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ABSTRACT
STRUCTURE-FUNCTION STUDIES ON A BACTERIAL

METALLOISOMERASE: ESCHERICHIA COLI GLYOXALASE |

The glyoxalase system removes cytotoxic a—ketoalciehydes from the cell. The first
enzyme in this system, glyoxalase I (GIxI), is a metalloenzyme which catalyzes the
isomerization of the nonenzymatically formed hemiacetal of methylglyoxal and glutathione to
S-D-lactoylglutathione. Our investigations have focused on the bacterial GIxI enzyme
isolated from Escherichia coli. We have previously demonstrated that E. coli GIxI is a
homodimeric protein, which is maximally active in the presence of Ni?* and shows no activity
with Zn®*. This is in marked contrast to GIxI from Homo sapiens, Saccharomyces cerevisiae,
and Pseudomonas putida that are active with Zn®". To extend our knowledge of glyoxalase I
and the factors affecting this unexpected metal activation in E. coli GIxI, numerous kinetic
analyses, structural studies, and sequence comparisons have been performed.

Examination of the kinetic parameters for E. coli GIxI indicated that the K, 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 Ni*-reconstituted GixI
enzyme, with decreasing activity seen with the following metals; Co®*, Mn*", FeZ+, and Cd**.
No activity was observed in the presence of Zn**, Cu®*, Mg®", or Ca**. Metal analyses and
isothermal titration calorimetry (ITC) were utilized to determine that the enzyme binds one
mole of metal per mole of dimeric enzyme, including Zn®* and Cu®* which produce an
inactive enzyme. The ITC analyses also indicated that the metal ions are very tightly bound
to the enzyme with association constants (K,) greater than 107-10® M, with the exception of
Mn®" which has a K, of approximately 10° M. Metal competition 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
calorimetry indicated that the metal-bound enzyme is significantly more stable than the

apoenzyme, with the melting temperatures increasing 7-21°C in the presence of a metal ion.
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Extensive structural studies were performed on E. coli GIxI. The chemical shift from
a '3Cd NMR study on Cd**-GIxI was consistent with oxygen and nitrogen ligands around the
metal, as predicted based on sequence similarity to the H. sapiens GlxI enzyme. Electron
paramagnetic resonance (EPR) analysis of Mn®*-GIxI indicated an octahedral metal
environment. X-ray absorption spectroscopy (XAS) on Ni**-GIxI confirmed these findings.
However XAS analysis of the Zn’ -substituted enzyme suggested the metal was penta-
coordinate. These findings were confirmed by extensive protein crystallographic studies.
The structure of E. coli GIxI is composed of BapBp motifs, which serve to place GIxI as a
member of a structural superfamily. The metal ligands in the E. coli GIxI active site were
identified as His5, Glu56, His74, and Glul22. Two water molecules complete the octahedral
coordination around Ni**, Co?", and Cd®". Interestingly, in E. coli Zn**-GIxI, the metal has
only one water molecule and hence a trigonal bipyramidal 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. sapiens enzyme. Surprisingly, the metal affinity of this mutant E.
coli GIxI enzyme was greatly decreased. Although the activities were reduced, the enzyme
was still most active with Ni*™, but low levels of activity were observed in the presence of
Zn™*. 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 I and to identify
putative GIxI enzymes in other organisms, the sequence of E. coli GIxI was utilized to search
the National Center for Biotechnology Information sequence databases. Twenty-eight
putative GlIxI sequences were identified. including nineteen from pathogenic organisms.
Comparative analysis of these sequences revealed consistent alterations between the bacterial
GIxI sequences and the H. sapiens GlxI sequence. One such alteration results in the active
site of E. coli GIxI being much more open compared to the H. sapiens GlxI enzyme, as
evident in the crystal structures.

The DNA postulated to encode GixI enzymes from Yersinia pestis and Pseudomonas
aeruginosa were isolated and placed in overexpression vectors. Preliminary studies indicated
these sequences do indeed encode enzymes with GIxI activity. Furthermore, addition of
NiCl; but not ZnCl, was observed to increase the activity of these enzymes.
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CHAPTER 1

INTRODUCTION

1.1 The Glyoxalase System

The glyoxalase system converts 2-ketoaldehydes into their corresponding 2-
hydroxycarboxylic acids (Vander Jaét. 1989; Thornalley, 1998). The first enzyme in this
system, glyoxalase I (GIxI; S-D-lactoylglutathione methylglyoxal lyase (isomerizing), EC
4.4.1.5) is a metalloenzyme that catalyzes the isomerization of hemithioacetals formed non-
enzymatically from glutathione (y-L-glutamyl-L-cysteinylglycine; GSH) and cytotoxic o-
ketoaldehydes into a-hydroxythioesters. Glyoxalase II (GIxII; S-2-hydroxyacylglutathione
hydrolase, EC 3.1.2.6) then hydrolyzes the a-hydroxythioesters to the corresponding non-
cytotoxic a-hydroxycarboxylic acids. regenerating GSH. The natural substrate in vivo for the
glyoxalase reaction is believed to be methylglyoxal (MG) and hence the final product is D-
lactate (Figure 1.1; Vander Jagt, 1989).
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Figure 1.1: The reactions catalyzed by the two component glyoxalase system.



1.2 Historical Perspective

First identified 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,
1913b; Neuberg, 1913a; Neuberg, 1913b). 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 remained unknown (Lohmann, 1932; Racker, 1954). Furthermore,
intermediates were found in the conversion from methyiglyoxal 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 identified, GIxI and GIxII
(Hopkins and Morgan, 1948). Although the reaction catalyzed by glyoxalase [ is an
isomerization, GIxI 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 GIxI used GSH and MG as substrates, rather than the non-enzymatically formed
hemiacetal now known to be the single substrate in the reaction (Davis and Williams, 1969;
Kurasawa et al., 1976).

The function of the glyoxalase system has been the focus of much speculation. Szent-
Gydrgyi 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 inhibitory MG (Egyiid and Szent-Gyotrgyi, 1966a; Egyiid and Szent-
Gyorgyi, 1966b). A great deal of effort was invested in examining retine and promine from
various tissues, their effect on cell growth and division, and any possible link to cancer
(Szent-Gyorgyi, 1965; Szent-Gyérgyi et al., 1967). Methylglyoxal was already known to be
cytotoxic, as discussed below, and it was postulated that the presence of MG suppressed cell
growth (Egylild and Szent-Gybrgyi, 1966a). When damage occurred, glyoxalase I was
released to remove MG and hence cell division was no longer inhibited. It is now known that
the factors controlling cell growth and division are much more complicated with numerous
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 GIxI 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

1.3.1 Sources

One of the major sources of methylglyoxal in the cell is believed to be from a side
product in the triosephosphate isomerase (TIM; 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 eliminate
phosphate, breaking down to MG rather than G3P (Pompliano et al., 1990; Richard, 1991).
Although only 1 of 100,000 turnovers of TIM produces methyiglyoxal, the physiological
concentrations of TIM and triose phosphates suggest that approximately 0.4 mM of MG
would be produced in each cell every day (Richard, 1991).
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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 Inoue and Kimura, 1995). Methylglyoxal synthase (EC 4.2.99.11) converts
dihydroxyacetone phosphate (DHAP), 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 imparting a non-phosphorylated route for the conversion
of triose phosphates to pyruvate (Cooper, 1984). Further 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 from 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;
Tétemeyer et al., 1998).

MG synthase from Escherichia coli has been the best studied (Hopper and Cooper,
1971; Hopper and Cooper. 1972; T6temeyer et al., 1998), with a 1.9 A crystal 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 function 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 a/P barrel characteristic of TIM. As such it has been proposed that these two enzymes are
related by convergent evolution. having dissimilar sequences and structures but catalyzing
similar mechanisms (Saadat and Harrison. 1999). '

In addition, MG is produced by monoamine oxidase (EC 1.4.3.4) from 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 l-hydroxyacetone (acetol) (Inoue and Kimura,



1995). MG has also been found to form non-enzymatically from triose phosphates (Phillips
and Thornalley, 1993).

1.3.2 Routes of Degradation

As mentioned, the glyoxalase 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; Inoue and Kimura, 1995). Methylglyoxal
reductase (EC 1.1.1.78) has been studied primarily from microbial sources with a few reports
on mammalian sources such as goat and porcine 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 glvoxal, methylglyoxal, phenylglyoxai, 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 specificity,
unlike the S. cerevisiae and H. mrakii enzymes. In addition, the E. coli and goat liver MG
reductase enzymes can utilize NADPH or NADH. whereas those from S. cerevisiae, H.
mrakii, 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 manner 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 summarizes the sources of MG and the
routes of MG degradation.

Although other routes for the removal of MG exist, the glyoxalase 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 can be converted to MG, it was postulated that the
increased GIxI 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). Furthermore, a S. cerevisiae cell line deficient in GIxI production secreted MG
into the media and then died when the cells were exposed to growth on glycerol (Penninckx 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 GlIxI enzyme survived when



grown on glycerol. Introduction of the GIxI 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 may not accurately depict the
stresses that may be applied to cells in a natural 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 methylglvoxal (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 GIXI in E. coli leads to increased tolerance to methylglyoxal
(MacLean et al., 1998). Furthermore, a mutant cell line lacking a functional GIxI displays a
low rate of MG detoxification and its viability quickly decreases when exposed to MG
(MacLean et al., 1998).
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Figure 1.3: Summary of the primary sources of methylglyoxal with routes of degradation.



1.3.3 Toxic Effects

It has been known for many years that methylglyoxal can inhibit cell growth (French
and Freedlander, 1958; Egyiid and Szent-Gyérgyi, 1966a; Vander Jagt, 1975). MG has been
demonstrated 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
results in cell death (Ferguson et al.. 1998; Thomalley, 1998). The synthesis of DNA, RNA,
and protein 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 arginine, lysine, and
cysteine residues in proteins (Lo et al.. 1994b; Westwood and Thomnalley, 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).
The relationship between MG. GIxI. and various disease states will be further examined in the

following section.

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

As the function of the glyoxalase system is to remove cytotoxic methylglyoxal, this
system has long been a target of interest for inhibitor design (Kermack and Matheson, 1957;
Vince and Daluge, 1971; Vince et al.. 1971; Bamnard and Honek, 1989; Barnard et al., 1994,
for example). Selective inhibition of GlxI can block the metabolism of MG and take
advantage of the toxic effects of MG to restrict cell 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 GIxI inhibitors may be useful
antimalarial agents (Vander Jagt et al.. 1990: Barnard et al., 1994; Thornalley et al., 1994) and
similarly. selective inhibition of bacterial GIxI 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 GIxI and MG play in these disease
states is briefly reviewed below. Further knowledge of the glyoxalase system and its

7



mechanism of action could aid in the understanding and/or the possible treatment of these

diseases.

1.4.1 Glyoxalase I Inhibitors as Anticancer 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 GIxI (Reviewed in Douglas and
Shinkai, 1985; Thornalley, 1995; Creighton et al., 2000). Inhibition of GIxI could lead to a
build up of toxic methylglyoxal in the cell, resulting in cell death. Although there are other
pathways for the removal of MG, the glyoxalase system is believed to be the primary route.

Rapidly 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; Thornalley, 1998).
Furthermore, although some reports are contradictory, variation in the level of both GlxI and
GIxII in certain types of cancer cells has been observed (Ayoub et al., 1993; Di Ilio et al.,
1995; Tew et al., 1996). In general, GIxI 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, GIXII 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 slower in tumor tissues. As such
this is thought to be a means of selectively inhibiting GIxI in cancerous cells. However, since
the inhibitor will be slowly broken down by GIxIL, high levels or steady administration of the
inhibitor may be required to reach toxic levels.

Many inhibitors of GIxI initially studied did not appear to be effective anticancer
agents. Problems with delivery of the drugs into the cells were most likely the cause.
Glutathione monoethyl esters were shown 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 GIxI inhibitor, S-bromobenzylglutathione, diffused 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



prodrug form has proved successful for delivery into the cells where GIxI inhibition can occur
(Hamilton and Creighton, 1992; Murthy et al., 1994; Thornalley et al., 1996a; Thomalley et
al., 1996b; Kavarana et al., 1999). A recent report has presented a new method to deliver
GIxI enzyme inhibitors into the cell (Hamilton et al., 1999). The ethylsulfoxide form of a
GSH-based inhibitor was shown to enter celis 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 cell 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 with a carbon should ensure GIxII can not hydrolyze the inhibitor, which would lower
its effective concentration in the cell. Although effective inhibitors against GIxI from S.
cerevisiae (K; = 1.9 uM when R; = H and R, = CHj3), and E. coli (Chapter 2), they were not
potent anticancer agents (Ly et al., 1998). The ethyl ester derivatives were also synthesized to
improve transport into the cells but unfortunately this did not significantly enhance their

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



There has been a recent report of successful tumor treatment with a competitive
inhibitor of GIxI. S-(N-p-Chlorophenyl-N-hydroxycarbamoyl)glutathione, an enediol
analogue, was administered to mice as the [glycyl, glutamyl]diethyl ester prodrug and was
found to inhibit the growth of solid tumors (Sharkey et al., 2000). This recent finding
demonstrates that GIxI inhibitors may have the potential to be anticancer agents.

It was demonstrated that human leukemia cells which are resistant to antitumor drugs
have higher expression of glyoxalase I than non-resistant leukemia cells (Sakamoto et al.,
2000). Furthermore, treatment of these resistant cells with a known GIxI 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 drug resistant. It is possible that the
resistance is as a result of MG detoxification by GIxI but there may be other unidentified
factors involved. Not only does this study implicate GIxI as a drug resistance factor but
provides a means of overcoming some drug resistances observed in cancer treatment. This
finding is even more significant given that GlxI could also be used as a cellular marker to

identify drug resistant tumors.

1.4.2 Glyoxalase | as an Antimalarial Target

There are four known species of malaria parasites that infect humans, Plasmodium
vivax. Plasmodium ovale. Plasmodium malariae. and Plasmodium falciparum (Knell, 1991).
The protozoan, P. falciparum, is the most common malarial parasite in Africa and causes the
most serious illness (Kreier, 1980; Knell, 1991). This parasite has been shown to have a very
high glycolytic rate (Sherman, 1979; Homewood and Neame, 1980). Increased flux through
glycolysis suggests higher levels 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 GixI and
GIxII 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
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GIxI and GIXII suggest that the parasite is not simply using the glyoxalase system of the host
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 antimalarial agents (Vander Jagt et al., 1990). Examination of the effect of
known GIxI inhibitors on P. falciparum 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 micromolar levels
(Barnard et al., 1994). Our recently reported hydroxamate-based transition state analogue
inhibitors (Figure 1.4) displayed moderate antimalarial activity with ICsp values in the range
of 5-20 uM (Ly et al., 1998). Based on these results further development of effective GIxI
inhibitors should be investigated.

It was initially suggested that GIXII 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 high level of GSH synthesis and
ability to reduce GSSG (glutathione disulfide; Atamna and Ginsburg, 1997; Ayi et al., 1998).
This provides the parasite with effective protection against oxidative injury, unlike the host
cell in which GSH levels are reduced (Atamna and Ginsburg, 1997). This observation implies
that inhibitors of GIxII would not be able to rapidly deprive the parasite of GSH to cause cell
death.

1.4.3 The Role of MG and G)yoxalase 1 in Diabetes

Modifications in the glyoxalase system during hyperglycemia have focused attention
on the role MG and GIxI 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
(Thornalley, 1998). The effect of the glycation of proteins within the cell is reduced by the
high turnover of intracellular protein. In contrast, long lived extracellular proteins accumulate
these adducts over time. Although generally thought to be caused primarily by glucose, it has

been demonstrated that reactive a-oxoaldehydes, particularly methylglyoxal, can also cause
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glycation under physiological conditions (Thomalley et al., 1999). Combining this
information with the observation that MG concentrations are found to be elevated in the
kidney cortex and medulla, lens, and blood of diabetic rats, and the levels of MG, S-D-
lactoylglutathione, and D-lactate are elevated in the blood of diabetic humans, suggests that
the role of MG in diabetes requires further investigation (Phillips et al., 1993; McLellan et al.,
1994). Furthermore, aminoguanidine, an agent used to prevent diabetic complications, was
demonstrated to scavenge methylglyoxal thereby preventing modification of human plasma
proteins under physiological conditions (Lo et al., 1994a).

It has also been observed that GIxI and GIxII levels were higher in insulin-dependent
diabetics suffering from diabetic complications (Ratliff et al., 1996), yet MG levels were still
elevated. Partial inhibition of GIxI in endothelial cells by a GSH-based competitive inhibitor
led to increased AGE formation under high glucose conditions (Shinohara et al., 1998).
When incubated with high levels of glucose, a two-fold increase in both MG and D-lactate
was observed for normal cells. whereas for 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 GIxI. 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 | Properties and Distribution

Glyoxalase I has been identified in numerous organisms, from E. coli to H. sapiens
(Vander Jagt, 1989; Ranganathan et al.. 1993; Clugston et al., 1998a). 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, GIxI has been proposed as a novel
anticancer, antimalarial, and putative antibacterial target by taking advantage of the toxic
effects of MG. To target GixI with specific inhibitors, molecular details of the enzyme

structure and reaction mechanism must be known. The current knowledge regarding the few
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well studied glyoxalase I enzymes is outlined below, in addition to a listing of the known
features of additional GIxI enzymes which have been identified.

1.5.1 Homo sapiens Glyoxalase |

Identification and Sequence Variation

The GIxI enzyme studied in the most detail to date is that from Homo sapiens.
Although the sequence of the 184 amino acid protein was not reported until 1993, a great deal
was already known about this enzym;: (Kim et al., 1993; Ranganathan et al., 1993). Early
work indicated that this homodimeric enzyme had a stoichometry of one zinc per enzyme
subunit and that removal of the zinc eliminated catalytic activity (Aronsson et al., 1978).
Furthermore, two alleles of GIxI appeared to exist in humans, inherited in an autosomally co-
dominant fashion, giving rise to three 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 111 is either alanine or glutamic acid (Kim et al., 1995). A trend in the population
genetics of these alleles was identified (Thornalley, 1991). The frequency of the alanine
containing GIxI 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 allele in regions of the United States and Europe could be
attributed to the immigrant populations in these areas (Thornalley, 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 111 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, 1991).

Metal Ion Requirement

The catalytic activity of H. sapiens GIxI 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 Zn®", it was originally believed that the

natural metal was Mg®" as enzymatic activity was most easily restored by reconstitution with
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Mg?*. Activity was also observed with Co®* and Mn®*, and although inactive the H. sapiens
GIxI enzyme also binds Cd*" and Cu’* (Sellin et al., 1983a and references therein). Although
no direct report of the enzymatic activity of H sapiens GixI in the presence of Ni*" is
available, the rat erythrocyte enzyme was found to be active with Ni**, although only 40% of
the activity observed with Mg?* (Han et al, 1977). I is generally assumed that the same
activation would be observed for the H. sapiens enzyme (Sellin et al., 1983a). As our studies
on the E. coli GlxI enzyme illustrate (Clugston et al., 1998a), this may not be a safe
assumption.

The dissociation constants (K4) of various divalent metals for H. sapiens GIxI were
evaluated by a modification of equilibrium dialysis utilizing nitrilotriacetic acid as a metal
buffer to establish low levels of the divalent metal under analysis. From this study it was
determined that Zn®* had the highest affinity, followed by Co*", Mn?*, and finally Mg*" with
K4 approximately 10°-fold lower than that of Zn®" (Sellin and Mannervik, 1984). This
evidence combined with the metal analysis, which detected Zn>" in the purified enzyme led to
the conclusion that Zn®* was in fact the native metal in H. sapiens GIxI.

Spectroscopic studies on H. sapiens GIxI reconstituted with various metals also
indicated that the metal ion may play a vital role in the enzymatic catalysis as outlined below.

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

Structural Studies

Replacement of the bound Zn®" with Mn®" in H. sapiens GIxI 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 competitive inhibitor, p-bromobenzylgiutathione,
appeared to occlude one of the exchangeable water ligands (Sellin et al., 1982a). Further EPR
studies were performed with H. sapiens GIxI reconstituted with Co>*, as well as the inactive
Cu* form (Sellin et al., 1983b; Sellin et al., 1987). The results of these analyses indicated
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that the metal was in an octahedral environment with at least one nitrogen-containing ligand.
X-ray absorption spectroscopy (XAS) on the Zn®" site in H. sapiens GlIxI was also consistent
with an octahedral environment around the metal (Garcia-Iniguez et al., 1984).

H. sapiens GIxI has been recently crystallized in several forms. The native enzyme
containing Zn** 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 crystallized (PDB 1FRO, 1QIN, 1QIP, 1BH5
respectively; Cameron et al., 1997; Ridderstrém et al., 1998; Cameron et al., 1999a). The
structure of the native H. sapiens GlxI enzyme with S-benzylglutathione bound is illustrated
in Figure 1.5. Each monomer of this homodimeric enzyme consists of two domains, linked
by a 20 amino acid connector region. In addition, each subunit has an N-terminal arm that
wraps around the other subunit but does not directly interact with another region of the
prot_ein. Each of the four domains of the protein has a general BaBBp topology, forming a
mixed B-sheet. Although the sequence homology is quite low, the N- and C-terminal domains
of each subunit share a similar structural fold, the BafBB motif, leading the authors to suggest
that 3D domain swapping has occurred in this protein structure (Cameron et al., 1997). Based
on this BafPP topology, glyoxalase I represents a member of a previously unidentified
structural superfamily (Armstrong, 1998; Bergdoll et al., 1998; Laughlin et al., 1998), as
discussed in Chapter 5. '

The two active sites in H. sapiens GIXI are located at the interface of the subunits with
each active site containing a catalytic metal, Zn**. There are four residues from the protein,
GIn34, Glul00, His 127, and Glul73, 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 missing. Presumably a second water
ligand is precluded due to the presence of the benzylgiutathione in the active site.
Crystallization of the enzyme in the presence of a glutathione analogue, S-p-
nitrobenzyloxycarbonylglutathione, designed to mimic the reaction product complex reveals
two water molecules around the active site zinc, as does the structure of the Q33E/E172Q
double mutant cocrystallized with hexylglutathione (Ridderstrom et al., 1998; Cameron et al.,
1999a), supporting this assumption. This apparent octahedral geometry is consistent with the

earlier spectroscopic studies outlined.
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Figure 1.5: Structure of H. sapiens glyoxalase I (PDB 1FRQ; Cameron et al., 1997). Subunit
A is illustrated in green, B in blue, the zinc atom in black space fill, and the
benzylglutathione cocrystallized in the active site is displayed as sticks. (Prepared
with WebLab Viewer Pro ver 3.7, Molecular Simulatons Inc.)
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The results of the crystallization of the native enzyme with a putative transition state
analogue and product mimic, as well as the mutant form of the enzyme are discussed further
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 form of
the enzyme and hence is not in the crystal structure. The numbering of the full 4. sapiens
GIxI sequence, including the N-terminal methionine, will be utilized throughout this thesis.

1.5.2 Pseudomonas putida Glyoxalase |

Sequence Analysis

The sequence encoding glyoxalase I from P. putida was first reported in 1988 and
updated in 1994 (Rhee et al., 1988; Lu et al., 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
GIxI protein sequence from P. putida is 55% identical to that from H. sapiens, with an
additional approximately 10% sequence similarity (Clugston et al., 1997). Interestingly, this
bacterial GlxI more closely resembles the eukaryotic sequences than the other known and
predicted GIxI sequences from bacterial sourées (Lu et al., 1994; Clugston, 1997; Clugston et
al., 1997).

Metal Requirement

For several years the metal usage in P. putida GIxI was unclear as published reports
were contradictory. The addition of Zn®" 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, 1.0 mM of
Mg®>". Mn®". Ca®, Ni*", Cu®". or Hg”". had no apparent effect on the enzyme activity in this
study. Furthermore, the addition of the metal chelator EDTA had no effect on the activity
(Rhee et al., 1986). This led to the assumption that P. putida GlxI did not require a metal ion
for catalytic activity. Within two years however, the same research group reported the
expression and purification of P. purida GIxI 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 catalytic loop in the enzyme examined, there was no report on the metal

content in the enzyme leaving this issue unresolved (Lu et al., 1994; Lan et al., 1995). The
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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), similar to that observed in . sapiens GIxI. There was however, no

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

Structural Studies

The characterization of P. putida GlxI appears to have been plagued with
discrepancies, from the DNA sequencing to the metal requirement as well as the structural
properties. Contrary to initial reports that indicated that P. putida GlxI was monomeric, the
active form of the enzyme is a homodimer with two zinc atoms bound (Rhee et al., 1986;
Saint-Jean et al., 1998). Furthermore, the proposal that there exists a “catalytic loop™ near the
active site of the enzyme, similar to that observed in triosephosphate isomerase (TIM) does
not appear to be valid (Joseph et al., 1990; Pompliano et al., 1990; Lan et al., 1995). Circular
dichroism and fluorescence studies were performed with H. sapiens and P. putida GIxI in the
presence of an enediol analogue 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 (Lan et al., 1995). Proteolytic cleavage experiments pointed to a region
with moderate sequence homoiogy to the catalytic loop in TIM, including a glutamate residue
which functions as the catalytic base in TIM. Mutation of the corresponding glutamate in P.
putida GlxI (Glu93) led to inactivation of the enzyme. Based on these results it was
concluded that Glu93 is the catalytic base in the glyoxalase [ reaction. However, no metal
analysis was performed on the enzyme at any stage. We now know, based on the structure of
the homologous H. sapiens GlxI (Cameron et al., 1997), that this glutamate is actually a
ligand to the catalytic Zn®". Therefore the loss of activity upon mutation of this residue was
most 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 enzyme, and confirming the binding of two zinc
ions to the active dimer (Saint-Jean et al., 1998). In 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 GlixI enzyme (Cameron et al.,
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1997). It was found that although the most active form of the P. putida enzyme is a dimer
with two zinc atoms bound. a monomeric form containing only one zinc atom can be
observed under particular conditions. Treatment of the dimer with glutathione produces a
monomeric enzyme with a k., approximately one-fifth that of the dimeric enzyme and kc/Kn
about fifteen-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 permitting dissociation
followed by reassociation of the domains from 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 alternate conformation of the protein, with the
same characteristic active site. The domains are believed to be the Bappp motifs observed in
the H. sapiens GIxI crystal structure (Cameron et al., 1997; Section 1.5.1). Figure 1.6
summarizes the proposed evolution of the 3D domain swapped GIxI, which supports the

evolutionary development of this superfamily described in Chapter 5.
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Figure 1.6: Various schematic representations of the structures of glyoxalase I 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
intermolecular domain-domain interfaces, as observed in the dimeric H. sapiens and
P. putida GIxI enzymes. The numbers are used to represent the structural symmetry in
the various forms of the enzyme. (Adapted from Saint-Jean et al., 1998)
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1.5.3 Saccharomyces cerevisiae Glyoxalase |

Enzyme Characterization and Metal Effects

Numerous reports are available for the inhibition of yeast glyoxalase I, as this enzyme
is commercially available (Ekwall 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 metalloenzyme (Aronsson et al.,
1978; Murata et al., 1986¢c). However it initially appeared that the S. cerevisiae GIxI enzyme
was not reactivated by the addition of divalent metals (Aronsson et al., 1978). Further studies
revealed that partial reactivation of the yeast enzyme could be achieved with Mg2+, Ca**, and
to a small extent with Mn>" (Murata et al., 1986c). However, Ni’", Co>*, and Fe*" had no
effect on the inactive apoenzyme. Comparative studies with H. sapiens GIxI 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. sapiens enzyme, S. cerevisiae GIxI contains only
one zinc per active enzyme, but the S. cerevisiae GlxI enzyme is monomeric, whereas the A.
sapiens GIxI enzyme is dimeric (Aronsson et al., 1978; Marmstil and Mannervik, 1978).
Furthermore, equilibrium dialysis revealed binding of only one competitive inhibitor, S-p-
bromobenzylglutathione. to the monomeric yeast enzyme, reconfirming the suggestion that

only one active site exists in GIxI from S. cerevisiae (Marmstal and Mannervik, 1979).

Sequence Similarity and Analysis

Interestingly, although the S. cerevisiae GlxI enzyme has been studied for many years
its sequence was not available until 1995 (NCBI Accession # CAA89948) and not published
until 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 GIxI is a monomeric enzyme. The monomer however is double the size of each
subunit in the dimeric H. sapiens, P. putida, and E. coli GlxI enzymes. Analysis of the
sequence of the S. cerevisiae GIxI enzyfne with the other known and postulated GixI
sequences led to the proposal that this enzyme is the result of a gene duplication event

forming a fused dimer gene product (Ridderstrém and Mannervik, 1996; Clugston, 1997;
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Clugston et al., 1997). The N- and C-terminal halves of this large GIxI sequence are
homologous to each other as well as to the sequences of the monomeric GIxI enzymes.
Putative GIxI sequences which also appear to be the result of a similar gene duplication event
have aliso been identified in Schizosaccharomyces pombe, and the plants, Brassz_‘ca oleracea,
and Sporobolus stapfianus (Clugston et al., 1998b). As the dimers are now joined, and the
active site of the H. sapiens GlxI enzyme is known 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 can not reach the correct confirmation in the
second site due to the linkage of the dimers. Additionally, not all of the metal ligands are
completely conserved in each of the halves of the sequences. Based on alignment with the A.
sapiens GIxI enzyme, and knowledge of the ligands to the metal identified in the H. sapiens
GIxI crystal structure (Cameron et al., 1997), the putative metal ligands have been identified
(Clugston, 1997; Clugston et al., 1998b). The first metal ligand, a giutamine in the . sapiens
GIxI 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 universally conserved as a
glutamate. The third and fourth ligands however are not conserved in the C-terminal halves
of the §. stapfianus 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 GIxI at this stage,
examination of these enzymes will most likely reveal that they only bind one metal ion as
seen in the S. cerevisiae GIxI enzyme.

A similar duplication event was observed in the biphenyi-cleaving extradiol
dioxygenase enzyme (Han et al.. 1995) in which there is low sequence homology between the
two halves but great structural similarity. Additionally, only the C-terminal domain binds
iron as not all of the metal ligands have been conserved in the second site. This enzyme is
now known to be a member of the BafBp structural superfamily of which GlxI is a member
(Bergdoll et al., 1998). The evolutionary development of these two groups of enzymes is
believed to have involved divergent evolution from a common structural motif, a BaBRB

module. This is further discussed in Chapter 5.
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1.5.4 Other Sources of Glyoxalase |

We have identified numerous putative GIxI sequences in a vast array of organisms
(Clugston et al., 1997; Clugston et al., 1998b; Clugston and Honek, 2000; Chapter 5).
However, these must only be considered as putative GixI enzymes before experimental
evidence indicates they encode a protein with glyoxalase I activity. Nevertheless, in addition
to the knowledge of the three GlxI enzymes outlined and our studies on the E. coli enzyme,
numerous other GIxI enzymes have been identified and studied to a more limited extent.

Several of these enzymes are outlined below.

Plant Sources

The expression of glyoxalase I was examined in Lycopersicon esculentum (tomato)
and it was observed that stress from treatment with NaCl, 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. esculentum has a molecular weight of 20.7 kDa.
It was not indicated whether the quaternary nature of the protein was examined. The
homology to other dimeric GIxI sequences (Clugston et al., 1997) suggests it would also be
dimeric.

Characterization of GIxI from Glycine max (soybean) indicates expression is enhanced
during cell division, as reported in other plants (Paulus et al., 1993; Skipsey et al., 2000). The
purified GIxI enzyme, with a predicted mass based on the sequence of 21 kDa, 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 claim that this enzyme
was a 60 kDa heterodimer (Paulus et al., 1993). Although cell growth and expression of G.
max GIxI in the presence of supplemental ZnSO,; (1.0 mM) produced a protein with higher
activity, and three moles of Zn** 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 GIxI enzymes and the conservation of the metal ligands
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in the protein, it is likely that a metal is required but was not detected in conditions used in
these analyses. As the primary thiol in G. max is homoglutathione (y-glutamyl-cysteinyl-f3-
alanine) rather than glutathione (y-glutamyl-cysteinylglycine), 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 GIxI from Triticum
aestivum (wheat bran) have been reported (Johansen et al., 2000). The 37 kDa protein is
monomeric with high homology to the GIxI sequence from S. stapfianus, indicating GIxI from
this source is also the result of a gene duplication event.

Although the sequence has not yet been reported, GIXI isolated from Aloe vera was
found to be a monomeric 44 kDa protein (Norton et al., 1990), suggesting it too is the result of
a gene duplication event producing a fused dimer gene product, resembling the yeast and
some of the plant sequences reported. This GIxI enzyme also resembles the S. cerevisiae
enzyme 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 levels of GIxI in Zea mays (corn) demonstrated that there is 20-30
times more GIxI in the leaves compared to the roots, consistent with the higher rate of
glycolysis and photosynthesis in green tissues. and hence the increased requirement for GIxI
to remove toxic MG (Spano et al., 1998). Furthermore, the levels were increased in leaves
when subjected to cold stress, whereas no change was detected in the root levels (Spano et al.,
1998). No characterization of the GIxI enzyme itself has been reported.

The expression. purification. and characterizaton of Brassica juncea (mustard) GlxI
has been reported (Deswal and Sopory. 1991). As observed with other plant GIxI enzymes.
the apparent mass of the GIxI enzyme based on a denaturing ge! 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 kDa, 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 Zn>" enzyme but the apoenzyme can be reactivated
by addition of Mn?*, Mg>*, Zn**, and Ca®*" (Deswal and Sopory, 1991; Deswal and Sopory,
1998). As reported for other plant GIxI enzymes, B. juncea GIxI expression is upregulated in
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response to stresses such as salt and heavy metal (Veena et al., 1999). Recently, it has also
been suggested that the activity of B. juncea GIxI is regulated by Ca® and calmodulin
(Deswal and Sopory, 1999). This observation is intriguing, as GIxI expression is upregulated
by stress and the Ca**/calmodulin signaling pathway is important in cell division and Ca*" is
also involved in stress signaling (Deswal and Sopory, 1999 and references therein). The exact

nature of this interaction requires further investigation however.

Microbial Sources

GIxI purified from the yeast Hansenula mrakii was shown to be a monomeric 38 kDa
protein, although the sequence is not yet known. Interestingly, no inhibition was seen upon
addition of EDTA (Inoue et al., 1991). Further analysis of this enzyme is required to confirm
this property.

The sequence postulated to encode GIxI from Neisseria meningitidis has been
identified (Kizil et al., 2000). This 138 amino 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 cell line containing a plasmid expressing this protein
displayed increased resistance to exogenously supplied methylglyoxal.

GIxI expression imparts increased resistance to methylglyoxal. We exploited this
characteristic to identify the multicopy plasmid containing the gene encoding GIxI from a
Salmonella typhimurium cDNA library (Clugston et al., 1997). This 135 amino acid protein
has high homology to the other known and. postulated GIxI sequences, including 91% identity
to the sequence of the E. coli GIxI protein (Clugston. 1997).

Mammalian Sources

Purification and partial characterization of GlxI has been reported for numerous
mammalian sources. A selection of these are briefly outlined.

Porcine erythrocyte GIxI has an apparent molecular weight of 52 kDa, is inhibited by
EDTA, but could be reactivated by Mgz*, Mn?*, and Ca** (Mannervik et al., 1972). In
addition, the kinetics and inhibition of GlxI from rat liver has been examined and a 43 kDa
GlxI enzyme was isolated from mouse liver (Kester and Norton, 1975; Kurasawa et al., 1976).

Purification of GIxI from monkey intestinal mucosa revealed the protein is a

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

24



Active site modifications on this enzyme revealed the importance of numerous residues on
enzymatic activity, and included tryptophan, lysine, and glutamate or aspartate residues.
Interestingly, these results also suggested that histidine residues were not important for
activity (Baskaran and Balasubramanian, 1987). Although the sequence is unknown it would
be expected that the ligands to the metal would be conserved, including at least one histidine.

1.5.5 Escherichia coli Glyoxalase |

We have reported the sequencing and identification of glyoxalase I from Salmonella
typhimurium (Clugston et al., 1997). However, the research presented in this thesis has
focused on the characterization of the highly homologous GIxI enzyme from Escherichia coli
(Clugston et al., 1998a). With the exception of an early report in which a crude preparation of
glyoxalase I isolated from E. coli was analyzed for comparative kinetics with the enzyme
from yeast sources (Vander Jagt, 1975), there have been no analyses of E. coli GIxI available
prior to our studies. As outlined in Chapter 2, we have constructed a system for the efficient
overexpression and purification of large quantities of apo E. coli GlxI (Clugston, 1997;
Clugston et al., 1998a). We have shown this microbial glyoxalase I to be a homodimer,
contrary to initial reports which suggested all microbial glyoxalase I enzymes were
monomeric like that of S. cerevisiae (Riddersirﬁm_ and Mannervik, 1996). Furthermore,
analysis of the metal activation of E. coli GlxI has indicated that unlike other GIxI enzymes
reported. E. coli GIxI is maximally active in the presence of Ni*" and shows no activity with
Zn*". 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 I reaction and the role the metal 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 well as the role the catalytic metal ion may play in the process.

1.6.1 Substrate Specificity

Although glyoxalase I from various sources has been shown to accept several o-
ketoaldehydes and glutathione adducts as hemiacetal substrates, including phenylglyoxal and

glyoxal and GSH analogues such as homoglutathione, the in vivo substrate is believed to be
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the non-enzymatically formed hemiacetal of methylglyoxal and glutathione (Vander Jagt et
al., 1972; See Vander Jagt, 1989 for a review). Two stereoisomers of the substrate can be
formed, yet the product of the GIXI reaction is not a mixture of isomers but S-D-
lactoylglutathione. It was initially presumed that the enzyme accepted only one isomer as its
substrate. Initial reports appeared to support this theory (Brown et al., 1981). However, it has
since been demonstrated by several groups that glyoxalase I actually accepts both isomers 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 experiments
were performed. This work indicated that both diasteriomers were used by GIxI from yeast
and porcine erythrocytes (Griffis et al., 1983). An expansion on this work using measured
and calculated rate and equilibrium constants for several stages of the glyoxalase reactions,
from formation of the hemiacetal substrate, GixI conversion to S-D-lactoylglutathione
product, and GIxII 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 GIxI catalyzed
reaction. The stereoisomers of the natural hemiacetal substrate of GSH-MG have an
estimated interconverion rate of 10-40 s. In contrast. the “locked” substrate have a very
slow interconversion rate between the isomers. The rate is slow enough that the conversion to
the product of the GixI reaction is favoured (Landro et al., 1992). 'H NMR was utilized to
monitor the reaction catalyzed by A. sapiens GlIxI. 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.. 1992). This work appears to demonstrate that GIxI accepts

both isomers of the substrate.
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Figure 1.7: Stereochemically “locked” substrate analogue; (A) R- and (B) S-
glutathiolactaldehyde. The methylene group circled is the only structural difference in
this analogue compared to the normal substrate, making the proton of interest more

difficult to remove and hence the rate of interconversion of the two isomers is greatly
reduced. ‘GS’ represents the glutathione moiety.

1.6.2 Hydride Migration versus Enediol Intermediate

In the GIxI reaction the hemiacetal of MG and GSH is converted to S-D-
lactoylglutathione. In this process the proton from 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,
endiol(ate) formation, followed by reprotonation at C-2 (Figure 1.9). To distinguish between
these two possibilities, isotope exchange experiments were performed. Initially the reaction
was performed in tritiated water (TOH) with yeast GlxI. Very little exchange of tritium (less
than 4%) into the product was observed, suggesting that the hydride migration was occurring
(Rose, 1957). However, the issue was later re-examined utilizing deuterium and a change in
the temperature of the reaction with yeast GixI. 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 25°C versus 22% at 35°C
(Hall et al., 1976). The low levels of incorporation and lack of evidence in the initial
experiment may be due to the active site conformation resulting in a shielded proton transfer.
These results confirmed that the reaction did not proceed through a 1,2-hydride shift as

originally believed but that an enediol intermediate was formed.
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Figure 1.8: A previously proposed mechanism for the glyoxalase I removal of the C-1
hydrogen from the hemiacetal via a hydride migration.

