. 

Glu1 73 in the H. sapiens enzyme) act as boîh a rnetal ligand and as a catalytic base (assuming 

it does. in fact, fulfill both roles). Second, it rnay be that the mechanisrn of action requires 

that two water molecules be b o n d  to the metal ion either in the resting enzyme, or at some 

tirne during catalysis. Six-fold coordination would aliow four protein ligands plus two such 

water molecules, but this would not be the case for five-fold metal ligation. Clarification of 

the GlxI reaction mechanism awaits further cqstallographic analysis but it appears, based on 

the EXAFS studies, that the six-coordinate metal in the active enzyme becomes five- 

coordinate during the reaction. 

Clearly the amino acid sequence similarity between the E. coli Glxl enzyme and other 

GlxI enzymes known to require zinc. would lead to an incorrect assumption with regard to the 

nature of the activating metal ion for this enzyme. This work on E. coli GlxI is an example of 
- 

~ v h y  caution rnust be exercised when drawing conclusions based on the andysis of sequence 

data alone and reaffims the idea that cornparisons made utilizing bioinformatic approaches 

also need to be tempered with biochemical analyses. 



CHAPTER 4 

MODIFIED E. COLI GLYOXALASE I ENZYMES 

-- 

4.1 Introduction 

Thee modified f o m s  of E. CON GlxI were prepared during rhis study to aid in the 

structure-function analyses of this enzyme. A selenomethionine containing GlxI was utilized 

in the crystallography studies previously described, a C-texminal tnincated form of the 

enzyme was prepared to aid in cocrystallo_mphic studies. and a mutation of one of the ligands 

to the metal was exarnined for its effect on the metal activation of the enzyme. The 

construction of the expression systems. purification, and characterization of each of these 

enzymes is described, 

4.1. f Selenomethionine Incorporation 

The selenomethione (SeMet) denvative of E. coli GlxI was prepared to aid in the 

solurion of the x-ray structure. as described in Chapter 3. This f o m  of the enyme contains 

. SeMet in place of methionine at positions 1. 7. and 26 in the protein. Although they are 

frequently utilized for MAD analysis. the SeMet form of each protein should be charactenzed 

to ensure its propenies are homologous to those of the native enzyme. Generally no change is 

seen in the protein activiw. Interestingly however. the activity has been increased in a few 

enzymes by the incorporation of SeMet. Examples include interleukin-5 and nyptophanyl- 

tRNA synthetase (Doublie. 1997). It  is thought that this change in activity may be due to the 

increase in the hydrophobicity or the larger van der Waals radius of seleniurn versus sulfur, 

2.00 versus 1.85 A repectively. in the enzyme active site (Doublie, 1997). 

In addition. SeMet is readily osidized to the selenornethionine seieno-oxide, under 

ambient temperatures (Smith and Thompson. 1998). This generally will not interfere with 

crystallization but will cause chernical and electronic changes at the Se atom. This has been 

found to cause difficulties in phase determination (Smith and Thompson, 1998). Therefore 

the oxidation state of the SeMet residues and overall activity and characteristics of SeMet- 

GlxI were monitored during its preparation for structural studies. 



4.i.2 C-Terminal Truncated GIxl 

Due to the diniculties encountered in the cocrystallization of E. coli G U  with various 

inhibitos, possibly due to the binding of the C-terminal 2 residues (Gly134-Asn135) of an 

adjacent protein dimer in the active site of the enzyme (See Section 3.3.4), we chose to pursue 

the isolation of a muicated form of the enzyme. Previous studies demonstrated that the 

removal of the four terminal residues does not affect the enzymatic activity (Barnard, 1997; 

CIugston et al., 1998a)- 

4.1.3 HisS-Gln Mutant E. coli GIyoxalase 1 

One of the unique characteristics of E. coli GlxI compared to GlxI fiom other sources 

is its activation with ~ i ~ '  rather than 2n2' (Clugston et al., 1998a). We were interested in 

analyzing the factors producing this altered metal activation. As one metal ligand in H 

sapiens GLvI differs from that found in E. coZi GlxI, the effect of this altered ligand was of 

interest. However, the metal ligands in the S. cerevisiae and P. putida GlxI enzymes, 

predicted by sequence homology. are the same as those found in the E. coli enzyme, even 

thoügh these enzymes are active with ~ n "  (Aronsson et al., 1978; Saint-Jean et al., 1998). 

This led to the speculation that this altered metal ligand, His5 in E. coli versus GW4 in H 

sapiens GlxI, was not the key factor determining the different metal activation. To clearly 

establish the effect of the ligand change on the enzyme activity we mutated the His5 in the E. 

coli enzyme to a Gln and characterized the mutated protein. 



4.2 Materials and Methods 

See Chapter 2.2 for a description of the standard protocols employed in the 

construction and characterization of the mutated and modined enzymes described in this 

chapter, unless otherwise indicated. This includes the ceil culture preparation and growth 

conditions, protein purification protocol, enzymatic assay, metal content determination. and 

ESMS analysis. 

4.2.7 Selenomethionine Incorporation 

The piasmid containing the DNA encoding E. coli glyoxalase 1, pGLIO, was 

transformed into an E. coli MG1655 methionine auxotrophic ce11 line, E. coli DH93 (MG1655 

rnetH174::Tn5 merE.:TnlO; laboratory collection), and its parental ce11 line E. coli RK4349 

( h k  met23 metE:: Tn 1 0). 

Various modifications employed during the development of an efficient method of 

SeMet incorporation are described throughout the results and discussion. The final conditions 

found to effectively incorporate SeMet into GlxI are as follows. Minimal media (M9; Davis 

et al-, 1980) supplemented with 0.4% glucose, 1 mM MgS04, O. 1 mM CaC12, 0.00 1 % uracil, 

and 5 FM NiCl2 was inoculated (1:100 dilution) with E. coli MG16WpGL10 grown in 

LB.Q,. Expression was f o n d  to be best with 0.7 L in a 4 L flask, rather than a full 1 L used 

in native GlxI expression. When the culture reached an optical density (OD) of -0.5 at 600 

nrn. L-selenomethionine (SeMet; 0.3 mM; Sigma) and NiCb (to a total concentration of 12.5 

PM) were added and the culture allowed tu grow for an additional 30 min at 37°C. GlxI 

synthesis was then induced for 8 hours with IPTG (0.5 miM). The cells were harvested and 

the prorein purified in the same manner as described for the native enzyme (Section 2.2). 

Incorporation of SeMet was monitored by electrospray mass spectrometry (ESMS j. 



4.2.2 Gtemiinal Truncated Glyoxalase 1 

Construction 

Dr. M. M. He (Universis. of Oregon) rnutated the plasmid containing the wild-type 

GlxI gene, pGLIOo to encode a protein in which Lys127 was mutated to a stop codon. M e r  

the QuikChange rnethod, descnbed in the construction of H5Q G U  (Section 4.2.3) was f o u d  

to be unniccessful, the rwo-stage PCR rnethod utilizùig overlap-extension (Figure 4.1) was 

employed in the construction of this plasmid. narned pGL12. 

To amplie the gloA gene. externd primers ('a' and 'd' in Figure 4.2) were prepared as 

well as intemal primers with the unique PshAI restriction site and the mutation (AAA+TM; 

Figure 4.3; 'b' and 'c' in Figure 4.2). The final product fiom the two-stage PCR was digested 

with CZaI and PshAI and ligated into the template vector, pGLlO, which had been digested 

with the same enzymes and the resultant expression vector labelled pGL12. 

Expression and Purzpcation 

The E. coli MG1 6551pGL 12 cells were grown and protein expression induced in the 

same manner as descnbed for the wild-type enzyme (Section 2.2). Following difficulties with 

protein expression. the growth conditions were varied. The eEect of NiC12 addition (ImM), 

increasing amounts of IPTG (0.5 mM versus 1 .O mM), variation of the length of the induction 

time (3-6 hours), and use of arnpicillin versus carbenicillin were monitored. 

The software program PCIGene (Release 6.85, 1 993 ,  using the Physico-Chemicd 

parameters subprogrm was utilized ro predict the isoelectric point @I) of the truncated form 

of E. coli glyoxalase 1. As the pI for the truncated protein was lower than that for the wild- 

type. hll-length enzyme, 4.58 versus 4.71. the pH gradient in the preparative isoelectric 

focusing stage of the purification was modified to ensure the protein would focus in the center 

of the generated pH gradient. Rather than using a 5050 mixture of RotoLytes (MES:Gly- 

Gly) which establishes a pH gradient of 4.5-5.0, the ratio was shifted to the acidic side, using 

60 MES: 40 Gly-Gly. The remainder of the purification protocol was performed in the same 

manner as previously described for the uiild-type enzyme (Section 2.2). 



PCR Amplify with 
primers a+b I PCR Arnplify with 

primers c+d 

PCR A m p w  with primers a+d using 
products AB and CD as new templates 

Full length product with mutation 

Figure 4.1: Overview of site-direcied mu tagenesis utilizing the method of overlap extension 
(Adapted from Ho et al., 1989). The DNA tempiate and primers are shown as lines 
with the black dots representing the mutagenesis site. The brackets enclose a 
proposed intermediate believed to form during the reaction with the cornbined 
mutagenic products, AB and CD, as the new DNA templates. The dotted lines 
indicate the regions which will be amplifed to create the full length hised product. 
Prirners 'a' and 'd' are the external primers and 'b' and 'c' the interna1 mutagenic 
primers, sense and antisense primers, respec tively. 



'b' "CGAAGAGTAAGACGCCGGTCG~' 

Figure 4.2: Primers used for the two-stage PCR amplification with overlap extension of gloA 
and the surrounding region from pGLlO. Extemal primers 'a' and 'd' and internai 
mutagenic primers, 'b' and -c' with the mutated codon in large italics. 

N-terminal region of gloA insert: 

'a' Start 
GAATCTGTTAGCCATTTTGAGGATWGATGCGTCTTCTTCATACCATGCTGCGCGTT 
Hinfl 

GGCGF-TTTGCAACGCTCCATCGATTTTTATACCAAAGTGCTGGGCATGAAACTGCCCC...CCC 
CIaI 

C-terminal region of the gIoA insert: 

'b' and .cg stop 

.,.... GTTAATCGAAGAG~GACGCCCGTCGCGGTCTGGGCAACTAAT~T~~TGCCGGGCG 
PshAI 

&d' 
TGAALTCATCGCGCCCGCATCTTTACTGLATCGACfiAGTmTATTTGTCATMTmWm 

BssHII 

Figure 4.3: N- and C-terminal regions of the gZoA insert, with the sections homologous to the 
indicated pnmers underlined, mutated codon in large italics, and CIaI and PshAI sites 
indicated in bold. The gloA insert was initially inserted between the HinfI and BssHn 
sites of pTTQ 18, shown for reference (Clugst~n et ai., 1998a). The start of the region 
coding GlxI is indicated in addition to the stop codon. 



4.2.3 Construction of His5-Gln Mutant Glyoxalase I 

Primer Synrhesis and DNA Sequencing 

The prirners employed in the mutagenesis outlined below were obtained fiom MOBM 

(McMaster University, Hamilton. ON). Sequencing of pGLll was also performed by 

MOBIX. 

To sequence the mutated gloA- DNA. a primer complementary to the region upstream 

of the DNA insert region. part of the pTTQ 18 plasmid, and a primer complementary to the 

region downstream of gloA. within the inserted DNA were also synthesized (Figure 4.4). 

These prirnen would be suitable for sequencing of other plasmid constructs based on pGL1 O, 

the pTTQ 18 based plasmid for the expression of wild-type GlxI. 

Mutagenesis 

Prïmers homologous to the DNA encoding G U  and the DNA upstream, within the 

gZoA insert, were designed ulth a single base change to mutate HisS to Gln. (CAT+CM; 

Figure 4.5). This one-step mutagenesis protocol is based on the QuikChangeTM site-directed 

mutageneis protocol fkom Stratagene (La Jolla. CA), as outlined in Figure 4.6. 

Six reaction conditions were prepared. varying the MgS04 concentrations between 

0.2-2.5 mM. PCR amplification was performed with the following program. A "hot start" or 
. . 
'lump start" was performed in which the tubes were heated to 95°C for 1 min without the 

polyrnerase enzyme. Following the addition of the Pwo DNA polymerase enyme 

(Boehringer Mannheim/Roche Diagnostics) the following cycle was performed 12 tirnes: 

95°C 30 s: SOC 60 s: 68°C 10 min: ending with a 15 min incubation at 68OC to ensure al1 

extensions were completed. 

The PCR reaction product mixtures were incubated with DpnI at 37OC for 1 hour to 

digest the methylated wild-type. template DNA. The plasrnid containing the mutated gloA 

gene. pGL11. was first transformed into E. coli DHSa as this ceIl line is deficient in the 

restriction enzymes to degrade non-methylated DNA. Methylated pGL I 1 was then isolated 

fiom DHSa and transformed into E. d i  MG 1 655 for effective protein expression. 



A '-CAA T ï T  CAC ACA GGA AAC AGC G ~ '  

B "CGA TGC AGT AAA GAT GCG GGC 

Figure 4.4: Sequence of the primers utilized for sequencing of the gZoA region of pGLl1. 
(A) Primer homologous to pTTQ18 upstrearn of the insert region and (B) homologous 
to the region of the inserted DNA downstrearn of gloA. 

Start 

G GAT AAA AAG ATG CGT CTT CTT CAA ACC ATG CTG CGC G 3' 

Stop 

" C GCG CAG CAT GGT n G  AAG M G  ACG CAT CTT TTT ATC C 3' 

Figure 4.5: Primers for the PCR mutagenesis of E. coli GlxI HisS+Gln. Bold indicates the 
region homologous to the translation start codon and the mutated codon is in large 
italics. 

Ejlpression and Purification 

E. coli MG165YpGLll was grown with 50 &ml ampicillin, not carbenidlin as for 

wild-type GlxI, as there was no effect on the growth or protein expression, and this antibiotic 

is more economicd. 

Centricon YMI O, YM30. YM50. and YM 1 O0 were fiom Amicon (Millipore, Bedford, 

MA) and used according to the manufacture's specifications. Chelating Sepharosem Fast 

Flow resin (Amersham Pharmacia Biotech. Sweden) was prepared in the ~ i ~ '  form, and 

protein binding tested in 50 rnM MOPS, 1 50 mM KCl, pH 7.0 (Chelex treated). 

The purification protocol for the wild-typ: GlxI enzyme was utilized to puri@ the 

H5Q mutant GlxI with the following exception. Following the isoelectrïc focusing stage of 

the purification, the protein was subjected to separation on a Superdex 75TM HR 10130 

(Arnersham Pharmacia Biotech, Uppsala, Sweden) gel filtration column, equiiibrated with 50 

mM MOPS pH 7.0 (Chelex treated). Samples of less than 500 pl were applied and the protein 

eluted with bufTer at 0.5 mumin for 60 min. 



Double-stranded DNA 
plasmid with desired 
mutation indicated 

1 Anneal primers with desired mutation 
and amplie entire plasmid 

1 Digest wild-type, methylated 
template DNA with D p  1 

,--- \ \ ,' /--. \ 

// 
I r Nicked. circular plasmid with 
i [ if desired mutation 
\\ ', 
\ \-----dl '---/ 

1 Transforrn into ce11 line 
Cells wili repair and replicate the 
nicked plasrnid 

Figure 4.6: Outline of the QuikChange TM site-directed mutagenesis protocol. @ indicates 
site of desired mutation; indicates mutation. (Adapted from Stratagene Cloning 
Systems QuikChangeTM Site-Directed Mutagenesis Kit Instruction Manual) 



Protein Chmacterization and Metal E_%fcts 

Kinetic assays were performed in 50 mM potassium phosphate buffer pH 6.6, 

according to the standard protocol (Section 2.2), or in 50 rnM MES (2-(Ar- 

morpholino)ethanesulfonic acid), pH 6.6. For each metai tested, the desired metal chloride 

concentration was aaded directly to the substrate solution irnmediately before performhg the 

assay. In addition, the enzyme was preincubated for a minimum of 10 minutes with the same 

metai concentration to ensure there was no differential concentrations or time dependence of 

metal binding, 

Possible interference by metal ions was determined by performing a scan fiom 800- 

200 nm of 0.2 mM 5'-lactoylglutathione (reaction product) in water with and without the 

addition of the metal chloride. in the absence of GIA. Hydrolysis of the product (0.2 mM in 

50 mM MES pH 6.6) by the metal chlorides was rnonitored at 240 nm for 10 min. Çimilarly, 

breakdown of the substrate was investigated by monitoring the absorbante at 240 nm 

following addition of increasing amounts of metal, in the range of concentrations used in the 

kinetic assays for each metal. 

As low levels of substrate breakdown were detected for ZnClz, these values (dopes 

over the tirne period of the enzyme catalyzed assay) were subtracted fiom the enqme  

catalyzed reaction values. 



4.3 Results and Discussion 

4.3.1 Glyoxalase l Con taining Selenome thionine 

Attempts fo Incorporate Selenomethionine Utilizing a Methionine Auxotroph 

As wild-type E. coli ce11 lines are able to biosynthesize their own methionine, 

inhibition or mutation of this pathway is generally required for the incorporation of a 

methionine analogue into expressed proteins. Commonly, a methionifle auxotroph ceil line is 

employed. In this case the plasmid encoding GlxI, pGL10, was msformed  into two 

methionine auxotrophic ce11 lines. E. coli DH93 and RK4349, for incorporation of SeMet. 

Numerous difficulties were encountered with these expression systems. 

As DH93 is known to require uracil, the effect of added uracil (0.001%) in the 

minimal media was determined. It was found that although not essential for growth, uracil 

enhanced the growth of E. coli DH93/pGL 10 cells and hence was added to the cultures for the 

remainder of the analyses. 

During the initial studies no protein production was detected, even in the control 

culture with normal methionine added. DH93/pGL10 will grow in LB and express GlxI, 

indicatinp there was no problem with the expression system itself. The problem arose with 

growth on minimal media. Small scale (2 ml) cultures were utilized to test the effect of varied 

levels of Met (0.1-1.0 mM), IPTG (0.5 or 1.0 mM), presence of NiClz (0-1.0 mM), and the 

carbon source (0.4% glucose versus 0.5% glycerol). on protein production. Cultures grown in 

LB then nnsed with M9 followed by growth in an M9 starter culture were used to inoculate 

the cultures. Although thdie ce11 cultures pew. minimal if any GlxI production was observed in 

each case. even when LB was re-inoculated as a control. The wild-type expression system, E. 

coZi MG1 655/pGL10, also produced no protein under these conditions. 

To determine if there was an essential nutrient absent fiom these growth conditions the 

following supplements and combinations of each were tested in small scale cultures (5 ml) of 

each E. coli MG1 655/pGL10 and DH93/pGL 10: thiamine (2 x IO-'%), biotin (2 x 1 04%), 

casarnino acids (1%), 2 x M9 salts, and LBhp alone. In each case the M9 was supplemented 

with glucose, MgS04, CaC12, uracil, and Amp, in addition to methionine for the DH93 strain. 

GixI expression was detected in each case, as monitored by SDS-PAGE. The difference in 



these later tests codd not be accounted for by the addition of the supplements, as even the 

unsupplemented conditions were successful during these trials, unlike in the previous snidies. 

The only difference was the culture utilized to inoculate the samples. This culture was taken 

directly from an LB starter culture and was not first grown in Mg, hence there was a carry 

over of some rich LB media The additional supplernents during the initial growth in Mg 

must be sufficient for cell growth and protein production. In addition it was inadverten* 

discovered that if cold M9 media was inoculated, protein production was drasticdly 

decreased. For this reason, the media was always warmed to 37OC prior to being inoculated 

with the starter culture in LB. 

Variation in the levels of added nickel reveaied îhat levels as low as 20 ph4 NiCL 

slowed the growth of E. coli DH9YpGLIO in M9, and >0.1 mM NiC12 inhibited growth 

almost completely. In contrast, E. coli MG1 655/pGL 1 0 was grown in LB with 1 mM NiCL 

(Chapter 2). SeMet was also found to inhibit cell growth., hence it was not added d l  the 

induction of protein expression. Following addition of SeMet, the cells were allowed to grow 

for 30 minutes pnor to induction of protein expression to allow time for transport of the 

SeMet into the cells, minimizing ùie likelihood of nomal  methionine being incorporated in 

the expressed protein. 

E. coli RK4349 does not require supplementai uracil as does E. coli DH93 but it does 

require supplemental histidine (0.00 15%). As conditions were found for the successfÛ1 

incorporation of SeMet utilizing MG 1655ipGL 10, further studies utilizing RK4349 were not 

pursued following the initial unsuccessfül attempts. 

Inhibition of Methionine Bioqnthesis 

An alternative to protein expression in a ce11 line deficient in the synthesis of 

methionine is to inhibit the pathways leading to methionine formation in the wild-type ceil 

line (Doublie. 1997). n i i s  technique was also tested in the incorporation of SeMet into E. coli 

GlxI. The addition of high levels of lysine. threonine, phenylalanine, leucine, isoleucine, and 

valine inhibit methionine biosynthesis by the inhibition of aspartokinases enzymes involved in 

the biosynthesis of methionine (Doublie, 1997). This method produced the same level of 

protein expression and same efficiency of SeMet incorporation as expression without this 

inhibition; hence these supplements were not utilized in large scale growths. 



Condirions for Successfu[ Selenornehionine Incorporation und Protein Expression 

Interestingly, the method for efficient incorporation of %Met is surprishgly simple 

for E. coli GlxI. A starter culture grown io LB media is used to inoculate M9 minimal media 

and SeMet is added to the culture 30 minutes pnor to induction of protein syathesis. ESMS 

confirmed that SeMet is incorporated into GlxI (15 060 Da fidl incorporation). However, a 

significant amount of SeMet-GlxI +27 Da was also apparent This is believed to correspond 

to the protein monomer with a formyl group at the N-terminus of the protein. 

Recent studies have suggested that E. d i  peptide deformylase (EC 3.5.1 -3 l), the 

enzyme that removes the formyl group fiom the N-terminal methionine in eubacteria is 

maximally active with both ~ e "  and ~ i - .  and binds a variev of other metak hcluding ~ n "  

although with reduced catalsic efficiency (Groche et ai., 1998; Ragusa et al., 1998). At the 

time of writing the natural metal had not been clearly established. As E. coli GlxI ais0 binds 

these metals it was speculated that when GIxI is overproduced in a culture with minimal 

metals there might be insufficient metals present for al1 the enzymes in the cell. In an attempt 

to counteract this potentisl problem. if in fact this is the case, additional NiC12 was added to 

the g r 0 6  media and the amount of formylated protein monitored by ESMS. Based on the 

studies with E. coZi DH9YpGL 1 O. which indicated the concentration of NiClz should be kept 

below 20 pM for g r o d  in minimal media low levels of metal were added to test cultures 

with a variety of M9 salt concentrations and samples taken at various induction tirne points. 

The time of addition of metal was also varied between addition at inoculation of the culture 

and induction of protein expression- SDS-PAGE analysis indicated that the level of GlxI 

expression was not significantly increased with induction times of greater than 6 hours, 

however the level of formylated GlxI did increase. This was not the expected relationship. A 

longer time period should give the deformylase e w e  additional time to react with the GlxI 

protein- However, there may be a maximal level of protein produced, after which the rate of 

protein degradation matches the rate of expression, explaining the steady level of GlxI 

produced fiom 6-12 hours. In this case there would continually be new proteins produced 

requiring deformylation, and peptide deformylase may not be able to keep up with the 

demand. 

It was determined that addition of low levels of NiClz (5 pM) at inoculation and 

additional NiCl2 (7.5 FM) at induction, with a 6-8 hour induction time was optimal for 



efficient protein expression, minimipng the amount of formylated protein. Under these 

conditions the level of SeMet incorporation varied between 85-100% Mly incorporated 

(SeMet at al1 3 Met positions), with 045% doubly incorporated protein. No unincorporated 

or singly incorporated SeMet protein was detected by ESMS. Figure 4.7 illustrates an 

example of the incorporation level with some residual fodyated protein also present. 

Furîher studies are required to determine if in fact the additional metal affected the 

activity of the peptide deformylase activity, or if the results were just forhitous. 

In most cases the SeMet-(31x1 enqme was effectively purified (Figure 4.8 and Table 

4.1) with the protocol outlined for the wild-type GlxI enzyme (Section 2.2). As there are 

fewer cells and hence less protein when grown in M9 media versus LB, more than 1 L of 

SeMet-Glxl ce11 growth (generally 2-2.5 L of ce11 growth or 4 g cells) was combined and 

utilized for protein purification. This gave sufficient levels of G U  to obtain precipitated 

protein following the IEF step for crystallographic studies and well focused protein of hi& 

purity for d l  other analyses. When precipitated protein or well focused pure protein was not 

produced following the IEF step. a gel filtration column, Superdex 75, was employed for 

M e r  purification of this protein. This column is descnbed in more detaiail during the 

discussion of the HSQ mutant GlxI (Section 4.3). With this expression system between 5-50 

mg of SeMet-GlxI were purified per litre of ce11 growth. It is not known why such a large 

variation in the expression occured. 



15 O60 Da 
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Double Incorporation . Formylated 

K' 

Figure 4.7: Reconsûucted electrospray mass spec tm of the purified SeMet-GlxI, showing 
the fully incorporated (three SeMet) protein with minor levels of double incorporated 
protein and formylated fully incorporated protein. 
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Figure 4.8: Stages of the purification of SeMet-GlxI. 20% Homogeneous SDS-PAGE with 
- Coomassie stiiining. 





SeMet-GU Characterization 

To be useful as a heavy atom derivative to aid in the solution of the x-ray crystal 

structure of a protein it is important that the protein contiiining SeMet be high- homologous 

strucnirally to the native enzyme. n i e  kinetics and metd activation of SeMec-GlxI were 

measured to determine the effect of the SeMet incorporation on the properties of the enzyme. 

As outiined below, the characteristics of SeMet-GlxI are very similar to those for the native 

enzyme, rnaking this a very usehl form of the enzyme for crystallographic studies (Section 

3.3 -4). 

Activation of the enzyme with 10 mole equivdents of metal to dimeric SeMet enzyme 

indicated that there is no difference in the relative activation of the enqme with various metal 

chlondes compared to wild-type GlxI (Figure 4.9). In addition, activity titrations were 

performed to determine the ratio of metal binding. The activity reached a maximum with 

approximately 1 mole metal per mole of dirneric enzyme for both ~ i "  and co2' (Figure 4.10). 

This ratio of bound metal was confirmed by ICP analysis on the ~i~+-substituted SeMet-GixI 

enzyme (Appendix A). These results are consistent with those found for 

I 1 I 1 i I I I L 

Metal Chloride 

the native enzyme. 

Figure 4.9: Activation of SeMet-GlxI with 10 mole equivdents of metal to dimenc enzyme. 
Activities are shown relative to the rnaximally activated ~i~~ form. Each point was 
measured in triplicate and the entire set of measurements perfonned in duplicate with 
0.5 mM substrate and -0.7 pg enzyme per assay. 



Ratio NVDimeric Enzyme 

Ratio ColDirneric Enzyme 

Figure 4.10: SeMet-GlxI activity titration curves. Activities are shown relative to the 
maximal activity measured for (A) NiCl2 and (B) CoC12 addition. Each point was 
measured in duplicate and the entire curve detemined twice with 0.5 mM subsaate 
and 4 . 7  pg enzyme per assay. The lines are arbitrary fits to show the trend in the 
data. 



Table 4.2: Kinetic parameteet detennîned for SeMet-GU compared to the native E. coli 
enzyme. 

SeMet-GIxI Native GlxI* 

K m  (I-LM) 1 3 I I  1 2 I 2  

'10 substrate concentrations fiom 0.005-2.0 rnM were rneasured in tripkate with -0.4 pg of 
enzyme per assay and each set of measurements performed twice on independent samples. 
* From section 2.3.1 and Clugston et al., I998a 

The kinetic parameters were also determined for both M2'- and CO-activated SeMet- 

GlxI. In both cases the Km measured was comparable to that determuied for the native 

enzyme (Table 4.2). The V,, for ~ e ~ e t - ~ o ~ ' - ~ l x ~  was not altered compared to the native 

erizyme, however the ~i~'-activated SeMet enzyme was only about 70% as active as native 

GlxI (Table 4.2). This suggests that there may be a slight alteration of one of the ligands to 

the metal, 

Examination of the crystal structure of E. coli GIxI reveals that Met7 is in the viciniiy 

of the active site metal ligands (Figure 4.1 1). When Met7 is replaced with SeMet the added 

bulk of the seIenium atom versus the sulfùr atom rnay move one of the ligands slightly, 

resulting in a small change in the metal activity. The SeMet-GlxI crystals did not diffract to 

hi& enough resolution for detailed analysis of the protein side chains acting as metal ligands. 

Hence this hypothesis could not be tested. 

Interestingly: during some of the protein purifications the activity of the SeMet-GlxI 

significantiy decreased following the dialysis step. Addition of NiClz produced protein with 

activity comparable to that prior to the dialysis. indicating that the bound metal, present h m  

the ce11 growth, was lost. This was only found in some preparations. It is believed that the 

SeMet-GlxI has a slightly reduced aff~nity for the metal. As the dialysis is performed in 10% 

glycerol/HzO, with no buffer, the pH does fluctuate. Alterations in the pH may affect the 

binding affinity of the protein for the metal, causing it to be lost for SeMet-GlxI in some 

instances. Studies are underway to examine the binding afflliity by ITC, as described for the 

native enzyme. 



Figure 4.11: E. coli N ~ " - G ~ I  active site showing the ~ i ' +  (green), two oxygen atoms of the 
aqua ligands (cyan, shown in half its diameter for clarity), the four metal binding 
ligands ( H M ,  Glu56, His74, Glu122), and the proximal Met7. Graphics generated 
using WebLab ViewerPro, ver 3.7 (Molecular Simulations Inc.). 



During preliminary studies on the wild-type E. coli G U  enzyme a C-terminal 

truncated protein was isolated (Barnard, 1997). The rnolecular weight of this protein (14 578 

Da) corresponded to the removal of the C-terminal 4 residues (Gly132-Asn135), yet the 

protein was still active. Increase in the amount and fiequency of the addition of protease 

inhibitors (PMSF) during the purification elimuiated this problem with proteolytic 

degradation. As this suggested that these terminal residues were not critical for enzymatic 

activity we chose to remcve this region to aid in cocrystallization attempts, 

Consîmction of the Truncated Form of G M  

In this system the 135 amino acid protein was prematurely tnincated, eliminating the 

terminal 9 residues. This is more than the 4 residues removed by proteolytic degration 

without effect, but this mutation required a one base pair aiteration and hence was a logical 

choice. Also, these terminal residues appear flexible in the crystal structure of the protein. 

without direct interactions with the protein or metal (Section 3.4). 

Expression and Purz3cation 

Following the successful mutation of the GlxI pne,  gloA, purification of the protein 

was attempted. Although small scale gowth (QO ml) and induction of protein expression 

initiaily indicated good expression of the mutant protein, nurnerous dificulties were 

encountered during large scale expression and purification attempts. The expression of the C- 

terminal truncated protein was quite variable. Some large scale growths (1 L) produced no 

apparent GlxI protein, based on SDS-PAGE, and others yielded moderate production. 

Numerous variables were tested. including growtk with carbenicillin versus ampicillin, added 

NiCl?. increased IPTG, and variable induction time. in addition, the plasmid was isolated and 

cells retransformed, starter cultures and small scale cultures were inoculated with single 

colonies fiom an LBmp plate as well as from freezer stocks in an attempt to produce good 

protein production, yet expression was not consistent (See Figure 4.12 for example). This is 

reminiscent of problems encountered when initial attempts were behg made to create the 

expression system for the wild-type GlxI protein (Barnard, 1997). 
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Figure 4-12: Examples of the variation in the level of protein production fiom select colonies 
of MG1655/pGL12, and the effect of increased IPTG and added NiClz to the culture. 
20% homogeneous SDS-PAGE PhastGel with Coomassie staining. 
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Figure 4.13: Stages of the purification of C-terminal truncated E. coli G U .  8-25% SDS- 
PAGE PhastGel with Coomassie s e g .  



Addition of NiClz to the culture did not appear to affect the level of protein 

production, nor did an inrrease in the level of IPTG (0.5-1.0 m m .  Figure 4.12 also ihstrates 

the variation seen in muicated GlxI expression fkom different colonies randomly selected. 

Colonies C and D express much more poorly than other colonies, yet when one of the 

colonies that appears to express well under rhese conditions was also used to inoculate a 

starter culture for a large scale growth, poor expression resulted. 

Several protein purification attempts were undertaken with the cultures producing a 

moderate level of tnrncated GfxI. However, as seen with the HSQ mutant Glxf, impure 

protein was obtained following the standard purification protocol. (See following section, 

4.3.3, for possible reasons for this). Figure 4.13 illustrates the stages of purification of the C- 

terminal tnrncated GlxI. Clearly. even at the ce11 break stage there is significantly less GlxI 

produced than seen with the wild-type expression system. As evident fiom this gel, the 

protein appears pure following the IEF step, but afler concentration during the buffer change, 

contaminating proteins were evident. 

As the isolated protein was not homogeneous detailed kinetic analyses were not 

pelformed. However at each stage of the purification the enzymatic activity was tested and 

found to increase upon addition of NiC12. The specific activity for the partially purified 

enzyme, following the IEF step was 506 po l / rn idmg with the addition of excess NiC1~2.4 

pmol/min/mg with excess ZnCL. and 5.3 pmoilmidmg for the apoenzyme form. These 

results are consistent with those expected for a partially purified enzyme, suggesting that the 

removal of the terminal 9 residues does not affect enzymatic activity. The ESMS illustrated 

in Figure 4.14 indicates that the expressed protein exhibited the correct mass for the truncated 

GIxI. within standard error (1 4 05 1 Da predicted based on sequence). 

While attempts were being made to troubleshoot the problems associated with 

inconsistent protein production. as well as protein impurhies, crystals were obtained of the 

wild-type N~~'-GIXI in cornplex with several inhibitors (See section 3.3.4). With this 

crystallization success, the C-terminal tmcated protein was no longer essential and hence 

M e r  studies were not pursued. 



Figure 4-14: Reconstructed ESMS of the partially purified C-terminal tnincated form of E. 
coli Glxl. Salt adducts are also evident. 

Mutagenesis 

The PCR reaction containing 0.7 mM MgS04 appeared to produce the most efficient 

transformation. 

E~pression and Purification 

There was no apparent effect on level of protein production with or without 1 mM 

NiCl? in the growth media. Although the expression of the protein appeared quite efficient 

based on the SDS-PAGE results (Figure 4.15). it was significantly less than that seen with the 

wild-type expression system. The same ce11 line is utilized (E. coli MG1655) as for the wild- 

type GlxI expression, and the entire plasmid was replicated with the mutation, preventing any 

change in the upstrearn or downstream regions of the protein, which may be important for 

translation. Hence. such a variation in the expression was not anticipated. 
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Figure 4-15: Purification of HjQ GlxI. 10% homogeneous SDS-PAGE with Coomassie 

The purification protocol designed for the w2d-type GlxI enzyme produced impure 

protein afier the preparative isoelectric focusing for the HSQ GlxI enzyme (Figure 4.15). 

There are a couple of esplanations for this problem. The purification system utilizing 

preparative isoelectric focusing is ideal for the wild-type GlxI protein, as large arnounts of 

pure apoenzyme are produced. However. this protocol is somewhat dependent upon the 

concentration of the desired protein. At high concentrations. G U  will precipitate in the IEF 

ce11 when it is focused at its pl. This precipitated protein c m  be removed and resuspended in 

pH 7.0 buffer. producing active protein wit h no detectable impurities. The remaining soluble 

protein from the IEF is also >95% pure. In a system with reduced protein expression the ratio 

of GlxI to contaminants is much lower. With reduced GlxI, the high concentrations were not 

achieved in the IEF cell and GlxI precipitation did not always occur. In addition, there were 

often increased amounts of contaminating proteins that focused at either electrode in the IEF 

unit. This resulted in a large amount of precipitation and what appeared to be clumped, 

denatured protein, particularly at the basic electrode, which clogged the first two membranes. 



It is suspected that this reduced the effective focusing during these separations. As such, 

protein of reduced purity resulted. 

In ao attempt to M e r  puri@ the HSQ GIxI enzyme, several techniques were 

employed. First, since the protein is a dimer of 29 820 Da (29 838Da for wild-spe GlxI), 

GlxI should be retained in a 10 kDa cutoff membrane but might pass through a 30. 50, and 

100 kDa membrane. As some of the contaminating proteins were much larger than Glxi it 

was anticipated that these proteins would be retained by the membrane, efficientiy p u r i m g  

GLxI fiom the remaining contaminants. However, the 30 and 50 kDa Centricon spin columns 

both retained >90% of the GlxI protein as well as contaminating proteins. Although the 100 

kDa cutoff unit did not retain GlxI. the contaminating proteins also passed through the 

membrane. Hence no purification was achieved by this simple method- 

As the protein is known to bind metals, specifically Pli2+, and metal affinity resins are 

currently in common use, it was of interest to determine whether GIxI, either the H5Q mutant 

or the wild-type enzyme, would bind to such a resin. This would provide a very rapid and 

simple technique to puri@ the enqme without any modifications to the expression systern, 

such as a His-tag generally required for the purification. A small scale (200 pl) trial was 

perforrned with Chelating Sepharose Fast Flow resin (gift fiom Dr. J. G. Guillemette), 

generated in the ~ i ~ +  form. However. the majority of the glyoxalase I activity was detected in 

the initial buEer following incubation with the resin, indicating the protein did not bind to the 

resin. This is not completel- unexpected. Although GlxI binds ~ i " ,  and particularly tightly 

to the wild-me enzyme. the binding site is in the active site of the enzyme and may not be 

accessible to the metal which is bound to Sepharose resin. 

Following these unsuccessfül atternpts to purify the H5Q GlxI enzyme, a gel filtration 

column was utilized, Superdex 75. Although only small amounts of protein can be appiied for 

efficient separation ( 6 0 0  pl) and hence nurnerous applications are required, the protein was 

effecrively purified with this method. Examination of the elution profile (Figure 4.19) 

suggested the protein was not effectiveiy separated by this method. However, if 0.5 ml 

fractions are collected and analyzed by SDS-PAGE (Figure 4.18) separation within the peak 

is evident. The fractions containing HSQ GlxI but with minimal contaminating proteins were 

selected for M e r  analysis. Activity assays and the purity based on the gel separation were 

~tilized to determine which fractions to collect. 



Table 4.3 summarizes the purification of the H5Q GlxI enzyme. Figure 4.15 

illustrates the level of protein expression and purification, with the stages of the purification 

indicated. Figures 4.164.1 9 present the column elution profiles and SDS-PAGE gel analyses 

of various steps in the purification protocol. As iIlustrated in Figure 4.17 the protein is 

focusing during the IEF run, but pure precipitated protein is not always produced. Other 

contarninating proteins are evidently focusing in the same region in this case. The 

precipitated protein fiom the IEF step was used when available. With excess protein on the 

gel, small levels of contaminating proteins can still be detected following the gel filtration 

separation. The protein is reasonably pure and was utilized for kinetic analyses. 
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Figure 4.16: Elution profile of E, coli H5Q Glxl from the FPLC Q-Sepharose Fast Flow column. Dashed line represents the % buffer 
B (20 mM Tris, 30 % glycerol, 1M KCI, pH 7.0) and the solid line the absorbante at 280 nm. The elution region containing 
Glxl activity is sliaded. 
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Figure 4.1 7: SDS-PAGE (20% homogeneous gel with Coomassie staining) ilhtrathg the 
focusing of the E. coli H5Q G U  protein in the Rotofor IEF unit fiom V&OUS 

fractions. 
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Figure 4.18: Purity of the H5Q GixI in various fractions fkom the Superdex 75 gel filtration 
column, separated by SDS-PAGE (20% homogeneous gel with Coomassie staining). 
Fractions (0.5 ml) were collected at 1 minute intervals throughout the elution. 