Based on this knowledge a general mechanism has been proposed for the glyoxalase I
reaction, summarized in Figure 1.9. The base responsible 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 I enzyme (Cameron 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
surrounding the metal in the active site of the A. sapiens GlxI enzyme revealed an unexpected
finding. There are no suitable residues close enough to function 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 dual role (Sellin 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. sapiens GIx] enzyme confirmed that Metl58, a threonine in the E. coli
enzyme, 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 (100 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 (Ridderstrom et al., 1998).
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Figure 1.9: The reactions catalyzed by the glyoxalase system, with an enediol intermediate in
the GIxI catalyzed reaction.

29



To compensate for the loss of a charged amino acid in the metal ligands, double
mutants were constructed in which glutamine 34 was simultaneously mutated to a glutamate.
The full metal complement of one mole of zinc per mole of enzyme subunit was found for the
Q34E/E173Q double mutant however no catalytic activity could be detected. (Note:
Numbering 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 Q34E/E100Q mutant however only
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 would be higher had more metal been present. If the affinity of the
enzyme for the metal is reduced the enzyme may not be able to bind the metal under the given
conditions to reveal enzymatic activity. The crystal structure of the inactive Q34E/E173Q
double mutant was determined and revealed no significant alteration 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 glyoxalase I reaction, perhaps serving as
the catalytic base for removal of the C-1 proton from the substrate (Ridderstrém et al., 1998).
Analysis of the crystal structure of the wild-type GIxI enzyme from H. sapiens and modeling
of the structure revealed that glutamate 173 may lie as close as 4 A to this carbon suggesting

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

CI)H

g T

Figure 1.10: (A) A product analogue (NBC-GSH), and (B) putative transition state analogue
(HIPC-GSH), cocrystallized with H. sapiens CGIxI. The ‘GS’ indicates the glutathione
moiety of the molecules.
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The crystallographic studies with the H. sapiens GIxI enzyme have recently been
expanded to include analyses of the enzyme with a putative transition state analogue, S-(N-
hydroxy-N-p-iodophenylcarbamoyl)glutathione (HIPC-GSH) which is designed to mimic the
enediol intermediate believed to form during the reaction. As well a glutathione analogue
proposed to mimic the reaction product, S-p-nitrobenzylcarbonylglutathione. (NBC-GSH).
was also studied (Cameron et al., 1999a; Figure 1.10).

The structure 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 GIXI 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 mechanism for the GIxI reaction
was proposed (Figure 1.11). 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 spectroscopic studies which suggested the presence of intervening water molecules.
The glutamate is now able to function as the catalytic base and may be able to abswact the
proton from the C-1 carbon of the substrate. The enediolate intermediate 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 mechanism utilizing glutamate 100 as the catalytic
base could be proposed for the R-isomer of the substrate, the data does not support this. The
position of this residue in relation to the reaction intermediate does not appear to allow
reprotonation to form the D-lactoylglutathione isomer required, only the L-isomer would
result based on the current analysis (Cameron et al., 1999a). The strengths and weaknesses of
this mechanism are further discussed in Chapter 3, as are other possible mechanisms for the

GIxI reaction.
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Figure 1.11: The mechanism of the glyoxalase I reaction, proposed based on mutagenesis and
crystallographic studies on the H. sapiens enzyme (Ridderstrom et al., 1998; Cameron
et al., 1999a).
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1.7 Glyoxalase |l

The second enzyme in the glyoxalase system, glyoxalase II (GIxII) hydrolyzes the
product of the GIxI reaction, S-D-lactoylglutathione, to D-lactate and regenerates GSH. GIxII
has been purified and studied from several sources. GIxIl enzymes from three yeast sources,
Candida albicans, Hansenula mrakii, and Saccharomyces cerevisiae were purified and found
to be monomeric with molecular weights ranging between 22-32 kDa (Murata et al., 1986a;
Talesa et al., 1990; Inoue and Kimura, 1992; Bito et al., 1997). The substrate of the GixI
reaction, the condensation product of GSH and MG, was inhibitory to these enzymes. This
hemiacetal substrate is also inhibitory to the GIxIl enzyme from mouse liver (Oray and
Norton, 1980).

The gene encoding Arabidopsis thaliana GIxII was recently cloned, the protein
purified and characterized by two independent groups (Crowder et al.,, 1997; Maiti et al.,
1997; Ridderstrém 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 determined that there were two moles of Zn*" bound per mole of
monomeric enzyme (Crowder et al., 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 amino acid region, containing several histidine residues is highly conserved. This
region is also conserved in two other hydrolase families, the metallo--lactamases and a
group of arylsulfatases (Crowder et al.. 1997; Melino et al., 1998).

GIxII has also been identified in a wide range of additional species and tissues, from
rat erythrocyte to pigeon spleen (Vander Jagt, 1989 and references therein). However, the
available knowledge regarding GIxII expanded rapidly in recent years with the expression and
characterization of the enzyme from H. sapiens (Ridderstrém 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. sapiens GIxII combined with
secondary structure predictions suggested that the monomeric enzyme is composed of two
domains made up of different secondary structures (Aceto et al., 1998). This was confirmed
by the recent solution of the crystal structure of H. sapiens GIxII (Cameron et al., 1999b).

The 1.9 A structure reveals that GIxII is composed of a four-layered B sandwich domain
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similar to that observed in metallo-B-lactamase enzymes, and a second domain, unique to
GIxII, 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-f-lactamases.
Examination of the ligands around the two zinc ions indicated the presence of a water
molecule coordinated between the two metals. As such it is believed to exist as a hydroxide
ion (Cameron et al., 1999b).

This enzyme was also cocrystallized with a substrate that is slowly hydrolyzed by the
enzyme, S-(N-hydroxy-N-bromophenylcarbamoyl)glutathione (HBPC-GSH). Fortuitously,
one molecule of the asymmetric 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 from the substrate carbonyl carbon suggesting that
it may act as nucleophile in the hydrolysis reaction. This has led to the postulated mechanism
outlined in Figure 1.13 (Cameron et al., 1999b).

34



Figure 1.12: Structure of H. sapiens glyoxalase [ (PDB 1QHS; 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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numbers. (Adapted from Cameron et al., 1999b).
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1.8 Glyoxalase lli

In 1995 a unique glyoxalase enzyme was identified, capable of converting
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 GIxI which will accept a range of a-ketoaldehydes, to
varying degrees, glyoxalase IIl prefers methylglyoxal and phenylglyoxal only, with the latter
utilized at only 15% the rate of methylglyoxal (Misra et al., 1995). The purified protein was
confirmed to be free of contaminating GIxI or GIxII activity by monitoring any production or
consumption of S-D-lactoylglutathione. Neither was detected, nor was any GSH present.
Furthermore, addition of GSH to the enzyme did not affect enzyme activity (Misra et al.,
1995). Therefore, the activity observed is clearly due to a novel enzyme.

Surprisingly, in the five years since this unique enzyme was reported there have been
no further publications regarding glyoxalase III in any organism. MacLean and coworkers
(1998) reported that the activity of glyoxalase Il in E. coli cells was tested during their
analysis of MG resistance in cell lines expressing GIxI and GIxI null mutant cell lines.
However, the only information gained was the observation that the activity of glyoxalase III
was not enhanced in cells lacking a functional GIxI enzyme. Hence there appears to be no

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

1.9 Nickel and E. coli

As E. coli GlxI is maximally active in the presence of Ni** it is worth examining the
levels of nickel available in the cell and other nickel-utilizing enzymes. It should be noted at
this point however. that although we have detected maximal enzymatic activity with Ni*", and
shown that addition of Ni*~ to the growth media enhances the activity of the expressed GlxI
protein, indicating the Ni*" is transported into the cell and taken up by the enzyme, we have
not unequivocally established that Ni*~ is the native metal in E. coli GIxI outside a laboratory
setting (Clugston, 1997; Clugston et al.. 1998a). That being said, our report on the maximal
activation of E. coli GIxI by nickel ions has attracted much interest and has been included in

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

Although nickel is an essential trace metal, the levels of free nickel in cells must be
tightly controlled. Toxicity can result from nickel binding non-specifically to biomolecules,
or by displacing the natural metal from the binding site in proteins required for cell growth
and survival (Ankel-Fuchs and Thauer, 1988; Drake, 1988; Wu et al., 1994; Chivers and
Sauer, 2000). The cellular proteins requiring nickel will be discussed in the following section
after an examination of the means by which nickel is transported into the cell. As our
investigations deal with a bacterial enzyme, only the transport at the level of a single cell will
be examined. A review of the transport in multicellular organisms, from plants to vertebrates
can be found elsewhere (Drake, 1988).

Nickel can be transported into the cell in a passive or facilitated manner. Nickel can
diffuse into the cell where is it incorporated into intracellular molecules. As such the nickel
will essentially accumulate against a concentration gradient, if the intracellular form is
different from 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 Mg™*
transport systems have been identified in S. typhimurium, CorA, MgtA, and MgtB (Snavely et
al., 1989). These magnesium transport systems have been demonstrated to also translocate
nickel, as well as Co** and Zn®" although with lower affinity than for Mg®" (Drake, 1988;
Snavely et al., 1989; Silver, 1996; Watt and Ludden, 1999).

High-affinity Ni*>" transport has been identified in several microbial organisms. There
are two main classes, the single component and the multicomponent ATP-dependent group
(Reviewed by Watt and Ludden, 1999). Examples of the single component class include
HoxN. a nickel permease identified in Alcaligenes eutrophus (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 al., 1998). A high-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 (Fnr) acts as an activator, and
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NikR acts as a repressor when intracellular concentrations of Niy 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 affinity of
this protein. When NikR binds nickel it recognizes and binds to the operator DNA, repressing
expression from the nikABCDE operon (Chivers and Sauer, 2000). Therefore, maximal
expression of the five genes in the nik operon is observed when the intracellular nickel

concentration is very low and the growth conditions are anaerobic.
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Figure 1.14: The ATP-dependent NikABCDE permease in E. coli. (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 Ni** or replacement
of the native metal with Ni*" (For example see Pallen and Wang, 1986; Angleton and Van
Wart, 1988; Omburo et al., 1992; Ragusa et al., 1998), 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,
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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; Ragsdale, 1998; Maroney, 1999; Wau and
Ludden, 1999). Other proteins that may prove to be nickel enzymes include peptide
deformylase, cis-trans isomerase, and E. coli GIxI. In general, nickel-utilizing enzymes can
be divided into two groups. those involving redox chemistry, and non-redox enzymes. The
enzymes catalyzing 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 molecular 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). Spectroscopic 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., 1999).

Hydrogenases catalyze the reversible activation of hydrogen, either oxidizing H; to
generate reducing equivalents, or producing H, during fermentation when protons are the
terrninal 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, 1999 and references therein).

Carbon monoxide dehydrogenase catalyzes the oxidation of carbon monoxide to
carbon dioxide. Growth of Clostridium thermoaceticum in the presence of **Ni 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 sulfur 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 growth on CO, and H, or a product of sugar fermentation) and methanogenic
(convert acetate to methane and CO», 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-sulfur cluster (Maroney, 1999; Watt and Ludden, 1999).
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Methyl-S-coenzyme M reductase catalyzes the last step of methane production in
methanogenic Archaea, often called methanogens (Wackett et al., 1988). Nickel is not
directly bound by the enzyme but rather contained in a yellow chromophoric tetrapyrrole
called Fa30 (Wackett et al., 1988; DiMarco et al., 1990; Hausinger, 1994; Watt and Ludden,
1999. 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; Watt 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 features
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 CO» 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 shown to require numerous
proteins. Four accessory proteins and three structural proteins have been identified in the
urease gene cluster. Although the role of all the accessory proteins has not yet been clearly
established. UreE is believed to be the accessory protein responsible for delivering Ni** to the
apourease enzyme (Brayman and Hausinger. 1996; Colpas and Hausinger, 2000). An
extensive number of reports have been presented on the analysis of the nickel insertion into
apourease. The particulars of the currently proposed model 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 further

investigation to determine if they are naturally nickel enzymes. A preliminary report has been

41



presented outlining the purification of an E. coli cis-trans isomerase that is proposed to bind
nicke! (Wiilfing et al., 1994). Although the natural metal has not yet been established, peptide
deformylase isolated from E. coli shows activity with Ni*" and has been purified and studied
as an Fe?" and Ni*" enzyme (Groche et al., 1998; Ragusa et al., 1998). Similarly E. coli GIxI
is maximally active with Ni>". and the enzyme incorporates Ni** during protein expression in
media containing Ni?* (Clugston et al.. 1998a), and may indeed be a Ni?"-dependent enzyme.

However, determination of the native metal awaits further investigation.

1.10 Summary and Research Objectives

The potential for the glyoxalase system to be an effective drug target, taking
advantage of the toxic effects of methylglyoxal, is receiving renewed interest particularly in
the area of anticancer agents. Alterations between eukaryotic GlxI enzymes and those from
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 critical.
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
I and glyoxalase II enzyme from H. sapiens. our identification of the unique metal activation
properties of E. coli GIxI, and identification of many putative GIxI sequences in other
organisms.

In this work we sought to gain a more detailed understanding of the structural and
mechanistic enzymology of glyoxalase I. 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 enzyme for the divalent metals. These characteristics are compared to a mutant form of
the enzyme 1n which one of the metal ligands is altered. Structural features of the overall
enzyme and details of the active site metal environment were examined primarily with
spectroscopic and crystallographic techniques revealing interesting insights into the variation
in metal activation of this enzyme. In addition, numerous putative GixI sequences have been
identified, including nineteen from pathogenic organisms. Analysis of these postulated
sequences in comparison to the GIxI sequences from H. sapiens, P. putida, and S. cerevisiae

allowed the identification of consistent alterations in the bacterial sequences. Furthermore,
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the DNA encoding two of the putative GlIxI sequences has been placed in an overexpression
system, and the metal activation of the produced protein examined.

As E. coli GIxI is maximally active in the presence of Ni**, 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 further insight into the factors that may
control metal selectivity by an enzyme and the effect of various metal ions on the enzymatic
activity with structural explanations for such differences. Furthermore, analysis of E. coli

glyoxalase I containing Ni*~ ameliofates our knowledge of protein-nickel interactions in

general.
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CHAPTER 2
ESCHERICHIA COLI GLYOXALASE I:

KINETIC STUDIES AND DETAILED METAL ANALYSES

2.1 Introduction

To increase our knowledge regarding the detoxification enzyme, glyoxalase I (GIxI),
and to obtain information on a representative bacterial form of the enzyme, we pursued the
isolation and characterization of Escherichia coli glyoxalase . 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 M.Sc.
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, from activation
levels to enzyme affinity for the metals and stability of the enzyme. This work has provided

fascinating insights into the characteristics of glyoxalase L.

2.1.1 E. coli Glyoxalase |

Protein Expression and Purification

The DNA encoding E. coli glyoxalase I, gloA (Figure 2.1), was placed under the
control of the ptac promoter in the plasmid. pTTQ18 (Stark, 1987). The resultant expression
system, E. coli MG1655/pGL10. consistently produces 150-200 mg of protein per litre of cell
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 enzyme, some of which are quite
different from the properties of previously studied GIxI enzymes, such from H. sapiens or S.

cerevisiae.
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Figure 2.1: E. coli glyoxalase I DNA sequence and corresponding protein sequence. The
sites utilized in the construction of the expression plasmid, pGL10, are shown for
reference. Details of the plasmid construction have been presented previously (M.Sc.

work; Clugston, 1997; Clugston et al., 1998a).
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Figure 2.3: Reconstructed electrospray mass spectrum of purified E. coli glyoxalase I,
indicating the observed subunit molecular mass in Daltons (Calculated = 14 919).
Other small peaks corresponding to non-covalent adducts with sodium, potassium, and
MOPS buffer are evident. No other peaks were observed in the spectra over a mass
range of 1000-100 000 Da.
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Characteristics of E. coli Glyoxalase I

We have demonstrated that E. coli glyoxalase I is a metalloenzyme that functions as a
homodimer with a subunit molecular weight of 14 919 Da, confirmed 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 enzyme. Gel filtration studies indicated the enzyme to be dimeric both in the
presence and absence of metal ions (Clugston, 1997; Clugston et al., 1998a).

Metal Activation

For the Homo sapiens, Saccharomyces cerevisiae, and Pseudomonas putida Gixl, the
essential metal has been shown to be zinc (Aronsson et al., 1978; Ridderstrom and
Mannervik, 1996; Saint-Jean et al., 1998). In contrast, however, GIxI from E. coli is
completely inactive in the presence of zinc. Maximal activity is found in the presence of Ni%",
with reduced activity with Co®™, Cd®", and Mn®>" (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
GIxI enzyme. This was confirmed by metal analyses which indicated that active Ni*"-GIxI
contained only one equivalent of metal. This was especially puzzling given the relatively
high amino acid sequence homology between the E. coli and H. sapiens enzymes (36%
identity plus and additional 14% similarity; Cameron et al., 1997; Clugston, 1997; Clugston et
al., 1998a).
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2.1.2 Kinetic Analyses

To further examine the role the metal ion plays in the activity of E. coli GIxI, a
detailed kinetic study has been undertaken. The kinetic parameters of the enzyme activated
with several metal ions have been examined. In addition, the effect of pH on the enzymatic
function of Co>*-GIxI has been compared to the previous work with Ni**-GixI (Clugston,
1997; Clugston et al., 1998a). which indicated the Ky for the MG-GSH hemiacetal adduct
substrate was significantly increased above a pH of 8.0. As our preliminary analysis indicated
that E. coli GixI reaches maximal enzymatic activity with only one mole of metal supplied per
mole of dimeric enzyme (Figure 2.5). it appeared that the affinity of the enzyme for metal was
also quite high. To determine how tightly the metal is bound, and whether any exchange of

the bound metal ion can occur, a series of metal competition experiments were performed.

2.1.3 Metal Binding
In an effort to characterize the metal binding in E. coli GIxI we have examined two
particular aspects, the amount of metal bound to the enzyme and the affinity of the protein for

specific metal ions.

Quantitative Metal Analysis: Inductively Coupled Plasma Analysis (ICP)

Elemental analysis is often employed to determine the amount of metal in a given
sample. Two common techniques to analyze the levels of metals in a solution are atomic
absorption (AA) and inductively coupled plasma (ICP) spectroscopy. The basic principle
behind these techniques is that every element produces its own characteristic spectrum when
excited. When energy is supplied to an atom. one of the valence electrons can move from 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 difference between
these two analytical techniques is that atomic absorption spectroscopy is concerned 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 from 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 energies, which
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are particular 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 (UV) range, as opposed to x-ray
radiation utilized in techniques such as x-ray absorption spectroscopy (XAS) in which core or
inner shell electrons are excited (Chapter 3). For both absorption and emission spectroscopy
free 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. Although there are 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 analyzed simultaneously.

We were interested in determining the types of metals present in our protein solutions
and their quantities. Therefore, ICP analysis was employed. To determine the amount of
metal bound to each GIxI dimer, metal analysis was performed on the enzyme that had been
reconstituted with several different metal chlorides. In addition we were interested in
determining the amount of metal incorporated into the enzyme during bacterial expression of
the protein. E. coli expressing Gixl, was grown in the presence of NiCl,, ZnCl,, or no
additional metals and metal analyses performed on the partially purified enzymes to
determine if the metal was transported into the cell and bound by the enzyme.

Binding Affinity: Isothermal Titration Calorimetry (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).

Equilibrium dialysis has been widely utilized for analysis of binding interactions. This
involves dialyzing a solution of the enzyme plus ligand against ligand alone, separated by a
semipermeable membrane. The semipermeable membrane will allow passage of the ligand
but not the protein. Following equilibration, the amount of bound and free ligand in the
protein compartment is determined and compared to the amount of free ligand in the other

chamber (Hughes and Klotz, 1956; Fersht, 1999). Analysis of the ratio of bound to free
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ligand at various concentrations of ligand is performed to determine the dissociation constant.
Traditionally ligands that are radioactive are employed due to the ability to perform these
measurements on small quantities of protein. Various methods are available to quantify the
metal of interest (Hughes and Klotz, 1956). Equilibrium dialysis has been extensively
employed in the analysis of metal dissociatidn rates and dissociation constants for carbonic
anhydrase (Kiefer et al., 1995; Huang et al., 1996; Hunt and Fierke, 1997). A ‘PAR assay’
was developed by Hunt and coworkers (Hunt et al., 1984) in which 4-(2-pyridylazo)resorcinol
(PAR) is utilized to detect the enzyme-bound zinc colorimetrically, following the
chromatographic removal of the free metal after dialysis.

Fluorescence spectroscopy is also commonly utilized to detect and quantify 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 ligand are added to the protein sclution and the change in
fluorescence monitored (Fersht, 1999). This methodology has also been applied in some
cases to systems in which there may not be a change in fluorescence upon binding, but an
absorbance change can be monitored (Fersht, 1999).

Analytical ultracentrifugation has also been applied to this problem (Hensley, 1996).
The absorbance of the bound and free forms of the macromolecule are monitored by
ultraviclet spectroscopy during the sedimentation process. The higher molecular weight
complexes will sediment more rapidly and hence a moving boundary in the absorbance
measurements is observed (Fersht, 1999).

As described in the following section in which the association of various inhibitors for
GIxI is examined, electrospray mass spectrometry (ESMS) is also gaining acceptance for the
analysis of non-covalent complexes (Loo, 1997).

A method that is just beginning to become 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 refractive 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, k,, and dissociation rate constant, k4, can be

measured, and the corresponding dissociation constant Ky, calculated from these results. An
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obvious source of error or interference with this method is the requirement for immobilization
of one of the ligands. This may modify or alter the interaction (Loo, 1997).

The technique chosen for the investigation of the interaction between £. coli GIxI and
various metal ligands was isothermal titration calorimetry (ITC). This thermodynamic
technique measures the heat of binding, either endothermic or exothermic, when two
molecules interact. By exact measurement of this heat a binding isotherm can be constructed
from which thermodynamic parameters of the interaction can be determined (Doyle, 1997;
Ladbury and Chowdhry, 1998). This is becoming a widely used technique 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 ligand or macromolecule, and
no spectroscopic change is required to monitor the interaction. ITC is also useful for
numerous applications, from 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 cell contains the macromolecule, 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
cell 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 from the titration. Figure 2.6 illustrates the general design of an isothermal
chamber and the specific setup of the CSC calorimeter utilized in our analyses.

From this data the stoichiometry (n) of the interaction can be determined from 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
thermodynamics are measured, namely the change in enthalpy (AH) and association constant
(K or K;). From this information the entropy change (AS) and the Gibbs free energy change

(AG) can be calculated according to the following equation:
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AG® =-RT InK = AH® - TAS®
where R is the gas constant and T the absolute temperature in Kelvin.

The variables are often referred to with a ‘B’ (eg AgG®) to indicate they are derived
from 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 can be used to determine the change in heat capacity (asCp)
according to the following:

ACp = (aH°12 - AH°T)/(T2 — T)
where T) and T 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 (K) is between 1 and
1000 (arbitrary units; Brandts et al., 1990).

In this work, the interaction of apo E. coli GIxI with Ni**, Zn*", Co>*, Cd**. Mn*",

Mg”", and Ca®" has been examined by isothermal titration calorimetry.
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{sothermal Chamber

Figure 2.6: (A) General concept in ITC illustrating the binding of a ligand to a
macromolecule (From Doyle and Hensley, 1997). AT is the temperature difference
between the sample and reference cell measured during the titration. (B) Schematic of
the CSC ITC (From CSC 4200 ITC User’s Manual). T.E.D. refers to the thermo
electric device which are the semiconductor thermopile heat flow sensors.
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2.1.4 Thermal Stability

A widely used technique to determine the thermal stability of an enzyme is differential
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 (Ty), the sample will
undergo a physical change. For proteins this is generally denaturation, or thermal unfolding
(Ladbury and Chowdhry, 1998; Fersht, 1999). Protein unfolding is an endothermic process,
hence there is an uptake of heat in the sample cell. Differences in the Ty, give an indication of
any variations in the stability of various forms of the protein. The experiments can be further
expanded to examine the thermal denaturation curves with variations in the buffer pH. With
this information the change in the heat capacity (AC,) between the folded and unfolded states
can be determined and further thermodynamic parameters, such as AH can be calculated
(Ladbury and Chowdhry. 1998; Fersht. 1999). Detailed reviews of these calculations can be
found elsewhere (Ladbury and Chowdhry. 1998; Fersht, 1999).

In this preliminary DSC study. the transition or melting temperature was examined for
E. coli GIxI reconstituted with different metal ions as well as the apoenzyme. Comparison of
the T values provides an indication of the variation in stability of the enzyme with the

particular metal ion present.

2.1.5 Analysis of Inhibitor Binding Affinity by Mass Spectrometry and

Comparative Kinetics

Traditional screening of potential inhibitors can be a labour-intensive process
involving the examination of the enzyme kinetics 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 levels on smaller quantities of material.
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
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only in enzyme-substrate and enzyme-inhibitor interactions, but also in the area of protein-
protein interactions. Over the last several years biomolecular mass spectrometry has evolved
into a potential alternative technique for the investigation of these complexes, with its speed
and sensitivity as significant advantages (Loo, 1997). For example, using mass spectrometry
enzyme substrate and/or inhibitor interactions have been studied even for rather large
combinatorial 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 affinities of several S-substituted glutathione
analogues, a putative transition state analogue (Ly et al., 1998) and a flavonoid towards E.
coli glyoxalase I 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 standard enzyme kinetics (Stokvis et al., 2000).
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2.2 Materials and Methods

2.2.1 Reagents and Materials

The following reagents were obtained from Sigma Chemical Company (St. Louis,
MO): albumin (bovine), ampicillin (trihydrate), S-(p-azidophenacyl)-glutathione, carbeniciliin
(disodium salt), Coomassie brillinant blue R, cupric chloride (dihydrate), diethanolamine
(bis[2-hydroxyethyljamine), DTNB (5,5°-dithiobis-(2-nitrobenzoic acid), ethylenediamine-
tetraacetic acid (EDTA), glutathione (reduced), glutathione-sulfonic acid, S-hexylglutathione,
S-lactoylglutathione, S-methylglutathione, methylglyoxal (40% aqueous solution), MES (2-
(N-morpholino)ethanesulfonic  acid), MOPS (3-(N-morpholino)propanesulfonic acid),
myricetin, S-(p-nitrobenzyl)-glutathione, S-octylglutathione, S-propylglutathione, and Tris
(hydroxymethyl)aminomethane.

- S-{2-[3-(Hexyloxy)benzoyl]-vinyl } glutathione, N-methyldiethanolamine. and nickel

(II) chloride (hexahydrate, 99.9999% pure) were obtained from Aldrich (Oakville, ON).

Ammonium chloride, calcium chloride (dihydrate), DMSO (dimethyl sulfoxide),
hydrochioric acid, orthophosphoric acid, magnesium chloride (hexahydrate), potassium
acetate, potassium chloride, potassiurn 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 from ICN (Cleveland, Ohio). Tryptone (Bacto®) was from
Difco Laboratories (Detroit, MI). IPTG was obtained from Diagnostic Chemicals Ltd.
(Charlottetown. PEI), and Coomassie brilliant blue G-250 from Eastman Kodak Co.
(Rochester, NY). Chelex® 100 resin and Roto[.ytes® were obtained from Bio-Rad
(Mississauga, ON). Bacto® tryptone was obtained from Difco (Detroit, MI).

“Baker-Analyzed™ reagent grade. manganous chloride (tetrahydrate), cobalt chloride
(hexahydrate). cadmium chloride, and zinc chloride were purchased from J.T. Baker
(Toronto, ON). Chromium chloride and iron (II) chloride was from 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
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to potassium phosphate mono and dibasic, sodium phosphate mono and dibasic. Acetone
(HPLC grade) was from Fisher or EM Science (Gibbstown, NI.

Restriction enzymes were obtained from Roche Diagnostics (previously 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.

2.2.2 General Equipment

Incubators

Cell cultures were grown in a Gyrotory® Water Bath Shaker Model G76, at a speed of
approximately 5, or in a Series 25 Controlled Environment Incubator Shaker, 200 rpm
shaking rate, New Brunswick Scientific (Edison, NJ). For cell growth on plates or standing
liquid cultures, two models of oven incubators were utilized, a Precision® Gravity Convection
Incubator, Precision Scientific, Inc. (Chicago, IL), and a Lab-Line® L-C Incubator, Lab-Line

Instruments, Inc. (Melrose Park, IL).

Centrifuges
Large scale centrifugation (>20 ml) was performed using a Beckman Avanti J-251
centrifuge, Beckman Instruments. Inc. (Mississauga, ON), at 4°C or a Beckman J2-21
centrifuge. Amicon Centricon concentrators were spun in a IEC clinical centrifuge,
International Equipment Co. (Needham Heights. MA). Samples in microcentrifuge tubes
were spun in either a Biofuge A (Heraeus Sepatech GmbH, Germany), or a Bechman GS-15R
centrifuge.

Cell Disruption Equipment

Cell suspensions were disrupted utilizing either sonication with a Sonicator™ Cell
Disruptor Model W225, converter model #2 and standard tapered microtip, output control set
at 5, Heat Systems-Ultrasonics, Inc. (Plainview, NY), or French Press, Carver Laboratory
Press at 10,000 — 12,000 psi (Fred S. Carver Inc., Summit, NJ).
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Chromatography
Fast Protein Liquid Chromatography (FPLC®) was performed with a Pharmacia
Biotech system (now Amersham Pharmacia Biotech, Uppsala, Sweden), with the following
components; LCC-500 controller, two P-500 pumps, MV-7 motor valve, UV-M monitor, and
a REC-482 chart recorder. The Q—Se:ph:a,m:)se® Fast Flow and Superdex® 75 columns were also

obtained from Pharmacia. Buffers for use with the FPLC columns were filtered through a

0.22 um filter (Millipore, Bedford. MA).

Protein Concentration

Protein samples were concentrated using either an Amicon Centricon® YMI10 or a
Diaflo® Ultrafiltration Membrane PM10 in a 200 ml Amicon stirred cell (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

The 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.

Glyoxalase I Enzymatic Assay
The standard glyoxalase I assay was performed as described by Bergmeyer (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 hemimercaptal substrate to form
non-enzymatically. The free GSH concentration was maintained at 0.1 mM to avoid enzyme
inhibition (Cliffe and Waley, 1961). The hemimercaptal concentration was calculated using a
Kgiss of 3.1 mM (Vince et al., 1971), and the following equilibrium equation:

Kiiss = [MGioa - MGcomplex] [GSHioua - GSHecomplex] / [MG-GSH_omplex]

NOte: [GSHﬁee] = [GSH[Q{a] - GSHcomp[ex] = 0.1 mM
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The rate of formation of the glyoxalase I reaction product, S-D-lactoylglutathione, was
monitored at 240 nm in 10 mm pathlength quartz cuvettes using an extinction coefficient (g)
of 2860 M'cm™ (Vander Jagt et al., 1972). One unit of enzyme is defined as the amount of
enzyme that produces 1 umol of S-D-lactoylglutathione per minute.

Calibration of Methylglyoxal Solution

Methylglyoxal (MG; 40% aqueous solution) was distilled at atmospheric pressure, to
remove any contaminants and polymers, collecting the distillate between 92 - 96°C (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 GixI (purified E. coli GlxI or yeast GixI 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 concentration 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 all 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 (AAa40), using the standard extinction coefficient for S-D-lactoylglutathione
(2860 M em™).

Glutathione Calibration

For most general assays the concentration of a freshly 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 utration based on the method by Ellman (1959). A 50 mg/ml 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 mM potassium phosphate buffer, pH 7.4, and basified to a pH of 7.5-
8.0 with Na,COs;. To a cuvette containing 1 ml of potassium phosphate buffer, pH 7.4, a
sample of the diluted GSH (~0.05 mM final concentration) was added. An aliquot of DTNB
(5.5'dithio-bis(2-nitrobenzoic acid); 2 mg/mi stock in methanol) was added to both the sample
and reference cuvettes and the absorbance at 412 nm monitored. Further aliquots of DTNB

were added, until there was no further change in the absorbance. The concentration of the
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stock GSH was calculated based on the overall absorbance change (¢ = 14, 150 M’ tem™;
Collier, 1973).

DNA Methods

Plasmid isolation and all standard DNA manipulations were performed according to
Sambrook et al. (1989).

Protein Electrophoresis

A Pharmacia PhastSystem™ with commercially available gels and precast buffer
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 GIxI samples. Samples were mixed 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 also 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 with 5% glycerol and 10% acetic acid.
p ghy

Protein Concentration Determination

The Bradford method (Bradford. 1976) was utilized for determination of protein
concentrations with bovine albumin as a standard. The Bradford dye reagent, 0.01% w/v
Coomassie brilliant blue G-250. 95% ethanol. 10% phosphoric acid (85% w/v), was filtered
through Whatmann #1 paper and stored at 4°C for up to one month.

In addition, the accuracy of this method was confirmed by utilizing the theoretical
extinction coefficient of the denatured protein (6.0 M guanidine hydrochloride) predicted for
E. coli GIxI (e =15 930 M'em™ for a single subunit), calculated by PC/Gene® 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
homodimeric protein, quantitation of the Cys in the denatured GIxI 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
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M) and EDTA (1 mM), and the absorbance at 412 nm monitored following 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'cm™ under these conditions (Riddles et al., 1983;

Creighton, 1989).

Preparation of Metal-Free Buffers and Plasticware

To remove extraneous metals from buffers and water, the solutions were passed over
Chelex 100 resin (Na* form) prior to use (~5 ml resin/litre of buffer or less) using a Pharmacia
peristaltic pump P-1. To ‘Chelex-treat’ a protein sample, <5 ml metal substituted protein was
passed over ~3 ml resin. As the Chelex treatment removes divalent metals 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.

All Chelex-treated solutions, and apoenzyme samples were stored in plasticware
presoaked in acid to minimize leaching of metals into the solution. Buffers were stored in
Nalgene 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-H>O. To minimize the level of metal leaching from the
quartz cuvettes during the kinetic measurements of apoGIxlI, the cuvettes were soaked in 1:1

nitric acid:sulfuric acid for 15 min prior to use.

Electrospray Mass Spectrometry (ESMS)

The integrity of each protein sample was monitored by ESMS, provided by the
Biological Mass Spectrometry Laboratory (BMSL), University of Waterloo. A Micromass
Quattro II triple-stage quadrupole mass spectrometer equipped with an electrospray ionization
source was utilized. Samples were introduced in an eluant of 1:1 H>O/CH3;CN (containing
1% formic acid). The data was analyzed with the Masslynx software (version 2.0) and the
multiply charged distribution profile subjected to the MaxEnt algorithm in order to determine

the true molecular mass and its associated errors.
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2.2.4 Protein Expression and Purification
The cell growth and protein purification conditions have been previously reported in
detail in my M.Sc. work (Clugston, 1997; Clugston et al., 1998a). The final conditions used

throughout this work are summarized here.

Cell Growth Conditions

Cell cultures were generally grown in Luria-Bertani (LB) broth (1% w/v tryptone,
0.5% yeast extract, 0.5% NaCl, £ 1.25% agar, pH 7.4 with NaOH), supplemented with
ampicillin (Amp) or Carbenicillin (Carb), at a concentration of 100 pug/ml in LB agar plates,
50 pg/ml in LB broth, or 30 pg/ml in minimal media where indicated.

To express E. coli GIxI a starter culture of LBca.p was inoculated with E. coli
MG1655/pGL10 and the culture left standing at 37°C overnight. After approximately 14
hours, the culture was shaken at 37°C for ~30 minutes, to ensure the cells would be in a stage
of rapid growth. A large scale culture of LBcap plus 1 mM NiCl,, was then inoculated with
10 ml starter culture/1L media. When the ODggo reached approximately 0.5 (~4 h) the culture
was induced with 0.5 mM IPTG (isopropyl-B-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 12,100 g, 15 min),

frozen in liquid N>, and stored at -80°C.

Cell Disruption
Frozen E. coli MG1655/pGL10 cells were thawed on ice in 20 mM Tris pH 7.0. (10

ml/gram of frozen cells for sonication or ~5 ml/g for French Press disruption). The cell
suspension was disrupted by two rounds of sonication using short pulses (~10 s) with
intermittent cooling on ice (~30 s) or by two passes through the French Press at 10,000-
12,000 psi. PMSF (phenylmethylsulfonyl fluoride; 1mM) and glycerol (30% v/v) were
immediately added to the solution and the cell 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 debris.
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Protein Purification

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/min and eluted with a linear
(1%/min) gradient to 1 M KCl, in the same buffer. The fractions containing GIxI activity (30-
50% KCI) were pooled and dialyzed overnight (2 x 1 L 10% glycero/H>O, 4°C) with
SPECTRA/POR® molecularporous membrane tubing, molecular weight cutoff 12,000-
14,000, (Spectrum Medical Industries, Inc. Los Angeles, -CA) with frequent additions of
PMSF (1.5 mM initially, an additional 1.0 mM after 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
glycerol/H,0 was adjusted to between 6-9 using KOH after each PMSF addition.

The dialyzed protein sample was further purified by preparative isoelectric focusing
(IEF; Bio-Rad Rotofor®, Mississauga, ON). Prior to protein loading, the [EF was loaded with
MilliQ-grade water and a constant power of 3-5 W was applied for 20 minutes to remove any
contaminating ions from the system. To separate GIxI, a pH gradient of 4.5-5.0 was
established with Bio-Rad RotoLy'tes® (final concentration of 100 mM each MES and Gly-
Gly). Following a 6 hour separation at 12 W constant power, the active fractions were pooled
and concentrated by ultrafiltration (10 kDa cutoff) with a buffer change to 50 mM MOPS pH
7.0 (Chelex treated). The protein under these conditions was stable to storage at 4°C for at

least six months.

2.2.5 Enzyme Kinetic Studies

Determination of Kinetic Parameters

Determination of the Michaelis constant, K, and the maximal enzyme velocity, Vmax,
for E. coli GIxI activated with various metal chlorides involved measurement of the initial
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 metal to
dimeric enzyme added unless otherwise noted. The data was fit by non-linear regression
analysis using GraFit 3.01 (Erithacus Software Ltd.).

As the iron (IT) 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. All



buffers and solutions were degassed and sparged with argon prior to use. The Fe*"-activated
GlxI was introduced with a standard pipetman, keeping a layer of argon over the enzyme
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 GixI and the absorbance at 240 nm was

monitored over time.

pH Profile

A profile of the effect of pH on the activity of the Co’-activated enzyme was
performed by altering the pH between 5.0 and 8.2, as previously described for Ni**-GlxI
(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 from the buffer and half from potassium chloride (0.1 M).
Potassium acetate buffer (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, 0.0465 M at pH 6.9,
0.0381 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 (>0.5 mM)
were added to the buffer the pH decreased up to 0.l 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.

Metal Competition

To determine if the metal bound to GIxI can be replaced by another metal in solution,
metal competition studies were performed. One mole equivalent metal chloride (Ni** or Zn®>")
was added to dimeric apoGlxI and the activity determined. Five- and one hundred-fold
equivalents of the competing metal (Ni** or Zn**, Co?*, Cd*", Mn?*, Cu*") were then added
and the solutions kept at 4°C. The activities were tested with 0.5 mM substrate, 1 min, 1
hour, 1 day, and 7 days after addition of the competing metal. Similar competitions were
performed with GIxI reactivated with each of Co*", Cd*", Mn?*, and Cu®" versus Ni** and

Zn®* as the competing metal, with the exception of Zn®* versus Cu®" as both are inactive and
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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 controis 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 further activation beyond that
observed with one equivalent.