Protein Choracterization and Metal Effects 

Inductively couple plasma (ICP) metai analysis was performed on the purified HSQ 

GixI and confirmed it was au apoenzyme, with only nace levels of metals detected (See 

Appendix A for table of results). ESMS indicated that a protein of the expected molecular 

weight (14 910 Da monomer predicted based on sequence) was produced (Figure 4.20). In 

addition, the mutant protein was eluted fiom the gel filtration column at the same tirne as the 

wild-type enzyme (Clugston. 1997) indicating that the H5Q G U  is also a dimenc enzyme. 

Preliminary experiments on a sample of cmde ce11 extract indicated that the H5Q 

mutant GlxI was active with the addition of both NiC12 and ZnClz. This was an ïncredibly 

surprising result, as this was simply a one amino acid aiteration, and a semi-conservative 

alteration which sequence analysis suggested would not affect the metal activation. This led 

to a detailed anaiysis of the metal activation in this mutated E. coli GlxI protein. 

. Figure 4.20: Reconstnicted electrospray mass spectnun of the purifieci mutant E. coli H5Q 
(31x1. 



Addition of increasing amounts of rnetal added to the enzyme stock did not result in a 

significant increase in the enzymatic activity. Upon addition of the enzyme to the assay 

solution, preincubated with hi& levels of metal (1-2 mM), the initiai enzymatic activity (fint 

10 s) appeared much higher than the overall activity in the reaction. This suggests that the 

enzyme may bind the metal initially but when diluted into the assay buffer the metd 

dissociates relatively rapidly resulting in the reduced activity observed. However, if these 

levels of metai were added to the substrate solution there was a substantial increase in 

activity. The necessity for high levels of metal to observe increased activity suggests that 

although the protein is still activated by the metal, the affin@ is very low. For this reason, the 

assays were performed with an e q d  concentration of the desired metal in the assay solution 

and preincubated with the enzyme. Therefore there WU be no concenaation ciifference, and 

hence no loss or gain in bound metal when the enzyme is added to the reaction mixture. 

Mutation of the ligands to the metal in the sapiens GLxI enzyme also resulted in a 

decreased rnetal affinity in some instances. Mutation of GlulOO+Gln (equivalent to Glu56 in 

E. coli GlxI) resulted in a protein with alrnost no metal bounci. Fuaher mutation of 

Gln34+Glu (HisS in t'ie E. coii enqme), Glu173-+Gln (Glu122 in E. coli), and the double 

mutant Gln34~Glu/GlulOO+Gln each was observed to contain only a small amount of 

bound catalytic zinc (Figure 4.2 1; Ridderstr6rn et al., 1998). However, the metal content was 

determined following standard purification of the e-e. At no time were additional metal 

salts added to the protein afier purification or during the enzymatic assays. As a result, these 

proteins may have had some residual metal binding properties and activity but it was not 

detected under the conditions exarnined. 

Figure 4.21: Active site structure in H. sapiens GlxI. 



To determine the maximal enzymatic activity in E. coli HSQ GlxI and the required 

amount of metal to reach this activity. a metal activity titration was performed in which the 

e q m a t i c  activity was monitored with increasing concentrations of rnetal. The maximal 

specific activity, 80 pmoUmin/mg, for the Pli2'-activated enzyme was observed at 5 rnM 

metal. As apparent IÎom Figure 4.22. the activity is steadily increased with hcreasing metal 

concentration. However: levels of rnetal at 5 rnM and higher were found to breakdown the 

hemiacetd substrate making the analysis of the activity above 2 mM NiClz (50 poVmin/mg) 

unreliable. Furthemore, although initial sttidies indicated that the H5Q mutant G U  was 

active with M2: ~ 0 ' ~ ~  cd2-, 2nZ+. and Mn2+ it was noted that higher levels of ZnClz and 

CdClz (>OS mM) added to the subsmte assay solution resulted in precipitation of the metal. 

0.0 0 5 1 .O 1.5 2-0 

Nickel Chloride Concentration (mM) 

Figure 4.22: Activation of HSQ GlxI with increasing arnounts of NiCla in both the enzyme 
and substrate solution. measured in phosphate buf5er pH 6.6 with 0.5 dl substrate. 
Each point was measured in tnplicate with -5 pg of enqme. The Iine is a linear fit to 
illustrate the trend in the enzyme activity. 



ui an attempt to avoid the precipitation of these metais at concentrations below 0.5 

mM the standard enzyme assay buf5er was modified. The glyoxalase 1 enzyme is generally 

performed in 50 mM phosphate bufYer pH 6.6 (Bergmeyer, 1983). For consistency the pH of 

the buffer waç maintained but an alternative buffer employed. MES was chosen and utilized 

at a concentration of 50 mM, pH 6.6 (adjusted with KOH). The activity of the wild-srpe 

enzyme activated with ~ i ' -  at a substrate concentration of 0.5 mM was detemiined in both the 

standard phosphate buf5er and in MES. There was no apparent difference in the activity and 

hence it was determined that the substrate equilibrium was not affected. In addition as 

outlined in Chapter 2, the Km and V,, for wild-type ~u'i**-~ùcl was later detemined in MES 

and found to be consistent with that found when measured in the standard phosphate buffer. 

The metal activiv titration was repeated for the activation of H5Q GlxI with NiCl2. 

hterestingly, the enzymatic activity was significantly increased (Figure 4.23). At a metal 

concentration of 2 rnM the specific activity was 173 pnoUmin/mg. This is neariy a Cfold 

increase over the activity rneasured in phosphate buffer. This result can be rationalized by 

looking at the metal stability constants for the two buffers. Although phosphate does have a 

relatively low affinity for rnetals (Pnce, 1996). it may actuaily be higher than the affinity of 

the mutant protein for the metai. As a result the buffer may be chelating the metd rnaking it 

inaccessible to the protein. MES however, has negligible metal affinity (Price, 1996) and 

hence would not interfere with the protein. 

To ensure that there was no effect on the measured wild-type enzyme activity as ail 

standard assays were performed in phosphate buffer. the activity of wild-type bIi2+-~lx1 was 

measure in MES with excess metals. No difference was seen on the enzyme activity in MES 

compared to previous results in potassium phosphate buf5er. As the wild-type enzyme is 

knoun to have an extremely high metal affinity. the low &nity of the phosphate is most 

likely insignificant in these assays. It was noted however: that very high levels of NiC12 (22 

mM) did not breakdown the substrate as seen in phosphate buffer, however they did inhibit 

the wild-type GlxI activity. At 2 mM NiCl? the activity of the wild-type GlxI enzyme was 

90% that seen with iow levels of metal, and m e r  reduced to 75% at 10 mM. The H5Q GlxI 

activity was only moderately increased at 5 rnM and decreased at 10 mM NiClz. For this 

reason it was concluded that the enzyrnatic activity should not be measured above 2 mM. 
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Figure 4.23: Activation of HSQ GlxI with increasing arnounts of (A) NiC12, (B) CoC12, and 
(C) ZnClz, in both the enzyme and substrate solution, measured in MES b s e r  pH 6.6 
with 0.5 mM substrate. Each point was measured in triplicate with -2.5 pg of enzyme 
and each curve was measured in duplicate and the results averaged. 



A sixnilar activity titration was perfonned for CoC12 and ZnC12 (Figure 4.23B and C ) .  

In the case of ZnClz, the maximal enzymatic activity (50 pmol/min/mg) was observed at 0.25 

& metal, and a decrease in activity was noted above 0.5 mM. In addition, Iow levds of 

substrate breakdown were observed with Z K l r  at concentrations of 0.5 mM and above. The 

slopes of the uncatalyzed reactions were measured for each point and submicred from the 

enqme catalyzed reaction slope. 

To ensure the apparent decrease in enzyme activity was not sbply due to a 

breakdown of the reaction product: S-lactoylglutathione, the absorbance of 0.2 mM S- 

lactoylglutathione was monitored in the presence of 1, 5 and 10 mM NiClz and 0.5, 1, and 2 

mM ZnC12. No effect was seen on the absorbance at 240 nm. Also, there was no interference 

in the absorbance at 240 nm upon addition of either metal. Therefore, it appears that the hi@ 

levels of metal are inhibiting the enzyme by an unknown mechanism, or somehow making the 

substrate mavailable. 

As the enzyme has such a iow metal affinity, ICP analysis can not be performed to 

determine the amount of metal bound. The meml would be lost upon dialysis to remove 

excess metals pnor to the analysis. Also. as the afinity of H5Q GlxI appears weaker than that 

of phosphate buffer. it is most likely too low for accurate measurement by ITC. 

Without a means of deterrnining the amount of metal bound enzyme, and hence active 

enzyme. it is not possible to determine a meaningfûl V,, for the mutant enzyme. Figure 4.24 

summarizes the maximal activities measured for each of the rnetals tested. 

The observation that rhe e q m e  is now active with ZnClz, although at low levels, is 

fascinating. A one arnino acid change was not expected to create such a drastic effect on the 

metal aEnity of the e q m e  as well as the metal activation. The observation that P. putida 

and S. cerevisine GlxI have the same four ligands as the E. coli enzyme, yet are active with 

~n"- .  led to the speculation that the His versus Gln metal ligand was not a critical difference. 

These results clearly indicate that. although affecting the metal activation, this is not the only 

factor involved in the di fferential metal activation observed in the E. coli enzyme. There must 

be f u r t h  alterations in the enzyme to produce such a drastic difference between two 

enzymes, which appear at first examination. very simiiar. Evidently, there are far more subtle 

changes causing drastic effects in the enzyme than could ever be predicted by sequence 

compansons or even by a cornparison of the crystal structure. 



Metal Chloride 

Figure 4.24: Activation of HSQ GlxI with various metal chlorides. Assays were perfomed 
in oiplicate in MES buffer. pH 6.6 with 0.5 rnM substrate, -2.5 pg of enzyme, and the 
entire set of measurements duplicated. Three concentrations of each metal were tested 
and the maximal activity observed is displayed. ca2+, MC, Mn2' were tested at 0.25, 
1.0. 2.0 mM; CU", cd'' at 0.05. 0.1, 0.25 mM; co2', 2n2+, and ~ i ~ '  data taken fiom 
titration curves. Precipitation of cuZc and cd2' precluded measurernent above 0.25 
mM, 

One possible problem to note with this expression system is that the HSQ GlxI mutant 

was not expressed in a GlxI deficient ce11 line. The E. coli MG1655 utilized to express the 

wild-type enzyme was also employed here. As such, there could be contaminating low levels 

of wild-type GlxI h m  the E. coli chromosomal copy of the gene. This is believed not to be a 

factor for several reasons. There was no detectable wild-type enzyme in the ESMS when 

analyzed under the same conditions used for wild-type GlxI analysis. Also the activities 

measured and the f i n i s .  of the enzyme for the metals are drastically different to those seen 

for the wild-type enzyme. Even low levels of wild-type GlxI would be activated by trace 

amounts of metal and this activity would be detected. The fact that no activity is evident 

without a large excess of metal supports the fact that we are studying the mutant enzyme and 

that the activity measured is truly fiom the H5Q GlxI and not simply residual wild-type 

activity. 



4.4 Conclusions 

The expression and purification of E. coli G U  containhg selenomethionine at three 

positions in the protein aided in solving the x-ray crystal structure of the protein. In addition 

the enzyme exhibited slightly reduced activity in the presence of ~ i ~ + .  Based on the location 

of the SeMet residues in the structure of the protein, it is thought that SeMet at position 7, 

which is adjacent to the active site, may slightly perturb the position of one of the metal 

ligands, resulting in the observation of a slightly reduced activity. 

Surprisingly, the incorporation of  SeMet into E. d i  GlxI did not require plasmids to 

be placed into a methionine awrotrophic ce11 line or to use conditions that would inhibit 

methionine biosynthesis. SeMet was readily incorporated into the protein when expressed in 

wild-type E. coli cells in minimal media with added SeMet. A modification of the standard 

purification protocoi was developed through numerous attempts to purie the SeMet-GlxI 

enzyme. C-terminai truncated GlxI enzyme, and the E. coli H5Q mutant (31x1. Following 

separation by isoelecûic focusing. m e r  purification of the enzyme was achieved by gel 

filtration chromatography. In addition. the standard assay protocol had to be altered for 

analysis of the H5Q (31x1 enzyme. During analysis in phosphate b a e r  the metal ion was lost 

fiom the protein' as observed in the reduced enzyme activities. Utilizing MES as the buffer 

for the activity assays rninimized this problem. 

Analysis of the purified HSQ mutant E. coli GlxI revealed that the affinity of the 

protein for metal ions is greatly reduced. Furthemore, this mutation resulted in an enzyme 

that now has low levels of activity in the presence of ~ n ?  This is a very intriguing 

observation. as a change of this one ligand was not expected to have such a drastic effect. S. 

cererisiae and P. putida GlxI are active with zn2- but both contain a histidine at this position, 

as in the E. coli enzyme (Aronsson et al., 1978; Saint-Jean et al., 1998). Therefore, alteration 

of this ligand to a glutamine. as found in the H. sapiens enzyme, was not expected to 

substantially affect the relative metal activation levels. Additional mutatagenesis of the metal 

ligands may help to elucidate the factors controlling this metai selectiviv in E. coli GlxI. 



5.1 Introduction 

Significant effort in recent years has been directed towards whole genome sequencing 

projects. The knowledge of a cornpiete genome can not only lead to a berter understanding of 

the particular organism under analysis but also pennits vast cornparisons of sequences to gain 

more detailed knowledge of the structure and function of particular genes and their gene 

products from various organisms. The latter is the focus of this chapter. Based on our 

previous genomic analyses of GlxI sequences performed d u ~ g  my M-Sc. studies and our 

biochemical studies on E. coli GlxI (Clugston, 1997; Clugston et al., 1997; Clugston et al., 

1998- Clugston et al.. 1998b) a detailed sequence search and analysis was performed to 

detennine if similarities have occurred over the evolution of this enqme. Herein we report 

our findings with respect to sequence and possible structural alterations in GlxI. 

5.7.1 implications of Glyoxalase 1 as an Antibacterial Target 

Due to its electrophilic nature. the glyoxalase 1 substrate, rnethylglyoxal (MG), can 

covalently modi@ cellular macromolecules (DNA. RNA, proteins), resulting in ce11 death 

(Ferguson et al., 1998). For this reason. MG concentrations are ememely well controlled and 

alteration in this balance with concomitant increase in MG levels c m  be cytotoxic (Ferguson 

et al.. 1998). Inhibitors of GlxI that btock the metabolism of MG, and hence take advantage 

of its toxic effects. have been studied as potential antitumor and antirnalarial agents (Barnard 

et al.. 1994; Thomalley. 1998; Kavarana et al., 1999). Selective inhibition of bacterial GlxI 

enzymes mi& also be advantageous for antibacterial therapy. 

Multi-dmg resistant bactena have been ïncreasingly prevdent in nosocomial 

infections. Pseudornonas oeruginosa is a leading cause of these infections, contributing 15- 

20% of al1 hospital-acquired pneumonias (Carmeli et al., 1999a; Chenoweth and Lynch, 

1999). Increasing resistance to antipseudomonal agents is of growing concem (Carmeli et d., 

1999b). In addition, fkequent reports of necrotising fasciitis, caused by group A Streptococci 



infections including Sheptococms pyogenes, have attracted much media attention in recent 

years. ï h i s  bacteriun is one of many shown to be increasingly resistant to current 

antimicrobial therapy (Blondeau et al., 1999). Even for cases in which vaccination has 

reduced the incidence of infection, such as Bordetella pertussis, the causitive agent of 

whooping cough. the diseases have not been elùninated (Yaari et al.. 1999). In the case of B. 

pertussis immunized non-symptomatic adults are the main source for transmission of the 

disease (Yaari et al., 1999). Because of these continuhg concerns, there is always a quest for 

new targets for antibacterial agents. As outlined in this chapter, we have identified nineteen 

postulated GlxI sequences from pathogenic organisms and nine additional sequences f?om 

other organisms (Clugston and Honek, 2000). The differences observed between the bacterial 

GIxI enzymes and those from other sources may be targeted for the development of inhibitors 

selective to the bacterial enzymes. Such GlxI inhibitors may prove to be a new class of 

effective antimicrobial agents, taking advantage of the toxicity of MG. As such, knowledge 

of the sequences of GlxI from a variety of organisms is quintessential to the possible 

development of new antibiotics as well as to increase our fundamental understanding of the 

evolution of ùiis enzyme. 

5.7.2 Expression of Postulated Glxl Sequences 

To determine if the open reading *es postulated to encode GlxI enzymes in these 

organisms actually encode functional GlxI enzymes. we constructed vectors to express the 

proteins fiom two paîhogenic organisms. As the predicted GlxI protein sequence fiom 

Yersinia pestis is very highly homologous to that of the E. coli protein (79%) we chose this 

for our first comparative analysis. The postulated Pseudornonas aeurginoso GlxI protein 

sequence is somewhat Iess homologous to the E. coli sequence (69%) and would provide an 

intemediate cornparison to the E. coli protein. benveen the Y. pestis and the well studied H. 

supiens protein with 36% homology. This study is also useful to see if the M2*-activation is 

an anomaly or a generd phenornenon with various GlxI enzymes. 



5.2 Materials and Methods 

5.2.1 Homology Searching 

Sequence Ident@cation 

A BLAST search (tblastn program; Altschul et al., 1990; Altschd et al., 1997) of the 

National Center for Biotechnology Information (NCBI) Microbial Genome databases 

@ttp://www.ncbi.nlm.nih.g~v/Mi~~b~bIast/unfini~hedgen~me.htrnl), including the 

unfinished genome sequences. was perfomed using the full length E. coli GlxI sequence. 

The tblastn search compares the input protein sequence with each nucleotide sequence 

database, djnarnically ms l a t ed  in all six reading -es. The DNA contigs containuig the 

homologous regions identified in these searches were downloaded for analysis. As the search 

identified regions of DNA with homology regardless of reading m e ,  M e r  analysis was 

required. PCIGeneB 6.85 (IntelliGenetics, Mountain View, CA) was utilized to identiS, the 

open reading h e s  in each DNA contig and its complement, which were translated and 

compared with the E. coli GlxI sequence. This ensured that the sequence obtained was a 

complete open reading fiame. including both a start and stop codon. 

I t  should be noted that this search was performed on a database of unfinished genomes 

which is regarded as preliminary and may still contain sequencing errors. The sequences 

presented here were the most up to date avaitable at the time of writing. 

The last search was performed on September 8". 2000. Further analysis prior to release into 

the NCBI GenBank may reveal some minor errors in the sequences presented here. These 

changes C should not effect the overall alignmenr or relationship between the sequences 

presented in this work. 

The fui1 length E. coii GlxI protein sequence was also utilized to search the NCBI 

non-redundant GenBank database (h~p://www.ncbi.nlm.nih.gov/blast/blasttcgi) using the 

defauit parameters. Tbis darabase contains confirmed or final sequencing data, as opposed to 

the incomplete genomes descnbed above that have not undergone final checks and release. A 

BLAST search. both tblastn and blastp, cornparison of protein to the nucleic acid database and 

to the protein database, respectively, were performed. 



Sequence Analysis and Phylogenic Tree Construction 

Painvise cornparisons were performed using the paired alignment program (Myers and 

Miller, 1988) fiom PC/Gene. Multiple sequence alignments were performed utilizing the 

Clustal W program, version 1 -8 1 (Thompson et al ., 1 994) from the European Bioinformatics 

Institute (http://www2.ebi.ac.uk/clustaIw~. with the default parameters. The unrooted 

phylograrn based on the ClustalW sequence alignrnent was created utiliMg the following 

programs fiom the PHYLIP phylogenetic analysis package, version 3 S7c (Felsenstein, 1993). 

and references therein): SEQBOOT (1 000 bootstrap analyses perfoxmed), PROTDIST 

(Dayhoff PAM matrix), NEIGHBOR (neighbor-joinïng algorithm), and CONSENSE. The 

branch lengths were determined by reanalyzing the aligned sequences with PROTDIST 

followed by NEIGHBOR. and combining this data with the bootstrap results fiorn the 

consensus tree. 