Further analysis was performed with incubation of the solutions at 37°C. To ensure
the enzyme is stable under these conditions, the activity of GIxI activated with one mole
equivalent NiCl; to dimeric enzyme was monitored over a 2 day period. Complete metal
competitions were performed by adding one equivalent metal then five-and one hundred-fold
equivalents of the competing metal, incubating at 37°C and monitoring the activity over a 2
hour period. Each of the metal combinations described for the tests at 4°C were repeated at
37°C. As this is a time-dependent experiment each time point was measured once but each of

these sets of measurements was performed in duplicate.

Inhibitor Studies

Purified apoenzyme was diluted in 50 mM MOPS, pH 7.0 and one mole equivalent of
NiCl, added to produce an active dimeric enzyme. ICso measurements were performed at 6-9
different inhibitor concentrations with a substrate concentration of 0.04 mM, maintaining a -
free GSH concentration of 0.1 mM to avoid enzyme inhibition, assuming a K4 of 3.1 mM for
methylglyoxal and GSH (Cliffe and Waley. 1961; Vince et al., 1971). Every point was
measured in triplicate and each set of measurements was perfonﬁed at least 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
ICso curves were fit using GraFit 3.01 (Erithacus Software Ltd.) according to the following
equation: y = a/(1+(x/ICsp)*), 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.
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2.2.6 Metal Binding

Inductively Coupled Plasma (ICP) Analysis

For inductively coupled plasma (ICP) analyses of the E. coli GIxI protein, the purified
protein was prepared in metal free solutions. For the various metal substituted forms of the
enzyme analyzed, apoGlxI was reconstituted with 2.5 mole equivalents of metal chloride
(NiCl,, ZnCl,, CoCl;, CdCl,, MnCl;. CuCl,, MgCl,, CaCl;) 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 nitric acid. As this was
not found to be necessary subsequent samples were not passed over Chelex resin prior to
acidification. To ensure that the Chelex treatment was not removing bound metal from the
enzyme or affecting the activity in any other manner, the activity of the sample was tested
before and after passage through the Chelex resin as well as before and after the dialysis.
Attempts were made to also test the binding of FeCl> to apoGlxI, however precipitation of
Fe** occurred during the dialysis. preventing passage of the unbound metal from the dialysis
tubing and hence the results were invalid.

To determine the metal content of E. coli GlxI grown in the presence of ZnCl, (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 metal. This was
to determine if Zn®" added to the media is taken up by the cells and incorporated into E. coli
GIxI. The effect of added Ni*~ to the growth media and the effect of no metals added on the
metal content of GIxI has previously been reported (Clugston, 1997; Clugston et al., 1998a).
Concentrations of 0.1 mM ZnCl> or 1 mM NiCl» added to the growth media was found not to
be detrimental to £. coli MG1655/pGL10 cell growth.

Metal analyses were performed at the Solutions Analytical Laboratory (previously
called the Water Quality Laboratory, Department of Earth Sciences, University of Waterloo).
Inductively coupled plasma analyses were performed using a Thermo Instruments IRIS
Plasma Spectrometer (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.
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Isothermal Titratior. Calorimetry (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 25°C, 297 rpm stirring rate. Titrations were performed with purified
apoGlIxI and several metal chlorides (NiCl,, ZnCl,, CoCl;, CdCl,, MnCl,, MgCl,. CaCl,).
The enzyme concentration in each titration was between 0.06-0.14 mM dimeric apoGIxI 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 portals. Metal concentrations were between 1-2 mM in matching buffer,
prepared in the same buffer stock used for protein storage (must be exactly identical). The
reference cell was filled with MilliQ-grade water. Titration with each metal into apoGlxI was
performed a minimum of three times, with the exception of Mg®* and Ca** 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 isotherm, corresponding to the heat absorbed or
released when the ligand interacted with the protein, was analyzed with ITC Data Works™
Version 1.0, and the thermodynamic parameters determined utilizing BindWorks™ 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.

Prior to analysis of protein-metal interactions, the ITC was calibrated utilizing the
internal electrical 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 instrument was functioning properly

and the techniques utilized to setup the titration were suitable.
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2.2.7 Protein Stability Studies

Differential scanning calorimetry (DSC) was performed by Dr. H. Frey in Professor J.
Lepock's laboratory (Department of Physics, University of Waterloo), on a Calorimet_ry
Sciences Corporation (CSC) Nano DSC. GIxI samples (1 mg/ml 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 rescanned
to determine the denaturation reversibility. Data was analyzed with Microcal™ Origin™

version 5.0 software (Microcal Software, Inc., Northampton, MA).

2.2.8 Mass Spectrum Analysis of the Non-covalent Interactions between
Glyoxalase | and Various GSH Analogues

For mass spectrum analyses purified apoenzyme, following isoelectric focusing, was
concentrated and the buffer changed to 5 mM ammonium acetate buffer, pH 7.0 using an
Amicon Centricon (YM10). Aliquots of the enzyme were stored in microcentrifuge tubes,
which had been presoaked with 10% nitric acid to remove any extraneous 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 GIxI
and varicus GSH analogues were performed 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 of aqueous 5 mM 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 wvalues of 2.5, 3.0, 4.0, 5.0, 7.0, 8.0, and 10.0. GIxI 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-hexylgiutathione, S-octylglutathione, S-D-lactoylglutathione, S-(p-
nitrobenzyl)-glutathione, S-{2-[3-(hexyloxy)benzoyl]vinyl}glutathione, glutathionesulfonic
acid, and S-(p-azidophenacyl)-glutathione were first dissolved in DMSO and placed overnight
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.
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Nanoflow ESI-TOF (electrospray ionization time-of-flight) mass spectra of GlxI and
the potential inhibitors were acquired using a Micromass Q-TOF hybrid tandem mass
spectrometer equipped with a Z-spray ionization source, using gold-coated glass capillaries.
The capillary 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 al., 2000; van Dongen and Heck, 2000). The potential
between the nanospray needle and the orifice of the mass spectrometer was approximately
1700 V; the optimal cone voltage was approximately 60 V. The first quadrupole was used in
the RF-only mode. TOF spectra were measured over a m/z range of 800 to 4000. The data
were recorded and processed using the MassLynx software. Mass calibration of the

spectrometer was performed using horse heart myoglobin.
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2.3 Results and Discussion

2.3.1 Kinetic Analyses

Determination of Enzyme Kinetic Parameters in the Presence of Various Metal Ions

The detailed kinetic studies on E. coli GIxI in the presence of various metals
reinforced our preliminary findings (Figure 2.7). The enzyme is maximally active with Ni**
and exhibited lower levels of activity with Co’*, Cd*", and Mn?". In addition, activity was
found upon addition of Fe>" but not with Cu®". 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 Fe?". Initial attempts to introduce the Fe>*-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 Fe® -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 metal Fe’" to Fe’".
Using this technique it was possible to obtain the Vg and K, for Fe**-activated GIxI.
Atempts by an undergraduate thesis student, G. Konrath, to perform an activity titration for
Fe into apoGixI 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 Fe™ the
activity was only approximately 75% of the fully 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 in Table 2.1 were performed with 2.5

equivalents of metal in each case, there was sufficient Fe?* available for the analysis.
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Figure 2.7: Activation of apo E. coli GIxI 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 I with various activating metals .

Metal Chloride Vmax K (M) kear (57) kea/Km (M 57)
(umol/min/mg)
NiT™ 676+ 17 27 + 0.4 338 12 x 10°
Co®™ 213 +33 12£2 106 9.1x 10°
Mn?>* 121+9.8 9.6+2 60.2 6.3x 10°
Fe? 11219 10+ 3 55.7 5.5x 108
cd> 43.1 4.6 8.9+04 21.4 2.4 x 10°

"From Clugston et al., 1998a
*10 substrate concentrations were measured in triplicate with ~0.4 ug of enzyme per assay, and each set of
kinetic measurements performed 2-3 times for each metal.
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A second problem that was encountered was in the analysis of Mn**-GIxI. After
addition of the metal activated enzyme to the substrate solution, the activity appeared to
slowly decrease during the course of the reaction. It was found that addition of excess metal
to the substrate solution reduced the rate of this decrease, suggesting that the metal was being
lost in the reaction mixture. Analysis of the enzyme activity using MES as the assay buffer
rather than phosphate eliminated this problem. 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 GIxI discussed in Chapter 4. Although it
has a very low affinity, phosphate does bind metals, whereas MES-based buffers do not have
detectable metal binding properties (Price, 1996). As this problem was only encountered with
the Mn*"-activated enzyme it suggests that the affinity of the enzyme for Mn** is slightly
lower than for the other metals. This was in fact proven in the metal binding analysis
presented in the following section. The kinetic parameters for Ni**-GIxI were measured using
MES for the assay buffer and there were no significant effects on the enzyme activity. Hence,
all subsequent Mn”* activity assays were performed in MES. This buffer effect may also
explain why the V. reported in this work is somewhat higher than the apparent Vg ax (~ 65
pumol/min/mg) reported from our previously metal titration study (Clugston, 1997).

As evident from Table 2.1. there is a slight alteration in the Michaelis constant, Kp,
with the various metal ions. suggesting the alteration of the active site metal is not greatly
affecting the substrate binding. The value for the Ni*"-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 GIxI, 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 forms of the enzyme.

In comparison, the Zn*"-active forms of GIxI from S. cerevisiae, H. sapiens, and P.
putida have key values of 1120 s, 1500 s™', and 500 s™ respectively (Vander Jagt and Han,
1973; Ridderstrom et al.. 1997; Saint-Jean et al., 1998). However, the k.o/Kn values from
these sources are similar to that of the E. coli GIxI, being 3.5 x 10°M!s, 23 x 10 M's™, and
1.3 x 10° M's™ from S. cerevisiae. H. sapiens, and P. putida, respectively (Vander Jagt and
Han, 1973; Ridderstrom et al., 1997; Saint-Jean et al., 1998). The k./Kn values indicate that

the E. coli GIxI is very efficient. functioning at close to a diffusion-controlled rate. Recent
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studies on the kinetic properties of the yeast GIxI enzyme utilizing various viscosometric
methods supports the suggestion that GIxI functions at a diffusion-controlled rate, under
physiological conditions (Shih et al., 1997).

DpH 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 Ni**-GIxI 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 significant increase in the Ky, was noted. There was also an
increase in the K, below pH 5.8. A similar pH profile analysis has been performed on the
Co*"-activated enzyme (Figure 2.8). As illustrated, the Ky, is also increased above pH 8 but
not as significantly as observed for Ni*"-GIxI. Like the Ni** form, the maximal activity of the
Co**-activated enzyme could not be determined at pH 8.4. Also similar to the Ni**-GIxI,
Co®"-GIxI did exhibit an increase in the K, 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 Ni**-GIxI. It is possible
that at this lower pH the affinity 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 frame 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 from studies with yeast GlxI (Vander Jagt
and Han, 1973). The sudden change in the Ky, suggests that the protonation state of some
residues involved in substrate binding may have been affected. Examination of the crystal
structure of E. coli GIxI and comparison with the H. sapiens GIxI structure cocrystallized with
a GSH-analogue, allows for the identification of potential active site residues that may be
affected (Chapter 3; Cameron 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 8-11, and the carboxy of aspartate or
glutamates have been observed to have pK, value between 2-5.5 in proteins (Fersht, 1999 and
references therein). The ligands to the catalytic metal in E. coli GIxI are histidines (5 and 74)
and glutamates (56 and 122) and therefore may be affected by the change in pH above 8 or
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below 5. However, as the enzyme was still able to reach maximal enzymatic activity until pH
8.4 this is not expected to be the cause of the increase in Ky,. In the H. sapiens GIxI enzyme,
the aromatic ring of phenylalanine 68 lies above the peptide linkage in glutathione. In the E.
coli enzyme this residue is tyrosine 39. Although tyrosines generally have pK, values
between 9-12 in proteins (Fersht, 1999). it 'may be affected above a pH of 8 in the E. coli
enzyme. Aside from the glutamate residues involved in metal ligation, glutamate 49 may be
involved in substrate binding, although it is rather distant from the active site. In H. sapiens
GIxI this residue corresponds to leucine 93, which is 4.3 A from 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. Although the pK, values for
arginine is generally in the range of 12, this residue is conserved in the E. coli enzyme and
therefore may be important in substrate binding. The role of these residues in substrate
binding in £. coli GIxI is speculative at best given our current knowledge. The active site of
the E. coli 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 GIxI cocrystallized with a GSH-analogue, the determination of the residues
involved in substrate binding that might be affected by a change in pH may be identified.
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Metal Competition Studies

As maximal enzymatic activity is achieved without an excess of metal present but only
one equivalent of metal added to the apoenzyme, it appeared that E. coli GIxI has a high
affinity 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 studies
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 Ni**-GIxI and Zn>"-GlIxI with Co?*, Mn?", Cd**, Cu®" and either Ni** or Zn** added
in excess. If we assume that we are observing metal exchange then this exchange appears to
occur very slowly. Similar trends were seen with GIxI reconstituted with each Co™*, Mn®",
Cd*", and Cu®" and excess Ni** and Zn®" added to attempt to compete for the meral binding
site. In order to better analyze the potential metal exchange, the experiments were then
repeated but with the enzyme solution incubated at 37°C. Ni*"-activated GIxI was first
incubated at 37°C and the enzyme activity monitored to ensure enzyme stability under these
conditions. The enzymatic activity of E. coli GlxI in the presence of Ni** did not change over
the course of 48 h when incubated at 37°C. Thus, these conditions could be employed for
further competition studies. In all of the competition experiments the enzyme was incubated
at a concentration of 2 mg/ml and diluted immediately prior to analysis. This ensured
consistency in the incubation concentrations. and maintained the enzyme concentration at a
high level to ensure enzyme stability.

A series of plots ‘are illustrated in Figures 2.11 and 2.12 showing the alteration of
enzyme activity over time in the presence of alternate metals. The activity change is related
to the specific metal ion, in addition to the incubation temperature and metal concentration.
In the case of the Zn**- and Cu**-substituted GIxI the enzyme activity increases upon addition
of the competing metal. This increase is attributed to the activation by the competing metal.
Conversely, for the Ni*-activated enzyme, the activity decreases with this possible metal
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 2.11A, Mn?* does not completely replace Ni**
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with only 5 equivalents added (relative activity 0.5 rather than expected 0.2). Similarly
competition with Cu®* did not produce a completely inactive enzyme. A further 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 Mn”" and Cu®* is lower than for
other metals tested. In contrast, complete exchange with Cd>*, based on a decrease in the
relative activities to 0.08, suggests a2 more rapid exchange for this metal. The Mn**-GIxI was
more rapidly activated with the addition of excess Ni’" than Cd**-GIxI. Similar results were
observed for the analysis with 5 equivalents of competing metal (data not shown), but the
exchange appeared to occur at a slower rate.

One exception to these observations was the activation of Zn**-GIxI and Cu®*-GIxI
with excess Ni’* (Figure 2.10 and 2.12A and E). Although the activity increases with time, it
does not reach the maximal activity generally seen for Ni**-GIxl. Even when the activity of
the sample incubated at 37°C was tested 24 hours later the activity had not reached its
maximal level. This could mean there was incomplete exchange of the metal ions, or that the
enzyme is less stable when incubated with Zn®" or Cu®" and the enzyme was becoming
inactive prior to activation with the Ni*". Our recent differential scanning calorimetry results
(Section 2.3.3) indicate this later suggestion is not likely for the Zn** sample, as the enzyme
appears very stable in the presence of Zn’>". ApoGIxI can be fully reactivated with the
addition of metal. hence it is possible to achieve full activity after 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: Ni*"-GIxI metal competition. (A) 5 equivalents and (B) 100 equivalents of the
indicated competing metal added and incubated at 4°C. Activities are shown relative
to fully active Ni*"-GixI. The lines are arbitrary fits to show the trend in the data.
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lines are arbitrary fits to show the trend in the data.
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2.3.2 Metal Binding

As our metal analysis indicated that E. coli GixI is maximally active with one mole of
metal per mole of dimeric enzyme (Figure 2.5) and analysis of the metal content confirmed
only one Ni** ion per dimer in the active enzyme (Clugston, 1997; Clugston et al., 1998a),
further analysis of the metal binding properties of £. coli GIXI was warranted.

Incorporation of Metal into E. coli GIxI During Protein Expression

Previous analysis of the metal content of E. coli GlxI, produced in E. coli MG1655
grown with no added metal ions as well as with NiCl, 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 ZnCl,. Appendix A, Table A.l lists the results of the metal analysis for E. coli
GIxI grown in the presence of NiCl, and ZnCl,. Based on this combination of experiments,
the following observations and general conclusions can be made for E. coli GixI. When NiCl,
was added to the growth media, Ni*" was incorporated into the produced protein as
determined by ICP analyses (Clugston, 1997). This indicates that Ni** is transported into the
cells, most likely through the low-affinity Mg?" transport system (Drake, 1988; Snavely et al..
1989; Silver, 1996), where it is taken up by the GIxI protein. In addition, the activity of the
overproduced enzyme directly correlated with the amount of NiZ* incorporated into the
protein during cell growth (based on ICP and kinetic analyses). However, incorporation of
Zn*" (available from the growth media with and without supplementation with ZnCl,) into the
overproduced enzyme resulted in production of inactive holoenzyme. The amount of protein
produced was not affected by the presence of Ni*~ or Zn>* in the growth media. Because of
the high efficiency of protein production from our construct (150-200 mg/L. with a 6 h
induction time), substantial amounts of apoenzyme (50-70%) were always produced. The
remaining amount of apoenzyme could be converted to active holoenzyme upon addition of
nickel to the protein solution. Addition of ZnCl, did not activate the apoenzyme even when

incorporated during protein expression.

Number of Metal Ions Bound to E. coli GlxI

ICP analysis was also employed to determine if each of the activating metals bind in

the same ratio as seen for nickel. This was also utilized to determine if the metals that do not
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activate the enzyme, such as Zn*>* and Mg®", are bound by the enzyme, but in an inactive
form. Table 2.2 summarizes the results of these analyses. For each of the activating metals,
Ni**, Co?*, Cd**", Mn**, one metal ion is detected per enzyme dimer. Interestingly, Zn>* and
Cu?" do in fact bind to the enzyme in the same ratio but produce an inactive holoenzyme.
Mg®>* and Ca’* however do not appear to bind to E. coli Glxl, explaining the lack of
activation. This is in contrast to the H. sapiens GixI enzyme which is equally active with Zn**
or Mg®" (Sellin et al., 1983). S. cerevisiae GIxI has been found to contain Zn** as its natural
metal but partial activity is recovered by addition of Mg2+ or Ca®* to the apoenzyme (Murata
et al., 1986c¢).

These results clearly indicate that one mole of metal is bound per mole of dimeric
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 Zn?" ion in each site (Cameron et al., 1997). The E. coli GIxI protein sequence is
36% identical to that of H. 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 calorimetry (ITC) 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 £. coli GIXI the theoretical extinction coefficient of the denatured E. coli
GlxI protein (e = 15 930 M'cm™ for a single subunit) was employed. In addition, a cysteine -
titration with DTNB was performed. E. coli GIxI 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 experimental error. Therefore, our conclusion
that E. coli GIxI reaches maximal activity with one metal ion bound per dimer appears to be

accurate.
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Table 2.2: Results of the isothermal titration calorimetry (ITC) and inductively coupled
plasma (ICP) analyses of E. coli GIxI with various metal ions.

. n AH K,* Moles Metal/
Metal Chloride (Binding sites) (kJ/mol) o Dlmel:lc Enzyme
by ICP

Nickel 1.04 £0.11 -16.4+0.9 > 10’ 1.2

Zinc 0.93 = 0.05 -10.8+0.4 > 108 0.80
Cobalt 0.92 £ 0.02 -10.9+0.2 > 10’ 0.80
Manganese 0.90 + 0.06 -140+0.5 3.9+1.0x10° 0.84
Cadmium 1.00 = 0.03 -31.8+0.6 > 108 0.95
Magnesium 0 - - 0
Calcium 0 - - 0
Copper N.D. 1.2

*Only an approximate association constant could be determined except for Mn~ binding. The values measured

were quite variable when the best fit was calculated, even within the same titration data. The ranges are just
resented as a guide to the relative binding affinity for each metal examined.

Not determined.

It is possible, and expected, that a second putative metal binding site exists in E. coli
GIxI. It may be that this second site has much weaker affinity for any of the metals tested.
Addition of a very large excess of NiCl to the enzyme (~1000 equivalents) did not increase
the enzymatic activity above that observed when only one equivalent of NiCl, 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 that two inhibitor molecules could bind to the enzyme, indicating two active sites
do exist. Nevertheless, our crystallographic results presented in Chapter 3 show one metal ion

bound in each of two active sites. under the crystallization conditions used.

Affinity of E. coli GIxI for Various Metal lons

The isothermal titration calorimetry studies not only provided information on the

number of binding sites on the macromolecule, but also provided information regarding the
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thermodynamic parameters of the interaction between the protein and metal ions. As seen in
Table 2.2, the equilibrium binding constant or association constant (K.) is very high for most
of the metals analyzed. Unfortunately, the affinity is too high for accurate determination by
calorimetry in most instances. Only a general range could be determined, for example Ni**
appears to have a K, greater than 10" M, which corresponds to a dissociation constant (Kq)
of 1® or in the nanomolar range. Figure 2.13 illustrates a sample titration of NiCl, into
apoGIxI. Determination of an exact affinity at this level is difficult with any of the techniques
listed in the introduction, not just isothermal titration calorimetry. What can be determined
from these K, values for each of the metals are the relative affinities.

The enzyme appears to have a lower affinity for Mn** allowing for more accurate
determination of the association constant (3.9 x 10® M™"). Ni** and Co** have affinities (>10’
M) intermediate between Mn>" and the tightly bound Cd?* and Zn** (>10¢M™).

The enthalpy change (AH) for the interaction of each metal with apoGIxI is each in the
same range. although AH for Cd*" is somewhat lower. Without an accurate K, value, further
thermodynamic 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 stainless steel. which is ~60% nickel (Alfa Aesar 1999-2000
Research Chemicals, Metals and Materials Catalogue). As E. coli GIxI readily binds nickel
there were problems with baseline stability during some of the titrations. While the
apoenzyme was present in the [TC cell for approximately one hour equilibrating prior to the
start of the titration, a small steady production of heat was observed. Even after the start of
the titration. the baseline often had a positive slope. 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 sample of protein was removed from the
ITC after approximately 90 min in the stainless steel cell. The relative activity was about
10% that seen with fully active Ni*"-GIxL. which may explain why in some instances the
number of binding sites (n) was slightly below one. Prior to each titration, the cells 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
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simply be binding to the walls of the cell rather than removing any free or loosely bound
metals, even following extensive rinsing with buffer prior to addition of the enzyme. When
the metal was titrated into the cell it might then bind to the apoenzyme and to the residual
EDTA, effectively titrating the EDTA from the walls of the sample cell. 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 matching buffer was utilized in the reference cell. As a
result, it could not be determined how much of the problem was due to the EDTA rinse, or

glycerol interference.
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Figure 2.13: Representative binding isotherm of a titration of NiCl, into apo E. coli
glyoxalase I.
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2.3.3 Protein Stability Studies

Differential Scanning Calorimetry (DSC)

The stabilities of the various metal-substituted forms of wild-type E. coli GIxI were
evaluated by differential scanning calorimetry (DSC). As seen in Figure 2.14, the results
reveal a very interesting trend. Although the apoenzyme is quite stable (T, = 67.0°C) there is
a significant increase in stability upon addition of metal. The Ni**-substituted GixI has a
thermal denaturation temperature (Tn) of 83.8°C, whereas this increases even further in the
presence of Zn®*, to 88.4°C. The Co**-, Mn®*-, and Cd**-substituted GixI enzymes have
thermal denaturations of 82.7°C, 74.2°C, 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
AEO036 metallo-B-lactamase was found by DSC to stabilize the enzyme conformation, as
evident in a 14°C increase in the Tp, of the mono-Zn*" form of the enzyme compared to the
apoenzyme (Hernandez Valladares et al., 1997). Similarly, the single-stranded DNA binding
protein, gene 32 protein (g32P) from bacteriophage T4, a zinc metalloprotein, has a Tr, 6°C
higher than the apoform of the enzyme (Keating et al., 1988). The T, for this protein
reconstituted with either Cd*" or Co”™ was very similar to that observed for the Zn** form of
the enzyme.

We have previously shown that E. coli GIxI remains dimeric in the absence of metal
and circular dichroism indicated there were no major structural changes upon binding Ni**
(Clugston. 1997; Clugston et al.. 1998a). This suggests that the metal 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 confirmed 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 rigid prior 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 enzyme. It is interesting that
although the enzyme is inactive with Zn>*, the protein is slightly more stable in the presence
of this metal than with Ni*". Our work has suggested that the affinity of the apoenzyme for

Zn*" is very high, and that excess Zn®" can replace one of the activating metals in GIxI over
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time. The significance of this increased stability in the presence of Zn*" is not known at this
time. As Zn®" is readily available in the cell, it is possible however, that binding Zn*" may be

a way to sequester GIxI in the cell in an inactive yet stable form till needed.
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Figure 2.14: Illustration of the DSC results for apo E. coli GIxI and various metal substituted
forms.
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2.3.4 Inhibitor Binding Affinities of E. coli Glyoxalase | Determined by Mass
Spectrometry of Non-covalent Complexes and Comparative Kinetic

Analyses

Enzyme Topology and pH Influence

We have previously demonstrated by gel filtration chromatography, that the active
form of E. coli GIxI is dimeric, however all of our mass spectral data on E. coli GlxI was
collected under denaturing conditions and hence only the protein monomers were evident
(Clugston, 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 GIxI in buffers
with a pH of 2.5, 3.0, 4.0, 5.0, 7.0, 8.0, and 10.0 were recorded. Figure 2.15 graphically
illustrates the relative contribution of dimer species to the total ion signal as observed in the
ESI 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 minor 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 study resembles the pH activity profile of the
enzyme in solution (Clugston, 1997; Clugston et al., 1998a; Figure 2.8). These results
indicate that ESI-MS might be an extremely useful technique to give preliminary pH stability
information on protein assemblies (Loo. 1997; Green et al., 1999; van Berkel et al., 2000).
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Figure 2.15: Percentage of dimer to dimer + monomer ions as determined from the mass
spectra of E. coli GIxI 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.

Role of Ni*~ in Enzyme Dimerization Examined by ESI-MS

It is known that GIxI requires a catalytic metal ion for bioactivity and E. coli GIxI is -
maximally active with Ni*". However. all the mass spectra were recorded on the apoenzyme.
The results summarized in Figure 2.15 suggest that the E. coli glyoxalase I enzyme remains in
its dimeric form even in the absence of Ni*~ ions. Our previous gel filtration study also
confirmed that the enzyme is dimeric 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 Ni*“-binding is not essential for dimerization 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).
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Enzyme Inhibitor Complex Topology

Enzyme inhibitors of GIxI are conventionally investigated by monitoring the
enzymatic production of S-D-lactoylglutathione using UV difference spectroscopy. This
method requires comparatively large quantities of enzyme and inhibitor per run, and is rather
time-consuming. Additionally. it is rather difficult to obtain information about the enzyme-
inhibitor complex topology/stoichiometry by UV difference spectroscopy on its own. ESI-
MS was utilized as an initial inhibitor screen by determination of their relative binding
affinities to the enzyme. For these studies a 2 pl mixture of 5 uM E. coli GIxI (10 pmol) with
a fixed amount of inhibitor was incubated for an hour in an ammonium acetate buffer at
neutral pH. An illustrative nanoflow ESI mass spectrum of E. coli GIxI and S-{2-[3-
(hexyloxy)benzoyl]-vinyl} glutathione is shown in Figure 2.16. In addition to the ion signals
originating from the unbound monomer (@) and unbound dimer (o), additional signals were
observed (indicated by the arrows) which could be attributed exclusively 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 . sapiens GIxI (Cameron et al., 1997), and confirmed by our x-

ray structural studies on the £. coli enzyme (Chapter 3: He et al., 2000).

Role of Ni*~ in Inhibitor Binding

As outlined. this mass spectrometric approach evaluates binding affinities rather than
inhibition values. In order to determine whether the binding of an inhibitor to GIxI was
influenced by the presence or absence of Ni’™. mass spectra of GIxI and S-{2-[3-
(hexyloxy)benzoyl]vinyl}glutathione in buffered solutions containing 0, 2.5 and 25 mole
equivalents of Ni>" were compared. No significant differences were observed and therefore it
was assumed that indeed Ni*~ does not influence the binding affinities appreciably. In the
presence of Ni** the mass spectrometric data became rather complicated as many additional
ions were detected containing several Ni*~ and/or NiCl* adducts, making the assignment of
the ion signals quite difficult. Therefore. we chose to carry out the mass spectrometric studies

in the absence of nickel.
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Figure 2.16: ESI mass spectrum of E. coli GIxI (5 pM) with S-{2-[3-(hexyloxy)benzoyl]-
vinyl}glutathione (2.5 uM). mindicate the GlxI monomer, @ the dimer, and the arrows

indicate the binding of an inhibitor molecule.
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Inhibitor Screening by Mass Spectrometry

The binding of a small library of inhibitors (Table 2.3) to E. coli GIxI was individually
tested keeping the concentration of the different inhibitors constant (8 uM). 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 binding affinities. This has been considered a reasonable assumption 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 determined that S-methylglutathione (a) binds
weakly compared to S-hexylglutathione (¢). To derive more quantitative data the multiply
charged distribution profiles were transformed to produce true molecular neutral spectra using
the Masslynx NT software. From the peak integrals, relative affinities of inhibitors 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 all
the studied inhibitors at constant enzyme and identical inhibitor concentrations. For
comparison, solution ICsq values were determined for some selected inhibitors. Figure 2.17
shows an illustrative plot of the fractional enzyme activity as a function of the transition state
analogue concentration, from which the ICsy value of the transition state analogue for GIxI
from E. coli could be determined. The measured ICsq values have been included in Table 2.3.
It should be noted again that in the ESI-MS studies only the interaction between the enzyme
and the inhibitor is studied, in the absence of Ni*". For the enzyme kinetic analyses, Ni*" had
to be added. as the enzyme is otherwise not active. Regardless, the extent of inhibitor binding
seems to show an accurate correlation with the determined ICsq values. The inhibition values
confirm the mass spectrometric results and indicate that out of the 11-membered library only
two are inhibitors in the micromolar range, the transition state analogue (k) and S-{2-[3-
(hexyloxy)benzoyljvinyl} glutathione (e). The agreement found in the ESI-MS affinity data
and the ICso data from kinetic analyses emphasizes that the absence/presence of Ni** has no
significant effect on the binding affinity. The Ni*" ions do affect the enzymatic catalysis rate,
but the absence/presence of Ni*™ most likely does not lead to major conformational changes in

the inhibitor binding site(s).
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Table 2.3: Structures, inhibition values (ICsp with 0.04 mM substrate), and relative binding
affinities (n) of the library of potential inhibitors of E. coli GIxI evaluated.

Compound Structure ICs50 (mM) n
S-Substituted GSH
NH;™
02' s CO:~
A
R

(a) S-methylglutathione R=-CH; 2.97 +0.45 0.32
(b) S-propylglutathione R = -(CH,),CH;3; 1.00 £ 0.08 0.53
(c¢) S-hexylglutathione R =-(CH,)sCHj3 1.18+0.14 0.54
(d) S-octylglutathione R = -(CH,),CH; 0.52+0.01 0.58

(e) S-{2-[3-(hexyloxy) R= g O—(CHy)sCH3 5725+247uM  0.94
benzoyl]vinyl}glutathione HC=CH- &O
R=

() S-(p-azidophenacyl)- 1.18+0.10 0.50
glutathione —CH 2_@—0N3

(g) S-lactoyiglutathione 2.05+0.16 0.28
(reaction product)

(h) S-nitrobenzylglutathione 0.88 +0.04 0.53

(1)  Glutathionesulfonic acid >5 0.42

(J) Moyricetin N.D. 0.13

(k) Transition State Analogue 1.80£0.12 pM 1.33
(TSA) NH{\{\ﬁN
0> NH ~COy
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Several glutathione analogues have been demonstrated to be competitive inhibitors of
the S. cerevisiae and H. sapiens GIxI enzymes (Kermack and Matheson, 1957; Vince and
Wadd, 1969; Aronsson et al., 1981; Cameron et al., 1997). It has been suggested that the
binding pocket present in S. cerevisiae and H. sapiens glyoxalase I has a hydrophobic region
(Aronsson et al., 1981; Cameron ¢t al., 1997). In order to determine whether similar
interactions are important in the E. coli enzyme we evaluated a series of increasingly
hydrophobic glutathione analogues (a to d in Table 2.3). Both our mass spectrometric data
and ICs¢ data indicate that the inhibition potency increases with increasing alkyl chain length
(Table 2.3). However, none of these alkyl-glutathione analogues reach the high inhibition
level previously demonstrated for the S. cerevisiae enzyme (e.g. ICso of octyl-GSH = 59 uM;
Barnard and Honek, 1989), suggesting a significant alteration in the binding pocket of the E.
coli enzyme. If similar alterations exist between the active sites of E. coli and H. sapiens
glyoxalase I, determination of such differences in the binding pocket could be targeted for the
development of novel antibacterial agents. Chapter 3 presents the recently determined crystal
structure of E. coli GIxI (He et al.. 2000). Comparison 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 evaluated.
However. no major increase in potency was observed by the inclusion of an aromatic
functionality. Neither the reaction product. S-D-lactoylglutathione (g), nor the negatively
charged glutathionesulfonic acid (i) appear to bind particularly strongly to the enzyme.
However, two compounds in our library exhibited particularly strong binding affinity, the
transition state analogue (k) (Ly et al., 1998) and S-{2-[3-
(hexyloxy)benzoyl]vinyl}glutathione {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 herice binds in the enzyme active site.
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Figure 2.17: Representative plot of the fractional enzyme activity as a function of the
transition state analogue inhibitor concentration, used to determine ICsp values. These
curves were fit using GraFit 3.01 (Erithacus Software Ltd.) according to the following
equation: y = a/(1+(x/IC50)"). '

The mass 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 picomoles of enzyme -
and inhibitor) and it does not suffer from problems associated with spectral interference. For
instance the flavonoid myricetin (j). has been previously shown to inhibit the S. cerevisiae
GixI enzyme at a level of 50 uM (Bamard and Honek, 1989). However, because of the
unfavorable effect of myricetin on the standard A = 240 nm spectrophotometric assay, an
alternate protocol is required for testing such a compound. Due to this difficulty and the very
weak binding of myricetin to the E. coli glvoxalase I enzyme, illustrated in the ESI-MS study,
myricetin was not tested in the present kinetic analyses. Also, several other compounds
evaluated, such as S-(p-nitrobenzyl)glutathione (k) and the reaction product S-D-
lactoylglutathione (g), contribute to the absorbance at A = 240 nm, which limits the effective

range of inhibitor concentrations that can be evaluated. Using electrospray mass spectrometry
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to evaluate the relative binding of these compounds does not suffer from these disadvantages

and may therefore provide a powerful alternative method for an initial screening of inhibitors

for this enzyme.

Specific and Nonspecific Binding Evaluated by Titration Experiments

Other studies described previously have indicated that only one metal ion is required
per dimer to produce a fully functional E. coli GIxI enzyme, suggesting only one functional
active site. Therefore. a particularly interesting result from our present ESI-MS data is that it
appears that the dimeric enzyme can bind two inhibitors. In order to determine whether this
binding of a second inhibitor is indeed specific, GIxI was titrated in subsequent experiments
with different amounts of inhibitor.  These experiments were performed on S-
hexylglutathione (c), myricetin (j). 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 experiments performed with the transition state analogue (k), with
concentration ratios of enzyme to inhibitor of 0.20. 1 and 4. The numbers in the figure
indicate the number of bound transition state analogue molecules to E. coli GIxI. From this
figure it is clear that even below saturating conditions a second transition state analogue
molecule binds to the GIxI dimer. indicating that the binding of two inhibitors is specific.
Similar profiles were observed for the other inhibitors. [n Figure 2.18C the possible binding
of a third transition state analogue inhibitor molecule 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 curves for the binding of four different inhibitors to E. col/i GIxI (10 uM)
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 titration
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-{2-[3-

(hexyloxy)benzoyl]vinyl}glutathione (e).
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Figure 2.18: NanoESI-TOF mass spectrum of 5 uM E. coli glyoxalase I with (a) 1 uM, (b) 5
1M, and (c) 20 uM transition state analogue (k). The numbers in the figure indicate
the number of bound transition state analogue molecules to E. coli GIxI.
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Figure 2.19: Titration curves for the binding of inhibitors to E. coli GIxI (10 uM) as
measured by ESI-MS.
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2.4 Conclusions

In the examination of the kinetics of E. coli GIxI we have identified several metals
which activate the enzyme to varying levels, Ni*, Co?*, Mn®", Fe**, and Cd*". Although the
enzyme does bind Zn**, the metal ion found in the active forms of GIxI from S. cerevisiae, H.
sapiens, and P. putida, the GIxI enzyme from E. coli is inactive with Zn®*" bound. Activity
titrations, metal analysis, and isothermal titration calorimetry indicate that E. coli GIxI is
active with one equivalent of metal bound to the dimeric enzyme. The same ratio of bound
metal was found for the inactive forms of the enzyme containing Zn** and Cu®*. In contrast,
Mg®* and Ca®*" do not appear to bind or activate the enzyme. Furthermore, ITC indicates that
the metals are tightly bound to the active site, with the exception of Mn?* which appears to
have an affinity two orders of magnitude lower than the other metals. Interestingly, aithough
Zn*" produces an inactive enzyme, the association constant for this metal is quite high.
Although the association constant is very high for these metals, dynamic exchange still
appears to occur. Metal competition studies indicate that the rate of metal ion exchange is
dependent not only on the identity of the metals, but also the temperature, and concentration
of the competing metal. 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. Zn’"-GlxI has a melting temperature slightly higher
than that of Ni*"-GIxI. The significance of this is not currently understood.

Although maximally active with only one metal ion bound, the enzyme does have two
active sites able to bind GSH-based inhibitors. as determined by analysis of non-covalent
complexes by mass spectrometry. [t is speculated that the affinity 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.
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CHAPTER 3
ENZYME STRUCTURAL STUDIES AND DETAILED ANALYSIS OF THE

METAL BINDING SITE

3.1 Introduction

To gain further insight into the unique metal activation of the E. coli glyoxalase I
enzyme, numerous structural studies were undertaken. To focus specifically on the metal
center and the ligands to the metal '*Cd 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 Mn”*-substituted enzyme with Dr. G. D.
Markham at the Fox Chase Cancer Center (Philadelphia, PA), and XAS (x-ray absorption
spectroscopy) analyses of the Ni**- and Zn?"-substituted enzyme in collaboration with Dr. M.
J. Maroney and G. Davidson from the University of Massachusetts (Amherst, MA). To
examine the entire protein structure and gain a detailed picture of the active site in the
presence of several different metals, an x-ray crystallographic study was pursued in
collaboration with Drs. B. W. Matthews and M. M. He at the University of Oregon (Eugene,
OR). The results of these structural analyses provide extensive details regarding the active
site metal environment and offer interesting insight into the differential metal activation of

this metalloenzyme.

3.1.1 "°Cd NMR

Cadmium (Cd>") has been found to readily replace numerous metals in proteins,
including Zn®", Cu®" and Ca®” (Coleman. 1993; Summers, 1988 and references therein), and
as such has been frequently utilized to probe the metal binding site of proteins, both structural
and catalytic. There are two NMR active, Y% spin isotopes of cadmium, '''Cd and '"*Cd.
Each of these isotopes are present in natural abundance of approximately 12%, but for
historical reasons ''*Cd 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 °C. Hence, to
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facilitate the analysis of metal binding sites in proteins, enriched '*Cd*" 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 frame.

Analysis of numerous proteins and small molecules has demonstrated that t3Cd*" has
a chemical shift range over 1000 ppm. which makes it sensitive to small changes at the metal
coordination site (Coleman, 1993). The deshielding from the coordinating ligands increases
from O<N<S, with each S ligand increasing the chemical shift approximately 100 ppm. In
addition, an increase in shielding for a given donor is noted with increased coordination
number. However, a distortion from regular symmetry can change the chemical shift. The
chemical shift ideally can be utilized to determine the type of ligands to the metal, their
identity and geometry (Goodfellow et al., 1998). However, the geometry determination is not
always reliable. As a result it is difficult to make accurate conclusions regarding the overall
binding site simply from a one dimensional ''*Cd experiment. Recent studies using
desulforedoxin and various mutant forms of this enzyme have attempted to establish a
relationship between the metal site geometry and the chemical shift (Goodfellow et al., 1998).
However, art this time the chemical shift can only be reliably used to indicate the type of
ligands surrounding the metal. To identify the ligands surrounding the Cd**, two dimensional
(2D) NMR studies have been performed. in which '*>Cd is coupled to 'H signals. Two such
methods have been employed 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 undertook a !'*Cd NMR analysis of E. coli glyoxalase I to determine the type of
ligands around the metal and the feasibility of performing detailed 2D NMR analyses.

3.1.2 Electron Paramagnetic Resonance (EPR)

Electron paramagnetic 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. sapiens GixI with bound Co?*, Cu**, and Mn?" in combination with

various inhibitors have been reported (Sellin et al., 1982a; Sellin et al., 1983; Sellin et al.,
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1987). These studies have suggested that the metal ion is in an octahedral environment, with
at least one nitrogen atom acting as a metal ligand from-one or two histidines.

E. coli GIxXI reconstituted with Mn”" was analyzed in the presence and absence of
various GSH-analogues, including the product of the glyoxalase I reaction, S-D-
lactoylglutathione, and the postulated transition state analogue described previously (Section
1.4.1 and 2.3.4). It was hoped that if there was a difference in the ligation pattern around the
metal center during some stage of the reaction this could be detected by comparison of the

EPR results of the various samples.

3.1.3 X-Ray Absorption Spectroscopy (XAS)

X-ray absorption spectroscopy (XAS) is a widely used too! for the analysis of protein
metal centers. This technique involves measurement of the transition of the metal center from
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 (XANES). 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 (EXAFS). The
information from these two analyses is complementary. From EXAFS data, information can
be obtained regarding not only the type of atoms surrounding the metal but also the distance
to within 0.02 A (Hay, 1984). 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 metal in addition 1o 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 energy of this incident ray is greater than the ionization
energy of the ls electron. this electron is excited to the ionization continuum. The EXAFS
spectrum is produced by the interference of the outgoing photoelectron wave and the back-
scattering of the wave from nearby atoms (Hay. 1984). The interference can be constructive
or destructive producing oscillations in the collected data. Figure 3.1 illustrates this
phenomena. 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 from the input of energy to produce a photoelectron. When the photoelectron comes
from the 1s core level of the atom this is known as the K-edge (Hay, 1984; Yachandra, 1995).
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Figure 3.1: llustration of the physical origins of EXAFS using molybdenum as the example
(From Hay, 1984).

XAS analysis of E. coli GIxI with Ni>* and Zn** bound were examined to determine if
there was a difference in the ligation pattern surrounding the two metal centers given that Ni**
produces an active enzyme and Zn”~ an inactive GIxI enzyme. A difference in metal ligation
could provide clues to this 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 clues to the mechanism of the GlxI catalyzed reaction.

3.1.4 Protein Crystallography

Determination of the x-ray crystal structure of a protein can be invaluable in protein
characterization. The molecular details of the active site in addition to the overall shape and
design of the protein structure can direct future experimental analyses. However, to solve the
structure of a protein one must determine both the amplitude and phase of each diffracted
wave in the diffraction 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 crystallography, after

successfully growing crystals, known as the “phase problem”. To overcome this problem,
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heavy atom derivatives of the protein are often utilized. Multiple isomorphous replacement
(MIR), which involves soaking crystals of the protein with vérious 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 intensity of the
diffraction data from the 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 heavy
atom suitable for such replacements and selenomethionine is a frequently utilized heavy atom
derivative. The replacement of methionines with selenomethionine (SeMet) in a protein
would place the selenium heavy atom at a specific number 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 studies utilizing MAD analysis
accounts for two-thirds of all structures solved by MAD (Smith and Thompson, 1998). Other
MAD analyses have employed heavy atoms such as mercury or gold introduced into the
protein. SeMet was incorporated into E. coli GIxI to aid in the structure determination
utilizing 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 GIxI,
a detailed crystallographic analysis of various metal substituted forms of this enzyme was
also undertaken. In addition, the structure of A. sapiens GIxI has recently been reported
(Cameron et al., 1997) and has been identified as a member of a BaBBp superfamily of
metalloproteins (Bergdoll et al., 1998). Determination of the structure of E. coli GIxI
provides the first structural information on a bacterial GixI and adds to our knowledge of this
superfamily. These analyses have identified the distinctions between the bacterial and
eukaryotic GIxI structures and revealed differences in the environment around the metal,
providing 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.
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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 experimental 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 H. sapiens GlxI contains 184 amino acids (Ridderstrém and
Mannervik, 1996), the N-terminal Met being lost in the active enzyme. All references to A.

sapiens GIxI residue numbers refer to the intact 184 amino acid sequence.

3.2.1"3Cd NMR

Sample Preparation
ApoGIxI was concentrated to 0.82 mM utilizing an Amicon Centricon (YMI0;
Millipore, Bedford, MA) and the buffer changed to 22 mM MOPS, pH 7.0, Chelex treated.
Immediately before NMR analysis, D,O was added to 10%, and 0.9 mole equivalence of
"3¢dCl, (US Services Inc, Summit, NJ) was added, giving a final dimeric enzyme
concentration of 0.72 mM, Cd>* concentratioh of 0.65 mM, in 20 mM MOPS, 10% D,0.

NMR Data Collection

NMR data acquisition was performed by Valerie Robertson at the University of
Guelph. ''*Cd NMR was collected at 88.744 MHz utilizing a Bruker-Spectrospin 400 MHz
NMR under direct observe. with a broad band muiltinuclear probe, at 23°C, in a S mm NMR
tube (235). The acquisition time was 0.6161 s, relaxation time of 2 s, line broadening of 10
Hz. The ''°Cd signal and 90° pulse time was initially determined utilizing concentrated
Cd(Cl10s)2 (Sigma) in 100% D>O, then the resonance of a 0.1 M Cd(ClQOs); solution in 10%
D-,0O was employed as a reference to set the chemical shift at zero.

To ensure the signal measured from the enzyme sample was not due to free Cd**, a
control sample of 15 mM ''*CdCl, in 20 mM MOPS, 10% D>O was prepared.
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3.2.2 EPR

Sample Preparation

Four Mn®"-GIxI samples were prepared by adding 2 mole equivalents of MnCl,
(Baker Analyzed, J.T. Baker) to apoGIxI. Ultrafiltration was used to remove the excess metal
and change the buffer to 50 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid) pH 7.0, using a Centricon (YM10). The protein was concentrated to 1.2 mM (~40
mg/ml). The first 200 ul sample was enzyme plus metal alone, the second contained 5 mM S-
octyiglutathione, third 10 mM S-lactoylglutathione, and the final 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

Sample Preparation

The samples of E. coli GIxI used in the XAS studies were prepared by reconstitution
of recombinant apoGlxI with 1.5-2.5 equivalents of NiCl; or ZnCl,. All enzyme samples
were then concentrated to between 1.2-2.7 mM dimeric enzyme using a Centricon
concentrator (YM10), the buffer changed to 50 mM MOPS, 25% glycerol and adjusted to pH
7.0 with tetraethyl ammonium hydroxide (10% solution in water), prior to loading into sample
holders (Figure 3.2) and freezing on dry ice. Enzymatic activity was monitored throughout
each sample preparation. and the final enzyme concentrations were determined by the

Bradford method, as previously described (Section 2.2).

Top View Side View

I 7] E )

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 ~40 pul
sample is placed. Drawn at ~115% actual size.
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The enzyme activity of a representative sample was confirmed following x-ray
exposure. Details of the XAS experimental procedures can be found elsewhere (Davidson et

al., 2000a; Davidson et al., 2000b).

Preparation of Inhibitor Complexes

The enzyme-product complex was prepared by adding S-lactoylglutathione (final
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-octylglutathione
(5 mM final 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-N-methyl-L-
glutaminylglycine (TSA; to 10 mM final concentration) in water to the third aliquot. Sample
three was diluted by the addition of a solution of TSA in water, to give final concentrations of
40 mM MOPS and 20% glycerol. The concentrations of S-lactoylglutathione, S-
octylglutathione. and TSA used in EXAFS samples were higher than the determined ICsp
values of these compounds (2.05 mM, 0.52 mM. and 1.80 uM respectively; Chapter 2.3.4;
Stokvis et al., 2000)

3.2.4 Crystailography

Sample Preparation

Native £. coli MG1655/pGL10 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 protein following isoelectric focusing has the highest purity and was
utilized for all crystallographic work. The protein was concentrated using an Amicon
Centricon concentrator (YM10) and the buffer changed to 50 mM HEPES, pH 7.0 (Chelex
treated buffer, Na~ form). For the various metal substituted forms of the enzyme, 2-2.5 mole
equivalents of metal (NiCl,, ZnCl,, CdCl,, CoCly, or MnCl;) were added to the dimeric
apoenzyme, prior to concentration and the enzyme concentrated to between 12-37 mg/ml.
Protein samples were frozen 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 liberal rinsing with Chelex-treated water.
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Crystallization of Ni*"-, Co>™-, Cd*"-, Zn""-, Apo, and SeMet-Ni*~-GIxI

The various metal-bound forms of native GIxI were readily crystallized by vapour
diffusion in hanging drops with PEG 1000 and PEG 8000 as a precipitant. The protein
solution (5 pl of 12-37 mg/ml) was mixed with an equal volume of well liquor containing 3-
10% PEG 1000 and 5-10% PEG 8000. After 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 less stable. More stable crystals with
better morphology were obtained by placing the trays at 4°C for 2 weeks or longer. The
crystals of SeMet-Ni’"-GlxI could only be obtained when additional buffer (50 mM HEPES
pH 7.0) was added to the hanging drops containing ~11 mg/ml protein and they differed in
morphology from the native GIxI crystals. [n addition, these crystals diffracted very poorly
until subjected to one or more cycles of crystal annealing (Harp et al., 1998; Harp et al.,
1999). The crystals 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 Collection
The diffraction data for native Ni*™- and apoGIxI were collected on beamline 9-1 at
the Stanford Synchrotron Radiation Laboratory. The data for the crystals of Co**-, Cd**-, and
Zn*"-GlxI were recorded under crvo conditions on a Rigaku R-AXIS imaging plate mounted
on a rotating anode source. Four data sets of SeMet-Ni**-GIxI 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).

Structure Determination. Model Building. Refinement, and Analysis

These analyses were performed by Dr. M. He and are included in Appendix D (He et
al.. 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, 1991; Esnouf, 1997; Merritt and Bacon, 1997).
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3.3 Results and Discussion

3.3.1 "3Cd NMR

We have demonstrated that Cd** binds and activates E. coli GIxI, read%ly facilitating
13Cd NMR analysis of the metal binding site in this enzyme. This preliminary NMR study
has been performed to determine the type of ligands around the metal and the practicality of
further 2D NMR experiments with GixL.

To measure the ''*Cd signal in a reasonable length of time, high concentrations in the
range of 1 mM, or for E. coli GIxI approximately 30 mg/ml, are required even when utilizing
the enriched cadmium. As approximately 500 ul 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 GIxI were achieved for
this experiment. Dilution of a sample of this enzyme to workable levels indicated that the
enzyme was still active following this treatment.

The chemical shift observed for the sample of E. coli IBCd.Glxl (Figure 3.3) is
consistent with a mixture of oxygen and nitrogen ligands, but no sulfur ligation as this would
tend to shift the signal to above 300 ppm (Coleman, 1993). This is consistent with the
prediction of histidine and glutamate ligands, based on the sequence comparison of E. coli
GIxI to the H. sapiens enzyme (Figure 3.4). However. other types of non-sulfur ligands could

certainly result in the observed ''*Cd NMR spectrum.
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'Figure 3.3: '>Cd NMR spectrum of Cd?" substituted E. coli GIxI.
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Concentrated (15 mM) "">CdCl, was analyzed to ensure the signal detected was not
solely due to free "3Cd in solution. The peak observed had a chémical shift of approximately
25 ppm, significantly different from the 75 ppm for Cd**-GIxL.

V. Robertson also attempted to perform a 2D NMR analysis on this protein sample,
coupling the ''*Cd signal to 'H, however no signal was detected. ''>Cd-'H heteroTOCSY
pulse sequences used in analysis of the metal site in proteins have been described elsewhere
(Live et al., 1985; Gardner and Coleman, 1994). Our lack of detection of a signal suggests
that a more concentrated sample is required to facilitate these measurements. Also, it is still
possible that the H" from the MOPS buffer may interfere with the analysis. Prior to further
NMR analyses a different buffer system should be investigated, such as phosphate or
deuterated MOPS. Phosphate however has the added complication of complexing with Cd*
and precipitating as either the phosphate or hydroxide complex (Coleman, 1993), hence the
levels of Cd** would have to be minimized.

The results of this analysis confirm the non-sulfur type of ligands, and our additional
structural studies described later in this chapter confirm this and clearly identify each ligand.
Future '°Cd NMR studies could 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 2D NMR studies 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 GIxI in the presence of

inhibitors have yielded important data.
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E. coli - - MRLLHTMLRVGDLQRSIDFYTKVLGMKLLRT 31
H. sapeins  MAEPQPPSGGLTDEAALSCCSDADPSTKDFLLQQTMLRVKDPKKSLDFYTRVLGMTLIQK 60

Y e dWhhI Kk o—*:****o****.*::

E. coli SENPEYKYSLAFVGYG-——=——————————— PETEEAVIELTYNWG--——— VDKYELG-— €9
H. sapeins  CDFPIMKFSLYFLAYEDKNDIPKEKDEKIAWALSRKATLELTHNWGTEDDATQSYHNGNS 120
e k3 *:r* r:-r . :.:*.:***:*** .:.*. »>
E. coli ——TAYGHIALSVDNAAEACEKIRQNGGNVTREAGPVKGGTTVIAFVEDPDGYKIELIEEK 127
H. sapeins  DPRGFGHIGIAVPDVYSACKRFEELG--VKFVKKPDDGKMKGLAFIQDPDGYWIEILNPN 178
:***’::* .. ‘tr:::‘: - #. R 3 '* . :**::***** **::: -
E. coli DAGRGLGN 135

H sapeins  KMATLM-- 184

Figure 3.4: Protein sequence alignment of E. coli GIxI with H. sapiens GixI generated by
ClustalW 1.8. * indicates conserved residues; : highly homologous; . homologous
residues. The metal ligands are in bold.

3.3.2EPR

The EPR analysis indicated that the Mn*" in the active site of E. coli GIxI was in an
octahedral environment, as predicted based on the structure of the H. sapiens GlxI enzyme
(Cameron et al., 1997). Unfortunately further details regarding the specific ligands could not
be determined, nor could any notable difference be seen between the enzyme with an empty
active site and those with bound GSH-analogues. Interestingly, the sample containing S-
lactoylglutathione gave an EPR signal characteristic of free Mn®" suggesting the metal had
been lost from 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 Mn’" is lower
than for the other metals tested. In fact it is approximately two orders of magnitude lower
than for Ni** or Zn**. In addition during the kinetic analysis of the wild-type enzyme loss of
the metal was observed for the Mn?* reconstituted enzyme when analyzed in phosphate buffer
(Section 2.3.1). The observation that the Mn®" is also lost in this EPR analysis further
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supports the weak binding nature of E. coli GIxI for Mn**. The Mn** bound to the enzyme
was also lost during crystallographic studies.
Samples of the EPR spectra provided by Dr. Markham are included in Appendix B.

3.3.3 XAS

Metral Environment

Information regarding the coordination number and geometry of the Ni?* site can be
found in the XANES region of the spectrum. 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 data. The Ni K-edge
XANES spectrum of E. coli GIxI 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 fits performed by G. Davidson and
Dr. M. J. Maroney. Details of the data analysis can be found in the published article
(Davidson et al., 2000a).

The EXAFS data indicates that the first coordination sphere of the active site Ni*" is
adequately fit by a single shell of O(N) scattering atoms at an average distance of 2.07 A (fit
NiO1l in Table C.1 of Appendix C). Modeling the first coordination sphere as a six-coordinate
site composed of two shells of O/N donors (1-2 at 1.91 A and 4-5 at 2.08 A) slightly improves
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 shell of C atoms with multiple
scattering parameters in the second coordination sphere at 2.98 A, as might be expected from
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 Zn*"-GlxI 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 Zn03) in the atoms in the third
coordination sphere, greatly improves the fit.

The structure of the Ni** site from this XAS analysis is consistent with that seen in the
H. sapiens GIxI enzyme, with the substitution of the Gln ligand for a His in the E. coli
enzyme. As discussed (Chapter 1), the crystal structure of H. sapiens GlxI confirmed
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previous EXAFS and EPR suggestions that the metal is coordinated by six ligands (Sellin et
al., 1982a; Sellin et al., 1982b; Sellin et al., 1983; Garcia-Iniguez et al., 1984;). The four
protein residues in the H. sapiens enzyme were identified as ligands, GIn34 with a Zn*-0
distance of 2.0 A, Glul00 Zn>"-O = 2.0 A, His127 Zn**-N = 2.1 4, and Glu173 Zn*-0 = 2.0
A. The final two ligands were identified as water molecules with Zn*"-OH, distance of 2.1 A
and 2.8 A (Cameron et al., 1997; Cameron et al., 1999a). The E. coli GIxI sequence has only
36% identity to the H. sapiens. Nonetheless, protein sequence alignments between the E. coli
and H. sapiens GIxI enzymes suggest the conservation of three of the four metal ligands in the
E. coli enzyme (Glu56, His74, and Glul22)., with the fourth ligand tentatively corresponding
to a histidine (His5; Figure 3.4).

The XAS data on E. coli GlxI support a six-coordinate Ni(Glu)2(His)2(OHz), site,
whereas the EXAFS analysis for the Zn>*-substituted E. coli GIxI is consistent with a
Zn(His)s(Glu)>OH, site. As the S. cerevisiae and P. putida enzymes are active with Zn>*
bound (Aronsson et al., 1978: Saint-Jean et al., 1998) yet also have a His ligand rather the Gin
seen in the H. sapiens GIxI this change in ligation is not expected to be responsible for the
critical difference in the activity (See Chapter 4 for interesting results on the H5Q mutant
GlixI). These results suggest that a six-coordinate metal may be required to produce an active
enzvme and Zn>~ does not give that configuration in E. coli GIxI, whereas a six-coordinate

Zn>" does occur in H. sapiens GlxI producing an active enzyme.

Inhibitor Binding and the Mechanistic Implications

The results from Ni K-edge and XANES analysis combined suggest that addition of S-
lactoylglutathione or S-octylglutathionine to Ni*™-GlxI has no effect on either the redox level
or the geometry of the Ni site. This confirms that the S-octyiglutathionine does not directly
interact with the metal. Crystallization of the H. sapiens GIxI 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 H. sapiens GlxI enzyme
suggested that the addition of S-lactoylglutathione removes one water ligand from the metal
environment (Sellin et al., 1982a). There is no evidence for this in the E£. coli Ni-GIxI, under

the given conditions.
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Interestingly, the Ni**-GIxI TSA complex is more consistent with a five-coordinate
geometry suggesting a trigonal bipyramidal geometry, as determined by XANES analysis.
This would suggest that a ligand associated with the Ni*" site in the native sample could be
lost upon addition of hydroxamate.

The crystal structure of A. sapiens GlxI with a transition state analogue inhibitor (S-
(N-hydroxy-N-p-iodophenylcarbamoyl)glutathione) added indicates that two water molecules
and Glul73 are replaced by two O atoms from the inhibitor (Cameron et al., 1999a). The
EXAFS data for E. coli Ni**-GlxI dre consistent with this result, although it is not clear
whether the TSA displaces a carboxyvlate ligand in addition to the two water molecules. The
XANES analysis showing a five-coordinate site is also consistent with a Ni(His),(Glu)}{(TSA)
structure. Such a structure appears to be consistent with the proposed reaction mechanism of
the H. sapiens GlxI that features displacement of Glul73, which can then function as a
catalytic free base (Cameron et al., 1999a).

3.3.4 Crystallography

Structure Determination

Initially attempts were made to determine the structure of E. coli GIxI using molecular
replacement based on the previously reported H. sapiens GIxI structure (PDB 1FRO). 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. Further
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: Ni*™-GIxI. 1F9Z: Zn>"-GIxl, 1FAS; Co*"-GlxI, 1FA6; Cd*-GlxI, 1FAT;
ApoGIxI. 1FAS.

Overall Structure

The 135 amino acid native E. coli GlxI protein structure is composed of two identical
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
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domains is composed of a BuBBP motif forming a mixed B-sheet (Figure 3.5A). The
sequence of the strands within the sheet is B1B4B3B2. Within their respective “core” regions,
the two domains have quite similar structure (eg. The C* atoms of residues 3-36 and 72-97
superimpose within 0.3 A). The solvent-exposed loops connecting strands > and B; (residues
36-38 and 104-107) and B; and B4 (residues 47-51 and 115-119). however have very different
conformations (Figure 3.6A).

In the dimer, the B, strand of the first domain from subunit A associates in an
antiparallel manner with the B, strand from the second domain of subunit B. This leads to a
curved 8-stranded B-sheet (Figure 3.5B). A reciprocal interaction between the second domain
of subunit A and the first domain of subunit B leads to a second curved B-sheet. The two
metal-binding sites per dimer are located within these curved (-sheets.

The two monomers are very close in structure (Figure 3.6B), with their C* atoms
being superimposable within 0.47 A. To compare the conformation in the vicinity of the two
active sites, the first domain from the first monomer plus the second domain from the second
monomer was overlaid on to the second domain from the first monomer plus the first domain
from the second monomer (Figure 3.6C). In this case. the RMS deviation of the C* atoms is
only about 0.54 A with the largest difference in the loop regions from residues GIn91-Gly94
and Vall03-Thr108. The C® atoms in these two loops have B factors ranging from 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 same two loops in SeMet- Ni**-GIxL.
The high B factors of the two loops in both crystal packing environments indicate their
flexibility. The B factors of residues 91-94 in subunit A are about 25 A? higher than those in
subunit B for all the GIxI structures solved. This is consistent with the observation that
residues 91-94 in subunit B are involved in crystal contacts while 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 rigid part of the entire protein (Figure 3.7).
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Figure 3.5: Schematic representation of E. coli GlxI, (A) monomer, and (B) dimer. The two monomers in the dimer are coloured
orange and grey, respectively. The nickel (magenta) and its coordinating protein and water ligands are shown in ball and stick

representation. The active site is situated within a curved 3-sheet, which is formed on dimerization.
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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 GIxI.
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Figure 3.7: The B factors of the C* atoms in subunit A (solid line), and subunit B (dotted
line) of Ni*"-GIxI.

Toward the carboxy-terminus of the molecule the electron density could be followed
clearly until Glul26, at which point it became much weaker. It could. however, still be
followed until it entered the active site of an adjacent molecule in the crystal. 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 Glul26 and
Gly134 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.

Metral 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 Ni**-GIxI structure
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four protein residues (His5 and Glu56 from one monomer and His74 and Glul22 from the
other) and two water moiecules are coordinated to the nickel (Figure 3.8A). Very similar
ligation is seen in the two active sites. As we have shown E. coli GixI to be a homodimeric
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
completely equivalent. If the second site has a much lower affinity for metal 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 mM dimeric enzyme). and hence metal, required in the crystallization conditions
are significantly higher than that employed in standard kinetic experiments. The enzyme is
generally stored at a concentration of approximately 5 mg/ml and diluted prior to kinetic
analysis, in which nanograms to micrograms of enzyme are used. Metal analysis were
performed at enzyme concentrations of 0.5-1.0 mg/ml. These factors may contribute to the
ability of the enzyme to bind the second metal in the crystallization conditions, explaining this
anomaly. Several examples of oligomeric proteins of identical subunits with half-site
reactivity have been observed (Beimann and Koshland, 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 GlxI. Alternatively, it may be that the protein crystallizes better if both sites are
symmetric 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 N* of the two
histidine residues and the two water molecules. Monodentate coordination is seen for each of
the two axial carboxylates. Substitution of different metal ions in the active site of GIxI does
not change the overall structure of the protein. The Co®*, Cd**, and Zn®" enzymes have a C*
RMS deviation not exceeding 0.3 A when compared to Ni**-GlxI. The changes that do occur
are localized to the immediate vicinity of the metal sites. As with the native nickel enzyme,
the enzymatically active Co®" and Cd*" derivatives also exhibit octahedral coordination, albeit
with somewhat ionger coordination distances (Table 3.1), consistent with the increased radii
of Co*” and Cd** compared to Ni>™ (Pauling, 1960). In contrast, the inactive Zn*" derivative
displays trigonal bipyramidal coordination with the same four protein ligands plus a single
water molecule (Figures 3.8B and 3.9B), as suggested by the EXAFS data (Section 3.3.3).
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Figure .3.8: The active sites of (A) Nilj- and (B) Z’nz‘“-substituted GIxI. The resolutionis 1.5
A for the Ni** enzyme and 1.8 A for the Zn™* form. See appendix D or He et al., 2000
for details of the restraints used in the refinement of this figure.

122



His5 His74 His74

E. coli GIxI, Me = Ni, Co, Cd E. coli GlxI, Me =Zn

Human GIxI, Me =Zn Human GixI, Me =Zn

Figure 3.9: Metal coordination in different GIxI structures. (A) Complexes of E. coli GIxI
with Ni**, Co®*, and Cd**. The two water ligands are labeled W1 and W2. (B)
Complex of E. coli GIxI with Zn**. (C) Complex of H. sapiens Zn**-GIxI with S-(N-
hydroxy-N-p-iodophenylcarbamoyl)glutathione. The two oxygen ligands from this
hydroxamate inhibitor are labeled O1 and Q2. (D) Complex of H. sapiens Zn**-GixI
with S-p-nitrobenzyloxycarbonylglutathione (Coordinates from PDB 1QIN and 1QIP;
Cameron et al., 1997; Cameron et al., 1999a)
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Table 3.1: Coordination distance for the metal ligands in E. coli glyoxalase I complexes.

Ligand Distances (A)
Ni* Co™" Cd™ Zn™

Ligand Site 1 Site 2 Site 1 Site 2 Site 1 Site 2 Site 1 Site 2
His5 N° 22 2.1 23 2.2 24 2.3 2.2 2.1
Wi 2.1 2.1 2.3 2.2 24 24 2.0 2.1
His74 N°® 23 2.3 2.4 2.3 2.6 2.5 22 2.2
Glus6 O° 2.1 2.1 2.1 2.1 2.4 23 2.1 2.1
Glul22 O° 2.1 2.1 22 24 2.8 2.4 2.1 24
w2 2.2 2.2 24 24 24 2.6

Table 3.2: Coordination geometry for the metal ligands in the four E. coli glyoxalase I metal
substituted forms.

Trigonal Bipyramidal
Octahedral Bond Angl
ctahedral Bond Angles (deg) Bond Angles (deg)
N Co™ Cd”™ Z
Atoms Ideal “Site 1 Site2 Sitel Site2 Sitel Site2 Ideal Site I Site 2

OF122-Me-N®74 90 81 82 84 90 87 90 90 90 92
N®5-Me-0O°122 90 99 95 91 79 79 95 90 88 88
OF56-Me-N*35 90 79 82 81 85 85 84 90 83 88
W1-Me-O°56 90 88 88 85 87 80 81 90 87 93
W1-Me-O°122 90 93 96 103 108 104 100 90 95 86
O°122-Me-0O%56 180 179 176 172 163 164 179 180 169 173
W1-Me-NF*5 180 163 165 161 163 161 161 120 143 131
N®74-Me-W1 90 91 92 90 91 92 89 120 101 112
N*®74-Me-0°56 90 99 96 98 96 93 91 90 99 98
N*®74-Me-N°*5 90 100 99 105 104 102 102 120 116 116

W2-Me-N°5 90 92 93 93 90 93 95
W2-Me-0O%56 90 97 98 101 101 104 103
Wil-Me-W2 50 79 79 78 77 78 78

W2-Me-0O°122 90 83 84 79 77 79 76
W2-Me-N*74 180 161 162 155 158 157 160
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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 bipyramidal geometry. In the other active site, the water does not
superimpose on either water ligands of the Ni*" structure resulting in distorted trigonal
bipyramidal coordination.

The overall structure of apoGIxI is very similar to that of the metal-bound forms. The
RMS discrepancy of the C* atoms relative to the nickel enzyme is 0.32 A. This is consistent
with the circular dichroism spectrum. which did not suggest any significant structural change
upon addition of Ni** ions to the apoenzyme (Clugston, 1997). There are some changes in the
immediate vicinity of the metal sites. In the apoenzyme, the metal ligands are somewhat
more loosely packed, and the two glutamates are directed away from the vacant sites.

The structure of GlxI substituted with Mn®" could not be determined. The enzyme
was prepared in the same fashion as the other metal-substituted forms, and activity assays
suggested the metal was retained throughout the enzyme preparation. However, x-ray
analysis of the enzyme cocrystallized or soaked in up to 5 mM Mn?* showed weak electron
density at the metal binding sites. suggesting that the affinity for this metal ion in the crystal is
low. This finding further supports the previous work that indicated the affinity of the protein
for Mn®" was weaker than for the other metals studied. The EPR analysis however did
indicate that the Mn®" was in an octahedral environment, consistent with the metal

coordination environment found in this work for the other active metal forms.

Comparison with Human GixI and Other Members of the Saf8 Superfamily

The overall structure of E. coli GIXI is similar to that found in the H. sapiens enzyme
(Cameron et al.. 1997). containing two Baf3BB motifs in each monomer. This pattern has
been suggested to result from gene duplication. and serves to place the GIxI enzymes as a
member of a recently identified PaBBp superfamily of metalloenzymes (Bergdoll et al.,
1998). Despite very low sequence homology and no similarity in enzymatic function, H.
sapiens GIxI has been shown to be structurally related to the bacterial bleomycin resistance
protein (BRP) from Swreproalioteichus hindustanus (Dumas et al., 1994), and 2,3-
dihydroxybiphenyl 1,2-dioxygenase (DHBD) from Burkholderia cepacia (Han et al., 1995).
The fosfomycin resistance protein (FosA). a Mn2+-dependent glutathione-S-transferase, has
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also been suggested to be a member of this superfamily (Bernat et al., 1997). A detailed
analysis of the structural similarities and postulated evolution of this family of enzymes has
been presented elsewhere by Bergdoll et al. (1998) and is further examined in Chapter 5.
With the exception of FosA, which has not been structurally characterized, all members of the
BoPPP family have overall structures that are much more similar to that of E. coli GIxI than
to that of H. sapiens GIxI. Therefore, the determination of the structure of the E. coli enzyme
provides a more representative member of the family as a whole.

Despite the expected overall similarity between the E. coli and H. sapiens GIxI
structures there are several substantive differences, many of which we had previously
predicted based on sequence alignments, presented in Chapter 5. A 29 amino acid N-terminal
arm which wraps around the adjacent subunit in the A. sapiens protein is absent in the E. coli
enzyme as well as in other members of the Baf3BP family. This extended arm may help to
stabilize the dimeric form of the H. sapiens enzyme, although its absence in the E. coli
enzyme shows that such an arm is not essential for dimer formation. Since this arm lies
mostly on the surface of the enzyme its absence is not expected to substantially perturb the
rest of the structure.

Another difference is that E. coli GIxI 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
hydrophobic pocket with a volume of about 70 A3. In contrast, the active site in the E. coli
enzyme consists of a deep solvent channel about 10-15 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 bacterial protein (See
Chapter 5 for further 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 GIxI may have a very different response to inhibitors and substrates.

Two smaller regions (residues 107-111 and 120-123 in H. sapiens GlxI) not present in
the E. coli enzyme correspond to small loops lying between the two Bafpp 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 superfamily than is the H. sapiens

"GIxI. Further analysis and figures displaying the regions missing in the E. coli GIxI enzyme

are presented in Chapter 5.
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Figure 3.10: Molecular surfaces of the (A) E. coli and (B) H. sapiens GIxI proteins. Positive
potential (> 1[5 mv) is coloured blue, neutral potential (0 mv) is coloured grey, and
negative potential (< -15 mv) is coloured red. The molecules are shown in
approximately the same alignment as Figure 3.5B. The electrostatic potentials were
calculated and molecular surfaces displayed using the program GRASP (Nicholls and
Honig, 1991).
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Previous studies have shown that the four C-terminal residues of E. coli GlxI (Gly132-
Asnl35) can be proteolytically removed without affecting cataljrﬁc activity (Barnard, 1997;
Clugston et al., 1998a). In the electron density map, the residues following Glul26 can not be
traced accurately due to weak electron density, with the exception of the final two residues
(Gly134-Asni35), which bind within the active site of an adjacent protein molecule in the
crystal. The mobility of the C-terminal region explains its susceptibility to proteolytic
degradation. Analysis of the B factors of the E. coli GIxI structure (Figure 3.7) reveals two
regions with higher than average mobility, 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 H. sapiens GIxI with a
proposed transition state analogue, which indicates that C* of Lys157 moves 3 A toward the
active site (Cameron et al., 1999a). This residue is located within a loop that corresponds to
residues Prol02-Val103-Lys104-Gly105-Gly106-Thr107-Thr108-Vall109 in the £E. coli
enz,;/me. Thus Lys104 in the E. coli enzyme may play a role similar to the Lys157 in the A.

sapiens enzyme.

Comparative Analysis of the Metal Binding Site

High resolution structures of five different forms of the E. coli GlxI enzyme permits
comparison of the various active enzymes and also allows for detailed analysis of the inactive
Zn*" enzyme and the metal-free apoenzyme. The structures presented here show that each of
the active forms of E. coli GIxI has an octahedral metal coordination, with two participating
water molecules. In addition. the EPR results (Section 3.3.2) on the Mn>" substituted E. coli
GIXIL. indicated that the Mn>™ is also octahedrally coordinated. Examination of the metal
binding site of the Zn’~ form of the enzyme reveals a significant difference in the coordination
geometry around the metal compared with the active forms of the enzyme (Figure 3.9). Not
only is there loss of one water ligand to the Zn>" making this a five rather than six coordinate
metal. the geometry around the metal has also changed. The octahedral environment seen
around the active Ni?™-, Co>"-, and Cd>*-GlxI, is modified to a trigonal bipyramidal
arrangement for the Zn>" enzyme.

Direct comparison with the metal coordination of the active Zn®>" H. sapiens enzyme is

difficult as a crystal structure of the H. sapiens enzyme lacking an inhibitor has not yet been
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reported. However, the available inhibitor complexes indicate that Zn** is coordinated by
four protein ligands (GIn34, Glul00, His127, Glul73) plus one or possibly two water
molecules with square pyramidal or octahedral geometry (Figure 3.9). Liganding with the
inhibitor substitutes for the binding of the second water molecule in some cases (Cameron et
al., 1997; Ridderstrdm et al., 1998; Cameron 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
H. sapiens enzyme (Figure 3.11). In particular, the O11 and N1 of benzylglutathione form
hydrogen bonds with N® and O°' of Asnl04 that mimic those between the O and N* of
Asnl35 and Asn60 in the E. coli GIxI enzyme. The presence of these two amino acids in the
active site does not, however, appear to contribute to or directly influence the ligation at the
metal site.

Even though the A sapiens and E. coli GIxI enzymes have similar amino acid
sequences and similar three-dimensional structures, they do not have identical metal ligands,
as indicated previously. Figure 3.9 and Figure 3.4 clearly shows that the Gln34 of the H.
sapiens enzyme is replaced with a histidine in the £. coli enzyme. In the absence of structural
information, this variability might 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
glutamine would correlate with the use of nickel. This is discounted, however, by the
observation that the S. cerevisiae and P. putida GIxI enzymes which are active with zinc,
maintain the same four metal ligands as the E. coli including the second histidine ligand
(Chapter 5 and Clugston et al.. 1997). The key factor responsible for activity, therefore.

seems to be geometry.
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Figure 3.11: Superposition of the active site of E. coli GIxI (green) on H. sapiens GixI (blue).
Benzylglutathione, which is bound to the A. sapiens enzyme, is shown in blue with its
hydrogen bonds to Asn shown as dotted lines. Glyl34 and Asn135, which bind within
the active site of the E. coli enzyme and make analogous hydrogen bonds to Asn60,

are shown in green.
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Previous studies of the zinc endopeptidase astacin have revealed a relationship
between the geometry around the metal center and enzymatic activity of various metal-
substituted forms of the enzyme (Gomis-Ruth et al., 1994). Trigonal bipyramidal ligation was
observed for each of the three active forms of the enzyme, Zn**, Cu**, and Co®", whereas a
second solvent water was present to form an octahedral coordination for the Ni?* enzyme, and
no water molecules existed with the tetrahedral Hg**-asticin, both of which were inactive.
The results from studies on astacin suggest that the correct orientation of metal-liganded water
molecules was necessary for catalytic activity. In the case of astacin, Zn** and Co®” give the
appropriate orientation while Ni®* does not. The structural analysis of E. coli GIxI displays a
similar correlation between geometry and activity except that in this case Ni**, Co**, and Cd*"
appear to have the correct orientation of bound water molecules, while Zn** does not. The

orientation of the water ligands may be important in the reaction mechanism.

Reaction Mechanism

On the basis of solvent isotope exchange studies on the S. cerevisiae enzyme the
overall mechanism of GIxI has been proposed to involve proton abstraction, formation of an
enediol(ate), and reprotonation at the adjacent carbon (Hall et al., 1976). A specific
mechanism has been proposed based on the recent crystallographic studies of AH. sapiens GIxI
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 two water ligands. The binding of the substrate is also proposed
to displace the zinc ligand Glul73. 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 enzyme, a related
mechanism could be proposed. i.e. it could be envisaged that Glul22 in the E. coli enzyme,
the counterpart of Glul73, would be displaced from the metal on substrate binding and act as
the catalytic base. There are, however. a number of uncertainties. For example, while an
incoming substrate might be envisioned to displace a glutamate from zinc, it would be less
likely to do so for nickel (Gomis-Riith et al., 1994). However, our recent EXAFS results
(Section 3.3.3) suggest that this may in fact be the case for E. coli Ni?*-GlxI also.
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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 state/reactive intermediate analogues for studies on the
enzyme triosephosphate isomerase (TIM; Davenport et al., 1991), an enzyme lacking a metal
center but whose mechanism is believed to proceed via an enediol intermediate. As the GIxI
reaction is also believed to involve an enediol, hydroxamic acids would appear a natural
choice for transition state analogues and have been shown to be potent GIXI inhibitors
(Murthy et al., 1994; Ly et al., 1998). However, hydroxamic acids are potent metal binding
agents in general and this property has been utilized in the development of numerous
metalloprotease inhibitors (Babine and Bender, 1997). In all 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 affinity when using these analogues as representatives of the transition
state. This is especially problematic in the case of the E. coli enzyme where, by analogy, one
would postulate that the incoming substrate displaces the two water molecules around the
nickel.

In principle, the following mechanisms might be pertinent to the E. coli GlxI, based on
our current structural knowledge: (1) The substrate (or transition state) might displace one or
both water molecules plus Glul22 to function as the catalytic base, analogous to that proposed
for the H. sapiens enzyme (Figure 3.13). (2) On the basis of the octahedral geometry for all
the activating metals for E. coli. a mechanism 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 A. sapiens enzyme has indicated the importance of two water molecules 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 from the metal center. Unless major
structural changes occur in the E. coli GIxI active site upon substrate binding, Glu49 acting as

a general base is doubtful.
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136



As our EXAFS analyses (Section 3.3.3) suggested the possibility 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. sapiens GlxI, further crystallographic studies were required. To further
elucidate the mechanism of the glyoxalase I reaction we have attempted to cocrystallize the
enzyme in the presence of various inhibitors including the putative transition state analogue
inhibitor used in our other analyses (Ly et al., 1998). Initial cocrystallization attempis were
unsuccessful. 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-terminal truncated form of E. coli GIxI was constructed. As we have previously
shown that the removal 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 GIxI enzyme cocrystallized with
various inhibitors. As such the C-terminal truncated protein was no longer required. The
diffraction data from these cocrystallization experiments is currently under analysis by Dr. M.