Preparation of Structure Illusrrations 

Structural illustrations of the H. sapiens GlxI crystal structure (PDB IFRO; Cameron 

et ai.. 1997). the B a P P P  motif. and members of the PaPPP sûuctutal superfannily were 

prepared using WebLab Viewer Pro. version 3.5 (Molecular Simulations Inc.). 

5.2.2 Construction of Plasmids for the Expression of Putative GIyoxalase I 

Enzymes from Yersinia pestis and Pseudomonas aeruginosa 

The genomic DNA fiom Iérsinia pestis CO92 was obtained nom K. Isherwood at the 

Biomedical Sciences Department at the Chernical and Biological Defence (CBD) 

establishment Porton Down (Wiltshire. UK). Dr. Elisabeth Daub created an expression 

plasmid. pYPG1. for the production of the postulated Y. pestis GlxI. P. aeurginosu (PA0 1 )  

was a gifi from Dr. J. Lam at the Universi- of Guelph. The chromosomal DNA was isolated 

and the expression plasmid constructed and narned pPAG1. 

Primers and Sequencing 

Primers were purchased from MOBIX (McMaster University, Hamilton, ON). The 

putative gZoA DNA in each plasmid constructed was sequenced by MOBIX using the T7 

promoter and terminator pnmers (Novagen, Madison, WI) to confirm the integris. of the 

constmct. 



DNA Amplzjkztion 

The DNA postulated to encode GlxI in both Y. pestis and P. aeruginosa, based on the 

sequence analysis presented in thïs chapter, was amplified using the polperase chain 

reactions (PCR), on a Themolyne Amplitron II PCR machine. Primers homologous to the N- 

and C-terminal regions of the postdated G M  DNA in each organism were desiged (Figures 

5.1 and 5.2), including restriction enzyme digestion sites for insertion into an appropnate 

expression vector. A "hot start7' or '3ump staa", in which the PCR reaction solutions were 

heated to 85OC for 1 min pnor to addition of the huo DNA polymerase enzyme (Boehringer 

Mannheim'Roche Diagnostics) was performed. The enzyme was then added and the DNA 

was amplified by PCR with the following protocol: 95°C 30 s; 55OC 60 s; 72°C 45 s; repeated 

for 10 cycles, then the 72OC step was extended by 20 s each round for each of 15 additional 

cycles, and ended with a 5 minute incubation at 72OC. For the Y. pestis DNA amplification 

several reaction mixtures were attempted with the concentration of MgS04 varied between 

0.3-2.0 mM, and 0.7-2.5 mM for the P. aeruginosa DNA amplification. 

The PCR products and the expression vector, pET22b (arnpR, T7 lac prornoter, f l  

origin of replication; Novagen. Madison. WI). were each digested with NdeI and BamHI and 

the digestion products ligated. The resulting plasmids. pYPGl and pPAG1, were transformed 

into E. coli DHja.  The structure of the plasmid was confirmed by isolation of the plasmid? 

digestion and analysis on an agarose gel. The plasmids were then each transformed into E. 

 CO!^ BL2 1 for protein expression and analysis. 

Start 
Pest- 1 "CCA GAA TTC CAT ATG CGC T A  CTC CAT ACC ATG c3' 

EcoRl Me1 

Stop 
Pest-2 "CCA AAG CTT GGA TCC TCA GTT TCC GAG GCA GTC ACC~'  

Hindi 1 I BamHI 

Figure 5.1: Primers for the PCR amplification of Y. pestis GlxI, with the restriction enzyme 
sites labelled. 



Pseudo-1 "CCA GAA TTC CAT ATG CGC AIT CTC CAT ACC ATG' 
EcoRi Ndef 

Stop 
Pseudo-2 '-CCA AAG CTT GGA TCC TCA GGA AGA CTT CTG GAT CAG~' 

H h d I  1 I BamHI 

Figure 5.2: Primers for the PCR amplification of P. a e r ~ ~ n o s a  GlxI, and restriction enzyme 
sites. 



5.3 Results and Discussion 

5-3- 1 Sequence Identification and Analysis 

U m i s h e d  Databases 

Of the 7 archaeal, 72 eubacterial, and 4 eukaryotic genomes searched in the 

incornplete genomes database, significant homology to the E. coli sequence was found in the 

DNA of sixteen organisms; Enrerococcus fuecalis, Pasteurella rnultocida, Pseudomonas 

aeruginosa, Salmonella m i .  Shewanella putrefaciens, Streptococcus pyogenes, 

Sneptococczrs rnufans, Sneptococczis pneumoniae. Viorio cholerae, Yersinia pesris, 

Borde tella pertussis, Neisser ia gonorrhoeae, Haemophilus ducreyi, Legionella pneumophila, 

Caulobacrer crescentus. and Thiobacillus ferrooxidonr (now classified as Acidithiobacillus; 

Kelly and Wood, 2000). In addition, known GlxI sequences nom other organisms detemiuied 

previously in unrelated studies. such as those fiom E. coli (Clugston et al., 1998a), and 

Haernophilus injuenzae (Fleischmann et al.. 1995), were identified in the search of this 

database of genome sequences. 

Following the initial identification in the unfinished database and the time of WTLting, 

two sequences were finalized and released into GenBank, those £kom P. aeruginosa 

(Accession # AAG069 12) and cholerae (.%AF94 17 1 ). The sequences rernain unchanged in 

the final release. However. the posnilated open reading h e  for the K cholerae GlxI is 46 

amino acids longer at the N-terminus than predicted here. This N-terminal arrn is not 

homologous to any of the known GlxI enzymes. including the N-terminal arm in the H 

sapiens enzyme and hence the original protein stan site was utilized in the analyses presented 

here. excluding this region. 

Analysis of the sequence identified fiom gonorrhoeae revealed significant 

homology to the E. coli GlxI sequence from residue 8 to the end of the protein sequence. 

However, by removal of one residue, an adenine? in the DNA prior to the CTC encoding Leu8 

(ATAGCTC). a stop codon is converted to a Met yielding the full length G M  sequence, with 

residues 1-1 1 being identical to those in the E. coli enzyme. This modified sequence was 

used in the alignment and analyses. We believe that once the DNA in this region is re- 



checked pnor to its final release into the NCBI complete sequence database, this will be 

detected as a sequencing error and corrected to the sequence we have used here. 

In addition to the sixteen new sequences we have identified in this work as putative 

GIxI sequences, other pathogenic organisrns may prove to contain G M  sequences with M e r  

sequence dam Fifty amino acids fkom Pasteurella haernolyrica (Accession %%AB93 470) 

show high homology to the N-terminal region of E. coli GlxI. Further sequencing in this 

region is required to identify the remainder of this enzyme sequence. Also, in the database of 

unfinished genomes additicinal partial sequences with high homology to GlxI were found. 

Sinorhizobium meliloti contains an apparent GlxI sequence but only the first two-thirds of the 

sequence is availab le to date. Klebsiella pneumoniae and Salmonella paratyphi both appear 

to contain GlxI sequences. However it appean that there are two sequencing errors in each 

resulting in a shift of reading fiame, fiagmenting the complete sequence. Further refinement 

of these unfinished databases will undoubtedly correct these errors, revealing the intact GlxI 

sequences in these organisms. The organization and funding source for each postulated 

sequence fkom the unfinished database are listed in Table 5.1. 

As glutathione (GSH) is an essential cofactor in the glyoxalase reaction (Figure 1.1), 

GSH must be available for ul organisrn to have a functiond GlxI, similar to those previously 

identified. To fûrther support our proposal that these sixteen open reading &mes encode 

Glxl. a search was performed to ensure other GSH-utilizing enzymes were present. A search 

using the E. coli glutathione synthase (Accession #SYECGS) and glutathione reductase 

(Accession #EtDECU) sequences identified high homology to one or both of these enzymes in 

E- faecalis. H. ducreyi, L. pneumuphila. P. rnzdtocida, P. aerugrgrnosa, S. mi, S. puireficiens, 

S. mutans. S. pneurnoniae. S. pyogenes. T. ferrooxidans, V. cholerae, and Y. pestis, and 

moderate similarity in B. pertussis, N. gonorrhoeae, and lower homology in C. crescentus. 

This suggests that the required GSH is available in these organisms for use by a putative 

glyoxalase system. This may not always be the case. GSH has not been detected in 

archaebacteria nor in several gram-positive organisms, including mycobactena (Fahey and 

Sundquist. 1991; Newton et al.. 1996). The absence of GSH may explain why no putative 

protein with high homology to the known Glxl enzymes has been detected in our searches of 

mycobacterial sequences, such as Mycobacterium tuberculosis Rv. It has been postulated that 

a recently identified unique thiol, termed mycothiol (Figure 5.3), may function similarly to 



GSH in many of these organisms (Spies and Steenkamp, 1994; Patel and Blanchard, 1999; 

Newton et al., 2000). If present, the GlxI fiom mycobacteria rnay have diverged during its 

evolution in order that it may use mycothiol rather than GSH, or the mycobacterial system 

never converged to a glutathione-based glyoxalase system. 

Figure 5.3: Mycothiol ( I -~-myo-inositol-~-(~-acety~-~-cysteiny~)mino-2-deo~-a-~- 
glucopyranoside). a postulated alternative to glutathione in some organisms. 

GenBank 

From a search of the NCBl GenBank twelve additional putative GlxI sequences were 

identified from the parhogens .Veisseria rneningitidis, Xylella fasridiosa, Enrerococcus hirae; 

the plants Cirrus Xparadisi. two sequences from Arabidopsis thaliana, Oryza safiva, Triricurn 

uesriiurn. GZ-vcine rnax. Cicer arietinurn: and from the eukaryotes Boiryotinia fuckeiana, and 

Drosophila rnelanogaster. Table 5.2 lists the accession numbers and associated references, 

where available. for these sequences as weil as for the sequences known to encode GlxI and 

those previously predicted to be GlxI sequences (MSc. work and this work; Clugston et al., 

1997. Clugston et al., 1998b). 







Table 5.2: Accession iiuiiibcrs and rcfcrences h r  tlic kiiown and postulated glyoxalase 1 sequenccs available in GenBank. 
Accession 

Organisrn Nuriiber 
Contri butors 

(Submission Date) Reference 

B. juncecr 

B. oieraceu 

C. ariet i n m  

2760327 
3 157947 

ALI 15202 

Y 13239 

274962 

A5224520 

297064 

AAF59267 

D 1 7462 

U57363 

A50 10423 

P44638 

L07837 

248 183 

J.R. Ecker ( 1  997) 
A. 'l'lieologis ( 1  997) 

F. Bitton, C. Levis, D. Fortini, J.M. Pradier, Y. Brygoo 
( 1 999) 

S.K. Sopory ( 1997) 

R.D. Croy ( 1996) 

S. Romo, E. Labrador, P.J. Munoz, and 13. Dopico 
( 1 998) 

W.L. McKendrce ( 1997) 

M.D. Adams, S.E. Celniker, K.A. Gibbs, G.M. Rubin, 
and C.J. Venter (2000) 

Y. Kakinuma ( 1  993) 

E. Daub, R. Kinach, D. Miedcma, J.P.J. Barnard, S.1,. 
Clugston, and J.F. Honek (1996) 

M. Skipsey, C.J. Andrews, J.K. Townson, 1. Jepson, 
and R. Edwards (1 998) 

0, White ( 1 995) 

S. Ranganaihan, E S .  Walsh, A.K. Godwin, and K.D. 
'lèw (1  994) 

J .M. Pardo (1 995) 

NIA* 
NIA 

NIA 

Veena et al,, 1999 

N/A 

Romo et al,, 1998 

McKendree et al ., 1997 

Adams et al,, 2000 

NIA 

Clugston et al ., 1 998a 

Kim et al., 1993; Ranganathan et 
al,, 1993 

Espartero et al., 1995 





5.3.2 Sequence Cornparisons 

Sequence Hmology and PhyIogenic Analysis 

Cornparison of the sixteen sequences nom the unfinished genome databases and the 

three sequences from pathogenic organisms identified in GenBank, proposed here to encode 

(31x1 enzymes, with the sequences of the well studied E. coli, Homo snpiem, Pseudornonar 

putida, and Sacchmornyces cerevisiae GlxI enqmes reveal interesting similarities (Table 

5.3). 

Many of these sequences have extremely high homology to the E. coli sequence. Of 

particular interest is the very high similarity of the E. coli G U  sequence to the sequence from 

Y. pestis. a severe pathogen responsible for the bubonic plague. These two protein sequences 

are almost 80% identical with an additional 6% similarity. The unrooted phylogenic tree 

(Figure 5.4) illustrates the evolutionary relationships among al1 the known and predicted G M  

sequences to date, including the twenty-eight identified in the present work. The C. 

crescentus, L. pneumuphila, Enterococcus and Streptococcus sequences appear to have 

diverged from the other prokaryotic sequences in the evolution of the GlxI gene, as is evident 

in the paired cornparisons (Table 5.3), yet key amino acids residues have been consewed, as 

discussed below. Appendix E contains sequence alignments of al1 the known and postulated 

GlxI sequences used in the construction of the phylogenic tree. 

Although most of the bacterial sequences segregate together, the P. pzrtida is more 

similar to that of the H. sapiens, as has been previously noted (Clugston et al., 1998b). In 

addition. the newly identified plant pathogen X. fastidiosa also appears to be more similar to 

the P. putida and many eukaryotic sequences than to the other bacterial GlxI sequences. 

This phylogenic tree based on the gtyoxalase 1 protein sequences differs in some cases 

from the universal phylogenic tree, which is based on 16s nbosomal RNA sequences (Fox et 

al., 1980: Ochman et al., 1987; Woese et al., 1990; Woese, 2000). For example, as mentioned 

the P. putida GlxI sequence does not group with other bacterial sequences. However, this tree 

only provides a sumrnary of the similarities between the known and postulated Glxl protein 

sequences and a clear depiction of the sequence groupings among organisms. It is not 

intended to represent the evolution of the organisms. 



Gene Duplication 

We have previously reported a gene duplication event resulting in a fused dimer gene 

product in three plant sequences, Cims X parudisi, SporoboZus stapffmus~ and ndrassica 

oleracea as well as in the yeast S. cerevisiae and Schizos~ccharomyces pombe sequences 

(Clugston et al., 1997; Clugston et al.. 1998b). The Ogza sativa, Triticzm aestivztrn, and the 

two Arabidopsis thaliana GlxI sequences identified in this work, also appear to be the result 

of a gene duplication event producing a fused dirner. An alignment of the duplicated G U  

sequences is presented in Appendix E (Figure E.2). Interestingly the duplicated plant 

sequences segregate separately fiom the yeast sequences in the phylogenic tree. It is also of 

interest to note that although the Brassica oleracea sequence appears to be the result of a gene 

duplication event, the sequence fkom Brassica juncea does not. One may have expected 

sequences fiom the same genus to be more similar. The evolutionary implications of this 

apparent gene duplication event has been examined (Bergdoll et al., 1998) and is mer 

discussed beIow. 



Table 5.3: A painvise cornparison of the sequence identity (and identity plus similarity) 
between the four commonly studied glyoxaiase 1 enzymes, £kom E. coli, H. supiem, P. 
putida, and S. cerevisiae, with the recentiy identified sequences fkom pathogenic 
oreanisms.* 

B. pertussis 

C. crescentus 

E. faecalis 

E. hirae 

H. ducreyi 

L. pneumophila 

N. gonorrhoeae 

N. men ingitidis 

P. aeruginosa 

P. muZtocida 

S. putrefaciens 

S. mutans 

S. pneurnoniae 

S. pyogenes 

S. typhi 

T. ferrooxidans 

l? cholerae 

X fastidiosa 

Y. pestis 

Percentage Identity (Identity + Similarity) 
Organism E. coli H. sapiens P. putidu S. cerevisiae 

67-1 8 44-37 41-22 39.69 

* See Tables 5.1 and 5.2 for the sequence accession numbers and sequencing organization references. 

193 



Ci- Xparadisi 
Arabidopsis thaliana 2 
Brassica oleracea 
Sporobolus stapfianus 
Oyza sativa 

Triticum aestivum 
Arabidopsis thaliana 1 

Vibrio choÏerae- 
Vibrio ~arahaemolyticus 
~aernÔ~hi~us  duc;eyi 

Haemophilus influenzae 
Pasteurella rnultocida 
Yersinia pest is 
Escherichia coli 
Salmonella typhimurium 
Salmonella @phi 

Synechocystis sp. 
Pseudornonas aemginosa I 

B~rdetella pertussis 
Neisseria gonorrhoeae 

Neisseria meningitidis Homo sirpiens 

Drosophila melanogaster 
Brassica juncea 
Lycopersicon esculentum 
Glycine max 
Cicer arietinurn 

973 1 Pseudornonas putida - Xvlella fastidiosa 
rcl------ Botrvotinia fùckeiana 

d 

Schizosaccharomyces pombe 
Saccharomyces cerevisiae 

Caulobacter crescet&s 
LegioneZla pne umop hila 

Enterococcus faecalis 
Enterococcus hirae 

S~reptococcus mutans 
Streptococcus pyogenes - Streptococcus pneumoniae 

Figure 5.4: Phylogenic relationships arnong the known and predicted glyoxalase 1 sequences. 
This is an unrooted neighbor-joining tree. The numbers indicate the bootstrap 
confidence levels based on 1000 replications. Nodes with <50% support were 
collapsed. See Tables 1 and 2 for the sequence accession numbers and sequencing 

~rences. organization ref- 



5.3.3 Structural Implications 

With the recent detemination of a hornodimeric GlxI crystal structure h m  both E. 

coli and H sapiens (Cameron et al., 1997; He et al., 2000) we are now able to identi& 

residues critical in binding the catalytic metal, as well as d m  important residues which are 

conserved in the sequence alignments (Clugsron et al., 1997; Clugston et al., 1998b and this 

work, Figure 5.5). Many of our stnicturd predications for E. coli GlxI were confirmed with 

the solution of the crystal structure of the E- coli GlxI enzyme, as discussed in Chapter 3. The 

similarity between the E. coli GlxI enzyme and the other bacterial enzymes identified in this 

work will be outlined with their relationship to the H. sapiens GlxI enzyme. 

As is evident f?om the sequence a l i m e n t  (Figure 5.5) there are four gaps in the E. 

coli GlxI sequence and sequences from the other pathogenic organisrns identified in this 

work. when compared with the H. sapiens protein sequence. These gaps are also present in 

many of the previously identified GLd sequences. The stereo view of the H sapiens GlxI 

crystal structure in Figure 5.6 illustrates the regions not present in the GlxI sequences fkom E. 

coli and the pathogenic organisms discussed here. Region 1 (residues 1-29 of H. sapiens 

sequence) of each subunit is at the N-terminus and wraps around the oîher subunit- Al1 of the 

microorganism sequences with the exception of those from P. putida and X fastidiosa, are 

missing this region. Omission of this region should not have an effect on the overall enzyme 

structure. However, the second region (residues 8 1-95) in the H. sapiens enzyme, not present 

in the other sequences, forms an a-helix on one side of the active site. Removal of this 

segment may alter the size and shape of the active site in the bacterial GlxI enzymes 

presented. ïhis was in fact observed in the structure of E. coli GlxI (Figure 3.10). The active 

site appears much more open than in the H. sapiens enzyme. Removal of the loops 

corresponding to regions 3 and 4 (residues -1 10-1 14 and 120-123) of the H sapiens enzyme 

may also have an indirect effect on the active site conformation. However, examination of the 

E. coli GlxI crystal structure revealed no obvious alterations. (Note: The location of region 3 

varies by -3 residues in the sequence alignrnents. Although the position of the gap in the 

sequences is altered. it is in the same region of the structure and expected to have the sarne 

effect.) Regions 2, 3, and 4 are missing in al1 of the known and predicted sequences, except 

the eleven sequences branching with the H. sapiens GlxI on the phylogenic tree (including D. 

melanogaster, B. juncea, L. esculentum, G. ma, C. arietinurn, P. putida, X. fastidiosa, B. 



fuckeiuna, pombe, S. cerevîsiae). These changes in the active site structure may be used 

selectively in the design of inhibitors to target the bacterial enymes. 