He in Professor B. Matthews laboratory at the University of Oregon.
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3.4 Conclusions

The most remarkable feature of these structural studies is the correlation between
catalytic activity and the coordination at the metal 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. coli enzyme with NiZ™, Co?", Cd**, and Mn*" as well as the complex
of the H. sapiens enzyme with Zn>". Conversely, the complex of the E. coli enzyme with
Zn>" has trigonal 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 may be that a rather special geometry is required to have a glutamic acid (e.g.
Glul73 in the H. sapiens enzyme) act as both a metal ligand and as a catalytic base (assuming
it does. in fact, fulfill both roles). Second, it may be that the mechanism of action requires
that two water molecules be bound to the metal ion either in the resting enzyme, or at some
time during catalysis. Six-fold coordination would allow four protein ligands plus two such
water molecules, but this would not be the case for five-fold metal ligation. Clarification of
the GIxI reaction mechanism awaits further crystallographic 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 GIxI 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 GIxI is an example of -
why caution must be exercised when drawing conclusions based on the analysis of sequence
data alone and reaffirms the idea that comparisons made utilizing bioinformatic approaches

also need to be tempered with biochemical analyses.
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CHAPTER 4

MODIFIED E. coLI GLYOXALASE | ENZYMES

4.1 Introduction

Three modified forms of E. coli GlxI were prepared during this study to aid in the
structure-function analyses of this e@me. A selenomethionine containing GlxI was utilized
in the crystallography studies previously described, a C-terminal truncated form of the
enzyme was prepared to aid in cocrystallographic studies, and a mutation of one of the ligands
to the metal was examined 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.

4.1.1 Selenomethionine Incorporation

The selenomethione (SeMet) derivative of E. coli GlxI was prepared to aid in the
solution of the x-ray structure. as described in Chapter 3. This form of the enzyme 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 characterized
to ensure its properties are homologous to those of the native enzyme. Generally no change is
seen in the protein activity. Interestingly however. the activity has been increased in a few
enzymes by the incorporation of SeMet. Examples include interleukin-5 and tryptophanyl-
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 selenium versus sulfur,
2.00 versus 1.85 A repectively. in the enzyme active site (Doublie, 1997).

In addition. SeMet is readily oxidized to the selenomethionine seieno-oxide, under
ambient temperatures (Smith and Thompson. 1998). This generally will not interfere with
crystallization but will cause chemical 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-

GIxI were monitored during its preparation for structural studies.
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4.1.2 C-Terminal Truncated GixI

Due to the difficulties encountered in the cocrystallization of E. coli GlxI with various
inhibitors, 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 truncated form of the enzyme. Previous studies demonstrated that the
removal of the four terminal residues does not affect the enzymatic activity (Barnard, 1997;
Clugston et al., 1998a).

4.1.3 His5—-GIn Mutant E. coli Glyoxalase |

One of the unique characteristics of E. coli GIxI compared to GIxI from other sources
is its activation with Ni?" rather than Zn** (Clugston et al., 1998a). We were interested in
analyzing the factors producing this altered metal activation. As one metal ligand in H.
sapiens GIxI differs from that found in E. coli GlxI, the effect of this altered ligand was of
interest. However, the metal ligands in the S. cerevisiae and P. putida GIxI enzymes,
predicted by sequence homology. are the same as those found in the E. coli enzvme, even
though these enzymes are active with Zn®>" (Aronsson et al., 1978; Saint-Jean et al., 1998).
This led to the speculation that this altered metal ligand, His5 in E. coli versus GIn34 in H.
sapiens GIxI, 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.
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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 modified enzymes described in this
chapter, unless otherwise indicated. This includes the cell culture preparation and growth
conditions, protein purification protocol, enzymatic assay, metal content determination, and

ESMS analysis.

4.2.1 Selenomethionine Incorporation

The plasmid containing the DNA encoding E. coli glyoxalase I, pGL10, was
transformed into an E. coli MG1655 methionine auxotrophic cell line, E. coli DH93 (MG1655
metH174::Tn5 metE::Tn10; laboratory collection), and its parental cell line E. coli RK4349
(his metB metE::Tnl0).

) 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 GIxI are as follows. Minimal media (M9; Davis
et al., 1980) supplemented with 0.4% glucose, 1 mM MgSQ4, 0.1 mM CaCl,, 0.001% uracil,
and 5 puM NiCl, was inoculated (1:100 dilution) with E. coli MG1655/pGL10 grown in
LBamp. Expression was found to be best with 0.7 L in a 4 L flask, rather than a full 1 L used
in native GIxI expression. When the culture reached an optical density (OD) of ~0.5 at 600
nm. L-selenomethionine (SeMet; 0.3 mM; Sigma) and NiCl; (to a total concentration of 12.5
uM) were added and the culture allowed to grow for an additional 30 min at 37°C. GIxI
synthesis was then induced for 8 hours with IPTG (0.5 mM). The cells were harvested and
the protein purified in the same manner as described for the native enzyme (Section 2.2).

Incorporation of SeMet was monitored by electrospray mass spectrometry (ESMS).
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4.2.2 C-terminal Truncated Glyoxalase |

Construction

Dr. M. M. He (University of Oregon) mutated the plasmid containing the wild-type
GIxI gene, pGL10, to encode a protein in which Lys127 was mutated to a stop codon. After
the QuikChange method, described in the construction of H5Q GixI (Section 4.2.3) was found
to be unsuccessful, the two-stage PCR method utilizing overlap-extension (Figure 4.1) was
employed in the construction of this plasmid, named pGL12.

To amplify the glo4 gene, external primers (‘a’ and ‘d” in Figure 4.2) were prepared as
well as internal primers with the unique PshAl restriction site and the mutation (AAA->TAA;
Figure 4.3; ‘b’ and ¢’ in Figure 4.2). The final product from the two-stage PCR was digested
with Clal and PshAl and ligated into the template vector, pGL10, which had been digested
with the same enzymes and the resultant expression vector labelled pGL12.

Expression and Purification

The E. coli MG1655/pGL12 cells were grown and protein expression induced in the
same manner as described for the wild-type enzyme (Section 2.2). Following difficulties with
protein expression, the growth conditions were varied. The effect of NiCl; addition (1mM),
increasing amounts of [PTG (0.5 mM versus 1.0 mM), variation of the length of the induction
time (3-6 hours), and use of ampicillin versus carbenicillin were monitored.

The software program PC/Gene (Release 6.85, 1995), using the Physico-Chemical
parameters subprogram was utilized to predict the isoelectric point (pI) of the truncated form
of E. coli glyoxalase I. As the pl for the truncated protein was lower than that for the wild-
type. full-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 50:50 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 wild-type enzyme (Section 2.2).
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Figure 4.1: Overview of site-directed mutagenesis utilizing the method of overlap extension
(Adapted from Ho et al., 1989). The DNA template 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 combined
mutagenic products, AB and CD, as the new DNA templates. The dotted lines
indicate the regions which will be amplified to create the full length fused product.
Primers ‘a’ and ‘d’ are the external primers and ‘b’ and ‘¢’ the internal mutagenic
primers, sense and antisense primers, respectively.
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‘a’ Y CTGTTAGCCATTTTGAGG®

‘d’ “CGCGCATTATGACAAATATTACTTG®

‘b’ Y CGAAGAGTAAGACGCCGGTCG?

‘¢’ "CGACCGGCGTCITACTCTTCG®

Figure 4.2: Primers used for the two-stage PCR amplification with overlap extension of glo4
and the surrounding region from pGIL.10. External primers ‘a’ and ‘d’ and internal
mutagenic primers, ‘b’ and "¢’ with the mutated codon in large italics.

N-terminal region of glo4 insert:

‘a’ Start
GAATCTGTTAGCCATTTTGAGGATAAAAAGATGCGTCTTCTTCATACCATGCTGCGCGTT
Hinfl

GGCGATTTGCAACGCTCCATCGATTTTTATACCAAAGTGCTGGGCATGAAACTGC.........
Clal

C-terminal region of the gloA insert:
*b"and *¢’ Stop

. GTTAATCGAAGAGAAAGACGCCEETCGCGGTCTGGGCAACTAATCTCCTGCCGGGCG
PshAl

- d *
TGAACTCATCGCGCCCGCATCTTTACTGCATCGACAAGTAATATTTGTCATAATGCGCGC
BssHII

Figure 4.3: N- and C-terminal regions of the g/loA4 insert, with the sections homologous to the
indicated primers underlined, mutated codon in large italics, and Clal and PshAlI sites
indicated in bold. The gloA4 insert was initially inserted between the Hinfl and BssHII
sites of pTTQ18, shown for reference (Clugston et al., 1998a). The start of the region
coding GIxI is indicated in addition to the stop codon.
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4.2.3 Construction of His5—GIn Mutant Glyoxalase |

Primer Synthesis and DNA Sequencing
The primers employed in the mutagenesis outlined below were obtained from MOBIX
(McMaster University, Hamilton, ON). Sequencing of pGL11 was also performed by
MOBIX.
To sequence the mutated glo4 DNA, a primer complementary to the region upstream
of the DNA insert region, part of the pTTQ18 plasmid, and a primer complementary to the
region downstream of glo4. within the inserted DNA were also synthesized (Figure 4.4).

These primers would be suitable for sequencing of other plasmid constructs based on pGL10,

the pTTQ18 based plasmid for the expression of wild-type GixI.

Mutagenesis

Primers homologous to the DNA encoding GIxI and the DNA upstream, within the
gloA insert, were designed with a single base change to mutate His5 to Gln. (CAT—>CAA;
Figure 4.5). This one-step mutagenesis protocol is based on the QuikChange™ site-directed
mutageneis protocol from Stratagene (La Jolla. CA), as outlined in Figure 4.6.

Six reaction conditions were prepared. varying the MgSO, concentrations between
0.2-2.5 mM. PCR amplification was performed with the following program. A “hot start” or
“jump start” was performed in which the tubes were heated to 95°C for 1 min without the
polymerase enzyme. Following the addition of the Pwo DNA polymerase enzyme
(Boehringer Mannheim/Roche Diagnostics) the following cycle was performed 12 times:
95°C 30 s; 55°C 60 s: 68°C 10 min: ending with a 15 min incubation at 68°C to ensure all
extensions were completed.

The PCR reaction product mixtures were incubated with Dpnl at 37°C for 1 hour to
digest the methylated wild-type. template DNA. The plasmid containing the mutated gloA
gene. pGL11. was first transformed into E. coli DH5a as this cell line is deficient in the
restriction enzymes to degrade non-methylated DNA. Methylated pGL11 was then isolated

from DH5a and transformed into E. col/i MG 1655 for effective protein expression.
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A SCAA TTT CAC ACA GGA AAC AGC G*
B SCGA TGC AGT AAA GAT GCG GGC G*

Figure 4.4: Sequence of the primers utilized for sequencing of the glo4 region of pGLI11.
(A) Primer homologous to pTTQ18 upstream of the insert region and (B) homologous
to the region of the inserted DNA, downstream of gloA4.

Start
5 G GAT AAA AAG ATG CGT CTT CTT C4A4 ACC ATG CTG CGC G*

Stop
$ C GCG CAG CAT GGT TTG AAG AAG ACG CAT CTT TTTATCC?

Figure 4.5: Primers for the PCR mutagenesis of E. coli GIxI His5—GlIn. Bold indicates the
region homologous to the translation start codon and the mutated codon is in large

italics.

Expression and Purification

E. coli MG1655/pGL11 was grown with 50 pg/ml ampicillin, not carbenicillin as for
wild-type GlxI, as there was no effect on the growth or protein expression, and this antibiotic
is more economical.

Centricon YM10, YM30. YMS350. and YM100 were from Amicon (Millipore, Bedford,
MA) and used according to the manufacture’s specifications. Chelating Sepharose™ Fast
Flow resin (Amersham Pharmacia Biotech. Sweden) was prepared in the Ni** form, and
protein binding tested in 50 mM MOPS, 150 mM KCI, pH 7.0 (Chelex treated).

The purification protocol for the wild-typs GIxI enzyme was utilized to purify the
H5Q mutant GlxI with the following exception. Following the isoelectric focusing stage of
the purification, the protein was subjected to separation on a Superdex 75™ HR 10/30
(Amersham Pharmacia Biotech, Uppsala, Sweden) gel filtration column, equilibrated with 50
-mM MOPS pH 7.0 (Chelex treated). Samples of less than S00 ul were applied and the protein

eluted with buffer at 0.5 ml/min for 60 min.
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Figure 4.6: Outline of the QuikChange ™ site-directed mutagenesis protocol. ® indicates
site of desired mutation; e indicates mutation. (Adapted from Stratagene Cloning
Systems QuikChange™ Site-Directed Mutagenesis Kit Instruction Manual)
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Protein Characterization and Metal Effects

Kinetic assays were performed in S0 mM potassium phosphate buffer pH 6.6,
according to the standard protocol (Section 2.2), or in 50 mM MES (2-(¥-
morpholino)ethanesulfonic acid), pH 6.6. For each metal tested, the desired metal chloride
concentration was added directly to the substrate solution immediately before performing the
assay. In addition, the enzyme was preincubated for a minimum of 10 minutes with the same
metal 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 from 800-
200 nm of 0.2 mM S-lactoylglutathione (reaction product) in water with and without the
addition of the metal chloride, in the absence of GixI. Hydrolysis of the product (0.2 mM in
50 mM MES pH 6.6) by the metal chlorides was monitored at 240 nm for 10 min. Similarly,
breakdown of the substrate was investigated by monitoring the absorbance 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 ZnCls, these values (slopes
over the time period of the enzyme catalyzed assay) were subtracted from the enzyme

catalyzed reaction values.
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4.3 Results and Discussion

4.3.1 Glyoxalase | Containing Selenomethionine

Attempts to Incorporate Selenomethionine Utilizing a Methionine Auxotroph

As wild-type E. coli cell 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 methionine auxotroph cell line is
employed. In this case the plasmid encoding GIxI, pGL10, was transformed into two
methionine auxotrophic cell 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/pGL10 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 GIxI,
indicating 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 NiCl, (0-1.0 mM), and the
carbon source (0.4% glucose versus 0.5% glycerol). on protein production. Cultures grown in
LB then rinsed with M9 followed by growth in an M9 starter culture were used to inoculate
the cultures. Although the cell cultures grew. minimal if any GIxI production was observed in
each case. even when LB was re-inoculated as a control. The wild-type expression system, E.
coli MG1655/pGL10, also produced no protein under these conditions.

To determine if there was an essential nutrient absent from these growth conditions the
following supplements and combinations of each were tested in small scale cultures (5 ml) of
each E. coli MG1655/pGL10 and DH93/pGL10: thiamine (2 x 10™%), biotin (2 x 107%),
casamino acids (1%), 2 x M9 salts, and LBanp alone. In each case the M9 was supplemented
with glucose, MgSOj, CaCl,, 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
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these later tests could not be accounted for by the addition of the supplements, as even the
unsupplemented conditions were successful during these trials, unlike in the previous studies.
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 M9, hence there was a carry
over of some rich LB media. The additional supplements during the initial growth in M9
must be sufficient for cell growth and protein production. In addition it was inadvertently
discovered that if cold M9 media was inoculated, protein production was drastically
decreased. For this reason, the media was always warmed to 37°C prior to being inoculated
with the starter culture in LB.

Variation in the levels of added nickel revealed that levels as low as 20 uM NiCl,
slowed the growth of E. coli DH93/pGL10 in M9, and >0.1 mM NiCl, inhibited growth
almost completely. In contrast, E. coli MG1655/pGL10 was grown in LB with 1 mM NiCl,
(Chapter 2). SeMet was also found to inhibit cell growth, hence it was not added until the
induction of protein expression. Following addition of SeMet, the cells were allowed to grow
for 30 minutes prior to induction of protein expression to allow time for transport of the
SeMet into the cells, minimizing the likelihood of normal methionine being incorporated in
the expressed protein.

E. coli RK4349 does not require supplemental uracil as does E. coli DH93 but it does
require supplemental histidine (0.0015%). As conditions were found for the successful
incorporation of SeMet utilizing MG1655/pGL10, further studies utilizing RK4349 were not

pursued following the initial unsuccessful attempts.

Inhibition of Methionine Biosynthesis

An alternative to protein expression in a cell line deficient in the synthesis of
methionine is to inhibit the pathways leading to methionine formation in the wild-type cell
line (Doublie. 1997). This technique was also tested in the incorporation of SeMet into E. coli
GIxI. 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.
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Conditions for Successful Selenomethionine Incorporation and Protein Expression

Interestingly, the method for efficient incorporation of SeMet is surprisingly simple
for E. coli GIxI. A starter culture grown in LB media is used to inoculate M9 minimal media
and SeMet is added to the culture 30 minutes prior to induction of protein synthesis. ESMS
confirmed that SeMet is incorporated into GixI (15 060 Da full incorporation). However, a
significant amount of SeMet-GlIxI +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. coli peptide deformylase (EC 3.5.1.31), the
enzyme that removes the formyl group from the N-terminal methionine in eubacteria is
maximally active with both Fe*™ and Ni*", and binds a variety of other metals including Zn*"
although with reduced cataiviic efficiency (Groche et al., 1998; Ragusa et al., 1998). At the
time of writing the natural metal had not been clearly established. As E. coli GIxI also binds
these metals it was speculated that when GIxI is overproduced in a culture with minimal
metals there might be insufficient metals present for all the enzymes in the cell. In an attempt
to counteract this potential problem. if in fact this is the case, additional NiCl, was added to
the growth media and the amount of formylated protein monitored by ESMS. Based on the
studies with £. coli DH93/pGL10. which indicated the concentration of NiCl, should be kept
below 20 uM for growth 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 time 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 GIxI
expression was not significantly increased with induction times of greater than 6 hours,
however the level of formylated GIxI did increase. This was not the expected relationship. A
longer time period should give the deformylase enzyme 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 GIxI
produced from 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 NiCl, (5 uM) at inoculation and

additional NiCl, (7.5 uM) at induction, with a 6-8 hour induction time was optimal for
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efficient protein expression, minimizing the amount of formylated protein. Under these
conditions the level of SeMet incorporation varied between 85-100% fully incorporated
(SeMet at all 3 Met positions), with 0-15% 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 formlyated protein also pxlesent.

Further 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 fortuitous.

Protein Purification

In most cases the SeMet-GIxI enzyme was effectively purified (Figure 4.8 and Table
4.1) with the protocol outlined for the wild-type GIxI 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-GIxI cell growth (generally 2-2.5 L of cell growth or ~4 g cells) was combined and
utilized for protein purification. This gave sufficient levels of GIxI to obtain precipitated
protein following the IEF step for crystallographic studies and well focused protein of high
purity for all 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
further purification of this protein. This column is described in more detail during the
discussion of the H5Q mutant GiIxI (Section 4.3). With this expression system between 5-50
mg of SeMet-GIxI were purified per litre of cell growth. It is not known why such a large

variation in the expression occured.

152



100, 15 060 Da

Full Incorporation

% -

4 Double lncorporaticQ\ icﬂnylated
0 JN J\l\‘m e NS

14400 14600 14800 15000 15200 15400 15600

T

Figure 4.7: Reconstructed electrospray mass spectrum 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-GIxI. 20% Homogeneous SDS-PAGE with
Coomassie staining.
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Table 4.1: Summary of the stages of the purification of E. coli SeMet-Glxl from E, coli MG1655/pGL10 grown in minimal media

with 0.3 mM SeMet.

Stage of Purification  Total Protein Specific Activity % Yield' Fold Fold Increase in
(mg) (umol/min/mg) Purification® Activity with NiCl,
Cell Break 149 Apo 36 100 1.00 7
+NIiCl, 244
Q-Sepharose Fast Flow 92 Apo 51 95 1.50 7
+NiCl, 365
Post-Dialysis 85 Apo 48 87 1.53 8
+NiCl, 373
IEF/Buffer Change 51 Apo 4.6 68 2.00 106
+NiCl, 487

* Representative results from a purification of 2.1 g of cells from 2 x 0,7 L growth,
' Yicld calculated by comparison of the total activity of the Ni*'-activated enzyme.
$ Purification factor calculated by comparison of the specific activity of the Ni*'-activated enzyme at each stage to the activity at the cell break.



SeMer-GIxI 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 containing SeMet be highly homologous
structurally to the native enzyme. The kinetics and metal activation of SeMet-GIxI were
measured to determine the effect of the SeMet incorporation on the properties of the enzyme.
As outlined below, the characteristics of SeMet-GIxI are very similar to those for the native
enzyme, making this a very useful form of the enzyme for crystallographic studies (Section
3.34).

Activation of the enzyme with 10 mole equivalents of metal to dimeric SeMet enzyme
indicated that there is no difference in the relative activation of the enzyme with various metal
chlorides compared to wild-type GIxI (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 dimeric enzyme for both Ni?* and Co** (F igure 4.10).
This ratio of bound metal was confirmed by ICP analysis on the Ni**-substituted SeMet-GIxI
enzyme (Appendix A). These results are consistent with those found for the native enzyme.
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Figure 4.9: Activation of SeMet-GlIxI with 10 mole equivalents of metal to dimeric enzyme.
Activities are shown relative to the maximally activated Ni** form. Each point was
measured in triplicate and the entire set of measurements performed in duplicate with
0.5 mM substrate and ~0.7 pug enzyme per assay.
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Figure 4.10: SeMet-GIxI activity titration curves. Activities are shown relative to the
maximal activity measured for (A) NiCl, and (B) CoCl; addition. Each point was
measured in duplicate and the entire curve determined twice with 0.5 mM substrate
and ~0.7 pg enzyme per assay. The lines are arbitrary fits to show the trend in the
data.
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Table 4.2: Kinetic parameters’ determined for SeMet-GlxI compared to the native E. coli

enzyme.
SeMet-GIxI Native GIxI*
Ni**  Viax (umol/min/mg) 487+ 73 676 £ 17
Km (UM) 23+1 27+0.4
Co”™  Vpax (Lmol/min/mg) 216+ 19 213 +33
Km (UM) 13+1 12+2

*10 substrate concentrations from 0.005-2.0 mM were measured in triplicate 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., 1998a

The kinetic parameters were also determined for both Ni*"- and Co**-activated SeMet-
GIxI. In both cases the K, measured was comparable to that determined for the native
enzyme (Table 4.2). The Vg for SeMet-Co>"-GIxI was not altered compared to the native
enzyme, however the Ni*"-activated SeMet enzyme was only about 70% as active as native
GIxI (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 vicinity
of the active site metal ligands (Figure 4.11). When Met7 is replaced with SeMet the added
bulk of the selenium atom versus the sulfur atom may move one of the ligands slightly,
resulting in a small change in the metal activity. The SeMet-GIxI crystals did not diffract to
high 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-GIxI
significantly decreased following the dialysis step. Addition of NiCl, produced protein with
activity comparable to that prior to the dialysis. indicating that the bound metal, present from
the cell growth, was lost. This was only found in some preparations. It is believed that the
SeMet-GIxI has a slightly reduced affinity for the metal. As the dialysis is performed in 10%
glycerol/H,O, 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-GIxI in some
instances. Studies are underway to examine the binding affinity by ITC, as described for the

" native enzyme.
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Figure 4.11: E. coli Ni**-GIxI active site showing the Ni’* (green), two oxygen atoms of the
aqua ligands (cyan, shown in half its diameter for clarity), the four metal binding
ligands (His5, Glu56, His74, Glul22), and the proximal Met7. Graphics generated
using WebLab ViewerPro, ver 3.7 (Molecular Simulations Inc.).
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4.3.2 C-Terminal Truncated Gix!/

During preliminary studies on the wild-type E. coli GixI enzyme a C-terminal
truncated protein was isolated (Barnard, 1997). The molecular weight of this protein (14 578
Da) cormresponded to the removal of the C-terminal 4 residues (Glyl132-Asnl35), yet the
protein was still active. Increase in the amount and frequency of the addition of protease
inhibitors (PMSF) during the purification eliminated this problem with proteolytic
degradation. As this suggested that these terminal residues were not critical for enzymatic

activity we chose to remove this region to aid in cocrystallization attempts.

Construction of the Truncated Form of GixI

In this system the 135 amino acid protein was prematurely truncated, 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 alteration 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 Purification

Following the successful mutation of the GIxI gene, glo4, purification of the protein
was attempted. Although small scale growth (<20 ml) and induction of protein expression
initially indicated good expression of the mutant protein, numerous difficulties 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 GIxI protein, based on SDS-PAGE, and others yielded moderate production.
Numerous variables were tested. including growth 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 from an LBagn, 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 being made to create the

expression system for the wild-type GIxI protein (Barnard, 1997).
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Figure 4.12: Examples of the variation in the level of protein production from select colonies
of MG1655/pGL12, and the effect of increased IPTG and added NiCl, 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 GIxI. 8-25% SDS-
PAGE PhastGel with Coomassie staining.
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Addition of NiCl, to the culture did not appear to affect the level of protein
production, nor did an increase in the level of IPTG (0.5-1.0 mM). Figure 4.12 also illustrates
the variation seen in truncated GlxI expression from 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 these conditions was also used to inoculate a
starter culture for a large scale growth, poor expression resuited.

Several protein purification attempts were undertaken with the cultures producing a
moderate level of truncated GixI. However, as seen with the H5Q mutant GIxI, impure
protein was obtained following the standard purification protocol. (See foliowing section,
4.3.3, for possible reasons for this). Figure 4.13 illustrates the stages of purification of the C-
terminal truncated GlxI. Clearly, even at the cell break stage there is significantly less GIxI
produced than seen with the wild-type expression system. As evident from this gel, the
protein appears pure following the IEF step, but after concentration during the buffer change,
contaminating proteins were evident.

As the isolated protein was not homogeneous detailed kinetic analyses were not
performed. However at each stage of the purification the enzymatic activity was tested and
found to increase upon addition of NiCl.. The specific activity for the partially purified
enzyme, following the IEF step was 506 umol/min/mg with the addition of excess NiCl,, 2.4
pmol/min/mg with excess ZnCl,, and 5.3 pmoi/min/mg 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 (14 051 Da predicted based on sequence).

While attempts were being made to troubleshoot the problems associated with
inconsistent protein production, as well as protein impurities, crystals were obtained of the
wild-type Ni**-GIxI in complex with several inhibitors (See section 3.3.4). With this
crystallization success, the C-terminal truncated protein was no longer essential and hence

further studies were not pursued.
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Figure 4.14: Reconstructed ESMS of the partially purified C-terminal truncated form of E.
coli GlxI. Salt adducts are also evident.

4.3.3 H5Q Glyoxalase |

Mutagenesis

The PCR reaction containing 0.7 mM MgSO, appeared to produce the most efficient -

transformation.

Expression and Purification

There was no apparent effect on level of protein production with or without | 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 cell line is utilized (E. coli MG1655) as for the wild-
type GIxI expression, and the entire plasmid was replicated with the mutation, preventing any
change in the upstream 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 H5Q GIxI. 20% homogeneous SDS-PAGE with Coomassie
staining.

The purification protocol designed for the wild-type GixI enzyme produced impure
protein after the preparative isoelectric focusing for the H5Q GIxI enzyme (Figure 4.15).
There are a couple of explanations for this problem. The purification system utilizing
preparative isoelectric focusing is ideal for the wild-type GIxI protein, as large amounts of
pure apoenzyme are produced. However. this protocol is somewhat dependent upon the
concentration of the desired protein. At high concentrations, GixI will precipitate in the IEF
cell when it is focused at its pl. This precipitated protein can be removed and resuspended in
pH 7.0 buffer, producing active protein with no detectable impurities. The remaining soluble
protein from the IEF is also >95% pure. In a system with reduced protein expression the ratio
of GIxI to contaminants is much lower. With reduced GixI, the high concentrations were not
achieved in the IEF cell and GIxI 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.
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It is suspected that this reduced the effective focusing during these separations. As such,
protein of reduced purity resulted.

In an attempt to further purify the H5Q GIxI enzyme, several techniques were
employed. First, since the protein is a dimer of 29 820 Da (29 838Da for wild-type GIxI),
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 GIXI it
was anticipated that these proteins would be retained by the membrane, efficiently purifying
GlxI from the remaining contaminants. However, the 30 and 50 kDa Centricon spin columns
both retained >90% of the GIxI protein as well as contaminating proteins. Although the 100
kDa cutoff unit did not retain GIxI, 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 Ni**, and metal affinity resins are
currently in common use, it was of interest to determine whether GixI, either the H5SQ mutant
or the wild-type enzyme, would bind to such a resin. This would provide a very rapid and
simple technique to purify the enzyme without any modifications to the expression system,
such as a His-tag generally required for the purification. A small scale (200 pl) trial was
performed with Chelating Sepharose Fast Flow resin (gift from Dr. J. G. Guillemette),
generated in the Ni*" form. However. the majority of the glyoxalase I activity was detected in
the initial buffer following incubation with the resin, indicating the protein did not bind to the
resin. This is not completely unexpected. Although GIxI binds Ni**, and particularly tightly
to the wild-type 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 unsuccessful attempts to purify the H5Q GlxI enzyme, a gel filtration
column was utilized, Superdex 75. Although only small amounts of protein can be applied for
efficient separation (<500 pl) and hence numerous applications are required, the protein was
effectively purified with this method. Examination of the elution profile (Figure 4.19)
suggested the protein was not effectively 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 H5Q GIxI but with minimal contaminating proteins were
" selected for further analysis. Activity assays and the purity based on the gel separation were

utilized to determine which fractions to collect.
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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 4.16-4.19 present the column elution profiles and SDS-PAGE gel analyses
of various steps in the purification protocol. As illustrated in Figure 4.17 the protein is
focusing during the IEF run, but pure precipitated protein is not always produced. Other
contaminating proteins are evidently focusing in the same region in this case. The
precipitated protein from 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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Table 4.3: Summary of the stages of the purification of £. coli HSQ GIx! from E. coli MG1655/pGL11,

Stage of Purification  Total Protein Specific Activity % Yield' Fold Fold Increase in
(mg) (pmol/min/mg) Purification’  Activity with NiCl,

Cell Break 470 Apo 0.13 100 1.00 115
+NiCl, 15

Q-Sepharose Fast Flow 240 Apo 0.22 85 1.57 114
+NiCl, 25

IEF/Buffer Change 50 Apo 0.48 68 6.40 200
+NiC12 96

Precipitated Protein 6 Apo 0.73 12 9.07 186

from IEF +NiCl, 136
Superdex 75* 24 (+6from  Apo 0.70 42 (+12 from 8.40 180
above for 30 mg above for 54%

overallyieldy  +NiCl, 126 overall yield

* Representative results from a purification of 4,1 g of cells,

' Yield calculated by comparison of the total activity of the Ni*'-activated enzyme,

¥ purification factor calculated by comparison of the specific activity of the Ni*'-activated enzyme at each stage 1o the activity at the cell break.

* Presuming the entire sample from the IEF step was passed through the gel filtration column, when in actual fact only that required for the enzymatic
analysis was further purified, or half the volume,
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Figure 4.16: Elution profile of £. coli H5Q GIxI from the FPLC Q-Sepharose Fast Flow column. Dashed line represents the % buffer
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Figure 4.18: Purity of the H5Q GIxI in various fractions from 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.
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Figure 4.19: Superdex 75 elution profile. The solid line indicates the absorbance at 280 nm.
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Protein Characterization and Metal Effects

Inductively couple plasma (ICP) metal analysis was performed on the purified H5Q
GIxI and confirmed it was an apoenzyme, with only trace 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 from the gel filtration column at the same time as the
wild-type enzyme (Clugston, 1997) indicating that the H5Q GIxI is also a dimeric enzyme.

Preliminary experiments on a sample of crude cell extract indicated that the H5Q
mutant GiIxI was active with the addition of both NiCl; and ZnCl,. This was an incredibly
surprising result, as this was simply a one amino acid alteration, and a semi-conservative
alteration which sequence analysis suggested would not affect the metal activation. This led

to a detailed analysis of the metal activation in this mutated E. coli GIxI protein.
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. Figure 4.20: Reconstructed electrospray mass spectrum of the purified mutant E. col/i H5Q
GIxI.
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Addition of increasing amounts of metal 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 high levels of metal (1-2 mM), the initial enzymatic activity (first
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 metal
dissociates relatively rapidly resulting in the reduced activity observed. However, if these
levels of metal 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 affinity is very low. For this reason, the
assays were performed with an equal concentration of the desired metal in the assay solution
and preincubated with the enzyme. Therefore there will be no concentration difference, 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 H. sapiens GIxI enzyme also resulted in a
decreased metal affinity in some instances. Mutation of Glul00—Gln (equivalent to Glu36 in
E. coli GIxI) resulted in a protein with almost no metal bound. Further mutation of
GIn34—Glu (HisS in the E. coli enzyme), Glul73—Glin (Glul22 in E. coli), and the double
mutant GIln34—Glw/Glul00—Gln each was observed to contain only a small amount of
bound catalytic zinc (Figure 4.21; Ridderstrém et al., 1998). However, the metal content was
determined following standard purification of the enzyme. At no time were additional metal
salts added to the protein after 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 examined.

H,O
Gluyop,, |

Figure 4.21: Active site structure in H. sapiens GIxI.
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To determine the maximal enzymatic activity in E. coli H5Q GIxI and the required
amount of metal to reach this activity, a metal activity titration was performed in which the
enzymatic activity was monitored with increasing concentrations of metal. The maximal
specific activity, 8¢ umol/min/mg, for the Ni**-activated enzyme was observed at 5 mM
metal. As apparent from Figure 4.22. the activity is steadily increased with increasing metal
concentration. However, levels of metal at 5 mM and higher were found to breakdown the
hemiacetal substrate making the analysis of the activity above 2 mM NiCl, (50 pumol/min/mg)
unreliable. Furthermore, although initial studies indicated that the H5Q mutant GIxI was
active with Ni**, Co™", Cd?", Zn®". and Mn?" it was noted that higher levels of ZnCl, and

CdCl, (>0.5 mM) added to the substrate assay solution resulted in precipitation of the metal.
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Figure 4.22: Activation of H5Q GIxI with increasing amounts of NiCl, in both the enzyme
and substrate solution. measured in phosphate buffer pH 6.6 with 0.5 mM substrate.

Each point was measured in triplicate with ~5 ug of enzyme. The line is a linear fit to
illustrate the trend in the enzyme activity.
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In an attempt to avoid the precipitation of these metals at concentrations below 0.5
mM the standard enzyme assay buffer was modified. The glyoxalase I enzyme is generally
performed in 50 mM phosphate buffer pH 6.6 (Bergmeyer, 1983). For consistency the pH of
the buffer was 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-type
enzyme activated with Ni*" at a substrate concentration of 0.5 mM was determined in both the
standard phosphate buffer 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 K and Vpax for wild-type Ni*"-GIxI was later determined in MES
and found to be consistent with that found when measured in the standard phosphate buffer.

The metal activity titration was repeated for the activation of H5Q GixI with NiCl,.
Interestingly, the enzymatic activity was significantly increased (Figure 4.23). At a metal
concentration of 2 mM the specific activity was 173 umol/min/mg. This is nearly a 4-fold
increase over the activity measured 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 metals (Price, 1996). it may actually be higher than the affinity of
the mutant protein for the metal. As a result the buffer may be chelating the metal making 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 all
standard assays were performed in phosphate buffer. the activity of wild-type Ni’"-GIxI was
measure in MES with excess metals. No difference was seen on the enzyme activity in MES
compared to previous results in potassium phosphate buffer. As the wild-type enzyme is
known to have an extremely high metal affinity. the low affinity of the phosphate is most
likely insignificant in these assays. It was noted however, that very high levels of NiCl, (>2
mM) did not breakdown the substrate as seen in phosphate buffer, however they did inhibit
the wild-type GIxI activity. At 2 mM NiCl, the activity of the wild-type GlxI enzyme was
90% that seen with low levels of metal, and further reduced to 75% at 10 mM. The H5Q GixI
activity was only moderately increased at 5 mM and decreased at 10 mM NiCl,. For this

reason it was concluded that the enzymatic activity should not be measured above 2 mM.
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Figure 4.23: Activation of H5Q GlIxI with increasing amounts of (A) NiCl,, (B) CoCl,, and
(C) ZnCl,, in both the enzyme and substrate solution, measured in MES buffer pH 6.6
with 0.5 mM substrate. Each point was measured in triplicate with ~2.5 pug of enzyme
and each curve was measured in duplicate and the results averaged.
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A similar activity titration was performed for CoCl, and ZnCl, (Figure 4.23B and C).
In the case of ZnCl,, the maximal enzymatic activity (50 pmol/min/mg) was observed at 0.25
mM metal, and a decrease in activity was noted above 0.5 mM. In addition, low levels of
substrate breakdown were observed with ZnCl> at concentrations of 0.5 mM and above. The
slopes of the uncatalyzed reactions were measured for each point and subtracted from the
enzyme catalyzed reaction slope.

To ensure the apparent decrease in enzyme activity was not simply 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 NiCl, and 0.5, 1, and 2
mM ZnCl,.. 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 high
levels of metal are inhibiting the enzyme by an unknown mechanism, or somehow making the
substrate unavailable.

As the enzyme has such a low metal affinity, ICP analysis can not be performed to
determine the amount of metal bound. The metal would be lost upon dialysis to remove
excess metals prior to the analysis. Also. as the affinity of HSQ GIxI appears weaker than that
of phosphate buffer, it is most likely too low for accurate measurement by ITC.

Without a means of determining the amount of metal bound enzyme, and hence active
enzyme, it is not possible to determine a meaningful Vpma for the mutant enzyme. Figure 4.24
summarizes the maximal activities measured for each of the metals tested.

The observation that the enzyme is now active with ZnCl,, although at low levels, is
fascinating. A one amino acid change was not expected to create such a drastic effect on the
metal affinity of the enzyme as well as the metal activation. The observation that P. putida
and S. cerevisiae GIxI have the same four ligands as the E. coli enzyme, yet are active with
Zn*". 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 differential metal activation observed in the E. coli enzyme. There must
be further alterations in the enzyme to produce such a drastic difference between two
enzymes, which appear at first examination. very similar. Evidently, there are far more subtle
changes causing drastic effects in the enzyme than could ever be predicted by sequence

comparisons or even by a comparison of the crystal structure.
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Figure 4.24: Activation of H5Q GIxI with various metal chlorides. Assays were performed
in triplicate in MES buffer. pH 6.6 with 0.5 mM substrate, ~2.5 ug of enzyme, and the
entire set of measurements duplicated. Three concentrations of each metal were tested
and the maximal activity observed is displayed. Ca®’, Mg>*, Mn®" were tested at 0.25,
1.0, 2.0 mM; Cu®", Cd*" at 0.05. 0.1, 0.25 mM; Co>*, Zn**, and Ni** data taken from
titration curves. Precipitation of Cu®*” and Cd*" precluded measurement above 0.25
mM.

One possible problem to note with this expression system is that the H5Q GIxI mutant
was not expressed in a GIxI deficient cell line. The E. coli MG1655 utilized to express the
wild-type enzyme was also emploved here. As such, there could be contaminating low levels
of wild-type GIxI from 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 GIxI analysis. Also the activities
measured and the affinity of the enzyme for the metals are drastically different to those seen
for the wild-type enzyme. Even low levels of wild-type GixI 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 from the H5Q GIxI and not simply residual wild-type

activity.
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4.4 Conclusions

The expression and purification of E. coli GIxI containing 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 activify in the presence of Ni*". 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 £. coli GIxI did not require plasmids to
be placed into a methionine auxotrophic cell 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 protocol was developed through numerous attempts to purify the SeMet-GlxI
e@me, C-terminal truncated GlxI enzyme, and the E. coli H5Q mutant GIxI. Following
separation by isoelectric focusing, further 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 GIxI enzyme. During analysis in phosphate buffer the metal ion was lost
from the protein, as observed in the reduced enzyme activities. Utilizing MES as the buffer
for the activity assays minimized this problem.

Analysis of the purified HSQ mutant E. coli GIXI revealed that the affinity of the
protein for metal ions is greatly reduced. Furthermore, this mutation resulted in an enzyme
that now has low levels of activity in the presence of Zn®*". This is a very intriguing
observation. as a change of this one ligand was not expected to have such a drastic effect. S.
cerevisiae and P. putida Glx! are active with Zn>” 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 metal selectivity in E. coli GIxI.
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CHAPTER 5

IDENTIFICATION OF GLYOXALASE | IN OTHER ORGANISMS

5.1 Introduction

Significant effort in recent years has been directed towards whole genome sequencing
projects. The knowledge of a complete genome can not only lead to a better understanding of
the particular organism under analysis but also permits vast comparisons 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 GixI sequences performed during my M.Sc. studies and our
biochemical studies on E. coli GIxI (Clugston, 1997; Clugston et al., 1997; Clugston et al,,
1998a; Clugston et al.. 1998b) a detailed sequence search and analysis was performed to
determine if similarities have occurred over the evolution of this enzyme. Herein we report

our findings with respect to sequence and possible structural alterations in GIxIL.

5.1.1 Implications of Glyoxalase | as an Antibacterial Target

Due to its electrophilic nature. the glyoxalase I substrate, methylglyoxal (MG), can
covalently modify cellular macromolecules (DNA. RNA, proteins), resulting in cell death
(Ferguson et al., 1998). For this reason. MG concentrations are extremely well controlled and
alteration in this balance with concomitant increase in MG levels can be cytotoxic (Ferguson
et al.. 1998). Inhibitors of GIxI that block the metabolism of MG, and hence take advantage
of its toxic effects, have been studied as potential antitumor and antimalarial agents (Barnard
et al.. 1994; Thornalley, 1998; Kavarana et al., 1999). Selective inhibition of bacterial GIxI
enzymes might also be advantageous for antibacterial therapy.

Multi-drug resistant bacteria have been increasingly prevalent in nosocomial
infections. Pseudomonas aeruginosa is a leading cause of these infections, contributing 15-
20% of all hospital-acquired pneumonias (Carmeli et al., 1999a; Chenoweth and Lynch,
1999). Increasing resistance to antipseudomonal agents is of growing concern (Carmeli et al.,

1999b). In addition, frequent reports of necrotising fasciitis, caused by group A Streptococci
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infections including Streptococcus pyogenes, have attracted much media attention in recent
years. This bacterium 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 eliminated (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 continuing concerns, there is always a quest for
new targets for antibacterial agents. As outlined in this chapter, we have identified nineteen
postulated GixI sequences from pathogenic organisms and nine additional sequences from
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 GIxI 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 GIxI 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 this enzyme.

5.1.2 Expression of Postulated GixI Sequences

To determine if the open reading frames postulated to encode GIxI enzymes in these
organisms actually encode functional GIxI enzymes. we constructed vectors to express the
proteins from two pathogenic organisms. As the predicted GIxI protein sequence from
Yersinia pestis is very highly homologous to that of the E. coli protein (79%) we chose this
for our first comparative analysis. The postulated Pseudomonas aeurginosa GIxI protein
sequence is somewhat less homologous to the E. coli sequence (69%) and would provide an
intermediate comparison to the E. coli protein, between the Y. pestis and the well studied H.
sapiens protein with 36% homology. This study is also useful to see if the Ni**-activation is

an anomaly or a general phenomenon with various GixI enzymes.
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5.2 Materials and Methods

5.2.1 Homology Searching

Sequence Identification

A BLAST search (tblastn program; Altschul et al., 1990; Altschul et al., 1997) of the
National Center for Biotechnology Information (NCBI) Microbial Genome databases
(http://www.ncbi.nlm.nih.gov/Microb_blast/unfinishedgenome.hunl), including the
unfinished genome sequences, was performed using the full length E. coli GIxI sequence.
The tblastn search compares the input protein sequence with each nucleotide sequence
database, dynamically translated in all six reading frames. The DNA contigs containing the
homologous regions identified in these searches were downloaded for analysis. As the search
identified regions of DNA with homology regardless of reading frame, further analysis was
required. PC/Gene® 6.85 (IntelliGenetics, Mountain View, CA) was utilized to identify the
open reading frames in each DNA contig and its complement, which were translated and
compared with the E. coli GixI sequence. This ensured that the sequence obtained was a
complete open reading frame. including both a start and stop codon.

It should be noted that this search was perforrﬁed 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 available 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 should not effect the overall alignment or relationship between the sequences
presented in this work.

The full length E. coli GIxI protein sequence was also utilized to search the NCBI
non-redundant GenBank database (http://www.ncbi.nlm.nih.gov/blast/blast.cgi) using the
default parameters. This database contains confirmed or final sequencing data, as opposed to
the incomplete genomes described above that have not undergone final checks and release. A
BLAST search, both tblastn and blastp, comparison of protein to the nucleic acid database and

to the protein database, respectively, were performed.

180



Sequence Analysis and Phylogenic Tree Construction

Pairwise comparisons were performed using the paired alignment program (Myers and
Miller, 1988) from PC/Gene. Multiple sequence alignments were performed utilizing the
ClustalW program, version 1.81 (Thompson et al., 1994) from the European Bioinformatics
Institute (http://www2.ebi.ac.uk/clustalw/). with the default parameters. The unrooted
phylogram based on the ClustalW sequence alignment was created utilizing the following
programs from the PHYLIP phylogenetic analysis package, version 3.57c (Felsenstein, 1993),
and references therein): SEQBOOT (1000 bootstrap analyses performed), PROTDIST
(Dayhoff PAM matrix), NEIGHBOR (neighbor-joining 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 from the

consensus tree.

Preparation of Structure Illustrations

Structural illustrations of the H. sapiens GIxI crystal structure (PDB 1FRO; Cameron
et al.. 1997). the BaBPP motif. and members of the BaBPP structural superfamily were

prepared using WebLab Viewer Pro. version 3.5 (Molecular Simulations Inc.).

5.2.2 Construction of Plasmids for the Expression of Putative Glyoxalase |

Enzymes from Yersinia pestis and Pseudomonas aeruginosa

The genomic DNA from Yersinia pestis CO92 was obtained from K. Isherwood at the
Biomedical Sciences Department at the Chemical and Biological Defence (CBD)
establishment Porton Down (Wiltshire. UK). Dr. Elisabeth Daub created an expression
plasmid. pYPG]1. for the production of the postulated Y. pestis GIxI. P. aeurginosa (PAO1)
was a gift from Dr. J. Lam at the University of Guelph. The chromosomal DNA was isclated

and the expression plasmid constructed and named pPAGI1.

Primers and Sequencing

Primers were purchased from MOBIX (McMaster University, Hamilton, ON). The
putative glo4 DNA in each plasmid constructed was sequenced by MOBIX using the T7
promoter and terminator primers (Novagen, Madison, WI) to confirm the integrity of the

construct.
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DNA Amplification

The DNA postulated to encode GIxI in both Y. pestis and P. aeruginosa, based on the
sequence analysis presented in this chapter, was amplified using the polymerase chain
reactions (PCR), on a Thermolyne Amplitron IT PCR machine. Primers homologous to the N-
and C-terminal regions of the postulated GIxI DNA in each organism were designed (Figures
5.1 and 5.2), including restriction enzyme digestion sites for insertion into an appropriate
expression vector. A “hot start” or “jump start”, in which the PCR reaction solutions were
heated to 85°C for 1 min prior to addition of the Pwo 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; 55°C 60 s; 72°C 45 s; repeated
for 10 cycles, then the 72°C step was extended by 20 s each round for each of 15 additional
cycles, and ended with a 5 minute incubation at 72°C. For the Y. pestis DNA amplification
several reaction mixtures were attempted with the concentration of MgSQ, 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 (amp®, T7 lac promoter, fl
origin of replication; Novagen. Madison. WI), were each digested with Ndel and BamHI and
the digestion products ligated. The resulting plasmids. pYPG1 and pPAGI, were transformed
into E. coli DH5a. 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.

coli BL21 for protein expression and analysis.

- S[an -~
Pest-1 SCCA GAA TTC CAT ATG CGC TTA CTC CAT ACC ATG C?
EcoRl Ndel
5 Stop .
Pest-2 CCA AAG CTT GGA TCC TCA GTT TCC GAG GCA GTC ACC?
Hindll} BamHlI

Figure 5.1: Primers for the PCR amplification of Y. pestis GIxI, with the restriction enzyme
' sites labelled.
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Start

Pseudo-1 *CCA GAA TTC CAT ATG CGC ATT CTC CAT ACC ATG*

EcoRI Ndel
) Stop .
Pseudo-2 > CCA AAG CTT GGA TCC TCA GGA AGA CTT CTG GAT CAG®
Hindil1 BarmHI

Figure 5.2: Primers for the PCR amplification of P. aeruginosa GlxI, and restriction enzyme
sites.
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5.3 Results and Discussion

5.3.1 Sequence Identification and Analysis

Unfinished Databases
Of the 7 archaeal, 72 eubacterial, and 4 eukaryotic genomes searched in the

incomplete genomes database, significant homology to the E. coli sequence was found in the
DNA of sixteen organisms; Enterococcus faecalis, Pasteurella multocida, Pseudomonas
aeruginosa, Salmonella typhi. Shewanella putrefaciens, Streptococcus pyogenes,
Streprtococcus mutans, Streptococcus pneumoniae, Vibrio cholerae, Yersinia pestis,
Bordetella pertussis, Neisseria gonorrhoeae, Haemophilus ducreyi, Legionella pneumophila,
Caulobacter crescentus. and Thiobacillus ferrooxidans (now classified as Acidithiobacillus;
Kelly and Wood, 2000). In addition, known GlxI sequences from other organisms determined
previously in unrelated studies. such as those from E. coli (Clugston et al., 1998a), and
Haemophilus influenzae (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 writing,
two sequences were finalized and released into GenBank, those from P. aeruginosa
(Accession # AAG06912) and V. cholerae (AAF94171). The sequences remain unchanged in
the final release. However. the postulated open reading frame for the V. cholerae GIxI is 46
amino acids longer at the N-terminus than predicted here. This N-terminal arm is not
homologous to any of the known GIxI enzymes, including the N-terminal arm in the H.
sapiens enzyme and hence the original protein start site was utilized in the analyses presented
here. excluding this region.

Analysis of the sequence identified from N. gonorrhoeae revealed significant
homology to the E. coli GIxI 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 iength GIxI sequence, with
residues 1-11 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-
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checked prior 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 organisms may prove to contain GixI sequences with further
sequence data. Fifty amino acids from Pasreurella haemolytica (Accession #AAB93470)
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 additional partial sequences with high homology to GIxI were found.
Sinorhizobium meliloti contains an apparent GIxI sequence but only the first two-thirds of the
sequence is available to date. Klebsiella pneumoniae and Salmonella paratyphi both appear
to contain GIxI sequences. However it appears that there are two sequencing errors in each
resulting in a shift of reading frame, fragmenting 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 from 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 an organism to have a functional GlxI, similar to those previously
identified. To further support our proposal that these sixteen open reading frames encode
GlxI. 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 #RDECU) sequences identified high homology to one or both of these enzymes in
E. faecalis, H. ducreyi, L. pneumophila, P. multocida, P. aeruginosa, S. typhi, S. puireficiens,
S. mutans. S. pneumoniae, 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 mycobacteria (Fahey and
Sundquist, 1991; Newton et al., 1996). The absence of GSH may explain why no putative
protein with high homology to the known GIxI 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
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GSH in many of these organisms (Spies and Steenkamp, 1994; Patel and Blanchard, 1999;
Newton et al., 2000). If present, the GixI from mycobacteria may 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.

OH
Hgﬁg
oSy (%)H
)\Nﬁ\( NH o
I [ OH

Figure 5.3: Mycothiol (1-D-myo-inositol-2-(N-acetyl-L-cysteinyl)amino-2-deoxy-o-D-
glucopyranoside). a postulated alternative to glutathione in some organisms.

GenBank

From a search of the NCBI GenBank twelve additional putative GixI sequences were
identified from the pathogens Neisseria meningitidis, Xylella fastidiosa, Enterococcus hirae;
the plants Citrus X paradisi. two sequences from Arabidopsis thaliana, Oryza sativa, Triticum
aestivum. Glycine max. Cicer arietinum: and from the eukaryotes Botryotinia fuckeiana, and
Drosophila melanogaster. Table 5.2 lists the accession numbers and associated references,
where available. for these sequences as well as for the sequences known to encode GIxI and
those previously predicted to be GixI sequences (M.Sc. work and this work; Clugston et al.,
1997, Clugston et al., 1998b).
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Table 5.1: Sequencing organizations and funding sources for the sequences identified from the NCBI unfinished genome database.

Organism
Containing GlxI

Sequencing Organization

Funding Source

B. pertussis

C. crescentus

E. faecalis

H. ducreyi

L. pneumophila

N. gonorrhoeae

P. multocida PM70

P. aeruginosaT

S. typhi

S. putrefaciens

Sanger Centre (http://www.sanger.ac.uk)

The Institute for Genomic Research (TIGR)
(http:/Ntigr.org)

TIGR

University of Washigton HTSC
(http://www.htse.washington.cdu)

Columbia Genome Center
(http://genome3.cpme.columbia.edw/~legion/)

University of Oklahoma, Advanced Center for
Genome Technology (OU-ACGT) Gonococcal
Genome Sequencing Project
(http://www.genome.ou.edu/)

University of Minnesota Computational Biology
Center (http://www.cbc.umn.cdu/ResearchProjects/
AGAC/Pm/index.html)

University of Washington Genome Center and
PathoGenesis Corporation Pseudomonas Genome
Project (PGP; http://www.pseudomonas.com/)

Sanger Centre

TIGR

Beowulf Genomics

Department of Energy (DOE)

National Institute of Allergy and Infectious Diseases
(NIAID)

NIAID
NIAID

USPHS/NIH grant #A138399

USDA-NRI, Minnesota Agricultural Experiment
Station, and Minnesota Turkey Research and
Promotion Council

The Cystic Fibrosis Foundation and PathoGenesis
Corporation

Beowulf Genomics

DOE
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S. mutans OU-ACGT Streptococeal mutans Genome
Sequencing Project

S. pneumoniae TIGR

S. pyogenes OU-ACGT Streptococcal Genome Sequencing
Project

T. ferrooxidans TIGR

V. choleract TIGR

Y, pestis Sanger Centre

USPHS/NIH grant from the Dental Institute

NIAID and the Merck Genome Research Institute
(MGRI)

USPHS/NIH grant #A138406

DOE
NIAID

Beowulfl Genomics

Other Organisms with Incomplete GlxI Sequences

K. pneumoniae Washington University Genome Sequencing Center
(http://genome.wustl.edu/gsc/Projects/bacteria.shtmi)

S. paratyphi A Washington University Genome Sequencing Center

S. meliloti Howard Hughes Medical Institute and the Stanford
DNA Sequence and Technology Center
(http://cmgm.stanford.edu/~mbarnett/Ixgenome.htm)

N/A*

N/A
DOE

* Funding source information not available,
! Sequence now available in GenBank (Acc. #f AAG06912; Stover et al., 2000)
$ Sequence now available in GenBank (Acc. ##f AAF94171; Heidelberg et al., 2000)
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Table 5.2: Accession numbers and references for the known and postulated glyoxalase I sequences available in GenBank.

Accession Contributors Ref:
Organism Number (Submission Date) clerence
A thaliana 1 2760327 J.R. Ecker (1997) N/A*
2 3157947 A. Theologis (1997) N/A
B. fuckeiana AL115292 F. Bitton, C. Levis, D. Fortini, J.M. Pradier, Y. Brygoo N/A
(1999)
B. juncea Y13239 S.K. Sopory (1997) Veena et al., 1999
B. oleracea 774962 R.D. Croy (1996) N/A
C. arietinum AJ224520 S. Romo, E. Labrador, F.J. Munoz, and B. Dopico Romo et al,, 1998
(1998)
C. paradisi 297064 W.L. McKendree (1997) McKendree et al., 1997
D. melanogaster AAF59267  M.D. Adams, S.E. Celniker, R.A. Gibbs, G.M. Rubin,  Adams et al., 2000
and C.J. Venter (2000)
E. hirae D17462 Y. Kakinuma (1993) N/A
E. coli U57363 E. Daub, R. Kinach, D. Miedema, J.F.}. Barnard, S.L. Clugston et al., 1998a
Clugston, and J.F. Honek (1996)
G. max AJ010423 M. Skipsey, C.J. Andrews, J.K. Townson, 1. Jepson, N/A
and R. Edwards (1998)
H. influenzae P44638 0. White (1995) Fleishmann et al., 1995
H. sapiens L07837 S. Ranganathan, E.S. Walsh, A K. Godwin, and K.D. Kim et al., 1993; Ranganathan et
Tew (1994) al,, 1993
L. esculentum 748183 J.M. Pardo (1995) Espartero et al., 1995



061

N. meningitidis

0. sativa

P. putida

S. cerevisiae

S. typhimurium

S. pombe

S. stapfianus

Synechocystis sp.
T. aestivum
V. parahaemolyticus

X. fastidiosa

Y14298
AB(17042

1.33880

CAA89948

U57364

CAA90825

Y10782

BAA10101
AJ243528
U06949
AAF84208

D.A.A. Ala’Aldeen and G, Kizil (1997)

M. Nakase, Y. Usui, A. Urisu, K. Kitajima, N. Aoki,
and T, Matsuda (1998)

T. Lu, D.J. Creighton, M. Antoine, C. Fenselau, and P.S
Lovett (1994)

S. Gentles and S. Bowman
B.G. Barrell, M.A. Rajandream, and S.V. Walsh (1995)

k2. Daub, R. Kinach, D, Miedema, J.FF.J. Barnard, S.1..
Clugston, and J.F. Honek (1996)

K. Devlin and C.M. Churcher
B.G. Barrell, M.A. Rajandream, and S.V. Walsh (1995)

C.K. Blomstedt, R.D. Gianello, A.D. Neale, J.D.
Hamill, and D.F, Gaff (1997)

S. Tabata (1995)

K.S. Johansen, I. Svendsen, and S.K. Rasmussen (1999)
L.L McCarter (1994)

A.J.G. Simpson, F.C. Reinach et al. (2000)

Kizil et al., 2000
N/A

Rheeet al., 1988; Lu et al., 1994

Inoue and Kimura, 1996

Clugston et al., 1997

N/A

Blomstedt et al., 1998

Kaneko et al., 1995
Johansen et al., 2000
N/A

Simpson et al., 2000

* No published reference available.



5.3.2 Sequence Comparisons

Sequence Homology and Phylogenic Analysis

Comparison of the sixteen sequences from the unfinished genome databases and the
three sequences from pathogenic organisms identified in GenBank, proposed here to encode
GIxI enzymes, with the sequences of the well studied E. coli, Homo sapiens, Pseudomonas
putida, and Saccharomyces cerevisiae GIxI enzymes 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 GIxI sequence to the sequence from
Y. pestis. a severe pathogen responsibie 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 all the known and predicted GIxI
sequences to date, including the twenty-eight identified in the present work. The C.
crescentus, L. pneumophila, Enterococcus and Streptococcus sequences appear to have
diverged from the other prokaryotic sequences in the evolution of the GIxI gene, as is evident
in the paired comparisons (Table 5.3), yet key amino acids residues have been conserved, as
discussed below. Appendix E contains sequence alignments of all the known and postulated
GIxI sequences used in the construction of the phylogenic tree.

Although most of the bacterial sequences segregate together, the P. putida 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 glyoxalase I protein sequences differs in some cases
from the universal phylogenic tree, which is based on 16S ribosomal 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 summary of the similarities between the known and postulated GixI protein
sequences and a clear depiction of the sequence groupings among organisms. It is not

intended to represent the evolution of the organisms.
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Gene Duplication

We have previously reported a gene duplication event resulting in a fused dimer gene
product in three plant sequences, Citrus X paradisi, Sporobolus stapfianus, and Brassica
oleracea as well as in the yeast S. cerevisiae and Schizosaccharomyces pombe sequences
(Clugston et al., 1997; Clugston et al.. 1998b). The Oryza sativa, Triticum aestivum, and the
two Arabidopsis thaliana GIxI sequences identified in this work, also appear to be the result
of a gene duplication event producing a fused dimer. An alignment of the duplicated GIxI
sequences is presented in Appendix E (Figure E.2). Interestingly the duplicated plant
sequences segregate separately from 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 from Brassica juncea does not. One may have expected
sequences from 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 further

discussed below.
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Table 5.3: A pairwise comparison of the sequence identity (and identity plus similarity)
between the four commonly studied glyoxalase I enzymes, from E. coli, H. sapiens, P.
putida, and S. cerevisiae, with the recently identified sequences from pathogenic

organisms.*
Percentage Identity (Identity + Similarity)
Organism E. coli H. sapiens P. putida S. cerevisiae
(78.63) (57.25) (57.25) (55.72)
C. crescentus 37.78 31.72 25.52 32.41
(53.34) (42.06) (40.69) (49.65)
E. faecalis 36.29 ’ 25.00 43.55 40.32
(51.61) (3145) (54.84) (50.00)
E. hirae 34.96 39.02 42.28 40.65
(51.22) (49.59) (56.10) (51.22)
H. ducreyi 69.63 38.52 37.78 34.81
(77.78) (50.37) (53.34) (41.48)
L. pneumophila 23.70 36.69 21.58 26.62
(36.29) (46.76) (31.65) (37.41)
N. gonorrhoeae 60.74 39.86 39.13 36.23
(74.81) (50.00) (51.45) 44.20)
N. meningitidis 63.70 41.30 46.38 39.13
(77.77) (50.72) (56.52) (46.38)
P. aeruginosa 68.75 42.97 32.81 35.94
(80.47) (57.03) 45.31) (45.32)
P. multocida 69.63 38.52 35.56 36.30
(79.26) (50.37) (49.63) (43.71)
(75.55) (54.41) (56.62) (48.53)
S. mutans 38.46 31.54 39.23 35.38
(53.08) (38.46) (47.69) (47.69)
S. pneumoniae 34.92 25.40 33.33 28.57
(50.00) (35.72) (42.85) (40.47)
S_ pyogenes 38.40 31.20 30.40 40.00
7 (51.20) (40.00) (44.00) (52.80)
S. typhi 91.85 39.26 37.78 50.37
(96.29) (52.59) {51.85 {60.74)
rferrooxidans 62.96 39.26 35.56 40.74
(71.85) (51.11) (48.15) (53.33)
V. cholerae 67.41 39.13 40.58 42.03
(75.56) (56.52) (55.80) (52.90)
X. fastidiosa 34.07 49.14 61.27 41.14
(47.40) (59.43) (71.10) (53.71)
Y. pestis 79.26 37.78 38.52 4222
(86.67) (53.34) (54.08) (54.81)

* See Tables 5.1 and 5.2 for the sequence accession numbers and sequencing organization references.

193



941

Citrus X paradist
Arabidopsis thaliana 2
Brassica oleracea
Sporobolus stapfianus

Oryza sativa
L@: Triticum aestivum
Arabidopsis thaliana 1
Shewanella putrefaciens

Vibrio cholerae
758 —ﬂ-’il
Vibrio parahaemolyticus
Haemophilus ducreyi
640 L‘E_Haemophilus influenzae
30 Pasteurella multocida
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——— Yersinia pestis

Escherichia coli
‘mg{ Salmonella typhimurium
1000 ' Salmonella typhi

Synechocystis sp.

ol Pseudomonas aeruginosa

Thiobacillus ferrooxidans

Bordetella pertussis
Neisseria gonorrhoeae

Neisseria meningitidis

_9_5_6_:— Homo sapiens
D

rosophila melanogaster
Brassica juncea

Lycopersicon esculentum
9 % Glycine max

Cicer arietinum
973 Pseudomonas putida

555 Xylella fastidiosa
i Botryotinia fuckeiana
A 973 [ Schizosaccharomyces pombe
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1000 [————— Caulobacter crescentus

——w— Iegionella pneumophila

‘ 995 Enterococcus faecalis
527 Enterococcus hirae
996 L Swreptococcus mutans
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Streptococcus pneumoniae

Figure 5.4: Phylogenic relationships among the known and predicted glyoxalase I 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
organization references.
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5.3.3 Structural Implications

With the recent determination of a homodimeric GIxI crystal structure from both E.
coli and H. sapiens (Cameron et al., 1997; He et al., 2000) we are now able to identify
residues critical in binding the catalytic metal, as well as other important residues which are
conserved in the sequence alignments (Clugston et al., 1997; Clugston et al., 1998b and this
work, Figure 5.5). Many of our structural predications for E. coli GIxI were confirmed with
the solution of the crystal structure of the E. co/i GIxI enzyme, as discussed in Chapter 3. The
similarity between the E. coli GIxI 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 from the sequence alignment (Figure 5.5) there are four gaps in the E.
coli GIxI sequence and sequences from the other pathogenic organisms identified in this
work. when compared with the H. sapiens protein sequence. These gaps are also present in
many of the previously identified GlxI sequences. The stereo view of the A sapiens GlxI
crystal structure in Figure 5.6 illustrates the regions not present in the GIxI sequences from 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 other subunit. All 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 81-95) 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. This was in fact observed in the structure of E. coli GIxI (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 ~110-114 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 GIxI crystal structure revealed no obvious alterations. (Note: The location of region 3
varies by ~3 residues in the sequence alignments. 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 same
effect.) Regions 2, 3, and 4 are missing in all of the known and predicted sequences, except
the eleven sequences branching with the H. sapiens GIxI on the phylogenic tree (including D.

melanogaster, B. juncea, L. esculentum, G. max, C. arietinum, P. putida, X. fastidiosa, B.
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fuckeiana, S. pombe, S. cerevisiae). These changes in the active site structure may be used
selectively in the design of inhibitors to target the bacterial enzymes.

The four ligands to the essential zinc in the H. sapiens enzyme, Gln34, GlulQ0,
His127, and Glul73, are conserved in all GIxI sequences, including the sequences presented
here from pathogenic sources, with the exception of the GIn34 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 metal ligand in E. coli GIxI is a His. We have
previously shown that this GIxI enzyme has no activity in the presence of Zn** but is
maximally active with Ni*" (Clugston et al., 1998a). However, S. cerevisiae and P. putida
GixI also contain this His ligand, rather than a Gln, yet are fully active with Zn®" (Aronsson et
al., 1978; Saint-Jean et al., 1998). Furthermore, mutation of this residue to a Gln in E. coli
GIxI drastically reduced the affinity of the protein for metal ions. The H5Q mutant enzyme
was still most active with Ni>™ yet displayed low levels of activity with Zn**. This residue is
evidently not the determining factor in the metal activation. It would be interesting to
determine whether other GlxI enzymes postulated in this work are active with Zn>*, Ni**, or
both.

Other residues (Thr35. Arg38. Val39, Tyr49, Leu70, LeulQl, Thrl102, Asnl04,
Tyr115. Glyl18, Phel63, Prol67, and Aspl68 in the H. sapiens GIxI sequence; Figure 5.5),
although well conserved in the alignment between the E. coli, H. sapiens and the bacterial
GlIxI sequences presented. in some cases have undergone conservative mutations in some of
the sequences from 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. Phel63) interact with a known inhibitor of H. sapiens GIxI, benzylglutathione,
which was cocrystallized with the enzyme in the active site. Other residues shape the active
site (Thr102. Tyrl15), and some are at the dimer interface (Thr35, Glyl18). These essential
interactions with the cofactor have been maintained in the evolution of GlxI, as have others

that may be required for the maintenance of the three-dimensional structure.

196



E coli MRLLETMLRVGDLQRSIDEYTKVLGMKLLRTSENPEYKYSL
S. yphi - MRLLHTMLRVGDLQRSIAFYTNVLGMKLLRTSENPEYKYSL
Y. pestis - -~ MRLLHTMLRVGDLQRSIDFYTKVLGMRLLRTSENTEYKYSL
P. multocida -——— - - MRILETMLRVINLERSIQFYQQOVLGMELLRTSDNPEYKYTL
H. ducreyi -—— - ~-MRILETMLRVGNLERSIKFYTEVLGMRLLRTSENEQYKYSL
S. putrefaciens --————————-——=———e—————————-— MSQLLHTMIRVGNLERSIAFYTQVLGMKLLRTSENPEVYKYSL
V. cholerae @~ -—-—~————————-—————m————————o MSNERILETMLRVGDLDKSIEFYTQVMGMSLLRKNENTEYKYTL
N. gonnorrhoeae — e m e e MRLLETMLRVGNLEKSLDSYONVLGMKLLRRKDYPEGRETL
N. meningitidis ———mmmmm MRLLETMLRVGNLEKSLDEYQNVLGMKLLRRKDYPEGRETL
B. pertussis ~ —————————————m—mm———e e MRLLHETMLRVGNLDKSIDEFYTSVLGMRELRRKDYPDGRETL
P. aeruginosa - -= MRILHTMIRVGNIDRSIDEYTRVLGMTLLRKNDYPDGQETL
T. ferrooxidans ——-————————=—————————————————— MRILHTMLRVVDLDRAIAFYTEVLGMOLLRRNDYPEGEFTL
E. faecalis e — e MKMAHTCVRVKDLEASLDEYQKAENFEESRRRDFPENKETL
E hirae @~ 2 ———m——————m————mmmmmmm MKMAHTCVRVKDLDASLEFYQKAFGFEESRRRDFPENKETL
S. mutans = 0——————m———— e MKELHTCIRVKDLDASLKEFYQEALDEFKEVRRNDFPEYKETL
S. pneumoniae -————————————-————————————— MASKMLHTCLRVENLEKSIAFYQDAFGFKELRRRDEPDHAFTI
S. pvogenes @~ —————————————— e MKALHTCIRVKDLDQSVAFYTSAFPFKENYRKDEPDSQETL
C. crescentus - At MRYZLHTMIRVRDLDASLREYCKGLGLQEMYRTENEXGRETL
L. pneumophila ———————————~—————— e —— MKYLHTMVRVSNLEQSLDFYCNKLGLIEVKRTENAKGRETL
X fastidiosa -MHEPQON—-————— FQHQLKTMPQPPDETRDFVENHTMLRVKDINASLDFYARILGFRLIDQRDEFPEAQFSL
H. sapiens MAEPQPPSGGLTDEAALSCCSDADPSTKDFLLOQTMLRVKDPKKSLDEYTRVLGMTLIQKCDEFPIMKESL

@ HAd HEE : HE
E coli AFVGYGPETE~—————~=~=——s————m EAVIELTYNWGVDK--—~~— YELGT----AYGHIALSVDNAAEAC
S. tvphi AFVGYGPETE~——————————————— EAVIELTYNWGVES———-— YDMGN--—-AYGHIALSVDNAAEAC
Y. pestis AFVGYSDESK-———~=———~—————— GSVIELTYNWGVDQ———-- YDMGT~—---AFGHLALGVCDVAATC
P. mulrocida AFLGYDDEEN~——-—~—~~—mom—m———— ASVLELTYNWGVTE~——-- YELGT~---AYGHIAIGVEDIVATC
H. ducreyi AFLGYADESE~—-—-—-——~~=——=———m NAVLELTYNWGVDH—-—-——— YDLGN-~—-—-AFGHIALGIDNIYTTV
S. putrefaciens AFVGYGEESTG-————=~—-———-———— QAVIELTYNWGTEXK--——- YDLGT----GEGHIAIGDDDIYARC
" cholerae AFLGYGDESQ-—~~===——m——— e GAVIELTYNWGVAD-———— YZKGN~---AYGHIAIGVDDIYATC
N. gonnorrhoeae AEVGYGDETD~—————~—wee—eeee- STVLELTHENWDTKR--—---— YDLGD~---AYGHEIAVEVDDAYEAC
N. meningitidis AFVGYGDETD~-—————===—————-—- STVLELTENWDTER---—-- YDLGN~---AYGHIAVEVDDAYEAC
B. pertussis AFVGYQDESE~—-———~—=——==——— AARTELTHNWDTEK-——-~ YILGT-—---GYGHIAIEVDNAYEAC
P. aeruginosa AFVGYGNEAD--—-—-—~—-=-————e—- SAVIELTHNWGVDA-———-— YEIGT----GYGHIAIEVDDAYQAC
T. ferrooxidans EEVGYQNENA~———-=~-———————— GAVIELTYNWGVKQ-—-—-—— YDLGD----GFGHIAIEVEDAVAAC
E. faecalis VYLTL--PGD~-————~—~——————— DYELELTYNYDHEA-———— YDLGN--—--GYGHIAISTDDLEGLH
E. hirae VYLTL--PGD~—— ===~ —~ e~ DYELELTYNYDHEG-~—-~—~ YDLGN~-—--GYGHIAIAADDLEALE
S. mutans VYLQL--EDDP--—=—-mo oo DYELELTYNYDHEA--—--YDLGN-~~--GYGHIAVGVDDLEATH
S. pneumoniae VYLGL--EGD~—=———~—eeeeee—o DYELELTYNYDHGP-—-——- YVVGD-~-~--GFAHIALSTPDLEALH
S. pvogenes VYLAL--EGE-—————~———v————— SYELELTYNYGHGD—~—--~ YDLGN--—-GYGHIALGSEHFEADH
C. crescentus  VEFLAAPEDVELAK-——~—-——-—- ARKAPLVELTYNWDDEE-——-——— YGGGR~~---NFGHELAYRVDDIYETC
L. pneumophila VELAAPADIEQVQ-——~—~———— TSYGPMLELTYNWDPED-———— YTEGR--—-NFGELAYHVDDIYKIC

X. fastidiosa
H. sapiens
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E. colt EKIRONGGNVITREAGPVKGGTTVIAEVEDPDGYKIELIEEKDAGRGLGN~—————=—=——= 135

S. tvphi ERIRQONGGNVTREAGPVKGGSTIIAFVEDPDGYKIELIEAKDAGRGLGN——~—~~———~ 135
Y. pestis DQIRQAGGKVTREAGPVKGGNT I IAFVEDPDGYKIELIENKSAGDCLGN~———~—~~~~- i35
P. multocida DAVRQAGGKITREPGPVKGGKTVIAFVEDPDGYKIEFIENKHAQSGLGN-————————— 135
H. ducreyi EAVRLAGGKITREPGPVLGGKTVIAFAEDPDGYKIEFIENKNAQVALGN——~~~————— 135
S. putrefaciens EAIRAAGGKVTRAPGPVAGGTTEIAFVEDPDGYKIEFIQMKSATQGLG-—————-—-——— 136
I~ cholerae DTIKAAGGIVTREPGPVKGGTTHIAZVKDPDGYMIELIQNKQAHAGLEG——~~~————— 138
N. gonnorrhiveae ERVKRQGGNVVREAGLMKHEGT TVIAFVEDPDGCKIEFVQKKSGDDSVAYANT —~—~~~~~ 138
N. meningitidis ERVKRQGGNVVREAGPMKHGTTVIAEFVEDPDGYKIEFIQKKSGDDSVAYQTA-——~——— 138
B. pertussis DKVKEKGGKVTREAGPMKHGTTVIAEVEDPDGYKIEFIQKKGRND- 131
P. aeruginosa DDIRYNGGQVTREAGPMKHGTTVIAEFVTDPDGYKIELIQKSS———— 128
T. ferrooxidans DGIRQRGGKVVREAGPMKHGNTVIAFVEDPDGYRIELIERKS—--DFAEHPA-~—~———- 135
E. faecalis EKHQAAGEFTVTDLKG-LPGTAPSYYEVVDPDGYKIEVIRER-——=~=————————me—— 124
E. hirae EKHQAEGENVTDLKG-LPGTAPSYYEVVDPCGYKIEVIRG——— 123
S. mutans QAHQKAGYTVTDLSG~-LPGKPKMYYEFITDPDGYKIEVIRLKQEFQEK 130
S. pneumonige QEHSAKGYEVTEPNG-LPGTTENYYEVKDPDGYKVEVIREK— 126
S. pvogenes KKHRQAGEFPVTDIKE-LADKSARYYEZIQDPDGYKIEVIDLNN 125
C. crescentus QRLMDMGVTINRPPR————~ SCGHMAEVRSPDNISIELLQDGD-LPPAEPWVSMPNVGAW 145
L. pneumophifa QHLQECGVVINRPPR-———— DGHMAFIRSPDNISIELLQKGEPLPKQEPWLS———-—~— 139
X fastidiosa ARFDTLQVPYQXRLT--DGRMKNIAZIKDPDGYWVEIISNTPLP-——————~—~————— 175
H. sapiens KREEELGVKEVKKPD~--DGXMXGLASIQDPDGYWIEI LNPNKMATLM~~—————~~——— 184

- L ew .

Figure 5.5: Sequence alignment of the glyoxalase I.sequences from E. coli and H. sapiens
and the predicted glyoxalase [ sequences from pathogenic organisms presented in this
work. generated by ClustalW (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
known metal ligands in the E. coli GIxI 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.
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Figure 5.6: Stereo view of the homodimeric H. sapiens glyoxalase I 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 glyoxalase I from E. coli and the pathogenic organisms
discussed in this work. The numbers are used for identification of the regions in the
sequence alignment, and the letters indicate the subunit.
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5.3.4 Evolutionary Analysis of Glyoxalase | and the paff Superfamily

The recent determination of the crystal structure of the H. sapiens GIxI enzyme has
indicated that glyoxalase I appears to be a member of a structural superfamily composed of a
BoBBP motf (Bergdoll et al., 1998). As mentioned previously, the other members of this
previously unrecognized superfamily include the bleomycin resistance protein (BRP) from
Streptoalloteichus  hindustanus, 2.3-dihydroxybiphenyl 1,2-dioxygenase (DHBD) from
Burkholderia cepacia, and the Mn*-dependent fosfomycin resistance protein (FosA) (Dumas
et al,, 1994; Han et al., 1995; Bernat et al., 1997). Each of these enzymes is composed of
repeats of the BofPP motif (Figures 5.7 and 5.8). Each monomer of E. coli and H. sapiens
GIxI contains two such BofBB motifs (Chapter 3 and Cameron et al., 1997; He et al., 2000).
Although not yet crystallized, the FosA protein is believed to also have the same structural

pattern.

Figure 5.7: Representation of the B3 motif found in glyoxalase [ and other members of
the superfamily.



Figure 5.8: Structures of the Bof3BB superfamily members currently known. (A) Bleomycin
resistance protein from S. hindustanus (PDB 1BYL and Bergdoll et al., 1998), (B)
extradiol dioxygenase from B. cepacia (PDB 1HAN), (C) H. sapiens glyoxalase [
(PDB 1FRO), and (D) E. coli glyoxalase I (PDB 1F9Z). The four Baf3BB motfs 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 acuve site metals are in black space
fill.
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This group has also been called the “vicinal oxygen chelate superfamily” (Armstrong,
1998; Laughlin et al., 1998). The GixI 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 this family is proposed to be the chelation of the vicinal
oxygen ligands on the substrate with the metal 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 Mn™™ 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 superfamily.
However, bleomycin itself is a metal-binding drug.