The four ligands to the essential zinc In the H. sapiens enzyme, Gln34, Glu100, 

His127, and Glu173, are conserved in al1 GlxI sequences, including the sequences presented 

here fkom pathogenic sources, with the exception of the Gln.34 which is a His in 35 of the 41 

known and predicted GlxI sequences. As seen in the sequence alignment (Figure 5.5) and the 

active site structure (Figure 3.9). the first metd ligand in E. coli GlxI is a His. We have 

previously shown that this GlxI enzyme has no activity in the presence of 2n2+ but is 

maximally active with ~i~~ (Clugston et al., l998a). However, S. cerevisioe and P. putida 

GlxI also contain this His ligand, rather than a Gln, yet are fblly active with 2n2+ (Aronsson et 

al., 1978; Saint-Jean et al.. 1998). Furthemore, mutation of this residue to a Gln in E. coli 

GlxI drastically reduced the &nity of the protein for metal ions. The H5Q mutant enzyme 

was still rnost active wîth ~ i "  yet displayed low levels of activity with zn2+. This residue is 

evidently not the determinhg factor in the metal activation. It would be interesting to 

detennine whether other GlxI enzymes postulated in this work are active with 2 8 ,  ~ i ~ + ,  or 

both. 

Other residues (Th3 5. Arg3 8. Val3 9. Tyr49, Leu70, Leu1 O 1, Thr102, Asnl04, 

Tyr1 1 5. Gly 1 1 8, Phe 1 63, Pro 1 67. and Asp 1 68 in the H sapiens GlxI sequence; Figure 5.9, 

although well conserved in the alignment between the E. d i ,  H. sapiens and the bacterial 

(31x1 sequences presented. in some cases have undergone conservative mutations in some of 

the sequences fkom other organisms. most commonly those which are the result of a gene 

duplication event forming a fused dimer gene product. Several of these residues (Arg38, 

Asnl04. Phe163) interact with a knosn inhibitor of H. sapiens Glxi, benzylglutathione, 

which was cocrystallized with the enzyme in the active site. Other residues shape the active 

site (nirl02. Tyr1 15). and some are at the dimer interface (Thr35, Gly118). These essential 

interactions with the cofactor have been rnaintained in the evolution of GlxI, as have others 

that may be required for the maintenance of the three-dimensional structure. 



t?C C O ~ Ï  - nFVGYGP~TE----------------EAVIELTWWGVDK-----ELGT----AYGHII;U1SVDNAAsAC - - 
S. &phi ANG~GP~TE-------  --------- Z,4VIELTYXWG'VES----- - YDMGN----AYGHf ALSVDNFAEAC 
1: pesris AFVG~SDE~K---------------- GSVIELTYNWGVDQ-----YDMGT----AFGHLALGVCD'JAATC 
P. mulrocida AFLGYDECEN---------------- ASV'ALT'CIWGVTE-----V' - - PLGT----AYGHIAIGVEDIYATC 
H. ducreyi AaLGYADCÇE---------------- - NAVLE JT%TLGVDB----- YDLGN----AfGHIaGIDxIYTTv 
S putrefacienr AFVGYGECSTG--------------- - QAVIELTY?WGTFK----- Y3LGT----GFGHIAIGDDDIYARC 
1; AFT - 4 G~GD~=SQ---------------- - G,9VIELTmGVA9-----T=KGN----AYGHIAIGVDDIYATC 

.y. gonnorrhoeaeANGYGDETD----------------- STVTSLTZXWDT:K3----- Y3LGD----AYGHIP.VEV13DAYEAC 

.Y. meninpiridis AFVGYGÛEYD---------------- ÇTVTJLTEXW3TER-----Y3LGN----AYGHIAVEVDDAYEAC 
B. perrussis A,VGYQDCSE---------------- AMIELTXXWDTLK----- Y3LGT----GYGHIAIEVDNAYEAC 
P. aeruginosa ANGYGN-dg---------------- SAVIELTZNWGVDA-----YZIGT----GYGHIAIEVDDD4YQAC 
T. ferroaxidans AFVGYQEENA---------------- GAVIELTYXWGVKQ----- UilLGD----GFGHIP-IEVEDAVR4C 
E faecaik WLTL--PGD---------------- DYELELTYNYDEEA----- Y3LGN----GYGEIAISTDDLZGLH 
E. hirae v~LTL--~GD---------------- DYKLELTMITYD5CG----- Y 3LGN-- - -GYGHIAIPE ,D3LXE 
S. murans ~LQL--EDD~--------------- DYELEIT3YDHEi\,-----Y3LGN----GYGHIAVGVDDLmTE 
S pneumoniae FLGL--EGD---------------- 3YEIELTYXYDi-lGP----- YmGD----GFF+II,USCFDL3LH 
S. pyogenes v ~ ~ - - E G E - - - - - - -  --------- SYELELTYXYGHGD----- Y3LGN----GYG%IALGSEHEAD.c! 
C. crescentus VF~PEDVZLA-:----------RQhAPL\'ELTT~WDDEE-----YGGGR----NFGE~YRVDDIYETC 
L. pneumophila VFLAAPAD IEQVQ----------" LSYG?MLELT%WDPED------YTEGR----NFGHLAYHVDDIYKIC 
X: faridiosa YFLALLPQTVHISDND~;iRLWMSGI?GVIELTHNYGTETQEGQIY~DGNNEPRGFGEICISVPDLYSAC 133 
H. sapiens Y F a Y E - D K h ' D I P ~ K D E K I A W A L S R ~ T L E L T h N W G 1 3 9  

- - - - O . .. 0 * * @ :.*: . W . - * .  t. 



E COD E K I R Q N G G N V T a E A G P V f C G G T T V I A A ~ D P D G Y f C I E L - - - - - - - - - -  

S. ?phi ERIRQNGGNVTREAGP~JXGGSTIIAEVEDPDGY~(IELINDAGRGL~---------- 
1'. pesris DQIRQAGGECVTEAGPVf(GGNTII,9rVTD?DGYKIELIENKSAGDCLGN---------- 
P. mulrocida DAVRQAGGKITREPGPVKGûKTVIA~DPDGYICIEFIENK~QSGLGN---------- 
H. ducreyi EAbXLAGGKITREPG?VLGÛKT~T IAFAEDPDGYKIEFIENKNAQVALGN---------- 
S. purrefaciens EAIAAAGGKVTRAPGPVAGGTTE IArFVEDPDGYKIE FIaMKSATQGLG----------- 
i : cholerae DTI~GGIVTRtPGPTKGGTTXIAA=VKDPDGYMIELIQNKQ~GLEG---------- 
h_ gonnorrhoeseER~QGGNWaEAGLM,F(tiGTTVIANcDPDGCKIEFVQKKSGDDSVAYANT------- 
Ar. meningifidis ERVKRQGGNWRED.GPMKirIGTTVIPP~D?DGYKIE FIQKKSGDDSVAYQTA------- 
B_ perrussis DKVKEKGGKVTREP-GPMKHGTTVIAArVEDPDGYKIEFIQ'~GRND-------------- 
P. aeruginosa DDIR%GGQVTR2AGPMiCT.GTTVIAE.rVTDPDGYKIELIQKSS----------------- 
T. ferrooxidans DGIRQRGGKVVREAGPmHGNTVIAPJED?DGYRIELIEMS--DF~HPA-------- 
E faecalis EK,YQAAGFTVTDLKG-L?GTF.PSYYWDPDGYKIEVIRER------------------ 
E hirne EI(HQEGWTDLKG-iPGTAIIS*ffWDPCGyKIEVIRG------------------- 
S. murans QAYQKAGYTVTDLSG-LQGKPE3lYYFITDPDGYFQEK-- - - - - - - - - - - -  

pneurnuniae QEHSAKGYEVTEPNG-LPGTTPNYYNKDFDGYKVEVIREK------------------ 
S. pyogenes :~QAGFPVTDIiCr-3DKSmYYFIQDPDGYKIEVIDLNN----------------- 
C. crescenrus QRLMDMGVTINRPPR-----DG~L"iP."iPFVRS PDNISIELLQDGD-LPPAEPWVSMPNVGAW 
L. pneumuphifa QEILQECGWINRPPR-----DG.Y,WFIRSPDNISIELLQKGEPLPKQEPWLS------- 
X fml id ios~  mFDTLQVPYQ:IRLT--DGXhI-~IAFIKDPDGYIISNTPLP--------------- 
H. sapiens ECREELGVKFVRKPD--CG~.(MKG~FIQD?DGYWIEILNPNKMATLM------------ 

* W.- * *  * . . . .. 

Figure 5.5: Sequence alignment of the glyoxalase 1 .sequences fiom E. coZi and H sapiens 
and the predicted glyoxalase I sequences from pathogenic organisms presented in this 
work. generated by Clustal W (Thompson et al.. 1994). * indicates conserved residues; 
: highly homologous residues: . homologous residues. The underlined regions indicate 
the segments of the H- sapiens sequence not present in the other sequences and the 
residues in bold are the postulated metal ligands, based on the alignment with the 
knowm metal ligands in the E. coli GlxI enzyme. The numbers are used for 
identification of each region illustrated in Figure 5-6. See Tables 5.1 and 5.2 for the 
sequence accession numbers and sequencing organization references. 



Figure 5.6: Stereo view of the homodimeric snpiens glyoxalase 1 crystal structure 
(Cameron et al., 1997). Subunit A is illustrated in blue, B in green, benzylglutathione 
is the stick structure, and the zinc atoms are in black spacefill. The red segments 
indicate the regions omitted in ,oIyoxaIase I from E. coli and the pathogenic organisms 
discussed in this work, The numbers are used for identification of the regions in the 
sequence ali-ment, and the letters indicate the subunit. 



53.4 Evolutionary Anaiysis of Giyoxaiase 1 and the PaPPP Superfamily 

The recent determination of the crystal structure of the H. sapiens GlxI enzyme has 

indicated that glyoxalase 1 appears to be a member of a structural superfarnily cornposed of a 

P c c ~ ~ P  motif (Bergdoll et al., 1998). As mentioned previously, the other rnembers of this 

previously unreco,pized superfarnily include the bleomycin resistance protein (BRP) from 

Streptoczlloteichrrs hiridc[stanrrs, 2.3-dihydroxybiphenyl 1,2-dioxygenase ( D m  D) from 

Bzt rkholdena cepacin, and the ~n"'-dependent fosfomycin resis tance protein (Fos A) (Dumas 

et al., 1994; Han et al., 1995; Bemat et  al., 1997). Each o f  these enzymes is cornposed of 

repeats of the BaPPP motif (Figures 5.7 and 5.8). Each monorner of E. coli and H. snpiens 

GLxI contains two such PaPPP motifs (Chapter 3 and Carneron et al., 1997; He et al., 2000). 

Although not yet crystallized, the FosA protein is beiieved to also have the same structural 

pattern, 

Figure 5.7: Representation of the PaB(3P motif found in glyoxalase I and other rnembers of 
the superfarnily. 



Figure 5.8: Structures of the WBPP superfarnily members currently known. (A) Bleomycin 
resistance protein from S. hindustanus (PDB lBYL and Bergdoll et al., 1998), (B) 
extradiol dioxygenase fiom B. cepacia (PDB IHAN), (C)  H. sapiens glyoxalase 1 
(PDB IFRO), and (D) E. coli glyoxalase 1 (PDB 1 F9Z). The four PaPPP motifs in 
each structure are illustrated in blue and red. The portions of the structure which are 
not part of this motif are illustrated in grey. The active site metals are in black space 
fille 



This group has also been called the '~icinal oxygen chelate superfamilly" (Armstrong, 

1998; Laughlin et al., 1998). The GlxI and DHBD enzymes have a metal ion in their active 

site with an octahedral coordination. with at least two water ligands to the metal. The 

substrate or intermediate in the reaction is believed to displace the water ligands. The 

common feature in the enzymes of tfiis family is proposed to be the chelation of the vicinal 

oxygen ligands on the substrate with the metai to help promote the reaction (Laughlin et al., 

1998). Although not yet established a similar involvement of the FosA substrate, 

fosfomyocin, with the active site ~n'' is believed to occur through coordination of the 

phosphonate oxygens or the epoxide ring oxygen? or a combination of the two. As the BRP 

does not contain a metal center it does not fit with this classification of the superfafnily. 

However, bleomycin itself is a metal-binding dmg. 

Structural cornparisons made by Bergdoll and coworkers (1998) focus on the BaPPP 

motif and hence include the BRP in their analysis of die superfSUIl]ily. In their analysis they 

suggest that each of the members of the superfamily arose fiom a comrnon ancestor, a single 

P a B P B  motif which undenvent multiple gene duplication and fusion events, combined with 

accumulated mutations; divergent evolution fiom a cornmon ancestral gene encoding the 

P a B P P  motif. This yielded several groups of proteins that catalyze very distinct reactions, 
- have relatively low sequence homolog?. and yet share a common ancestral protein fold. 

Figure 5.9 summarizes the proposed evolutionary history of this superfamily. 

This analysis also presents a plausible explanation for the evolution of the two forms 

of (31x1 enqmes. the srnaller enzymes such as the sapiens and E. coli which fûnction as 

dimers. and the larger e - q m e  obsewed in the S. cerevisiae that appears to be monomenc. 

We have reported that the ns.0 yeast sequences in addition to nurnerous plant sequences 

appear to be the result of a gene duplication event forming a füsed dirner gene product 

(Ridderstrom and Mannervik. 1996: Clugston et al.. 1997; Clugston et al., 1998b; and Section 

- 3 . 2 ) .  Sequence analyses indicated that the shorter E. d i  and H sapiens GlxI sequences 

were homologous to both the N-and C-terminal halves of these apparent duplicated sequences 

(Clugston, 1997). It is proposed that afier the first gene duplication and fusion event some of 

the enzymes evolved to function as dimers of the duplicated P a B B B  motif whereas in other 

instances another duplication and fusion event occurred to form the large GlxI enzymes. In 

each case the active form of the enzyme consists of four J3aBPB motifs. A similar evolution is 





One module ancestor 

Two module ancestor 

Gene duplication 
and fusion 

4 Accurnulated point 
mutations 

BW Small 
Large GlxI Small GLxI 

Dioxygenase Dioxygenase 

Figure 5.9: Scheme outlining the posnilated evolution of the genes for the BRP, FosA, Glxl, 
and dioxygenase enzymes. Each square represents a PaPPP motif and the variation in 
colour depicts the distinctive forms of this motif resulting from various mutations 
during its evolution. (Adapted fiorn Bergdoil et al., 1998) 



5.3.5 Ekpmssion and Anaiysis of Glyoxalaie 1 from Y. pestis and P. aemginosa 

To determine if in fact the postdated sequences encode a protein with glyoxdase 1 

activity, and to gain M e r  knowledge regarding bactenal GlxI enymes and their metal 

activation, the genes fkorn two organisms, Y. pestis and P. aeruginosa were amplified, placed 

in an overproduction plasmid and the expressed protein examined. 

Based on the intensiw of the band of DNA on an agarose gel, the 1.0-2.0 m M  MgS04 

conditions proved best for the PCR ampiification of the putative gloA DNA fkom both the Y. 

pestis and P. aeruginosa chromosomal DNA. Growth of E. coli BLZl/pYPGl and 

BLZ UpPAG1 in LBhp, induction of protein .expression with IPTG (1 mM), and analysis by 

SDS-PAGE with Coomassie staining indicated that the plasmid constructs in pET2Zb 

successfiilly expressed both putative GlxI enzymes. 

Preliminary anaiysis of a cmde ce11 extract fiom each constnict was performed. 

ES-MS analyses indicates that a protein is produced of the molecular weight predicted based 

on the DNA and corresponding protein sequence (Figure 5.10 and 5.1 1) predicted to encode 

GlxI in both Y. pestis and P. aeruginosa (Figures 5.12 and 5.13). The Y. pestis GW protein 

sequence. encoding a 14 834 Da protein, is 79% identical to the sequence fiorn E. coli. Only 

28 of the 135 residues in this protein are altered fiom the E. coli sequence. The P. aeruginosa 

GlxI sequence encodes a 14 25 1 Da protein with 69% sequence identity to the E. coZi protein 

sequence. There are 40 residues in this 128 mino  acid protein that differ fiom the E. coli 

sequence. 

Activity assays on the extract fiom each expression system indicated that the 

expressed protein did have glyoxalase 1 acrivity. codirming that the predicted DNA does in 

fact encode this enzyme. In addition the activity of the crude extract was significantly 

enhanced with the addition of NiC12 (20-fold in each case), but not ZnClz. This suggests that 

the unexpected activity enhancement seen for the E. coli GlxI enzyme with ~ i "  is not unique 

to the enzyme from this source but may actually be seen for many other GlxI enzymes. 

Analysis of the protein expression from these two constructs and M e r  detailed 

analysis of the purified Y. pestis GixI enzyme, hcluding its metal activation is presented in 

Appendix F. 



3 9 15 21 27 3 3  39  45 
1 I I I I I I 1 

I ATG CGC TTA CTC CAT ACC ATG CTC CGC GTC GGT GAC CTG CAA CGT 

4 6  TCT ATC GAT TTC TAC ACC AAG GTA TTA GGG ATG CGT TTA CTG CGT 

91 ACC AGC GAA , U T  ACT GAA TAT AAA TAC TCG TTG GCA TTC GTA GGC 

136 TAT AGC GAT GAA AGT AAA GGT TCG GTG ATT GAA CTG ACG TAT AAC 

1 8 1 T G G  GGC GTT GAC CAG TAC GAT ATG GGC ACC GCA TTC GGC CAT CTG 

GCT CTG GGT GTT GAT GAT GTC GCC GCA ACG TGT GAT CAA ATT CGC 

2 7 1  CAG GCA GGC GGT MA GTC ACC CGC GAA GCT GGC CCG GTA AAA GGC 

316 GGT AAT ACC ATT ATT GCT TTT GTT GAA GAT CCA GAT GGC TAC A M  

361 ATT GAG TTA ATT GAG AAT AAG AGC GCG GGT GAC TGC CTC GGA AAC 

4 0 6  TGA 

Total nurnber of bases: 408 
DNA sequence composition: A: 107: C: 88; G: 1 IO; T: 103 

Nurnber of  residues: 1 3 5 
Molecular weight (MW): 14 834 

Amino acid composition: 
9 A 2 C 2 H 4 M 9 T 
7 R  4 Q  7 1 4 F 1 W  
5 N 8 E  1 3 L  2 P 7 Y 

I l D  1 6 G  7 K 7 s  1 O V  

Figure 5.10: Y. pestis giyoxalase 1 (A) DNA sequence and (B) corresponduig protein 
sequence. 



3 9 15 21 27 3 3  39 45  
I I I I I I I I 

1 ATG CGC ATT CTC CAT ACC ATG ATC CGG GTC GGA AAC ATC GAT CGC 

4 6  TCG ATC GAT TTC TAT ACC CGG GTG CTA GGC ATG ACC CTG CTC AGG 

9 1  AAG AAC GAC TAT CCC GAC GGC CAG TTC ACC CTC GCC TTC GTC GGC 

TAT GGC AAC GCG GAT TCC GCG GTG ATC GAG CTT ACC CAC AAC 

1 8 1 T G G  GGC GTG GAT GCC TAC GAG ATC GGC ACC GGC TAC GGC CAT ATC 

226 GCC ATC GAG GTC GAC GAC GCC TAC CAG GCC TGC GAC GAC ATC CGC 

2 7 1 T A C  AAC GGC GGC CAG GTC ACC CGC G A .  GCC GGG CCG ATG AAG CAC 

316 GGT ACC ACC GTG ATC GCC TTC GTG ACC GAC CCG GAC GGC TAC AAG 

361 ATC GAA CTG ATC CAG AAG TCT TCC TGA 

Total number of bases: 387 
DNA sequence composition: A: 85; C: 128; G: 106; T: 68 

Number of residues: 128 
Molecular weight (MW): 14 25 1 

Amino acid composition: 
9 A 1 C 4 H 4 M 
7 R  4 Q  121 4 F 
5 N 6 E  7 L 3 P 

1 2 D  14G 4 K  4 S 

Figure 5.11: P. aeruginosa glyoxalase 1 (A) DNA sequence and (B) corresponding protein 
sequence. 



Figure 5.12: Reconstructed electrospray mass spectnim of a crude ce11 extract of Y. pestis 
GlxI. from E. coli BL2 I/pYPGl . The additional peaks observed correspond to 
adducts with buffer salts as well as other contaminating proteins. 

mass 0 , , . . , . . . .  . . . . , . . . .  . . . ,  . . . ,  , . . . , . . . .  - I 

12500 13000 13500 140'00 14500 ' 15000 ' 15500 ' 

Figure 5.13: Reconstructed electrospray m a s  spectrum of a crude ce11 extract of P. 
aeruginosa GlxI, from E. coZi BL2l/pPAGl. Adducts with buffers salts are also 
present. 



5.4 Conclusions 

Utilizing the E. coli GlxI amino acid sequence, we have identified twenty-eight new 

putative (31x1 sequences both from the unfi*shed databases of whole genome sequenchg 

projects. and depositions in the GenBank sequence databases. Many of the bacrenal 

sequences, in particular Y. pestis. have been shown to have high sequence similarity to the E. 

coli enzyme. Taken together it has been possible to identify consistent bacterial alterations 

compared to the H supiens enzyme; as well as absolutely conserved residues important in 

metal and cofactor binding and dimer interface interactions. These differences could be 

targeted in the development of novel antimicrobial agents. 

One of the most intriguing features observed in the bacterial G U  enzymes is its meral 

activation. We have exarnined the GlxI enzymes. fiom E. coli, Y. pestis, and P. aeruginosa 

and found activation with ~ i ' -  but not with 2n2'. the native metal in the H sapiens GlxI. The 

rat erythrocyte GlxI was tested in the presence of ~ i "  (Han et ai., 1977). Although the 

enzyme was still active. the levei of activity was not enhanced over that seen with MC (Han 
et al.. 1977)- There has been no report of the activity of the H. sapiens GlxI enzyme 

reconstituted with ~ i ' -  but it has been presumed that it would behave sirnilady to the rat 

enzyme. As such it would be of interest to determine if the activity with ~ i "  is restncted to 

the enzymes in the bacterial sequences grouping with the E. coli on the phylogenic aee 

(Figure 5.4) or aiso exists for enzymes in other groupings such as the plants. In addition. 

alrhough the overall homology to the E. d i  Gis1 enzyme is lower, it is believed that the 

indicated sequences from the Enterococci and Streptococci encode G U .  It would be of 

interest to express a representative of this grouping to c o n f m  it is in fact a glyoxalase 1 

sequence. and to determine its metal activation. 

As previousIy mentioned it is essential to temper predictions based on sequence 

analysis with expenmentai results. It would be too easy to draw incorrect conclusions based 

on sequence alignments alone. with these GlxI sequences being a perfect example. Without 

the crysral structure data one ma). not have identified the first rnetal ligand as it is not 

universally conserved among the known and postulated GLxI sequences, being a Gln in K. 

sapiens GlxI versus a His in the E. d i  enzyme. In addition, activation of the E. coli, Y. 



pesris, and P. aemginosa GIxI enzymes with would not have been predicted based on 

sequence analyses aione. 



SUMMARY AND FUTURE WORK 

6.1 Summary 

The glyoxalase system functions to remove cytotoxic methylglyoxal fiom the cell. 

The first enzyme in this system, glyoxalase 1, has been of increased interest of late due to its 

potential as a novel drug target. Selective inhibition of GW couid take advantage of the toxic 

effects of MG accumulation, This selective targeting of G M  is beginning to show some 

promise in the area of anticancer research. 

Although the glyoxalase system was identified 87 years ago, many aspects are still 

unknown. Recent crystallographic studies on EL sapiens GlxI have dlowed for the 

identification of the ligands to the catalytic metal and led to a postuIated reaction mechanism. 

GlxI has also recently been identified as a member of a structural superfarnily composed of 

P a P B P  motifs. To improve our knowledge of glyoxalase 1 and to identie any differences in 

the enzyme fiom a bacterial source, our studies have focused on Glxl fkom E. coli. These 

analyses have greatly enhanced our knowledge of the kinetics, structural features, and metal 

binding characteristics of this enzyme and have permitted the identification of other GlxI 

enzymes. as outlined below. 

6.1.1 Kinetic Analyses and Metal Binding Characterisfies 

Kinetic studies have demonstrated that E. coli GlxI is maximally active with ~ i "  and 

with the following rnetals. each to a lower level of activity, co2+, M& ~e", and cd2+. No 

activin was observed in the presence of 2 8 ,  CU", M$', or ca2+. Metal cornpetition 

experiments using the change in enzyrnatic activity as a measure of the possible exchange in 

bound rnetal suggested that both ~ i ' -  and 2nZ' are stably bound to the enzyme, whereas 

metals such as ~ n ~ '  and to a lesser extent CO" appear to exchange more rapidly with the 

competing metal. The apparent rate of exchange was dependent upon the amount of excess 

competing metal and the temperature at which the cornpetition was occurring, in addition to 

the identities of the bound and competing metals. 



Metal analysis was performed on the enzyme following reconstitution with each 

rnetal. Induchvely coupled plasma analysis indicated that each of the activating metals' in 

addition to znZ7 and CU'*, bind to the enzyme with a ratio of one mole of metai per mole of 

dimeric enzyme. ca2' and M ~ ~ '  did not appear to bind to E. coZi GlxI. Isothemial titration 

cdorimetry confirmed these findings regarding the amount of bound metal. In addition ITC 

provided information regarding the thermodynamics of the interaction between apoGlxI and 

each rnetal. The rnetals were found to have a binding a€fïnity (Ka) at the limits of detection 

(>IO'-108 M') &th the exception of h4n2', which had a weaker affinity of 3.9 x 106 MI. The 

themai stability of GlxI was found to increase significantiy upon addition of divalent met& 

as determined by differential scanning calorimetry. 2n2+-~lx1 had a Tm 2 1 OC higher than the 

apoenzyme, while the Tm of ~ i - ~ l x ~  was 17T higher than the apoenzyrne. 

Electrospray mass spectrometry on non-covalent complexes of apoGlxI with s eved  

glutathione-based inhibitors as well as with a transition state analogue indicated that there are 

two possible binding sites on the enzyme. It is speculated based on the metal binding studies 

that perhaps ody  one active site may be huictional. Cornbined with standard solution kinetic 

analysis on the level of inhibition imparted by these analogues, the transition state analogue 

and a vinyl-glutathione analogue were identified as the most potent E. coli GlxI inhibitors, 

and those with the greatest affinity based on the ESMS analysis. 

6.1.2 Structural Studies and Metal Environment 

Using l13cd NMR. EPR. and EXAFS analyses we have determined that the metal in 

the active site of E. coli GlxI is coordinated by five to six oxygen and nitrogen ligands. 

Expanding these studies to crystallographic analysis of the enzyme with various metd ions 

bound identified the protein residues that are involved in rnetal ligation. They are HisS, 

GluS6. His74 and Glu122. Furthermore these studies indicated a clear correlation between 

the catalytic activity of the enzyme and the metal coordination. Each of the metal ions which 

produces an enzymatically active enzyme, ~ i " ,  CO'*, bfn2', and cd2', has an octahedral 

geometry, with four ligands from the protein and two water molecules acting as ligands. In 

contrast, znZ' in the inactive form of the enzyme has only five ligands, the same four protein 

residues but only one warer ligand, forming a trigonal bipyramidal coordination. H sapiens 

GlxI, which contains in its active fom, also appears to have an octahedral metal 



coordination environment. These findings suggea than an octahedral coordination is essential 

for activiîy to either correctly position Glu122 (Glu1 73 in the H. sapiens enzyme) to function 

as a catalytic base or because two bound water molecules are i m p o m t  in some way in the 

reaction. 

The finding that each of the two active sites in the protein crystd structure contains a 

metal ion contrats with the observation that the E. coli GlxI enzyme is maximally active with 

only one metal ion. It is posnilated that the high protein and hence metal concentrations 

utilized in the protein crystallization could account for this difference. If the second binding 

site has a much lower finity the meral ions may not bind under the conditions in the metal 

analysis, titration, and kinetic analyses, 

We have also successfully cocrystallized E. CON N?- and zn2+-~lx1 with a GSH- 

based inhibitor and our transition state analogue. Upon solution of the difhction data we 

should have more insights into the postulated mechanism of  the catalyzed reaction. This 

information can be utilized to guide fùrther investigations. 

6.7.3 E. coli Glyoxalase i Variants 

To aid in the solution of the x-ray structure of E. coli GlxI, the selenomethionine form 

of the protein was expressed, in which methionine 1, 7, and 26 were replaced with SeMet. 

This enzyme exhibited similar metal activation properties, however the enzyme reconstituted 

with ~i'? was only 70% as active as the native enzyme. It is specdated that the proximity of 

SeMet7 to the active site may slightly perturb the metal ligands. 

The first ligand to the essential metal. His5 in E. coli GlxI, was rnutated to a 

glutamine. as found in the H. sapiens enzyme. Rather unexpectedIy, the afinity of the protein 

for al1 metals was drastically reduced. Furthemore, activity was detected in the presence of 

~ n ?  although the levels were extrernely low and still rnuch less than the activity seen with 

either ~ i ' -  or CO". Evidently the change in this ligand to a histidine in the E. d i  enzyme is 

not the sole factor determining the activation with ~ i ~ ' ,  but it does influence the metd 

binding and activation. This was not predicted to be the determining feature as both the P. 

putida and S. cerevisiae GlxI enzymes are active with 2n2+ yet have the histidine ligand found 

in the E. coli enzyme. The drastic change in the metal affinity suggests that someîhing within 

the enzyme active site has been perturbed. The afE~iity for the metal ions appears so weak 



that it is unlikely a metal-bound form of the enzyme could be crystallized for examination of 

the active site metal environment. 

6. f.4 identification and Analysis of Other Glyoxalase 1 Sequences 

Numerous putative glyoxalase 1 enzymes have been identified through extensive 

searches of the National Center for Biotechnology Information database, including the 

databases of unfinished genome sequences. Through analysis of these sequences and those 

known to encode functional GlxI enzymes. consistent alterations in the bacterial GlxI 

sequences compared to the sapiens GlxI enzyme were identified. With the elucidation of 

the crystal smicture of E. coli GlxI. cornparisons could be made with the sapiens GlxI 

structure. Cornbining this information we were able to identfi the effects of the sequence 

alterations in the bactenal GlxI sequences. Most notable was the more open active site in the 

E. coli enzyme due to the absence of a region encoding an a-helix forming one side of the 

active site in the H. sapiens enzyme. These changes may explain the differences observed in 

the effectiveness of various glutathione-based inhibitors. Several of these analogues, which 

are potent inhibitors of the ff. sapiem or S. cerevisiae GlxI enzymes, are not effective against 

E. coli GlxI. as determined here by ICSo measurements and the relative affïnïty as determined 

by analysis of non-covalent complexes by mass spectrometry- 

Two of the putative Glxi sequences identified have been expressed and preliminq 

charactenzation of the proteins performed. The DNA predicted to encode GlxI proteins fiorn 

Yersinia pestis and Pseudornonas aeruginosa does in fact encode enzymes with glyoxdase 1 

activity based on kinetic analysis. Funhermore, preliminary studies on the crude proteins 

appear to indicate that these enzymes are active with ~ i ' '  but not 2n2+, as seen for the E. coli 

enqme. This is another intriguing development in GlxI research. This unexpected metal 

activation now observed in three glyosalase 1 enzymes warrants M e r  analysis to determine 

the factors affecting this metal selectivi~. 



6.2 Future Directions in Glyoxalase I Research 

Our interest in G U  is currently focused on the unusual metal activation and the details 

of the reaction rnechanism. With the improved knowledge of E. coZi GlxI provided in this 

work, and the identification of other G U  enzymes, several additional questions remain 

unanswered and new questions have arisen. 

6.2.1 Mutagenesis 

Meta2 Ligands 

Further analysis of the ligands to the essential metal may provide more information? 

not only on the reaction mechanism but perhaps the metal activation. Cornpiementas. 

mutations in the metal ligands, such as HisS+Glu and Glu122-His would retah the same 

type of metal ligands yet place the putative catalytic glutamate in a different location. If the 

enzyme bound metal but displayed no catalytic activity it couid imply that Glu122 plays a role 

in catalysis. Mutation of Glu122-sGln rnay also prove interesting to M e r  examine the 

possible role of this ligand in the reaction. In each case the amount of bound metai must be 

detemined. Conclusions on the reaction mechanism c m  not be made if the lack of catalytic 

activity is due to absence of a metal ion. 

Substrate Binding 

Mutation of residues posrulated to play a role in substrate binding could also be 

informative. Upon completion of the structure of the enzyme with various irihibitors bound, 

residues that rnay be important in binding c m  be identified md their roie explored further. 

Inserrion Mutarions 

The identification of several regions in the H. sapiens GlxI enzyme, not present in the 

E. coli enzyme begs the question as to the f i c t ion  or role of these regions in the other 

enzymes. It is possible that the absence of these regions may cause subtle changes in the 

protein structure resulting in the altered response to metal ions and GSH-based inhibiton, not 

- evident fiom initial examination of the structures. The most obvious is the absence of region 

2, which encodes an a-helix at the back of the active site of the H. sapiens enzyme (Chapters 



3 and 5). Additionally omission of regions 3 and 4 may resuit in subtle pemirbations of the 

protein structure. The absence of the N-terminal a m  in the bactenal enzymes is not expected 

to be a critical difference. Although this arm wraps around the adjacent subunit in the H 

sopiem structure, ir does not interact with this subunit and is not expected to have a 

signiflcant effect on the enzyme structure- activity, or stability. 

To determine the influence of these regions on the response of the enzyme to various 

metals and GSH-analogues, these regions could be added to the E. coli GlxI sequence and the 

modified protein analyzed. Several reports are available describing techniques utilking PCR 

to insert or delete segments of DNA (Grandori et al., 1997; Wang and Malcolm, 1999). Any 

possible effect on the enzyme active site could be analyzed by comparing the kinetics of the 

wild-type enzyme and these insertional mutant forms. Substrate analogues, such as 

phenylglyoxal could be tested as well as the level of enzyme inhibition with various GSH- 

based inhibitors to probe the enzyme active site. 

Su bstrate Stereoselectivity 

NMR analyses have indicated that GlxI accepts both isomers of the herniacetal 

substrate (Gnffis et al., 1983; Creighton et al., 1988; Landro et al., 1992; Rae et ai., 1994). 

These studies however were performed on GlxI from yeast and porcine erythrocyte. 

Aithough we have presurned this would not have changed, GlxI fkom E. coli rnay not behave 

in the same manner. To confirm E. coli GlxI is similar to other GlxI enzymes in this respect a 

similar experiment should be performed in which a stereochemically "locked" substrate such 

as R- and S-glutathiolactaldehyde are synthesized and utilized as the substrate in the reaction, 

while monitoring the conversion to glutathiohydroxyacetone by 'H NMR. 

Furthermore, it should also be reconfirmed that E. coli GlxI follows a reaction that 

proceeds through an enediol intermediate rather than a hydnde shifi mechanism. Monitoring 

the incorporation of deuterium from the media into the product of the reaction would confïrm 

this aspect of the reaction. 



Mutagenesis 

As described, it would be beneficial to perform site-directed mutagenesis experiments 

on the metai ligands, to determine their effect not only on metal bhding but also any role in 

the reaction itself. 

Cocrystallization 

Completion of the analysis of the x-ray diffraction data of M2'- and z~'+-G~xI 

cocrydlized with GSH-based inhibitors and our putative transition state analogue should 

provide a clue as to whether the reaction in E. coli Glxl proceeds as posnilated based on 

studies with H. sapiens GLxI. Once this data is analyzed, m e r  crystallization experiments 

can be planned if required. 

6.2.3 Metai Binding 

Binding AIyinity 

Equilibriurn dialysis c m  be employed to M e r  examine the metal binding properties 

of E. coli GlxI. The binding afflnities of various metals were determined for H sapiens GlxI 

using equilibrium dialysis in which nitrilotriacetic acid was used as a metal chelator in order 

to establish low levels of the metal under analysis (Sellin and Mannervik, 1984). 

AI ternative1 y, surface pIasmon resonance could prove usefûl for determination of both the 

association and dissociation rate constant for the binding of each metal to the enzyme (Szabo 

et al.. 1995). 

Determination of the metal ion in E. coli GlxI in a natural setting is of great interest. 

However. this is a difficult task. When the cells producing E. coIi GlxI are grown in the 

presence of supplemental ~ i - ,  the activity of the enzyme is increased, as is the amount of 

bound metal. This implies that the bJiZL is transported into the ceIl and incorporated into the 

protein. Growth in the presence of 6 3 ~ i  would c o n b  this observation. Unfomuiately this 

does not prove that the natural metal is ~ i " ,  just that the enzyme can utilize ~ i ~ '  when 

available. 



If the media is not supplemented, the enzyme produced contains a variety of different 

metal ions at trace levels, including Zn, Ni, Cu, and Fe (Clugston, 1997). Even without 

supplementation there is a supply of metal from the media- and even the glass flask used in 

the cell growth would provide metal ions. As such, if the enzyme is grown in a laboratory 

setting the metal found in the enzyme active site may be the resuit of the artificial conditions 

under which it was grown. E. coli grown in a natural environment, such as an individual 

infected with a bactend infection couId provide a source of GlxI containhg the nahual1y 

occurring metal. However, it may be difficult to obtain sufficient quantities of the erizyme, as 

the levels of GlxI normally in a cell are quite low. A previous midy indicated that fkom 12 L 

of E. coli MG1655 ce11 growth 1 pg of GlxI was isoiated (Barnard, 1997). It may be that E. 

coli GlxI uses several different metai ions as long as the enzyme is active and can remove 

toxic methylglyoxal. 



The following tables supplied by the Solutions Analytical Laboratory (formerly Water 

Quality Lab), list the results fiom the inductively coupled analyses on the E. coli G U  under 

the indicated conditions. The reference tested for each sample was 50 mM MOPS, pH 7.0 * 
10 % glycercol, matching the protein storage bufEer, treated in the same marner as the protein. 

See Chapter 2 for details of the enzyme preparation for metai analysis. 

Table Al: Determination of the amount of metd incorporated'into E. coli GlxI duruig protein 
expression with a variation in the metal added to the growth media 



Sample Water Quality Lab b t e i n ]  
(WQL) ID Code 

1. NiClz in ce11 growth AOG002 14 

2. ZnClz in ce11 growth AOG004 50 

Both purified to Pre-IEF 

Note: Na and K are fiom the truffer itself due to pH adjustments and Chelex aeatment. Si was sometirnes 
detected in the samples and is most likely fiom the glas syringe utilized dining =pie dilution by the 
WQL. 



Table A.2: Determination of the amount of metal bound to E. coli GlxI following addition of 
zinc chlonde to the apoe-e. 