Structural comparisons made by Bergdoll and coworkers (1998) focus on the BaBBf
motif and hence include the BRP in their analysis of the superfamily. In their analysis they
suggest that each of the members of the superfamily arose from a common ancestor, a single
BaBBB motif which underwent multiple gene duplication and fusion events, combined with
accumulated mutations; divergent evolution from a common ancestral gene encoding the
BaPBP motif. This yielded several groups of proteins that catalyze very distinct reactions,
have relatively low sequence homology. 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 GIxI enzymes. the smaller enzymes such as the A. sapiens and E. coli which function as
dimers, and the larger enzyme observed in the S. cerevisiae that appears to be monomeric.
We have reported that the two veast sequences in addition to numerous plant sequences
appear to be the result of a gene duplication event forming a fused dimer gene product
(Ridderstrom and Mannervik. 1996: Clugston et al.. 1997; Clugston et al., 1998b; and Section
3.3.2). Sequence analyses indicated that the shorter E. coli 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 after the first gene duplication and fusion event some of
the enzymes evolved to function as dimers of the duplicated BaBBB motif whereas in other
instances another duplication and fusion event occurred to form the large GIxI enzymes. In

each case the active form of the enzyme consists of four Bapf3 motifs. A similar evolution is
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proposed to have occurred for the dioxygenase enzymes. No large forms of FosA or BRP
have been identified to date and hence it appears that only one duplication and fusion event
occurred in the evolution of these enzymes.

Further analysis of the structures and sequences of these enzymes suggest that the
ultimate evolutionary link between these enzymes is in fact metal binding. -Several of the
metal ligands are conserved in the motifs of various enzymes and superposition of DHBD
onto the H. sapiens GIxI structure shows that the Fe?" in the active site of the DHBD is only
2.5 A from one of the active site Zn’™ atoms in GIxI (Bergdoll et al., 1998). As mentioned
there is no metal binding site in the BRP and for the most part the metal ligands are not
conserved in the BRP sequences. The bleomycin is believed to bind in the same active site
cavity as in the other enzymes, and interestingly bleomycin actually binds Fe®" itself. The
evolutionary explanation for this has not been established, but based on the high structural
homology, the BRP is considered a member of this BaBpf superfamily. Further analysis and
discussion of the evolution of the metal binding site and this superfamily in general can be
found elsewhere (Bergdoll et al.. 1998).

Our identification of additional plant sequences that are the result of an apparent
duplication furthers our knowledge of the sequence similarity among the GIxI enzymes, and
the superfamily. The four metal ligands are not conserved in both halves of all of the
sequences suggesting that only one functional active site exists in several of these enzymes
(illustrated in Appendix E). This is further supported by the observation that S. cerevisiae
GIxI binds only one metal and one inhibitor molecule (Aronsson et al., 1978; Marmstil and
Mannervik, 1979). Crystallization of one of these large GIxI enzymes would greatly enhance
our knowledge of the evolution of this family. the metal binding site, and the gene fusion

events.
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Figure 5.9: Scheme outlining the postulated evolution of the genes for the BRP, FosA, GIxI,
and dioxygenase enzymes. Each square represents a BB motif and the variation in
colour depicts the distinctive forms of this motif resulting from various mutations
during its evolution. (Adapted from Bergdoll et al., 1998)
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5.3.5 Expression and Analysis of Glyoxalase | from Y. pestis and P. aeruginosa

To determine if in fact the postulated sequences encode a protein with glyoxalase I
activity, and to gain further knowledge regarding bacterial GlxI enzymes and their metal
activation, the genes from two organisms, Y. pestis and P. aeruginosa were amplified, placed
in an overproduction plasmid and the expressed protein examined.

Based on the intensity of the band of DNA on an agarose gel, the 1.0-2.0 mM MgSO;4
conditions proved best for the PCR ampiification of the putative glo4A DNA from both the Y.
pestis and P. aeruginosa chromosomal DNA. Growth of E. coli BL21/pYPGI and
BL21/pPAG1 in LBamp, induction of protein .expression with IPTG (1 mM), and analysis by
SDS-PAGE with Coomassie staining indicated that the plasmid constructs in pET22b
successfully expressed both putative GIxI enzymes.

Preliminary analysis of a crude cell extract from each construct was performed.
ESMS analyses indicates that a protein is produced of the molecular weight predicted based
on the DNA and corresponding protein sequence (Figure 5.10 and 5.11) predicted to encode
GIxI in both Y. pestis and P. aeruginosa (Figures 5.12 and 5.13). The Y. pestis GIxI protein
sequence, encoding a 14 834 Da protein, is 79% identical to the sequence from E. coli. Only
28 of the 135 residues in this protein are altered from the E. coli sequence. The P. aeruginosa
GlxI sequence encodes a 14 251 Da protein with 69% sequence identity to the E. coli protein
sequence. There are 40 residues in this 128 amino acid protein that differ from the E. coli
sequence.

Activity assays on the extract from each expression system indicated that the
expressed protein did have glyoxalase I activity, confirming 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 NiCl; (20-fold in each case), but not ZnCl,. This suggests that
the unexpected activity enhancement seen for the E. coli GIxI enzyme with Ni** is not unique
to the enzyme from this source but may actually be seen for many other GIxI enzymes.

Analysis of the protein expression from these two constructs and further detailed
analysis of the purified Y. pestis GixI enzyme, including its metal activation is presented in

Appendix F.
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A
3 9 15 21 27 33 39 45

! l l | | I l !
1 ATG CGC TTA CTC CAT ACC ATG CTC CGC GTC GGT GAC CTG CAA CGT

46 TCT ATC GAT TTC TAC ACC AAG GTA TTA GGG ATG CGT TTA CTG CGT
91 ACC AGC GAA AAT ACT GAA TAT AAA TAC TCG TTG GCA TTC GTA GGC
136 TAT AGC GAT GAA AGT ARA GGT TCG GTG ATT GAA CTG ACG TAT AAC
181 TGG GGC GTT GAC CAG TAC GAT ATG GGC ACC GCA TTC GGC CAT CTG
226 GCT CTG GGT GTT GAT GAT GTC GCC GCA ACG TGT GAT CAA ATT CGC
271 CAG GCA GGC GGT AARA 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 AAA
361 ATT GAG TTA ATT GAG ARAT AAG AGC GCG GGT GAC TGC CTC GGA AAC
406 TGA

Total number of bases: 408
DNA sequence composition: A: 107: C:88; G:110; T:103

B
5 i0 15 20 25 30
I | l | I |
1 MRLLHTMLRVGDLQRSIDFYTKVLGMTRLTLHR
3L TSENTEVYKYSLAFVGYSDESKGSVIETLTTYN
6l W GVDQYDMGTAFGHLALGVDDVARATOCD QIR
S 1 CAGGCGKVTREAGPVKGGNTIIAFVEDPDGY YK
121 T E LI ENKSAGDCLGN
Number of residues: 135
Molecular weight (MW): 14 834
Amino acid composition:
9 A 2C 2 H 4 M OT
7R 4Q 71 4 F 1W
SN 8 E 13 L 2P 7Y
11D 16 G 7K 78S 10V

Figure 5.10: Y. pestis giyoxalase I (A) DNA sequence and (B) corresponding protein
sequence.
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A
3 9 15 21 27 33 39 45

I | I I I I I I
1 ATG CGC ATT CTC CAT ACC ATG ATC CGG GTC GGA AAC ATC GAT CGC

46 TCG ATC GAT TTC TAT ACC CGG GTG CTA GGC ATG ACC CTG CTC AGG
91 AAG AAC GAC TAT CCC GAC GGC CAG TTC ACC CTC GCC TTC GTC GGC
136 TAT GGC BAC GAA GCG GAT TCC GCG GTG ATC GAG CTT ACC CAC AAC
181 TGG 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
271 TAC AAC GGC GGC CAG GTC ACC CGC GAA GCC GGG CCG ATG AAG CAC
316 GGT ACC ACC GTG ATC GCC TTC GTG ACC GAC CCG GAC GGC TAC BAAG
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

B

5 10 15 20 25 30

I ! I I I I

1 MRILEHTMIRVGNIDRSIDFYTRVLGMTTULTLR

B3l KNDYPDGQFTLAFVGYGNEADSAVIELTHN
6l WG VDAYEIGTGYGHIRZIEVDDAYQACDDTIR
91 YNGGQVTREAGPMKHGTT TVIAFVTDPDGY YK
121 I ELIQKSS

Number of residues: 128
Molecular weight (MW): 14 251

Amino acid composition:

9 A 1C 4 H 4M 10T
7R 4Q 121 4 F 1 W
SN 6 E 7L 3P 8Y
12D 14 G 4 K 4 S 9V

Figure 5.11: P. aeruginosa glyoxalase I (A) DNA sequence and (B) corresponding protein
sequence.



100 1 14 834 Da

%

O‘MTL“‘ : el e ' mass
13500 14000 14500 15000 15500 16000 16500

Figure 5.12: Reconstructed electrospray mass spectrum of a crude cell extract of Y. pestis
GixI, from E. coli BL21/pYPGl. The additional peaks observed correspond to
adducts with buffer salts as well as other contaminating proteins.
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Figure 5.13: Reconstructed electrospray mass spectrum of a crude cell extract of P.
aeruginosa GIxI, from E. coli BL21/pPAG]l. Adducts with buffers salts are also

present.
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5.4 Conclusions

Utilizing the E. coli GlxI amino acid sequence, we have identified twenty-eight new
putative GIxI sequences both from the unfinished databases of whole genome sequencing
projects, and depositions in the GenBank sequence databases. Many of the bacterial
sequences, in particular Y. pestis. have been shown to have high sequence similarity to the £
coli enzyme. Taken together it has been possible to identify consistent bacterial alterations
compared to the H. sapiens 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 GlxI enzymes is its metal
activation. We have examined the GixI enzymes. from E. coli, Y. pestis, and P. aeruginosa
and found activation with Ni*~ but not with Zn®". the native metal in the H. sapiens GixI. The
rat erythrocyte GIxI was tested in the presence of Ni** (Han et al, 1977). Although the
enzyme was still active. the level of activity was not enhanced over that seen with Mg2+ (Han
et al., 1977). There has been no report of the activity of the H. sapiens GIxI enzyme
reconstituted with Ni*~ but it has been presumed that it would behave similarly to the rat
enzyme. As such it would be of interest to determine if the activity with Ni>" is restricted to
the enzymes in the bacterial sequences grouping with the E. coli on the phylogenic tree
(Figure 5.4) or also exists for enzymes in other groupings such as the plants. In addition,
although the overall homology to the E. coli GixI enzyme is lower, it is believed that the
indicated sequences from the Enterococci and Streptococci encode GIxI. It would be of
interest to express a representative of this grouping to confirm it is in fact a glyoxalase I
sequence. and to determine its metal activation.

As previously mentioned it is essential to temper predictions based on sequence
analysis with experimental 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 crystal structure data one may not have identified the first metal ligand as it is not
universally conserved among the known and postulated GlxI sequences, being a Gln in H.

sapiens GIxI versus a His in the E. coli enzyme. In addition, activation of the E. coli, Y.
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pestis, and P. aeruginosa GixI enzymes with Ni>* would not have been predicted based on

sequence analyses alone.
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CHAPTER 6

SUMMARY AND FUTURE WORK

6.1 Summary

The glyoxalase system functions to remove cytotoxic methylglyoxal from the cell.
The first enzyme in this system, glyoxalase I, has been of increased interest of late due to its
potential as a novel drug target. Selective inhibition of GIxI could take advantage of the toxic
effects of MG accumulation. This selective targeting of GIxI 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 H. sapiens GIxI have allowed for the
identification of the ligands to the catalytic metal and led to a postulated reaction mechanism.
GIxI has also recently been identified as a member of a structural superfamily composed of
BaBBP motifs. To improve our knowledge of glyoxalase [ and to identify any differences in
the enzvme from a bacterial source, our studies have focused on GIxI from 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 GIxI

enzymes. as outlined below.

6.1.1 Kinetic Analyses and Metal Binding Characteristics

Kinetic studies have demonstrated that E. coli GIxI is maximally active with Ni*" and
with the following metals. each to a lower level of activity, Co®, Mn?*, Fe?*, and Cd**. No
activity was observed in the presence of Zn>~, Cu®", Mg”", or Ca®*. Metal competition
experiments using the change in enzymatic activity as a measure of the possible exchange in
bound metal suggested that both Ni*~ and Zn®" are stably bound to the enzyme, whereas
metals such as Mn”" 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 competition was occurring, in addition to

the identities of the bound and competing metals.
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Metal analysis was performed on the enzyme following reconstitution with each
metal. Inductively coupled plasma analysis indicated that each of the activating metals, in
addition to Zn** and Cu®*, bind to the enzyme with a ratio of one mole of metal per mole of
dimeric enzyme. Ca®" and Mg®" did not appear to bind to E. coli GIxI. Isothermal titration
calorimetry confirmed these findings regarding the amount of bound metal. In addition ITC
provided information regarding the thermodynamics of the interaction between apoGlxI and
each metal. The metals were found to have a binding affinity (K,) at the limits of detection
(>107-108 M™") with the exception of Mn?*, which had a weaker affinity of 3.9 x 10° M. The
thermal stability of GIxI was found to increase significantly upon addition of divalent metals,
as determined by differential scanning calorimetry. Zn**-GIxI had a T, 21°C higher than the
apoenzyme, while the Tp, of Ni>*-GIxI was 17°C higher than the apoenzyme.

Electrospray mass spectrometry on non-covalent complexes of apoGIxI with several
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 only one active site may be functional. Combined 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 '"*Cd NMR, EPR. and EXAFS analyses we have determined that the metal in
the active site of E. coli Glxl is coordinated by five to six oxygen and nitrogen ligands.
Expanding these studies to crystallographic analysis of the enzyme with various metal ions
bound identified the protein residues that are involved in metal ligation. They are HisS,
Glu36. His74 and Glul22. 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, Ni**, Co>", Mn®", and Cd**, has an octahedral
geometry, with four ligands from the protein and two water moiecules acting as ligands. In
contrast, Zn’" in the inactive form of the enzyme has only five ligands, the same four protein
residues but only one water ligand, forming a trigonal bipyramidal coordination. H. sapiens

GIxI, which contains Zn®>~ in its active form, also appears to have an octahedral metal
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coordination environment. These findings suggest than an octahedral coordination is essential
for activity to either correctly position Glul22 (Glul73 in the H. sapiens enzyme) to function
as a catalytic base or because two bound water molecules are important in some way in the
reaction.

The finding that each of the two active sites in the protein crystal structure contains a
metal ion contrasts with the observation that the E. coli GIxI enzyme is maximally active with
only one metal ion. It is postulated 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 affinity the metal ions may not bind under the conditions in the metal
analysis, titration, and kinetic analyses.

We have also successfully cocrystallized E. coli Ni**- and Zn>*-GIxI with a GSH-
based inhibitor and our transition state analogue. Upon solution of the diffraction data we
should have more insights into the postulated mechanism of the catalyzed reaction. This

information can be utilized to guide further investigations.

6.1.3 E. coli Glyoxalase | Variants

To aid in the solution of the x-ray structure of E. coli GIxI, the selenomethionine form
of the protein was expressed, in which methiohine 1, 7, and 26 were replaced with SeMet.
This enzyme exhibited similar metal activation properties, however the enzyme reconstituted
with Ni*~ was only 70% as active as the native enzyme. It is speculated 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 GIxI, was mutated to a
glutamine. as found in the A. sapiens enzyme. Rather unexpectedly, the affinity of the protein
for all metals was drastically reduced. Furthermore, activity was detected in the presence of
Zn’". although the levels were extremely low and still much less than the activity seen with
either Ni*~ or Co®". Evidently the change in this ligand to a histidine in the E. coli enzyme is
not the sole factor determining the activation with Ni**, but it does influence the metal
binding and activation. This was not predicted to be the determining feature as both the P.
putida and S. cerevisiae GIxI enzymes are active with Zn>* yet have the histidine ligand found
in the E. coli enzyme. The drastic change in the metal affinity suggests that something within
the enzyme active site has been perturbed. The affinity for the metal ions appears so weak
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that it is unlikely a metal-bound form of the enzyme could be crystallized for examination of

the active site metal environment.

6.1.4 Identification and Analysis of Other Glyoxalase | Sequences

Numerous putative glyoxalase I 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 GIxI enzymes. consistent alterations in the bacterial GIxI
sequences compared to the H. sapiens GlxI enzyme were identified. With the elucidation of
the crystal structure of E. coli Gixl. comparisons could be made with the H. sapiens GIxI
structure. Combining this information we were able to identify the effects of the sequence
alterations in the bacterial GIxI sequences. Most notable was the more open active site in the
E. coli enzyme due to the absence of a region encoding an o-helix forming one side of the
active site in the . 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 H. sapiens or S. cerevisiae GIxI enzymes, are not effective against
E. coli GIxI. as determined here by [Cso measurements and the relative affinity as determined
by analysis of non-covalent complexes by mass spectrometry.

Two of the putative GixI sequences identified have been expressed and preliminary
characterization of the proteins performed. The DNA predicted to encode GIxI proteins from
Yersinia pestis and Pseudomonas aeruginosa does in fact encode enzymes with glyoxalase I
activity based on kinetic analysis. Furthermore. preliminary studies on the crude proteins
appear to indicate that these enzymes are active with Ni?* but not Zn>", as seen for the E. coli
enzyme. This is another intriguing development in GIXI research. This unexpected metal
activation now observed in three glyoxalase [ enzymes warrants further analysis to determine

the factors affecting this metal selectivity.
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6.2 Future Directions in Glyoxalase | Research

Our interest in GIxI is currently focused on the unusual metal activation and the details
of the reaction mechanism. With the improved knowledge of E. coli GIxI provided in this
work, and the identification of other GIxI enzymes, several additional q{zestions remain

unanswered and new questions have arisen.

6.2.1 Mutagenesis

Metral 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. Compiementary
mutations in the metal ligands, such as His5—Glu and Glu122—>His would retain 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 could imply that Glul22 plays a role
in catalysis. Mutation of Glul22—-Gln may also prove interesting to further examine the
possible role of this ligand in the reaction. In each case the amount of bound metal must be
determined. Conclusions on the reaction mechanism can not be made if the lack of catalytic

activity is due to absence of a metal ion.

Substrate Binding

Mutation of residues postulated to play a role in substrate binding could also be
informative. Upon completion of the structure of the enzyme with various inhibitors bound,

residues that may be important in binding can be identified and their role explored further.

Insertion Mutarions

The identification of several regions in the H. sapiens GIxI enzyme, not present in the
E. coli enzyme begs the question as to the function 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 inhibitors, not
evident from 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
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3 and 5). Additionally omission of regions 3 and 4 may result in subtle perturbations of the
protein structure. The absence of the N-terminal arm in the bacterial enzymes is not expected
to be a critical difference. Although this arm wraps around the adjacent subunit in the H.
sapiens structure, it does not interact with this subunit and is not expected to have a
significant effect on the enzyme structure, aétivity, 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 GIxI sequence and the
modified protein analyzed. Several reports are available describing techniques utilizing 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
phenylgiyoxal could be tested as well as the level of enzyme inhibition with various GSH-
based inhibitors to probe the enzyme active site.

6.2.2 Mechanistic Experiments

Substrate Stereoselectivity

NMR analyses have indicated that GIxI accepts both isomers of the hemiacetal
substrate (Griffis et al., 1983; Creighton et al., 1988; Landro et al., 1992; Rae et al., 1994).
These studies however were performed on GIxI from yeast and porcine erythrocyte.
Although we have presumed this would not have changed, GIxI from E. coli may not behave
in the same manner. To confirm E. coli GIxI is similar to other GIxI 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 GIxI follows a reaction that
proceeds through an enediol intermediate rather than a hydride shift mechanism. Monitoring
the incorporation of deuterium from the media into the product of the reaction would confirm

this aspect of the reaction.
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Mutagenesis
As described, it would be beneficial to perform site-directed mutagenesis experiments
on the metal ligands, to determine their effect not only on metal binding but also any role in

the reaction itself.

Cocrystallization

Completion of the analysis of the x-ray diffraction data of Ni**- and Zn*"-GlxI
cocrystallized with GSH-based inhibitors and our putative transition state analogue should
provide a clue as to whether the reaction in E. coli GIxI proceeds as postulated based on
studies with H. sapiens GIxI. Once this data is analyzed, further crystallization experiments

can be planned if required.

6.2.3 Metal Binding

Binding Affinity
Equilibrium dialysis can be employed to further examine the metal binding properties
of E. coli GIxI. The binding affinities of various metals were determined for A. sapiens GIxI
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).
Alternatively, surface plasmon resonance could prove useful for determination of both the
association and dissociation rate constant for the binding of each metal to the enzyme (Szabo

etal.. 1995).

Natural Metal

Determination of the metal ion in £. coli GIXI in a natural setting is of great interest.
However. this is a difficult task. When the cells producing E. coli GIxI are grown in the
presence of supplemental Ni*~, the activity of the enzyme is increased, as is the amount of
bound metal. This implies that the Ni*™ is transported into the cell and incorporated into the
protein. Growth in the presence of ®*Ni would confirm this observaticn. Unfortunately this
does not prove that the natural metal is Ni*", just that the enzyme can utilize Ni** 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 result of the artificial conditions
under which it was grown. E. coli grown in a natural environment, such as an individual
infected with a bacterial infection could provide a source of GIxI containing the naturally
occurring metal. However, it may be difficult to obtain sufficient quantities of the enzyme, as
the levels of GlxI normally in a cell are quite low. A previous study indicated that from 12 L
of E. coli MG1655 cell growth 1 pg of GIxI was isolated (Barnard, 1997). It may be that E.
coli GlxI uses several different metal ions as long as the enzyme is active and can remove

toxic methylglyoxal.
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APPENDIX A

INDUCTIVELY COUPLED PLASMA ANALYSES

The following tables supplied by the Solutions Analytical Laboratory (formerly Water
Quality Lab), list the results from the inductively coupled analyses on the E. coli GIxI under

the indicated conditions. The reference tested for each sample was 50 mM MOPS, pH 7.0 +

10 % glycercol, matching the protein storage buffer, treated in the same manner as the protein.

See Chapter 2 for details of the enzyme preparation for metal analysis.

Table A.1: Determination of the amount of metal incorporated into E. coli GixI during protein
expression with a variation in the metal added to the growth media

Analysis: A | A ] 8 ] Ba | Ca | Cda | Co cr 1
Method: TP T icp ] ice J 1P | icP | icp | IicP icP 1
Det. Limit: [020 | o010 | o002 002 | 005 | 002 0.10 0.02
Eample Name waQLs m m m m
fReference #1 AOG001 <DL <DL 0.18 <DL <DL <DL <DL <Di.
Isampiest AOG002] <DL <DL 0.18 <DL 0.05 <DL <DL <DL
[Reference #2 | AOG003] <DL <DL 0.09 <DL <DL <DL <DL <ot |
[Sampie %2 AOGO04§ <DL <DL_| 0.08 <DL 0.05 <DL <DL <oL__{
Anatlysis: | Cu | Fe ]| Hg Mg | Mn | Mo | Na Ni ]
Method: [ce | ce | icp icP | ice | cP | IcP icP_ |
Det. Limki: [oo0z | o010 | 1.00 005 ] 005 ] 010 ] 0.5 0.05
ISampile Name wQLs m m m m m
JReference #1 | AOG001] <DL <DL <DL <DL <DL <DL 608 <DL
Isampie#1 AOG002] 0.08 <DL <DL <DL <DL <DL 508 0.30
JReference #2 | AOG003] <DL <DL <DL <DL <DL <DL 23 <DL
fSample 22 AOGO004] 0.08 <DL <DL <ot_| <DL <DL 198 <DL
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Analysis: P [ se [ s | o R Zn | |
Method: [cP | cP [ icP [ ICP ice | _icP | icP 1 ]
Det. Limit: J oso § 050 | o010 | 002 J 002 | 010 | 002 | ]
ample Name | WQLS# | m m m mgA m
JReference #1 AOG001] <DL <DL 1.59 <DL <DL <Di. <DL
[sampiest AOG002] <DL <DL 1.52 <DL <DL <DL 0.43 |
[Reference 2 | AOG003] <DL <DL 0.71 <DL <DL <DL <DL |
FSampie #2 AOGOO4 Y <DL <DL 0.68 <DL <DL <DL 1.63 ]
Sample Water Quality Lab [Protein]
(WQL) ID Code (uM)
1. NiCl; in cell growth AOG002
2.ZnCl; in cell growth AO0G004

Both purified to Pre-IEF

Note: Na and K are from the buffer itself due to pH adjustments and Chelex wreatment. Si was sometimes
detected in the samples and is most likely from the glass syringe utilized during sample dilution by the

WQL.
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Table A.2: Determination of the amount of metal bound to E. coli GIxI following addition of

zinc chloride to the apoenzyme.
Analysis: T A | As | 8 | Ba | ca | cd [ Co | cr |
Method: [ce | cP [ P | P | P ] icP | _icP | icp ]

Det. Limit: [ 020 |} 010 ] o002 | 001 § 005 | 002 | 0.10 | 002 |
ampie Name wWQLs mg/L mg/L L m mo/l
Reference #1 AQHO001 <DL <DL 0.09 <DL <DL <DL <DL <DL

ISamnIe #1 AQHO002 n <DL <DL 0.09 <DE_ <DL <DL <DL <DL

Analysis: ECu]FeLKl_Mglun|uo|Na|Ni|

Method: [[wce | wce | 1ce J &P J P | icP | _icP | ice |
0.02 0.10 1.00 0.05 0.05 0.10 0.50 0.05
V I mg/L mg/L mg/L mg/l
jReference #1 <DL <DL <DL <DL <DL <DL 464 <DL
Sample #1 AQHO02f 0.02 <DL 12.1 <DL <DL <OL 480 <DL
Analysis: [P0 | se [ st | s | @ § VvV T Zn_ | |
Method: Cwce J ice | ice | ice | ice | lcP | icP | ~ 1
Det. Limit: [ oso | os0 | o010 J o002 [Too02 | 010 | o002 | 1
Isampie Name WaQL# mgll._ mg/L ma/L mg/L m mg/L m
{Reference #1 AQHO01| <DL 3.09 0.71 <DL <DL <DL <DL
{Sample #1 AQHO002 <DL 2.94 0.87 <OL <OL_| <O 1.3835 §
Sample Water Quality Lab [Protein]
(WQL) ID Code (M)
1. ApoGIxI + ZnCl, AQH002 26
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Table A.3: Determination of the amount of metal bound to E. coli GIxI following addition of
cadmium or cobalt chloride to the apoenzyme.

Analysis: TA ] As ] 8 | Ba | €@ ]| cd ] co | cr |
Method: [ce | wcP | P | icP J icP | 1cP | P | icP_ |
Det. Limit: 0.20 0.20 0.02 0.01 0.05 0.02 0.10 0.02
T T W B T B S T I
lies/ar2s
fReference#1 |ARPOO1N <DL | <DL | 010 | <OL | <DL | <DL <DL <or_ |
fSampie #1 ARPOOZ | <DL <DL 0.08 <DL <DL 3.08 <DL <oL |
IReference #2 | ARPOO3 | <DL <DL <DL <DL 0.08 <DL <DL <oL |
fSample #2 ARP004 <DL <DL 0.08 <DL <DL <DL 1.72 <DL |
Analysis: [ Cu | Fe | K | Mg | Mn | Mo | Na | Ni ]
Method: e 1 ice T ice | e | ice [ ice | ice [ icP )
Det. Limit: 0.02 0.10 1.00 0.05 0.05 0.10 0.50 0.05
T e T T TS S S N T
)8/8/25
[Reference #1 ARPOO1[| <DL <DL 430 <DL <DL <DL 723 <DL
“Sampie #1 ARP002 || 0.03 <DL 312 <DL <DL <DL 492 <DL
JReference #2 | ARP003 || <DL <DL 142 0.05 <DL <DL 276 <DL
[Sample #2 ARP0O4 | <DL <DL 390 <DL <DL <DL 204 <DL
Analysis: CPo T se T s 1 st [ @ T v I Zn | ]
Method: [P T ice | ice J icP | ice | 1P | icP | ]
Det. Limit: | oso | o.50 010 | 002 | 002 J 010 | o002 | ]
ample Name waQLs m%_ m m m m m m
98/8/25
liReference #1 ARPOQ01 <DL 3.58 1.02 <DL <DL <DL <DL
fisampie #1 ARP002 ]| <DL 3.60 0.83 <DL <DL <DL 0.04
[[Reference #2 ARPO03 || <DL 3.20 0.43 <DL <DL <DL 2.85
f{Sample #2 ARPCO4 || <DL 77 0.63 <DL <DL <DL 0.21
Sample Water Quality Lab [Protein]
(WQL) ID Code (uM)
1. ApoGIxI + CdCl, ARPQ02 29
2. ApoGIxI + CoCl, ARP004 37
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Table A.4: Determination of the amount of metal bound to E. coli GIxI following addition of
copper, manganese, calcium, or magnesium chloride to the apoenzyme.

Analysis: A | As | B8 | Ba J ca | cd | c | c |
Method: e | e | P J P 1 P | P [ e | _icP |
Det. Limit: | o200 | o10 J o002 | 00t | o005 | 002 | 010 |} 0.02 |
iSample Name SAL# mg/L_j| m m m m m m m
{MOPS Referencd BFDOO1 || <DL <DL <DL 0.02 <DL <DL <DL <DL
ECu-Gixi #1 BFDO02 | <DL <DL <DL 0.01 0.08 <DL <DL <DL
Mn-Gixl #2 BFDO03 || <DL <DL <DL 0.01 0.13 <DL <DL <DL
kca-Gixi 83 B8FD004 | <DL <DL <DL <DL 0.10 <DL <DL <DL
[Mg-Gixi #4 BFDO05 || <DL <DL <DL 0.01 0.10 <DL <DL <DL
Analysis: |_cu | Fe | K ] L | Mg ]| Mn ] Mo | Na 1
Method: [ce ] e | P J ice | icP J wp | 1cP | _icP ]
Det. Limit: 0.02 0.10 1.00 0.05 0.05 0.05 0.10 0.50
ampie Name | SAL¥ || mg/L_J|_mgiL || mgiL J m [T |
IMOPS Referencd BFD001 <DL <DL 1150 <DL <DL <DL <DL 9.22
fCu-Gixi #1 BFD002 || 2.18 <DL 1110 <DL <DL <DL <DL 242
iMn-Gixi #2 BFDO03 || 0.04 <DL 1100 <DL 0.05 117 <DL 21.7
fCa-Gixi #3 BFDO04 || 0.06 <DL 1070 <DL <DL <DL <DL 22.5
Mg-Gixi #4 BFDOOS ||  0.06 <DL 1140 <DL <DL <DL <DL 22.2
Analysis: f Ni | P | Pb |} S | se | si | s | zn |
Method: [ce | icP [ icP | e | wp [ cP | P | icP_ |
Det. Limit: | oos | 100 | os0 | os0 | oso § 010 | 002 ] o002 |
[[Sample Name SAL# mg/L mag/L mgL ma/l. m m ._mg/l !
IIMOPS Referencd BFD001}| <DL <DL <DL 1780 <DL 0.11 <DL <DL
[lCu-Gix! #1 BFDOO2 || <DL <DL <DL 1750 <DL 0.13 <DL 0.08
IMn-Gixi #2 BFDO03 ff <DL <DL <DL 1770 <DL 0.13 <DL 0.09
[[Ca-Gixi #3 BFDO04 || <DL <DL <DL 1760 <DL 0.14 <DL 0.20
M-Glxl #4 BFDOOS [{ <DL <DL <DL 1850 <DL 0.16 <DL 0.18
Sample Solutions Analytical [Protein]
Lab (SAL) ID Code (uM)
1. ApoGixI + CuCl, BFDO002 27
2. ApoGIxI + MnCl, BFDO003 25
3. ApoGIxI + CaCl, BFD004 27
4. ApoGlixI + MgCl, BFDO005 25
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Table A.5: Determination of the effect of Chelex treatment on the amount of metal bound to
E. coli GIxI reconstituted with nickel chloride. Metal analysis on standard LBamp

media is also presented.

Analysis: [ AT ] As | 8 | Bs | ca | € | Co | Cr |
Method: Tce | ice J P [ cP [ e | P | P | icP |

Det. Limit: 020 0.10 0.02 0.01 0.05 0.02 0.10 0.02

ample Name SAL# mg/L mag/L m m ma/l. mg/L mg/l mao/l.

LB Amp BCY0O1 || <DL <DL 0.03 0.08 3.08 <DL <DL <DL
fReference A BCY002{ <DL <DL <DL <DL <DL <DL <DL <L |
iReference B BCY003 | <DL <DL <DL <DL .0.08 <DL <DL <oL |
[Sampie A BCYQ04 § <DL <OL <DL <DL <DL |- <DL <DL <L |
[Sampie B BCY0O05 || <DL <OL <DL 0.01 4.99 <DL <DL <oL__J§

Analysis: I cu | Fe | K | U | Mg | Mn- | Mo | Na |
Method: f ice | ice | 1ce | ice | wice | ice | IcP § icP |
Det. Limit: 0.02 0.1 1.00 0.05 0.05 0.05 0.10 0.50
jSampie Name | SAL# ma/L mg/L. mag/L L mg/L m
B Amp BCYoOt1§ 0.03 0.41 368 <DL 3283 <DL <DL 2570
IReference A BCY002{ <DL <DL 3.34 <DL <DL <DL <DL 645
Reference B BCYO003 <0L <DL 766 <DL <DL <DL <DL 169
ample A BCY004 || .0.04 <DL 9.04 <DL <DL <DL <DL 591
ample B BCYQ05 ||~ 0.08 <DL 881° <DL <DL <DL <DL 184°
R S R —

Analysis: f Ni §f P | Pb | S | se | si | s | z2n |

Method: | ce | ice | ice | icP | ice | icP | P | P |

Det. Limit: [ 0605 | 100 | 05 { 080 | oso | o010 | 002 | 002 |
Sample Name SAL# ma/L mg/L mqg/l ma/l mg/l. ma/lL ma/L m :
HLB Amp BCY0O1 || <DL 178 <DL 111 <DL 247 0.02 0.68
fiReference A BCY002| <DL <DL <DL 1840 <OL 0.65 <DL <DL
{Reference B BCYoo3a || <DL <DL <DL 1640 <DL 0.68 <DL <DL
Sampie A BCYoo4f 1.73 <DL <DL 1530° <DL 0.70 <DL 0.14
Sample B BCYOOSs ||- 2.46 <DL <DL 1110° <DL 0.71 <DL | 0.28

= R

Sample Water Quality Lab [Protein]
(WQL) ID Code (uM)
A. ApoGIxI + NiCl, BCY004 26
Ran over Chelex resin
B. ApoGIxI + NiCl, BCY005 35

No Chelex treatment
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Table A.6: Further determination of the effect of Chelex treatment on the amount f’f metal
bound to E coli Glxl, which had been reconstituted with nickel chloride then

concentrated with a Centricon (YM10), as performed in the preparation of thf: enzyme
samples for EXAFS analyses. The levels of metal present in the buffer utilized for

EXAFS analyses (50 mM MOPS, 25% glycerol pH 7.0 with tetracthyl ammonium
hydroxide) is also presented.

Analysis: A | As J] B8 | Ba | ca | cd [ Cco | cr |

Method: Cice [ icP | P [ ice ] icP J ice | _icp [ _icP |

Det. Limit: 1.00 0.50 0.10 0.05 ] 025 | 0.0 050 ] 0.10 ]
SALY mg/l ma/L m mg/L m L
BER0O1 | <DL <DL <DL <OL_ | <DL <DL <DL

<DL
BEROO2 || <DL <DL <DL <DL <OL <DL <DL <DL I
BER003 | <DL <DL <DL 0.05 0.31 <DL <DL <DL
<DL

BEROO4f{ <DL <DL <DL <DL <DL <DL <DL

Analysis: [Ccu T Fe T K T U | Mg [ Mn | Mo | Na |

Method: [ice ] ice J P [ i@ ] i | &8 | 1ce | P ]
Det. Limit: [°30 ] o080 [ 500 | o025 ] 025 | 025 | o050 | 250 ]

fe Name SAL# mg/L mg/L ma/L mg/l. L mo/L m
Sampe #1 BER0O1 || <DL <OL_ | 1250 <DL 0.44 <DL <DL 3.98
mple #2 BERCO2 <DL <DL 1210 <DL <DL | <DL | <DL <oL_ |

EEXAFS Buffer | BER0O03|| <DL <DL <DL <DL <DL <DL <OL 7.83
ProPs Reterence | BEROD4 [ <OL <DL 1070 <DL <DL <DL <DL <DL

Analysis: Ta | P I 6 1 s 1 se 1 s 1 s [ zn ]
Method: [P [ tce [ 1ce | P | 1P | icP | wce | icP |
Det. Limit: 0.25 5.00 2.50 4.50 2.50 0.50 0.10 | 0.10

Sample Name || SAL¥ | mg/L ]| _ma/L }_mg/iL ] maiL ' f '

Sampte #1 BER0O1 || 1.4 <DL <DL 1600 <DL <OL <OL <OL
fisampte #2 BER0OOZ2 ]| 1.67 | <DL <DL 1600 <DL <DL <OL 0.13
lEXAFS Buffer | BEROO3 || <OL /L <DL 1490 <DL <OL <OL 137 |
[MOPS Reference BEROO4| <DL | <DL <DL 1500 <DL <DL <DL <DL !

Sample Solutions Analytical [Protein]
Lab (SAL) ID Code (M)
1. ApoGixI + NiCl, BERO0O1 24
Concentrated with a

Centricon 10, ran over
Chelex resin, and diluted

2. ApoGIxI + NiCl, BER002 24
As above but no Chelex
treatment
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Table A.7: Determination of the amount of metal bound to E. coli SeMet-GIxI following

substitution of the apoenzyme with nickel chloride.

Sample Name Code Al As B Ba Be Ca
MOPS Ref. 09/15/00 BIF001 <DL <.168 0.018" 0.003" <DL 0.074
SeMet Gix1 08/15/00 BIF002 <DL <.168 0.024* 0.02* <DL 384
Sample Name Code Cd Ce Co Cr Cu Fc.
MOPS Ref. 08/15/00 BIF001 <DL <DL <DL <DL 0.009 <DL
SeMet Gix1 09/15/00 BIF002 <DL <DL <DL <DL 0.04 <DL
Sample Name Code K Li Mg Mn Mo Na
MOPS Ref. 098/15/00 BIF001 1000 <DL 0.008 0.022 <DL 82.5
SeMet Gix1 08/15/00 BiF002 1020 <DL 0.05 0.007 <DL 83.7
Sample Name Code Ni P Pb S 8b Se
MOPS Ref. 09/15/00 BIF001 <DL <DL <DL 1590 <DL <DL
SeMet Gix1 09/15/00 BIF002 0.768 <DL <DL 1820 <DL 4.9
Sample Name Code Si02 Sn Sr Ti T v
MOPS Ref. 09/15/00 BIF001 0.385 <DL <DL <DL <DL <DL
SeMet Gix1 09/15/00 BIFO02 0.638 <DL <DL <DL <DL <DL
Sample Name Code Zn
MOPS Ref. 08/15/00 BIF001 <DL
SeMet GIx1 09/15/00 BIF0O02  0.2087
Notes:
Concentrations reported in mg/L.
Samples diluted 1:2.
A white suspension formed in BIF002 soon after acidification with HNO3.
* denotes concentrations near detection limit.
Sample Solutions Analytical [Protein]
Lab (SAL) ID Code M)
1. SeMet-GlxI BIF002 12

226



Table A.8: Determination of the amount of metal bound to the HSQ mutant E. coli GIxI
protein following purification. This provides confirmation that the enzyme is metal-
free after isoelectric focusing, as observed for the wild-type enzyme.