Anal ysis: h P b ) S e I  SI 1 S r 1  T i 1  V I m I  
Method: ICP 1 ICP 1 ICP 1 ICP ICP ICP 1 1cP 1 

Det. Limit: 0.50 1 0.50 O 0.02 1 0.02 0.10 1 0-02 1 

Sample Water Quality Lab protein] 
(WQL) ID Code (PM2 



Table A.3: Determination of the amount of metal bound to E. coli G M  following addition of 
cadmium or cobalt chloride to the apoenzyme. 

r ICP 1 ICP 1 ICP I ICP 1 ICP l ICP I icF I ICP 1 

~na~ys is :  ~b 1 Se 1 SI 1 Sr 1 Ti 1 V a l  I 

m o d :  ICP 1 ICP j ICP 1 ICP ICP 1 ICP 1 ICP 1 
ûet. iïmit: 0.50 0.50 0.10 1 0.02 1 0.02 1 0.10 1 0.02 1 

Analysis: 

Mathod: 

ûet. Limit: 

Sample Water Quality Lab [Protein] 
(WQL) ID Code (Pm 

1. ApoGlxI + CdC12 ARP002 29 

Cu 1 Fe 1 K 1 Mg 1 Mn 1 Mo 1 Na 1 Ni 

ICP ICP ICP 1 ICP 1 ICP 1 ICP ICP 1 fCP 

0.02 1 0.10 1 1.00 1 0.05 1 0.05 0.10 1 0.50 1 0.05 1 

2. ApoGlxI + CoC12 ARP004 37 



Table A.4: Determination of the amount of metal bond to E. coli GlxI following addition of 
copper, manganese, calcium, or magnesiun chloride to the apoenzyme. 

Anal ysis: Cu 1 Fe 1 K U  M g M n M o 1  Ne 

Method: ICP 1 ICP 1 ICP 1 ICP 1 ICP 1 ICP 1 ICP 1 ICP 

Det Limit 

Analysis: Ni 1 P I P b I  S I S e  S i 1  S r 1  Zn 

Method: iCP 1 ICP 1 ICP 1 ICP 1 ICP 1 ICP ICP 1 ICP 

Det- tirnit: 

-- 

Sample Solutions Analytical Botein] 
Lab (SAL) ID Code (Pm 

1. ApoGlxI t CuClz BFD002 27 

2. ApoGlxI + MnClz 

4. ApoGU + MgClz BFDOOS 25 



Table A.5: Determination of the effect of Chelex treatment on the amount of metal bound to 
E. coli GlxI reconstituted with nickel chlonde. Metal analysis on standard LBhp 
media is also presented. 

Method: 

Water Quality Lab [Protein] 
(WQL) ID Code 

A. ApoGixI + N U 2  BCY004 26 
Ran over Chelex resin 

B. ApoGlxI + NiClz BCYOOS 35 
No Chelex treatment 



Table A.6: Further determination of the effect of Chelex treatment on the amount of metal 
bound to E. coli GixI, which had been reconstihrted with nickel chluride then 
concentrated with a Centricon (YM1 O), as performed in the preparation of the enzyme 
samples for EXAFS analyses. The leveIs of metal present in the buffer utilized for 
EXAFS analyses (50 mM MOPS, 25% glycerol pH 7.0 with tetraethyl ammonium 
hydroxide) is also presented. 

Det. Umit 

Sample #2 <DL a L  a L  
DWFS Buffer BER003 <OL 1 COL <DL CDL <DL a L  COL 7.63 

1 070 <DL <DL cbL <DL CDL 

Analysis: Ni 1 P i P b 1  S I S e I s i I  
Method: 1 ICP 1 ICP ( ICP (  ICP 1 ICP 1 ICP 1 ICP ( ICP 

Det. Umit: 1 0 2 5  1 5.W ( 250 (  4.50 1 250 ( Ob0 ( 0.10 1- 0.10 

Sample Solutions Analytical [Protein] 
Lab (SAL) ID Code (Lw 

1. ApoGIxI + NiClz BEM01 24 
Concentrated with a 
Centricon 10, ran over 
Chelex resin, and diiuted 

2. ApoGlxI + NiC12 
As above but no Chelex 
treatment 



Tnblr A 7: Detennination of the amount of m e t .  bound to E. coli SeMet-GkI following 
substitution of the apoenzyxne with nickel chloride. 

Sample Nurn Cod. - 
MOPS Ref. 0911 5/M) BIF001 
SeMet Glxl 0911 5/00 BIFW2 

Sample Name Coda - 
MOPS Ref. 00/1 5/00 BIFW1 
SeMet Glxl O9/15/OO BIF002 

Sampk Name Code - 
MOPS Ref. 09/15/00 BtFOOl 
SeMet Gixl 0911 5/00 BIF002 

Sample Nurn Code - 
MOPS Ref. 09/15/00 BIFW1 
SeMet Glx1 0911 5/00 BI F002 

Sample Name C d  - 
MOPS Ref. 09/15/00 BiFW1 
SeMet Glxl 0911 5/00 MF002 

Sample N a m e  Code - 
MOPS Ref. 08/15/00 BlFOOl 
SeMet Gixl 09/15/00 BIF002 

Notes: 

Concentrations reportecl in mQ/L 
Samples diluted 12.  
A white suspension fomed in BlFOO2 won after acidification with HN03. 
' denotes concentrations near detedion limit. 

Sample Solutions Analytical protein] 
Lab (SAL) ID Code (@O 

1. SeMet-GlxI BIF002 12 



Table A.8: Determination of the amount of metal bound to the H5Q mutant E. colî GlxI 
protein following purification. This provides confirmation that the enzyme is metal- 
fixe d e r  isoelectric focusing, as observed for the wild-type enzyme. 

Samplm - 
Ref. Buffar 
H5Q Mutant 

Sampk - 
Ref. Bufier 
HSQ Mutant 

Sarnple - 
Ref. Buffer 
HSQ Mutant 

Sarrlpk - 
Ref. Buffer 
H5Q Mutant 

Sampla - 
Ref. BufFer 
HSQ Mutant 

Coda - 
8GB001 
BGB002 

Cade - 
BG8001 
BGBûû2 

Code - 
BGB001 
BGB002 

Code - 
BGB001 
BGB002 

Code - 
8GB001 
BGBOO2 

Coda - 
BGBOOl 
BGBO02 

Notes: 

AI1 sample concentrations am in mgh 

1-17 
deted. 

Sn - 
deted. 
deted. 

Sample Solutions Analytical [Protein] 
Lab ( S U )  ID Code (Pw 

1. Apo HSQ GlxI BGB002 34 



The foilowing sample plot and listing of the typical settings for the EPR analysis on E. 

cuZi MI?-GU were provideci by Dr. G. D. Markham. 

C 

2190 2390 2590 2790 2990 3190 3390 3590 3790 3990 4190 

GAUSS 

Figure B. I:  EPR spectra of E. coli MX?-GM. The sample was run in a 3 mm capi l lq  tube 
with the following settings: Microwave Frequency = 9 GHz; Modulation Amplitude = 
5;  Temperature = -130°C. 



XAS data collection and analyses on E. coli GlxI recodtuted with ~ i "  and 2n2' 

were performed by G. Davidson and Dr. M. J. Maroney at the University of Massachusetts. A 

summary of the data collection procedures and data fits are provided here. More details can 

be found elsewhere (Davidson et al., 2000a; Davidson et al., 2000b). 

X-ray fluorescence data on fiozen samples at 50 K were collected on beam line X9B 

at the National Synchrotron Light Source (2.8 GeV, 170 - 300 mA) with a Si12201 double 

crystal monochromator. The data were recorded using a 13-element Ge array detector 

(Canberra) and were calibrated to the fmt inflection points in metal foi1 spectra (Ni, 833 1.6 

eV, Zn, 966 1.0 eV). The summed fluorescence data were then background corrected and 

normalized and the EXAFS fit using the program WinXAS (Ressler, 1997). XANES (x-my 

absorption near-edge structure) data were obtained and analyzed as previously described 

(Colpas et al., 199 1). EXAFS data were analyzed employing p-weighted Fourier-filtered 

data (FT tirnits = 2.0 - 12.5 A-'; Back-transfom limits = 1.1 - 4.0 & uncorrected for phase 

shifis). Theoretical phases and amplitudes used in fitting the EXAFS for single and multiple 

scattering pathways were obtained from FEFF 6 calculations of crystallographically 

characterized mode1 compounds (Rehr et al., 1992). Edge spectra monitored as a function of 

exposure tirne did not indicate any changes in the redox state or ligand environment of the 

metal sites during x-ray exposure. 

The Ni K-edge XANES spectmm (Figure C. 1) of E. coli GlxI reveals a small peak 

near 8332 eV assigned to a ls+3d transition with an intensity (2.8(5) x 1 0 - ~  eV) that indicates 

a symmetrïc ligand environment. The absence of features associated with a ls+4pz transition 

niles out a four-coordinate planar geometry, indicating that the active site Ni is six-coordinate 

(Colpas et al., 199 1). Analyses of the Ni K-edge EXAFS spectra are shown in Table C.1 and 

Figure C. 1. Further information is available in the published article and supporting 

information (Davidson et al., 2000a). The supporting information contains a compilation of 

fits for Ni and Zn K-edge Fourier filtered EXAFS data for the E. coli GlxI samples. Data on 



the analysis of E. coli Glxl with the TSA inhibitor and GSH-analogues bound has been 

submitted for publication (Davidson et al-, 2000b). 



Table C.1: Selected curve-fitting results of filtered EXAFS spectra for E. coli GlxLa 
Fit N Ni-X R (A) (X 103 Alb GOF 

' X is the scanering atom for each shell. R is the Ni-X distance. O' is the mot-mean-square disorder in the Ni-X 

distance. GOF = ld 2 ([) - ,,(QI (See Maroney et al., 1998). Accuracy of distances determined = * 0.02 
-P 

r = l  

A for atoms in the first coordination sphere of the meal and 10.05 A for second and third coordination sphere 
atoms. Precisions (indicated) are c0.02 A for well-ordered shells; thus, differences are more accurate than the 
absolute distances. 
h Italicized values are approaching physical insignificance. Large values of d indicate a coordination number 
that is too large or a badly disordered shell. Parentheses indicate that 6 for al1 atorns in that shell were 
constrained to a single value. 
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Figure C.1: Cornparison of the N?- and zn2'-substituted E. coli GlxI metal sites. (A) 
Normaiized Ni and Zn K-edges, (B) Fourier filtered (back-transform window, r = 1.1 - 
4.0 A) EXAFS, (C) Fourier transformed (k = 2-12.5 A-') EXAFS. Data are shown as 
solid circles and the best fits as solid lines. r is uncorrected for phase shifts. 



The E. coZi GlxI protein crystal structures were solved by Dr. M. M. He in Dr. B. 

W. Matthews lab at the University of Oregon (He et al., 2000). A s ~ m m q  of the 

methodology used and tables of structure data are provided here. 

Structure Determination 

Al1 native GlxI data sets were integrated and scaled using the Mosflm and Scala 

package (CCP4, 1994; Leslie, 1999). The ~ e ~ e t - ~ i ~ ' - ~ l x ~  data sets were integrated and 

scaled using HKL2000 (Otwinowski and Minor, 1997). Data collection statistics can be 

seen in Table D.1. The space group of native GlxI crystals was determined to be PZ1 

with two molecules per asymmetric unit. In contrast, the ~ e ~ e t - ~ i ~ + - ~ l x ~  crystals grew 

in space group P2i2i2i with six molecules per asymmetric unit. 

Attempts to determine the structure of the native E. coli enzyme in space group 

PZ, using molecular replacement based on the H. sapiens enzyme (Carneron et al., 1997) 

were unsuccessful. This led to the use of the selenomethionine forrn, wbich as noted, 

crystallized in a different space group. The positions of the 12 Se sites were detennined 

by Shake 'n Bake (Hauptman. 1997). The pro- S H A R P  (de La Fortelle and Bricogne, 

1997) was used to refine the positions of the Se sites and to calculate the expenmental 

electron density map. The phasing statistics can be seen in Table D. 1. 

Mode1 Building, Rejinernenr. and A nabsis  

The mode1 of ~ e ~ e t - ~ i ' - - ~ l x ~  was built with the prograrn O (Jones and 

Kjeldgaard, 1997; Jones et al., 199 1 ). The noncrystallographic symmetry operators 

relating the three dimers in the asymmetric unit were determined using O and refined 

with CNS-Solve (Brunger et al.. 1998). Refinement of the structure was fist carried out 

using CNS-Solve (Brunger et al., 1998). This involved a combination of simulated 

annealing (Brunger et al., 1990) interspersed with manual rebuilding into maps averaged 

using RAVE (Kleywegt and Jones, 1994). Further refinement was carried out using TNT 



(Tronrud, 1997). Five percent of the total reflections fiom thin shells were excluded fkom 

the refkement process and used to calculate R-fiee (Bninger2 1992). Strict non- 

crystallographic symmetry was maintained throughout, until R had dropped to 25% and 

R-f?ee to 30%. 

At this stage, the mode1 was used in a molecular replacement search Wssinger 

and Gehfhaar, 1997) leading to the successful determination of the GlxI structure in the 

P21 crystal form. This not only made it possible to rehne (Tronnid, 1997) the structures 

of the various mefal-subçtinited forms of the enyme but also to take advantage of the 

higher resolution obtainable for these crynals. The structure validation program 

PROCHECK (Laskowski et al., 1993) shows that the final models for al1 structures have 

reasonable geometry, with good root mean square deviation fkom target values (Table 

D.2; Engh and Huber, 1992). 

ï h e  presence and absence of the metal-bound water was confirmed by the 

calculation of omit-maps. Overlay of the structures were done by using program EDPDB 

on the basis of l e s t  square fitting (Zhang and Matthews, 1995). 

Electrostatic potentids (Figure 3.10) were calculated and the molecular surfaces 

were displayed by using the program GRASP (Nicholls and Honig, 1991). The metal 

ions in both E. coli and H. sapiens GlxI proteins and the inhibitor ligand in the H. sapiens 

GlxI were excluded from these calculations. The density shown in the active site of  il'- 
and z~'--G~xI (Figure 3.8) shown is fiom a map calculated with amplitudes (2Fo-F,) 

where Fo and Fc are, respectively. the observed structure amplitudes and those calculated 

fiom the final refined structure. The resolution is 1.5 A for N~''-GM and 1.8 A for zn2'- 

GlxI. No distances or angle restrains were applied to the coordination geonetry during 

refinement. These active site figures were prepared using Bobscript (Esnouf.. 1997). 



Table D.1: Data collection and phasing statistics. 
Data Set ~ i "  CO" cdL+ ZnL' APO SeMet- 

P (d%) 95.4 95 -5 953 95.4 95.2 

Resolution Rage (A) 20- 1 -5 20- 1.9 20- 1 -9 20-1 -8 20- 1 -7 20-2.5 

Measured Reflections 1 16 872 116 932 47 320 134 520 81 372 IO3 752 

Unique Reflections 38 619 17 383 19 871 22 460 29 051 32 488 

Compieteness (%lb 98.9 (98.0) 90.0 (88.7) 90.3 (90.0) 98.3 (982) 97.8 (93.1) 9 4 2  (91.0) 

Phasinp. powerd 3 -2 

Rculiise 0.57 

" The data statistics for SeMet- ~ i ' ' - ~ l x [  are calculated from the data set colkcted at a remote wavelength 
(i.= 0.9665 A)- 

Numbers in parentheses are for the highest resolution bins. 
R,,(n = ( E N Z ,  lm - <KW=- l)/r~h~<r(hw>- 

* The phasing statistics are calculated from the data set collected at the peak wavelength (A= 0.9792 A). 
The phasing power. calculated for the acenrric reflections. is the mot-mean-square value ~ ~ . ( ~ F J A F ~ ~  AFP + 

FJ 1). 
ILui. = 3 FM 4 FP + FJ 1- 1 FM - FA and is calculated for the acentnc reflections 



Table 0.2: Refinernent statistics. 
Proteina ~ i ~ '  co2' cdL7 zn" APO 

Kesolution (A) 20- 1 -5 20-1 -9 20-1.9 20-1 -8 20- 1.7 

Average B value (A2) 
Protein 19.5 22.0 18.2 18.5 23.5 

Overall 18.5 23 -8 16.7 18.3 

No- of water molecules 266 263 273 235 288 

Residues in disallowed regions O O O .O 0.0 0.0 0.0 
of Ramachandran plot (%)' 
" Values are for the dimer in the asymmetric unit. 

Discrepancies from ideal bond lengths and angles as defined by Engh and Huber (1992). 
Using a stringent boundary as defined by K l e y e g t  and Jones ( 1994). 



-- 

Al1 of the known and putative glyoxalase 1 sequences analyzed in Chapter 5 are 

presented and aligned in the following two figures. 

P. aerziginosa 
T ferrooxidans 
E. faecalis 
E. h:rae 
S. murans 
S. pneumoniae 
S. pyogenes 
C. crescenrus 
L. pneumophila 
C. arierinurn 
G. mur 
L. esculenrum 
B. juncen 
H. sapeins 

-----------------A------------ vXILHTMIRVGNIDRSIDEYTRVLGMTLLRK-JDYPDGQFT 
------------------------------ M~ILE~MLRWDLDRAIAFYTEVLGMQLLRRNDYPEGEE 

xmmC~m.VKDLEASLDFYQKAFNfEESNDFPENK~ 
------------------------------ M ~ C V R V K D L D A S L E E Y Q K A F G F E E S L S R D F P E N K F T  
------------------------------ MKFLHTC1RVKDLDASLKEQEALDE"GVRRNDFPLYKFT 
............................ X,4S,WLEFCLWENLEKS IAFYQDAFGFKELWDFPDHAFT 
------------------------------ M ~ ~ ~ F I T ~ I R ~ D L D Q ~ ~ A P ~ T S A F P F K E N Y R K D F P D S Q F T  
------------------------------ MXYLHT!41RVRDLDASLRFYCKGLGLQEMYRTENEKGRRrT 
------------------------------ MKY'~MVTZVSNLSQSLD-~CNKLGLIEVKRTENAKGRFT 
~J~SES----:ltÇ?~NPGLHTTIDEATKGYfMQQTMFRIKDPKVSLD~SRVLGMSLLKRLDCPEMKFS 
-=?---- KES ~ S N N ~ G L E i ~ ? C E A L K G ~ I E l O Q T M ~ I K D ? E C V S L D E F S  

-mç~ç---- K2S 3SSS?GLI;~.T?DEATKGGiFLQQTMFiiIKE?KVSLECYSKVLGMSLL~LDFPEMKFS 
-py,cr=---- .- -. - KSS?hVXFSLSTVXDZ-~.TKGYIFI~Tiul~VKD..S~~SLDFYSRVLGMSLL~LDFSEMKFS 

- Y & E ? Q P ? S Y G L T 3 E M I S C C S i ) A ~ ? S T K D F L L Q Q T M ~ F S  



E  CO!^ L-GYGPETE---------------- EAVIELTYNh7GVDK------ YELGT----AYGHIALSVDNAAE 
S. ryphimurium LAFVGYGpETE---------------- EAVIELTYNWGVES------ YDMGN----AYGHIGLSVDNAAE 
S. vphi LANG~G~~T=----------------EAVIELT~N~GVE------YDMGN----AYGHIALSVDNAAE 
Y- pestis L4FVGYSDESK----------------GSVIELTYNWGVDQ------ Y DMGT ----AFGHLALGVD DVAA 

P. multocida LAFLGYDDEEN--------------- -ASVTLELTYNWGVTE------ YELGT----AYGHIAIGVEDIYA 
H. ducreyi ~FLGYAD~;ÇE---------------- NAVLELTYNWGVDH------ YDLGN----LEGHIALGIDNIYT 
fi. infuenzae wLGYEDGES---------------- MIELTYNWGVDK------ YEEGT----AYC-HIAIGVDDIYA 
S. putrefaciens TUSVGYGECSTC--------------- QAVIELTYNWGTEK------ YDLGT----GFGHIAIGDDDIYA 
1'. pamhaemofv~~cus LAFVGYGDESQ---------------- GAVIELTYNWGKTE------ YDLGT----AFGHIAIGVDDIYA 
C I  cholerae LAE'TGYGDESQ---------------- .L4 GAVIELTYNWGVAD------ YEKGN----AYGHIAIGVDDIYA 
:Y'. ~~~~~~~~O~~~LAFVGYGDETD----------------STV~LTH~~DT~------ YDLGD----AYGHIAVEVDDAYE 

meningitidis ~FVGYGDFTD---------------- - STVLELTHNWDTER------ YDLGN----AYGEIAVZVDDAYE 
B. permsb LANGYQDEÇE -------- -------- AAAIELTHNWDTEK------ YDLGT----GYGHIAIEVDNAYE 
Svnechocysris SP-L~FVGYGKESE---------------- NAVIELTHNWGTDK------ YDLGN---- GFGHIALGVEDIYS 
P. aeruginosa LAEVGYGNEAD- --- ------------SAVIELTX1NWGVDA------ YEIGT----GYGHIAIEVDDAYQ 
T. ferrooxidans ~FVGYQNENA---------------- GAVIELTYNWGVKQ------ YDLGD----GFGHIAIEVEDAVA 
~5 faecalis LV~;TL--~YD---------------- DYELELTYNYDHEA------ YDLGN----GYGHIAISTDDLEG 
E hirae LV~LTL--~GD----------------D~~~LT~~DHEG------ YDLGN----GIGHIAIAADDLEA 
S- mutans L~~LQL--~D~F---------------. 3YESELTYNYDHEA------ YDLGN----GYGHIAVGVDDLEA 
S. pneumoniae IVYLG~--~GD----------------~~-~LT~YD~G~------ Yv.TGD----GFAHIAL.sTE>D~A 
5. pyogenes ~VYL~--CGE----------------S~~~LT~YGHGD------ YDLGN----GYGHIALGSEHFEA 
C. crescentus LVFLAA~EDVEI.&!K~- - --- - - - - - ZFA33VELTYNWDDEE------ YGGGR----NFGHLAYRVDDIYE 
L. pneumophila LVFL4FQADISQVQY---- -- ----SYC?XLEIT3WD3ED------ YTEGR----NFGHL4YHVDDI~ 
C. arie finurn 
G. mur 
L. esculenrum 
B. juncea 
H. sapeins 
D. melanogarer 
P.  purzda 
A: Jbstidiosa 
B. fuckeiana 

LY-MGYZDT-TEA?ÇS~V3R1~'TFAQ~~TIELTiiNWGTESDFE~GY~GNSDPRGFGHIGITVDDTM 135 
LYFMGYENT-EA?SS7I3~R'Vtr'TFS~~~.TIELTH?!WGTESDPEfKGY~GNSEPRGFGHIGVTVDDTYK 134 
LYfMG=DT-ASAPS33VZ3~AW~FS~KS~LS.L~t!IrJ'TElGTESDPNFTGY'nN~SEPRGFGHIGVTVDDVYK 134 
LYFLGYLDT-S~A3Tb3TE3~VC4'~FCR?A~IEi.~E~WGTLSDPEFKGY~GNSEPRGFGEIGVTVDDVHKl34 
LYFLAYEDR-N2I?KEK~E~IAWAL.SR~.C~.~LELTHNtJGTZDDATQS-YHNGNSDPRGFGEIGIAVPDVYS~3~ 
IYFLGYZNA-T J*!?K"X~R3S'n'ALS3X%YIELTXNWGTEftDP DQN-YHTGNTDPRGFGRIGIMVPDVYA 133 
~YF'&VDF-A~IHA33DL~EGKMKSI?GVVALTUN~C-~ERDADFA-YHHGNTDPRGFGHICVSVPDWAï3o 
iYFLA~LPQTV~IS3S3.~3,?L.'H'~SC~?J'JJsE~~~?;YGTETQEGQL-YHDGNNEPRGFG~ICISVPDLYS~~l 
LyFLGypGc-QGL?,SST,----- SS?-%L~L~'fi~YGTENDENFK-YmGNDEPQGFGHICVSVDNLDA f 01 
. - .  . .. ..-- . t t . *. .. - 



iE cofi ACEKIRQNGGNVTREAGPVKGGTTVIAFVEDPDGYKIELIEEKDAGRGLGN---------- 
S. ryphimurium ACERIRQNGGMWGPVKGGSTIIk,mDPDG'rXIELIEAKDAGRGLGN---------- 
S. &phi A C E R f R Q N G G N V T R E A G ? V K G G S T I I A F J E D P D G Y K I E L - - - - - - - - - -  
k: palis TCDQIRQAGGKVTREAGPVKGGNTIIAFVEDPDGYKIELIENKSAGDCLGN---------- 
P. multocida T C D A V R Q A G G K I T R E P G P V E ( G G K T V I A F V E D P D G Y K I E F - - - - - - - - - -  
if. ducreyi TVEA~mGGKITREPGPVLGGRTVIAFXDPDGmIEFIENKNAQVALGN---------- 
FLinf lue~ae  TCEAVRASGGNVTREAGPVKGGSTVIA~tDPDGYKIEFIENKSTKSGLGN---------- 

putrefaciens RCEAIAAAGGKVTRAPGPVAGGTTEIAFV"LDPDGYI(IEFIQMKSATQGLG----------- 
rr pomhciemoiyricus TCDAIKAAGGhTTREAGPVKGGTTHIAFVKDPDGYMIELIQNKQASAGLEG---------- 
1 :  cholerae TCDTIKAAGGFVTRE~GPVKGGTTHIAFVKDPDGYMIELI QXKQAHAGLEG---------- 
rCI gonorrohoeaeACERVKRQGG~AGLMKHGTTVIkFVEDPDGCKIEFVQKKSGDDSVAYPST------- 
K- meningiridis ACERVKRQGGNWREAGPMK4GTTV1AFtrEDPDGYKIEFIQKKSGDDSVAYQTA------- 
B. perrussis ACDKVICEKGGmREAGPMKHGTTVIAFVEDPDGYKIEFf QKKGRND-------------- 
Synechoqsris sp.TCDKIRDKGG~PGPMKHGTTVIAFVEDPDGYKIELIQTSSKKD-------------- 
P. ueruginosa ACDDIRYNGGQVTEAGPMWGTTVIAFJTDPDGYKIELIQKSS----------------- 
T ferrooxidam ACDGIRQRGGKWREAGPMKHGNTVIA~DPDGYRIELIELIESDFAEHPA---------- 
E. faecafis LHEKHQAAGFTVTDLKG-LPGTAPSWFWDPDGYKIEVIRER------------------ 
E hirae LEKHQAEGmrTDLKG-LPGTAPS=FWDPDGYKIEVIRG------------------- 
S. murans THQAHQKAGYTVTDLSG-L?GKPKMYLFLTDPDGYKIEVIRLKQFQEK------------- 
S. pneumoniat? LHQEHSAKGYEVTEPNG-LPGTTPNYYFVKDPDGYKVEVIREK------------------- 
S. pyogenes DHKKHRQAGFPVTCIKE-UDKSARYYFIQDPDGYKIEVIDLNN----------------- 
C-crescenrus TCQRLMDMGVT1NRPr)R----- DGEMAEVRSPDNIS IELLQDGD-LEPAEPWVSMPNVGAW 
L. pneumophila ICQHLQECGWIKRPPR----- DGUMFI3SPDNXSIELLQKGEPLPKQEPWLS------- 
C. arierinum ACEF.FQNLGVt~KE(PD--DG~KGIAFI%DPDGYWIELFDRiCTIG~EGNA-------- 
G. m m  A C E R F Q N L G J E S r i ( K F E - - D G W d G I A F I K D P D G Y - - - - - - - -  
L. esculenturn ACERFoSLGENKKPL--0GWKGIAFIKDPDGY 1 IFDTKIIKDAAGSAS-------- 
B. juncea ACERFEQLGVSWKKF5-- DGW-ICTIAFIKilPDGYWIE IEDLKTIGTTAGNAn-------- 
H. sapeins AC~FEELGK<F'JKKPD--DG~KGLAFIQDPDGYWIEILNPNKMATLM------------ 
D. melanogasrer ACQRFQELGVD3KKFD--CGXYKGmtIKDPDGTWSV---------------- 
P. putida ACERFEALQVFFQKRLS--DGXWKLAFIKDPDGYWVEVIQPTPL---------------- 
X fusridiosa ACMFDTLQVLYQK~LT--DGXY~i!IACIKDPDGYWVEIISNTPLP--------------- 
B- fuckeiana ACEREKMGVNWECE(RLT--DG~~~~E(~VAF~~'LC~DNYWIEVIQNEKLKERANW---------- 

* f t  . * - . * .. 

Figure E.1: Alignment of the E .coli glyoxalase 1 protein sequence with the known and 
postulated glyoxalase 1 sequences (excluding those which appear to be the result of a 
gene duplication event forming a fused dimer). The alignment was generated by 
ClustalW (Thompson et al.. 1994). * indicates conserved residues; : highly 
homologous residues; . homologous residues. The residues in bold are the postulated 
metal ligands based on alignment with the E. coli and sapiens glyoxalase 1 
sequences. See Tables 5.1 and 5.2 for the sequencing organization references and 
accession numbers. 



E coli 
T. aesrivum 
A- th4liarta 1 
A- rhaliana 2 
B. oleracea 
C. paradisi 
S. sfapfiams 
0- sariva 
S. cerevisiae 
S. pombe 

E, coli 
T, aestivum 
.-i- rhaliana 1 
A. rhaliana 2 
B. oleracea 
C. paradisi 
S. stapfianus 
O. saliva 
S. cerevisiae 
S. pombe 

E coli 
T. aesrivurn 
A. rhafiana I 
-4- rhaliana 2 
B. oleracea 
C. paradisi 
S. srapJanus 
O. sariva 
S. cerevisiae 
S. pombe 

IkTJIE 3 
MAE 3 
MAS 3 
MAS 3 



E coli 
7: aesrivum 
A, rhaliana I 
A. rhaliana 2 
B. oleracea 
C. paradbi 
S. srapfanus 
O. sativa 
S. cerevisiae 
S. pombe 

E coli 
T. aesrivum 
-4. rhaliana I 
A. thaliana 2 
B. oleracea 
C. paradisi 
S. srapfianus 
O. sariva 
S. cerevisiae 
S. pombe 

E. coli 
T. aesrivum 
-4. rhaliana I 
A. rhaliana Z 
B. oleracea 
C. paradisi 
S. srapfianus 
O. sativa 
S. cerewstae 
S. pombe 

~GP~GGTTVIA~DPDG~KIELIE----------------------------------- EKDAGRG 13 2 

REPGPVKGGKTVIAFIEDPDGYKE-EILERP---------- GTPEPLCQVMLRVGDLDRAISryEKACGMKl77 
EPGPTKGGKTVIAFIEDPDGYK-ELLERG---------- PTPZPLCQ-RVGDLDRFLIKrTtKWGME 24 3 
REPGPVKGGGSVIAWKDPDGYTFELIQRG---------- PTPEPFCQVMLRVGDLDRAIKFYEKALGMR 17 2 
REPGPVIKGGGSVIA,FVKDPDGYTFELIQRG---------- PTPEPLCQVMLRVGDLDRAVKFMEKALGMRl72 
REPGPLKGGTTHIAF'VKDPDGYIFELIQRG---------- PTPEPLCQVMLRVGDLGRSIKFYEKALGMK178 
REPGPVKGGSTVIAFAQDPDGYML:TLIQRG---------- PT%EPLCQ~MLRVGD~P.SIKFYEKALGMR 17 8 
XEPGPWGGSTVIAFAQDPDGYMFELIQRG---------- PTPEPLCQVMLRVGDLDRSIKEYEKALGMK180 
RLS---EGRQKDIAFXGPDGWIELITYSREGQEYPKGSVGN-K~MIRI~PTRSLEflQmGW 207 
K L S - - - D G K M K n I A F ~ 9 L D ? D N Y W I E L V S Q S - - - E T K P I S N D P E P S I A K - G  190 
- .  ." - **t . * * - -  :*:: . r  f - * 

LGN------------------------------------------------------------------- 735 

LLRKRDNPEMTIAMMGYG------ PEDQNAVLELTWGVTEYD---------- KGNAYAQIAIGTDD 23 1 
LLRTRDNPEYKYTIAWGYG------ PEDKFPVLELTYNYGVTEYD-----------KGNAYAQIAIGTDD297 
LLRKIERPEYKYTIGXMGYA------ SEYES IVLELTYNYDVTEYT---------- KGNAYAQIAIGTDD 22 6 
LLRRIERPEYN-TIGMMGYA------ EE=SIVLELTYNYGVTEYT---------- KGNAYAQIAIGTDD225 
LLRTVDKPEYKYTLAMLGYA------ LEDQTTVLELTYNYGVTEYT---------- KGNAYAQVAISTDD232 
LLRKKDVPDYmTIAMLGYD------ DZDKTTVIELTYNYGVTEYS---------- KGNAYAQVAIGTND228 
LLRE<KDVPDYKYTIkKLGYA------ DZDKTTVIELTYNYGVTEYT---------- KGNAYAQVAIGTED234 
LLRTSEHESK<TLYFLGYGVi)KTDSVFSCESVLELT~WGTZNDPN~Y~GNS-EPQGYGHICISCDD276 
VID'h9DHPNGKFNYFFdY--OSDLPWDREGLLELTHNWGTEKESGPVYHNGNDGDEKGYGaVCISVDN 258 

Figure E.2: Alignment of the E .coli glyoxalase 1 protein sequence with the known and 
postulated glyoxalase 1 sequences which appear to be the result of a gene duplication 
event forming a fused dimer. The dignment was generated by ClustalW (Thompson 
et al., 1994). * indicates conserved residues; : highly homoiogous residues; . 
homologous residues. The residues in bold are the postulated metal ligands based on 
alignrnent with the E. coli sequence. Note the postulated ligands are not conserved in 
al1 of the C-terminal halves of the sequences. See Table 5.2 for the sequence 
accession numbers. 



The construction of an E. coli expression system for both Y. pestis GlxI and P. 

aeruginosu GlxI has been descnbed in Chapter 5,  in addition to the initial characterization of 

these enzymes. Following this work, induction time courses were perfomed for each of these 

protein expression systems and the purified Y. pestis GlxI enzyme was characterized in more 

detail, as outlined below. 

Induction Time Course for Y. pestis and P. aerug»losa G&oxaZase I 

The level of protein production was monitored for both Y. pestis GM, expressed from 

E. coZi BLZI/pYPGl, and P. aeruginosa GlxI, expressed in E. coli BLZl/pPAGl. A ce11 

culîure in LBmp was induced with 0.5 mM IPTG when the optical density (OD) reached 0.5. 

The OD was monitored at 600 nm to determine the relative ce11 density. In addition a sample 

of ceils was taken each hour for 6 hours, the cells disrupted by sonicatim and the protein 

activity monitored with 0.5 mM substrate and 1 .O mM NiC12 utilizing the standard enzymatic 

assay outlined in Chapter 2. Protein electrophoresis was aiso perfomed to monitor the 

amount of protein produced (Figure F.1). 

From these analyses a four hour induction time with 0.5 mM IPTG was deterrnined to 

be optimal for the expression of Y. pestis GlxI fiom this consmict. Similar results were 

observed for the expression of P. aeruginosa GlxI. An increase in the level of IPTG to 1.0 

mM did not appear to affect the overall protein production in either construct. 

Cell Growth and Protein Purification 

Y. pestis GlxI expressed in E. coZi BL2 l/pYPGl was growth in LBhp media, induced 

for 4 hr with 0.5 rnM IPTG. From 1 L of growth with no added metals, 3.9 g of cells resulted. 

The protein was purified as described in Chapter 2 for E. coli GlxI. Following ce11 disruption 

utilizing the French Press, the sample was separated by anion exchange chromatography on 

the Q-Sepharose Fast Flow column, followed by preparative isoelectrk focusing. Table F.1 

summarizes the amount and activity of the protein at each stage of the purification. 



Lane: 
1 LMW Standards 
2 Uninduced Cells Time O hr 
3 1 hr post induction 
4 2 hrs 
5 3 hrs 
6 4 hrs 
7 5hrs  
8 6hrs 

Figure F.1: Level of Y. pestis GlxI expressed in E. coli BLZl/pYPGl during an induction 
time course (0.5 rnM IPTG). 20 % hornogeneous SDS-PAGE with Comassie stailiing. 

The protein separated into two main fiactions during the isoelectric focusing, 

centering around hct ions  8 and 13. The protein was active in each case and ran the same on 

denaturing SDS-PAGE. ESMS analyses indicated that the samples had the same molecular 

weight. However, there were two components to each sample, the expected monomer and an 

apparent dimer (Figure F.2). Analpis by native PAGE suggests that the samples contain a 

dimenc enzyme as well as an apparent tetramer. It is speculated that a disulfide bond has 

formed between subunits of two different dimenc enzymes, forming this apparent dimer of 

dimers. The ESMS was performed under denaturing conditions, hence the non-covalent 

interactions forming the native dimer would be disrupted in this form of analysis. The 

addition of dithiolthreitol to the protein appears to reverse this disulfide bond formation, 

monitored by native PAGE. Analysis of the I: pesris GlxI protein sequence (Figure 5.10) 

reveals that there is a second cysteine in the C-terminus of the protein at position 132, not 

present in the E. coli enzyme. This is most likely the location of the disulfide bond formation. 

This region appeared quite flexible and mobile in the E. coli GlxI protein structure (Chapter 

3). and therefore couId readily form the observed disulfide bonds. 



Table F.1: Summary of tlic stages ol'tlie purificiitioii of Y, pcslis Glxl from E. coli BL2l/pYPGl grown with no supplemental metal. 
Stage of Purification Total Protein Specific Activity % ~ i e l d '  Fold Fold Increase in 

(mg) (pmoIImiiitmg) pur i ficationt Activity with 
~ i ~ 1 7 '  

Cell Break 368 A P ~  

Q-Sepharose Fast Flow 256 APO 

1 EFIBuffer Change 123 E h o  

+NiCl* 

Precipitated Protein 13 (+  123 froni Apo 
above for 136 mg 

from IEF overail yielci) +NiC12 

7.2 5.2 (t46 from 1.47 99 
abave for 5 1 % 

7 15 overall yield 

* Rcsults frorn a purification of 2.5 g of cells fiorn 3.9 g in I L cell growth, ' Yield calculated by cornparison of the total activity of the ~i"-aciivated enzyme (0.5 m M  NiCli added to enzyme sample). 
Purification factor calculated by coniparison of the specific activity of the ~i"-activated enzyme at each stage to the activity al Ille cell break. 
' lncrease with added NiC12 varies due to variation in the low apoenzyme Icvel. 



14 833 Da 
Monomer 

29 668 Da 
Di mer 

Figure F.2: Reconsmicted electrospray mass spectrum of purified Y. pestis GlxI. The 
monomeric subunit is indicated, as is the apparent dimer. 

The separation of the protein into hiro regions during the isoelectric focusing was most 

likely a result of the formation of disulfide bonds in the protein solution during the nui, 

disrupting the protein focusing. As the two samples appear the same, their protein levels were 

combined for sirnplicity in the purification summary presented in Table F.1. The precipitated 

protein fiom the IEF was utilized in the metal activation studies. Based on these resdts this 

expression system for K pesfis GIxI appears to produce a large quantity of protein (-200 

mg&), similar to that observed for the E. coli GlxI expression. 

Enzyrnatic Activation with Divalent Metals 

The activation of the apo Y. pestis GlxI with various divalent metal chlorides was 

studied. as described for the E. coli wild-type, SeMet, and H5Q GlxI enzymes (Chapters 2 and 

4). The results of these analyses are presented in Figure F.3. As observed for the E. coli 

enzyme, Y. pestis GlxI is also rnaximally active with ~ i "  and displays no apparent activity in 

the presence of 2n2'. Furthemore, this enzyme appears even more selective for ~ i ~ '  over the 

other activating rnetals, co2', h4n2', and cdzf, than the E. coli enzyme. 



Figure F.3: Activation 

Metal Chloride 

of pestis GlxI with 10 mole equivalents of metal to dimenc 
enzyme. The activities are s h o w  relative to the maximally activated N~I' form. Each 
point was measured in triplicate with 0.5 mM substrate and 0.2-0.4 pg enzyme per 
assay. The assays with ~ n "  were performed in MES buffer whereas al1 others were 
performed in phosphate buffer. 
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