Sample Code Al As B Ba Be Ca
Ref. Buffer 8GB001 <detect. <detect. <detect. <detect. <detect. 0.938
H5Q Mutant BGB002 <detect. <detect. <detect. <detect. <detect. 0.188
Sample Code cd Ce Co Cr Cu Fe
Ref. Buffer BGB001 <detect. <detect. <detect. <detect. <detect. <detect.
H5Q Mutant BGB002 <detect. <detect. <detect. <detect. <detect. 0.042
Sample Code K Li Mg Mn Mo Na
Ref. Buffer BGB001 1040 <detect. 0.001 <detect. <detect. 83.4
H5Q Mutant BGBO002 1100 <detect. 0.005 <detect. <detect. 15.7
Sample Code Ni P Pb S Sb Se
Ref. Buffer BGB001 <detect. 1.17 <detect. 1540 <detect. <detect.
HS5Q Mutant BGB002 <detect. <detect. <detect. 1640 <detect. <detect.
Sample Code Sio2 Sn Sr Ti TI \'4
Ref. Buffer BGB0O01 0.6 <detect. <detect. <detect. <detect. <detect.
H5Q Mutant BGB002 0.673 <detect. <detect. <detect. <detect. <detect.
Sample Code ) Zn
Ref. Buffer BGB001 <detect.
H5Q Mutant BGB002 0.035
Notes:
All sample concentrations are in mg/L.
Sample Solutions Analytical [Protein]
Lab (SAL) ID Code (UM)
1. Apo H5Q GixI BGB002 34
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APPENDIX B

ELECTRON PARAMAGNETIC RESONANCE

The following sample plot and listing of the typical settings for the EPR analysis on E.
coli Mn**-GIxI were provided by Dr. G. D. Markham.

2190 2330 2590 2790 2990 34890 3380 3580 3790 3990 4190
GAUSS

Figure B.1: EPR spectra of E. coli Mn®*-GixI. The sample was run in a 3 mm capillary tube
with the following settings: Microwave Frequency = 9 GHz; Modulation Amplitude =
5; Temperature = -130°C.
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APPENDIX C

EXTENDED X-RAY ABSORPTION FINE STRUCTURE

XAS data collection and analyses on E. coli GIxI reconstituted with Ni** and Zn**
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 frozen samples at 50 K were collected on beam line X9B
at the National Synchrotron Light Source (2.8 GeV, 170 — 300 mA) with a Si[220] double
crystal monochromator. The data were recorded using a 13-element Ge array detector
(Canberra) and were calibrated to the first inflection points in metal foil spectra (Ni, 8331.6
eV, Zn, 9661.0 eV). The summed fluorescence data were then background corrected and
normalized and the EXAFS fit using the program WinXAS (Ressler, 1997). XANES (x-ray
absorption near-edge structure) data were obtained and analyzed as previously described
(Colpas et al., 1991). EXAFS data were analyzed employing i’-weighted Fourier-filtered
data (FT limits = 2.0 — 12.5 A™'; Back-transform limits = 1.1 — 4.0 A, uncorrected for phase
shifts). Theoretical phases and amplitudes used in fitting the EXAFS for single and multiple
scattering pathways were obtained from FEFF 6 calculations of crystallographically
characterized model compounds (Rehr et al., 1992). Edge spectra monitored as a function of
exposure time 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 spectrum (Figure C.1) of E. coli GIxI reveals a small peak
near 8332 eV assigned to a 1s—3d transition with an intensity (2.8(5) x 102 eV) that indicates
a symmetric ligand environment. The absence of features associated with a 1s—4p. transition
rules out a four-coordinate planar geometry, indicating that the active site N1 is six-coordinate
(Colpas et al., 1991). 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
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the analysis of E. coli GlxI with the TSA inhibitor and GSH-analogues bound has been
submitted for publication (Davidson et al., 2000b).
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Table C.I: Selected curve-fitting results of filtered EXAFS spectra for E. coli GIxI.*

Fit N Ni-X R(A) &*(x10°A)P° GOF
Ni0l 4Ni-O 2.0691(2) 31 34.8
Ni02 1INi-O 1.9145(5) 0.2 29.2

5Ni—O 2.0827(2) 2.9
Ni03 1Ni-O 1.9138(5) 0.3 7.0
5Ni-O 2.0826(2) 2.9
2[Ni — C(His)] 2.9540(7) (5.4)
3.246(2)
2[Ni - 2C/N(His)]  4.2052(9) (4.5)
4299(2)
Ni04 INi-O 1.9127(6) 1.5 5.8
5Ni-O 2.0813(2) 33
INi-C 2.976(4) 6.1
2[Ni—2C(His)]  2.9540(7) (5.4)
3.27702)
2[Ni-2C/N(His)]  4.2052(9) (4.4)
4.299(2)
Zn0l  4Zn-O 1.9988(1) 8.5 38.5
Zn02 2Zn-0 1.9022(2) 4.9 31.1
3Zn-0 2.0535(1) 4.0
Zn03 2Zn-0 1.9028(2) 5.2 8.9
3Zn-0 2.0523(1) 42
2[Zn-2C(His)]  2.9962(4) (8.2)
3.325(1)
2[Zn - 2C/N(His)]  4.2186(5) (11.4)
4.521(2)

* X is the scartering atom for each shell. R is the Ni-X distance. o is the root-mean-square disorder in the Ni-X
distance. GOF =1 /0’22 E’nv(i)— }.M(,)T (See Maroney et al., 1998). Accuracy of distances determined = + 0.02
=l

A for atoms in the first coordination sphere of the meal and £0.05 A for second and third coordination sphere
atoms. Precisions (indicated) are <0.02 A for well-ordered shells; thus, differences are more accurate than the
absolute distances.

* Ttalicized values are approaching physical insignificance. Large values of o* indicate a coordination number

that is too large or a badly disordered shell. Parentheses indicate that o for all atoms in that shell were
constrained to a single value.
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Figure C.I: Comparison of the Ni*™- and Zn?"-substituted E. coli GIxI metal sites. (A)
Normalized 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.
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APPENDIX D

E. coLI GLYOXALASE | PROTEIN CRYSTALLOGRAPHY

The E. coli GIxI 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 summary of the
methodology used and tables of structure data are provided here.

Structure Determination

All native GIxI data sets were integrated and scaled using the Mosflm and Scala
package (CCP4, 1994; Leslie, 1999). The SeMet-Ni*"-GIxI data sets were integrated and
scaled using HKL.2000 (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 P2,
with two molecules per asymmetric unit. In contrast, the SeMet-Ni**-GIxI crystals grew
in space group P2;2,2; with six molecules per asymmetric unit.

Attempts to determine the structure of the native E. coli enzyme in space group
P2, using molecular replacement based on the . sapiens enzyme (Cameron et al., 1997)
were unsuccessful. This led to the use of the selenomethionine form, which as noted,
crystallized in a different space group. The positions of the 12 Se sites were determined
by Shake 'n Bake (Hauptman. 1997). The program SHARP (de La Fortelle and Bricogne,
1997) was used to refine the positions of the Se sites and to calculate the experimental

electron density map. The phasing statistics can be seen in Table D.1.

Model Building, Refinement. and Analysis

The model of SeMet-Ni*-GIxI was built with the program O (Jones and
Kjeldgaard, 1997; Jones et al., 1991). 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 first 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
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(Tronrud, 1997). Five percent of the total reflections from thin shells were excluded from
the refinement process and used to calculate R-free (Brunger, 1992). Strict non-
crystallographic symmetry was maintained throughout, until R had dropped to 25% and
R-free to 30%.

At this stage, the model was used in a molecular replacement search (Kissinger
and Gehlhaar, 1997) leading to the successful determination of the GixI structure in the
P2, crystal form. This not only made it possible to refine (Tronrud, 1997) the structures
of the various metal-substituted forms of the enzyme but also to take advantage of the
higher resolution obtainable for these crystals. The structure validation program
PROCHECK (Laskowski et al., 1993) shows that the final models for all structures have
reasonable geometry, with good root mean square deviation from target values (Table
D.2; Engh and Huber, 1992).

) The 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 least square fitting (Zhang and Matthews, 1995).

Electrostatic potentials (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 A. sapiens
GlIx!I were excluded from these calculations. The density shown in the active site of Ni**-
and Zn""-GIxI (Figure 3.8) shown is from a map calculated with amplitudes (2F,-F¢)
where F, and F¢ are, respectively. the observed structure amplitudes and those calculated
from the final refined structure. The resolution is 1.5 A for Ni**-GIxI and 1.8 A for Zn**-
GIxl. No distances or angle restrains were applied to the coordination geometry during

refinement. These active site figures were prepared using Bobscript (Esnouf, 1997).
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Table D.1: Data collection and phasing statistics.

Data Set Ni** Co*™ cd™ Zn*" Apo SeMet-
Ni2+
Space Group P2, P2, P2, P2, P2, P2,2,2,
Cell Dimensions
a(A) 46.05 46.09 4593 46.24 46.28 80.46
b (A) 56.48 56.57 56.39 57.17 5720 85.63
c(A) 46.71 46.75 46.79 46.99 46.99 122.96
B (deg) 95.4 95.5 952 95.4 95.2
Resolution Range (A) 20-1.5 20-1.9 20-1.9 20-1.8 20-1.7 20-2.5
Measured Reflections 116 872 116 932 47 320 134 520 81372 103 752
Unique Reflections 38619 17 383 19 871 22 460 29051 32488
Completeness (%)° 98.9(98.0) 90.0(88.7) 90.3(90.0) 98.3(98.2) 97.8(93.1) 942 (91.0)
Rom (%)° 6.9 (28.9) 5.1(11.0) 10.2(276) 4.6(52) 5.1(24.1) 4.8(262)
<llc (> 12.8(1.9) 33.2(6.1) 8.7 (1.5) 38.9(13.6) 11.5(2.2) 19.2 (3.4)
Phasing Power® 32
Reunis” 0.57

* The data statistics for SeMet- Ni- -GIxI are calculated from the data set collected at a remote wavelength

(~=0.9665 A).

® Numbers in parentheses are for the highest resolution bins.
© Roma(1) = (Shaa X (0 - <IChkD> VS ar<IChkdy>.
¢ The phasing statistics are calculated from the data set collected at the peak wavelength (A= 0.9792 A).
The phasing power, calculated for the acentric reflections, is the root-mean-square value of" ~dF ,MFPH Fp+

Fdb.

€ Reunis = -V._jFpH 1F+Fd ]/Z |F i - F/l and is calcutated for the acentric reflections
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Table D.2: Refinement statistics.

Protein® Ni*™ Co™™ Cd* Zn*" Apo

Resolution (A) 20-1.5 20-1.9 20-1.9 20-1.8 20-1.7
Reacror (%) 20.5 16.9 17.7 18.6 8.8
Riee (%) 27.2 25.4 28.1 26.0 25.5
Apongs (A)° 0.01 0.005 0.007 0.007 0.006
Aangies (deg)® 1.987 1.439 1.580 1.603 1.483
Average B value (A?)

Protein 19.5 22.0 18.2 18.5 23.5

Metal 17.6 25.6 15.1 18.0

Overall 18.5 238 16.7 18.3
No. of water molecules 266 263 273 235 288
Residues in disallowed regions () g 0.0 0.0 0.0 0.0

of Ramachandran plot (%)°

* Values are for the dimer in the asymmetric unit.

b Discrepancies from ideal bond lengths and angles as defined by Engh and Huber (1992).
¢ Using a stringent boundary as defined by Kleywegt and Jones (1994).

236



APPENDIX E

GLYOXALASE | PROTEIN SEQUENCE ALIGNMENTS

All of the known and putative glyoxalase I sequences analyzed in Chapter 5 are

presented and aligned in the following two figures.

E coli e MRLLEHTMLRVGDLQRSIDFYTKVLGMKLLRTSENPEYKYS 40
S. nphimurium —~——————— e mmm e MRLLETMLRVGDLQRSIAFYTNVLGMKLLRTSENPEYKYS 40
S yphi 0 e MRLLETMLRVGDLQRSIAFYTNVLGMKLLRTSENPEYKYS 40
Y. pestis @ ———mmmmmmme e MRLLHTMLRVGDLQRSIDFYTKVLGMRLLRTSENTEYKYS 40
P. multocida  -~-—--—~———m e MRILHTMLRVTNLERSIQEYQQVLGMRLLRTSDNPEYKYT 40
A ducreyi  —~m——m—mmeeee e MRILHTMLRVGNLERSIKFYTEVLGMRLLRTSENEQYKYS 40
H. influen-ae = -~~—~—-=—r————————————— MQOILHTMLRVGDLDRSIKEYQDVLGMRLLRTSENPEYKYT 40
S. putreﬁ:ciens ----------------------------- MSQLLHETMIRVGNLERSIAFYTQVLGMKLLRTSENPEYKYS 41
I” parah@emolyticus == ——= === = e ILHTMLRVGDLDKSIKFYTEVMGMQLLRTNENKEYEYT 238
I” cholerae @~ ~~-—=————cecm————————— MSNEXRILHTMLRVGDLDKSIEFYTQVMGMSLLRKNENTEYKYT 43
N. gonorrohoeae ~~-———~=———— - ——m—m—m e MRLLHTMLRVGNLEKSLDSYONVLGMKLLRRKDYPEGRET 40
N. meningitidis —-~~—===~vc———m— MRLLHTMLRVGNLEKSLDFYQNVLGMKLLRRKDYPEGRET 40
B. pertussis =~ —~——mmmmm e MRLLHTMLRVGNLDKSIDFYTSVLGMRELRRKDYPDGRET 40
Svnechocystis sp.—~————————— == m MSLLHTMIRVGDLDKSLQFYCDILGMNLLRKKDYPSGEFT 40
P. aeruginosa —~~—-m-——eeem—m MRILHTMIRVGNIDRSIDFYTRVLGMTLLRKNDYPDGQET 40
T ferrooxidans ==-——————mm————— e ._ MRILHTMLRVVDLDRAIAFYTEVLGMQLLRRNDYPEGEFT 40
E faecalis @ —~-————mem e MKMAHTCVRVKDLEASLDEYQKAFNFEESRRRDFPENKFT 40
E hirge =~ = @ —emmmmmmmemmm e MKMAHTCVRVKDLDASLEFYQKAFGFEESRRRDEPENKET 40
S. mutans 0 —~-——m e MXELHTCIRVKDLDASLKEYQEALDFKEVRRNDEPEYKET 40
S. pneumonige —~-————=——mmmm e MASKMLHTCLRVENLEKSIAFYQODAFGFKELRRRDFPDHAFT 42
S. pvogenes = ——--m—em—me e e MKALHTCIRVKDLDQSVAEYTSAFPEFKENYRKDEPDSQFT 40,
C. crescentus = —=-—————— e e e MRYLHTMIRVRDLDASLREYCKGLGLQEMYRTENEKGRET 40
L. pneumophila ~~-——————-—cmmm e MKYLHTMVRVSNLEQSLDEYCNKLGLIEVKRTENAKGRET 40
C. arietinum MAASES—----XKESPANNPGLETTIDEATXKGYFMQOQTMFRIKDPKVSLDEFYSRVLGMSLLKRLDFPEMKES 66
G. max -MAATP--——-KESPSNNPGLHETTPLEATKGYIMCQTMFRIKDPKVSLDFYSRVLGMSLLKRLDFPEMKES 65
L. esculentum ~MASES--—-KDSPSNNPGLHATPDEATKGEY T LOQTMERIKDPKVSLEFYSKVLGMSLLKRLDFPEMKES 65
B. juncea -MASEA----XESPANNPGLSTVRDEATKGYIMOQTMFRVKDPKASLDEYSRVLGMSLLKRLDEFSEMKES 65
H. sapeins -M2 T PQEPPSGGLTDEAALSCCSDACPSTRDOFLLOQTMLRVKDPKKSLDFYTRVLGMTLIQKCDEFPIMKES 69
D. melanogaster -MGDVT~-—--GLSNAQADELCQKEDSSTKDFLFQQTMYRIKDPRKSLPFYTGVLGMTLLVKLDFPEAKES 65
P. putida -MSLND-=w—=——- ILNTLPGVTAQADPATAQFVEFNETMLRVKDIEKSLDFYTRVLGFKLVDKRDEVEAKES 62
X fastidiosa -MEPON-—=—=—— FQHQLKTM?Q??D:TRDFVE‘NHTMLRVKDINASLDE’YARILGE'RLIDQRDE'PEAQE'S 62
B. fuckeiang @~ -~-————————— e~ MNHTMIRVKDKEKSLKFYQDIMGMSLMRTAENPGANEN 38



E. coli LAFVGYGPETE-=--—==—=——————— EAVIELTYNWGVDK~————— YELGT--—-—-AYGHIALSVDNAAE 84
S. pphimurium LAFVGYGPETE-—=-———~———————— EAVIELTYNWGVES~——~—— YDMGN--—-AYGHIGLSVDNAAE 64
S. typhi LAFVGYGPETE-———————=—=—=———— EAVIELTYNWGVES—————— YDMGN—-—--AYGHIALSVDNAAE 84
Y. pestis LAFVGYSDESK-——————===———=—— GSVIELTYNWGVDQ-————— YDMGT-—--AFGHLALGVDDVAA 84
P. multocida LAFLGYDDEEN-————-———==——————— ASVLELTYNWGVTE~——~—~— YELGT-—--AYGHIAIGVEDIYA 84
H. ducreyi LAFLGYADESE-—~———=—=——————— NAVLELTYNWGVDH-—~——~ YDLGN----AFGERIALGIDNIYT 84
H. influencae  LAFLGYEDGES——--—--———-— == AAEITBLTYNWGVDK-————— YEHGT-—--AYGEIAIGVDDIYA 84
S. putrefaciens LAFVGYGEESTG-—-~-~-—==—=———— QAVIELTYNWGTEK~~———~ YDLGT----GFGHIAIGDDDIYA 86
V" parahaemolyicus LAFVGYGDESQ-—-—~—————==~—————— GAVIELTYNWGKTE~~——=- YDLGT----AFGHIAIGVDDIYA 82
V. cholerae LAFLGYGDESQ-————====——————— GAVIELTYNWGVAD--———— YEKGN----AYGHIAIGVDDIYA 87
N. gonorrohoeae LAFVGYGDETD——=~=——~—~—————~ STVLELTHNWDTKR———=——=— YDLGD-—-—--AYGHIAVEVDDAYE 84
N. meningitidis LAFVGYGDETD--—-—=—=——————e—= STVLELTHNWDTER-——~——— YDLGN-——--AYGHIAVEVDDAYE B84
B. pertussis LAFVGYQDESE—-—-—~——=—=—=———m AAAIELTHNWDTEK~———~— YDLGT-—--GYGHIAIEVDNAYE 84
Svnechocystis sp. LAFVGYGKESE-——-——~—==~—————= NAVIELTHNWGTDK-————— YDLGN-—--GFGRIALGVEDIYS 84
P. aeruginosa LAFVGYGNEAD-————====——=—e=— SAVIELTHNWGVDA-————— YEIGT----GYGHIAIEVDDAYQ 84
T. ferrooxidans LAFVGYQNENA-——~———===—————— GAVIELTYNWGVKQ~———== YDLGD--—-GFGHIAIEVEDAVA 84
E. faecalis LVYLTL~-PGD-————=—==—m—————— DYELELTYNYDHEA~—~—--~YDLGN----GYGHIAISTDDLEG 82
E hirae LVYLTL--PGD~———————————==um DYELELTYNYDHEG-—~——— YDLGN--——GYGHRIAIAADDLEA 82
S. mutans LVYLQL--EDDE~—m———mmm—m———— DYELELTYNYDHEA~—~~——= YDLGN----GYGHIAVGVDDLEA 83
S. pneumoniae IVYLGL--EGD--~-————=~=—-=-—= OYELELTYNYDHGP-~~—=~— YVVGD-—-—-~GFAHTALSTPDLEA 84
S. pvogenes LVYLAL--EGE—~======—==—————— SYELELTYNYGHGD-~~——= YDLGN----GYGHIALGSEHFEA 82
C. crescentus  LVFLARPEDVELAKA-————————-— RXAPLVELTYNWDDEE-—~——-— YGGGR~---NEFGHLAYRVDDIYE 90
L. pneumophila LVFLARPEDIEQVQT-~=~—~=—~~- SYGPMLELTYNWDPED~—~—~~ YTEGR~---NEGHLAYHVDDIYK 90

C. arietinum

G. max

L. esculentum

B. juncea

H. sapeins

D. melanogaster
P. putida

X fastidiosa

B. fuckeiana

LYEMGYEDT-TEAPSNEVDRTVWT FAQKAT IELTHNWGTESDPEFKGYHNGNSDPRGEGRIGITVDDTYK 135
LYFMGYENT-AEAPSNEIDKVVWTESQKATIELTHNWGTESDPEFKGYHNGNSEPRGFGHRIGVTVDDTYK 134
LYEMGYEDT-ASAPSDPVERTAWT ISOKST LELTHNWGTESDENFTGYHNGNSEPRGEGRIGVTVDDVYK 134
LYFLGYEDT-STAPTOPTERTVW T EGRPATIELTHNWGTESDPEFKGYHNGNSEPRGEGRIGVTVDDVHK 134
LYFLAYEDK-NZIPKEXDEKIAWALSRKATLELTHNWGTEDDATQS-YHNGNSDPRGFGRIGIAVPDVYS 137
LYTFLGYENA-TOVEKDPKORRSWALSRXATIELTHNWGTERDPDQN~-YHTGNTDPRGFGHIGIMVPDVYA 133
LYFLAZVDE-ATIFASDDAREOWMKXSIPGVLELTHNHGTERDADFA-YHHGNTDPRGEGHRICVSVPDVVA 130
LYFLALLPQTVHEISONDAZRRLWMSGIPGVLELTENYGTETQEGQI-YHDGNNEPRGFGRICISVPDLYS 131
LYFLGYPGE-QGLPTSSTT~~—-- SNREGLLELTWNYGTENDENFK-YHNGNDEPQGEGRICVSVDNLDA 101

s s www w * * . W o
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E. coli ACEKIRONGGNVTREAGPVKGGTTVIAFVEDPDGYKIBLIEEKDAGRGLGN-—-——————- 135
S. typhimurium ACERIRQNGGNVTREAGPVKGGSTIIAFVEDPDGYKIELIEAKDAGRGLGN-—————==== 135
S. typhi ACERIRQNGGNVTREAGPVKGGSTI IAFVEDPDGYKIELIEAKDAGRGLGN—————=———— 135
Y. pestis TCDQIRQAGGKVTREAGPVKGGNTI IAFVEDPDGYKIELIENKSAGDCLGN—————=———=— 135
P. multocide ~ TCDAVRQAGGKITREPGPVKGGKTVIAFVEDPDGYKIEFIENKHAQSGLGN~————=——=~ 135
H. ducreyi TVEAVRLAGGKITREPGPVLGGKTVIAFAEDPDGYKIEFIENKNAQVALGN—————=~——= 135
H. influenzae  TCEAVRASGGNVTREAGPVKGGSTVIAEVEDPDGYKIEFIENKSTKSGLGN—————=——== 135
S. putrefaciens RCEAIARAGGKVTRAPGPVAGGTTEIAFVEDPDGYKIEFIQMKSATQGLG-————=—===~ 136
V. parahaemalyucus TCDAIKARGGNVTREAGPVKGGTTHIAFVKDEDGYMIELIQNKQASAGLEG-—~—~——=—= 133
V. cholerae TCDT IKAAGGIVTRE PGPVKGGTTHIAFVKDPDGYMIELIQNKQAHAGLEG———————=—— 138
N. gonorrohoeae ACERVKRQGGNVVREAGLMKHGTTVIAFVEDPDGCKIEFVOKKSGDDSVAYANT ——~———~ 138
N. meningitidis ACERVKRQGGNVVREAGPMKHGTTVIAFVEDPDGYKIEFIQKKSGDDSVAYQTA~~—=——= 138
B. pertussis ACDKVKEKGGKVTREAGPMKHGTTVIAFVEDPDGYKIEFIQKKGRND 131
Svnechocystis sp.TCDKIRDKGGKVVREPGPMKHGTTVIAFVEDPDGYKIELIQTSSKKD 131
P. aeruginosa ACDDIRYNGGQVTREAGPMKHGTTVIAFVTDPDGYKIELIQKSS—~————————————=—= 128
T. ferrooxidans ACDGIRQRGGKVVREAGPMKHGNTVIAFVEDPDGYRIELIERKSDFAEHPA-———————== 135
E. faecalis LEEKHQAAGFTVTDLKG-LPGTAPSYYEVVDPDGYKIEVIRER 124
E. hirae LEEKHOAEGENVTDLKG-LPGTAPSYYFVVDPDGYKIEVIRG-— - 123
S. mutans THQAHOKAGYTVTDLSG-LPGKPKMYYFITDPDGYKIEVIRLKQFQEK-———————————=— 130
S. pneumoniae LHQEHSAKGYEVTEPNG-LPGTTPNYYFVKDPDGYKVEVIREK-=—=——=—w—=m————==— 126
S. pvogenes DHKKHRQAGFPVTDIKE-LADKSARYYFIQDPDGYKIEVIDLNN - 125
C. crescentus  TCQORLMDMGVTINRPPR-—-—— DGHMAFVRSPDNISIELLQDGD-LEPAEPWVSMPNVGAW 145
L. preumophila TCQHLQECGVVINRPPR-—=-—~ DGHMAFIRSPDNISIELLOKGEPLPKQEPWLS ———-——— 139
C. arietinum  ACERFONLGVEEFVKKPD--DGKMKGIAFIKDPDGYWIELFDRKTIGNVTEGNA - ~~——~~— 186
G. max ACERFONLGVEFVKKEE--DGKMKGIAFIKDPDGYWIE IFDRKT IGNVTQTAA—~~————— 185
L. esculentum ACERFESLGVEFVKKPL--DGKMKGIAFIKDPDGYWIEIFDTKIIKDAAGSAS——~——=——— 185
B. juncea ACERFEQLGVEFVKXPH--DGKMKNIAFIKDPDGYWIBIFDLKTIGTTAGNAA~~~——~~— 185
H. sapeins BCKRFEELGVKFVKKPD-—-DGKMKGLAFIQDPDGYWIEILNPNKMAT LM ———=—~—————— 184
D. melanogaster RCQRFQELGVDFVKKPD--DGRMKGLAFIKDPDGYWIEI FENAHSV———————————————— 176
P. putida ACERFEALQVPSQKRLS-—DGRMNELATIKDPDGYWVEVIQPTPL~~————mm——— = 173
X. fastidiosa ~ ACARFDTLQVPYQKRLT--DGRMKNIAFIKDPDGYWVEIISNTPLP——=——=———~———=-— 175
B. fuckeiana ~ ACERFEKMGVNWKKRLT--DGRMKHVAFVLLPDNYWIEVIQNEKLKERANW-———————=— 150
Figure E.1: Alignment of the £ .coli glyoxalase I protein sequence with the known and

postulated glyoxalase I 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 H. sapiens glyoxalase I
sequences. See Tables 5.1 and 5.2 for the sequencing organization references and
accession numbers.
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E. coli

T. aestivum
A. thaliana |
A. thaliana 2
B. oleracea
C. paradisi
S. stapfianus
0. sativa

S. cerevisiae
S. pombe

E. coli

T. aestivum
A. thaliana |
A. thaliana 2
B. oleracea
C. paradisi
S. stapfianus
O. sativa

S. cerevisiae
S. pombe

E. coli

T. aestivum
A. thaliana I
A. thaliana 2
B. oleracea
C. paradisi
S. stapfianus
O. sariva

S. cerevisiae
S. pombe
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- ~MRLLETMLRVGDLQRSIDFYTKVLGMKLLRTSENPEYKYSLAFVGYGPE~- 49
SESSN-—-DEAFTWAKKDNRRLLHVVYRVGDIDRT IKFYTECLGMKLLRKRDIPEEKYTNAFLGYGPE~-—- 69
QATTQ~—-DDLLTWVKNDKRRMLHVVYRVGDMDRT IKFYTECLGMKLLRKRDIPEEKYTNAFLGYGPE~~ 135

Bm—————— SDLLEWPKKDNRRFLEVVYRVGDLDRTIEFYTEVFGMKLLRKRDIPEEKYSNAFLGEGPE—— 64
N-———~— ADLVEWPKKDKRRFLEVVYRVGDLDRTIQFYTECFGMKVLRKRDVPEEKYSNAFLGFGPE-— 64
ASPAAAN-AELLEWPKKDKRRFLEAVYRVGDLDRTIKEYTECFGMKLLRKRDVPEEKYSNAFLGEGPE-— 70
GSDA-~———-— VLEWHKQDKKRMLEBAVYRVGDLDRTIKCYTECFGMKLLRKRDVPEEKYTNAFLGYGPE-—- 65
GSEAEKSPEVVLEWPKKDKKRLLHAVYRYVGDLDRTIKCYTECFGMKLLRKRDVPEEKYTNAFLGEFGPE-- 71
STDSTRYPIQIEKASNDPTLLLNHTCLRVKDPARTVKEYTEHFGMKLLSRKDFEEAKFSLYFLSEPKDDI 71
—————————— MASTTDMSTYKLNHTMIRVKDLDKSLKEYTEVEFGMKLIDOWVEFEENEFSLSFLAFDG-—— 57
. »* » w - - L 2% P A & S * - o o - - .
——————————— TEEAVIELTYNWGVDK-=~-~-———-YELGTAYGRIALSVDNAAREACEKIRONGG-NVT §7
----------- ETNFAIELTYNYGVDS---—~——~—-YDIGAGFGHEGIATDDVAKTIVELIRAKGG-KVT 117
——————————— DSHEVIELTYNYGVDK~—-—-—~——--—-YDIGAGFGHFGIAVDDVAKTVELVKAKGG-KVS 183
——————————— TSNEVVELTYNYGVSS~~——~-——=-YDIGTGEGHFAISTQDVSKLVENVRAKGG-NVT 112
——————————— TSNEVVELTYNYGVSS—~—~-~——---YDIGTGFGHFAISTQDVSKMVEAVRAKGG-NVT 112
----------- QSHEVVELTYNYGVTS----~-——--—-YDIGTGFGHFAIATEDVYKLVENIRAKGG-NVT 118
——————————— DKNFALELTYNYGVDK-—————--—-YDIGEGFGHFAIATEDINKIAEAVKSSGCCKIT 114
——————————— DTNFALELTYNYGVDK-—-~~—~-—-—-YDIGAGFGHFAIATEDVYKLAEKIKSSCCCKIT 120

PKNKNGEPDVESAHGVLELTHNWGTEKNPDYKINNGNEE PHRGEFGHICFSVSDINKTCEELESQGVKFKK 141
PGALNEGVERSKREGILELTYNFGTEKKEGPVY INGNTEPKRGFGHICETVDNIESACAYLESKGVSEKK 127

. . ee s s e ees - - . -
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E. coli

T. aestivum
A. thaliana |
A. thaliana 2
B. oleracea
C. paradisi
S. stapfianus
O. sativa

S. cerevisiae
S. pombe

E coli

T. aestivum
A. thaliana !
A. thaliana 2
B. oleracea
C. paradisi
S. stapfianus
O. sativa

S. cerevisiae
S. pombe

E. coli

T. aestivum
A. thaligna |
A. thaliana 2
B. oleracea
C. paradisi
S. stapfianus
O. sativa

S. cerevisiae
S. pombe

EKDAGRG 132

REAGPVKGGTTVIAFVEDPDGYKIELIE--- - -

REPGPVKGGKTIVIAFIEDPDGYKFEILERP-———=———~~ GTPEPLCQVMLRVGDLDRAISFYEKACGMK 177
REPGPVKGGKTVIAFIEDPDGYKFELLERG-—————=—~— PTPEPLCQVMLRVGDLDRAIKEYEKAFGME 243
REPGPVKGGGSVIAFVKDPDGYTFELIQRG-—————=——— PTPEPFCQVMLRVGDLDRAIKFYEKALGMR 172
REPGPVKGGGSVIAFVKDPDGYTFELIQRG-———~—=——= PTPEPLCQVMLRVGDLDRAVKEMEKALGMR 172
REPGPLKGGTTHEIAFVKDPDGYIFELIQRG-~———-———~— PTPEPLCQVMLRVGDLGRSIKFYEKALGMK 178
REPGPVKGGSTVIAFAQDPDGYMFELIQRG-~———————= PTPEPLCQVMLRVGDLERSIKFYEKALGMR 174
REPGPVKGGSTVIAFAQDPDGYMEELIQRG-~=~————=~ PTPEPLCQVMLRVGDLDRSIKFYEKALGMK 180

RLS~--EGRQKDIAFALGPDGYWIELITYSREGQEYPKGSVGN-KENHTMIRIKNPTRSLEEYONVLGMK 207
KLS——--DGKMKHIAFALDPDNYWIELVSQS---ETKPKANISNFRENHTMVRVKDPEPSIAFYEK-LGMK 190

* - > wx w ew . =z *

LGN-—=~—— e - i35
LLRKRDNPEYKYTIAMMGYG———~== PEDONAVLELTYNYGVTEYD———=—===—= KGNAYAQIATIGTDD 231
LLRTRDNPEYKYTIAMMGYG—~~——= PEDKEPVLELTYNYGVTEYD-—————~——— KGNAYAQTIAIGTDD 297
LLRKIERPEYKYTIGMMGYA—————— EEYESIVLELTYNYDVTEYT-————————=— KGNAYAQIAIGTDD 226
LLRRIERPEYN-TIGMMGYA——~=—= EEYESIVLELTYNYGVTEYT-——-—-——————KGNAYAQIAIGTDD 225
LLRTVDKPEYKYTLAMLGYA-——-—~ EEDQTTVLELTYNYGVTEYT—————————— KGNAYAQVAISTDD 232
LLRKKDVPDYKYTIAMLGYD——~=-~ DEDKTTVIELTYNYGVTEYS————————~— KGNAYAQVATIGTND 228
LLRKKDVPDYKYTIAMLGYA———~——~ DEDKTTVIELTYNYGVTEYT—————————~ KGNAYAQVAIGTED 234

LLRTSEHESAKEFTLYFLGYGVPKXTDSVESCESVLELTENWGTENDPNEFHYHNGNS-EPQGYGRICISCDD 276
VIDKADHPNGKETNYFLAY-—PSDLPREDREGLLELTHNWGTEKE SGPVYHNGNDGDEKGYGHVCISVDN 258

VYKTAEVVKLS-=---GGKVVREAGPLPGLGTKITAILDPFXGWKSVEVDNIDFAKELE -~ 284
VYKTAEAIKLE-~-~GGXITREPGPLPGISTKITACLDPDGWKSVEVDNIDFLKELE-— 350
VYKSGEVIKIVNQELGGKITREAGPLPGLGTKIVSFLDPDGWKTVLVDNKDFLKELE-— 283
VYKSAEVVKIVNQELGGKITREAGPLPGLGTKIVSFLDPDGWKQVLVDNEDFLKELE-— 282
VYKSAEVVNLVTQELGGKITRQPGSIPGLNTKITSFVDPDGWKTVLVDNEDFLKEIQSE 291
VYKSAEAVELATKELGGKILKXQPGPLPGINTKIASEFVDPDGWKVVLVDHADFLKELK=-— 285
VYKSAEAVELVTKELGGKILRQPGPLPGLNTKIASFLDPDGWKVVLVDNADFLKELQ-~ 291
AG---ALCKXEIEVKYGDKIQWS PKENQGRMKNIAFLKDPDGYSIEVVPHGLIA~————— 326
IN---AACSKFEZAEG--~-LPFKKKLTDGRMKDIAFLLDEDNYWVEVIEQK———————=~ 302

Figure E.2: Alignment of the £ .coli glyoxalase I protein sequence with the known and
postulated glyoxalase I sequences 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 sequence. Note the postulated ligands are not conserved in

all of the C-terminal halves of the sequences.

See Table 5.2 for the sequence

accession numbers.
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APPENDIX F

CHARACTERIZATION OF YERSINIA PESTIS GLYOXALASE |

The construction of an E. coli expression system for both Y. pestis GlxI and P.
aeruginosa GIxI has been described in Chapter 5, in addition to the initial characterization of
these enzymes. Following this work, induction time courses were performed for each of these
protein expression systems and the purified Y. pestis GIxI enzyme was characterized in more

detail, as outlined below.

Induction Time Course for Y. pestis and P. aeruginosa Glyoxalase I

The level of protein production was monitored for both Y. pestis GlxI, expressed from
E. coli BL21/pYPGI, and P. aeruginosa GlxI, expressed in E. coli BL21/pPAG1. A cell
culture in LBamp 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 cell density. In addition a sample
of cells was taken each hour for 6 hours, the cells disrupted by sonication and the protein
activity monitored with 0.5 mM substrate and 1.0 mM NiCl, utilizing the standard enzymatic
assay outlined in Chapter 2. Protein electrophoresis was also performed to monitor the
amount of protein produced (Figure F.1).

From these analyses a four hour induction time with 0.5 mM IPTG was determined to
be optimal for the expression of Y. pesris GIxI from this construct. Similar results were
observed for the expression of P. aeruginosa GixI. 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 GixI expressed in E. coli BL21/pYPG! was growth in LBam, media, induced
for 4 hr with 0.5 mM 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 GIxI. Following cell disruption
utilizing the French Press, the sample was separated by anion exchange chromatography on
the Q-Sepharose Fast Flow column, followed by preparative isoelectric focusing. Table F.1

summarizes the amount and activity of the protein at each stage of the purification.
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Figure F.I: Level of Y. pestis GIxI expressed in E. coli BL21/pYPG! during an induction
time course (0.5 mM IPTG). 20 % homogeneous SDS-PAGE with Comassie staining.

The protein separated into two main fractions during the isoelectric focusing,
centering around fractions 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). Analysis by native PAGE suggests that the samples contain a
dimeric enzyme as well as an apparent tetramer. It is speculated that a disulfide bond has
formed between subunits of two different dimeric 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 Y. pestis GIxI 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 GIxI protein structure (Chapter

3). and therefore could readily form the observed disulfide bonds.
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Table F.1: Summary of the stages of the purification of V. pestis GIxl from E. coli BL21/pYPGI1 grown with no supplemental metal.

Stage of Purification  Total Protein Specific Activity % Yield' Fold Fold Increase in
(mg) (umol/min/mg) Purification’ Activity with
NiCl,"

Cell Break 368 Apo 4.0 100 1.00 121
+NiCl, 486

Q-Sepharose Fast Flow 256 Apo 8.8 85 1.22 67

IEF/Buffer Change 123 Apo 3.8 46 1.38 176
+NiCl, 669

Precipitated Protein 13 (+123 from  Apo 7.2 5.2 (+46 from 1.47 99

above for 136 mg . above for 51%
from IEF overall yieldy ~ +NICl, 715 overall yield

* Results from a purification of 2.5 g of cells from 3,9 g in | L cell growth,

! Yield calculated by comparison of the total activity of the Ni*'-activated enzyme (0.5 mM NiCl, added to enzyme sample),
! Purification factor calculated by comparison of the specific activity of the Ni*'-activated enzyme at each stage to the activity at the cell break.
% Increase with added NiCl, varies due to variation in the low apoenzyme level,



100 1 14 833 Da
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% A

; 29 668 Da
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Figure F.2: Reconstructed electrospray mass spectrum of purified Y. pestis GlxI. The
monomeric subunit is indicated, as is the apparent dimer.

The separation of the protein into two regions during the isoelectric focusing was most
likely a result of the formation of disulfide bonds in the protein solution during the run,
disrupting the protein focusing. As the two samples appear the same, their protein levels were
combined for simplicity in the purification summary presented in Table F.1. The precipitated
protein from the IEF was utilized in the metal activation studies. Based on these results this
expression system for Y. pestis GIxI appears to produce a large quantity of protein (~200

mg/L), similar to that observed for the E. coli GlxI expression.

Enzymatic Activation with Divalent Metals

The activation of the apo Y. pestis GixI with various divalent metal chlorides was
studied, as described for the E. coli wild-type, SeMet, and H5Q GIxI 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 GIxI is also maximally active with Ni*" and displays no apparent activity in

 the presence of Zn>". Furthermore, this enzyme appears even more selective for Ni*" over the

other activating metals, Co>", Mn®*, and Cd>*, than the E. coli enzyme.
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Figure F.3: Activation of Y. pestis GIxI with 10 mole equivalents of metal to dimeric
enzyme. The activities are shown relative to the maximally activated Ni** form. Each
point was measured in triplicate with 0.5 mM substrate and 0.2-0.4 ug enzyme per
assay. The assays with Mn®" were performed in MES buffer whereas all others were
performed in phosphate buffer.
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