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Abstract: The glyoxalase system consists of two enzymes, glyoxalase I (Glo1) and glyoxalase II (Glo2),
and converts a hemithioacetal substrate formed between a cytotoxic alpha-ketoaldehyde, such as
methylglyoxal (MG), and an intracellular thiol, such as glutathione, to a non-toxic alpha-hydroxy acid,
such as d-lactate, and the regenerated thiol. Two classes of Glo1 have been identified. The first is a
Zn2+-activated class and is exemplified by the Homo sapiens Glo1. The second class is a Ni2+-activated
enzyme and is exemplified by the Escherichia coli Glo1. Glutathione is the intracellular thiol employed
by Glo1 from both these sources. However, many organisms employ other intracellular thiols.
These include trypanothione, bacillithiol, and mycothiol. The trypanothione-dependent Glo1 from
Leishmania major has been shown to be Ni2+-activated. Genetic studies on Bacillus subtilis and
Corynebacterium glutamicum focused on MG resistance have indicated the likely existence of Glo1
enzymes employing bacillithiol or mycothiol respectively, although no protein characterizations
have been reported. The current investigation provides a preliminary characterization of an isolated
mycothiol-dependent Glo1 from Streptomyces coelicolor. The enzyme has been determined to display
a Ni2+-activation profile and indicates that Ni2+-activated Glo1 are indeed widespread in nature
regardless of the intracellular thiol employed by an organism.
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1. Introduction

Intracellularly generated cytotoxic alpha-ketoaldehydes, such as methylglyoxal (MG; Figure 1),
are highly reactive electrophiles that can inhibit protein synthesis, form adducts with protein, DNA and
RNA, and promote Advanced Glycation End-products (AGEs) [1–8]. Detoxification of these molecules
is a critical cellular process. The enzymes Glyoxalase I (Glo1) and Glyoxalase II (Glo2) work in tandem
and convert the hemithioacetal, formed between the cytotoxic α-ketoaldehyde and an intracellular
thiol, such as glutathione (GSH), into a non-toxic alpha-hydroxy acid, such as d-lactate (in the case of
MG), and the regenerated thiol (Figure 1) [9–13]. Reduction of cellular toxicity is also dependent upon
S-lactoylglutathione levels as this product of the Glo1 reaction can also control bacterial potassium
efflux pumps and cytosolic acidification [14]. The metalloenzyme Glo1 catalyzes the isomerization
reaction resulting in the production of the thioester product. Hydrolysis of the thioester is catalyzed by
the second metalloenzyme, Glo2. An additional type of glyoxalase enzyme, Glo3, utilizes an active site
cysteine to convert MG to d-lactate directly [15–18].

Glo1 is a metalloenzyme that can be divided into two different metal-activation classes [19].
The Zn2+-activated class is exemplified by the enzyme from Homo sapiens (homodimeric), and the
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Ni2+-activated Glo1 class is exemplified by the enzyme from Escherichia coli (homodimeric) [20–25].
In the case of the E. coli enzyme, the Ni2+-active form (Protein Database (PDB): 1F9Z) is situated in an
octahedral ligand arrangement (residues from chain A: His5 and Glu56; residues from chain B: His74
and Glu122) with two water molecules as non-proteinaceous ligands, but the inactive Zn2+-bound
complex (PDB: 1FA5) has a trigonal bipyramidal ligand arrangement and has only one water molecule
as a non-proteinaceous ligand (Figure 2) [26,27]. A similar octahedral ligand arrangement (residues
from chain A: Gln34 and Glu100; residues from chain B: His127 and Glu173) is observed for the
catalytically active Zn2+-bound form of the H. sapiens Glo1 (PDBN: 1QIN) [28,29]. Thus, only octahedral
metal environments appear to be active for this enzyme, regardless of the metal-activation class the
Glo1 belongs to, and this arrangement appears critical to the enzyme’s catalytic mechanism [30–32].
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Figure 2. The ribbon structure of (A) the active Ni2+-bound Escherichia coli Glo1 (PDB ID: 1F9Z) forming
an octahedral geometry with four metal-binding residues (His5, Glu56, His74 and Glu122) and two
nearby water molecules around the metal center and (B) the inactive Zn2+-bound E. coli Glo1 (PDB ID:
1FA5) forming a trigonal bipyramidal metal coordination with the same four metal-binding residues
but with only one water molecule [27]. The metal-binding residues are shown in sticks, and active site
water molecules are shown in green. The divalent metals in the catalytic pocket are represented as
red spheres. The 3D structures were generated by using the UCSF Chimera program (University of
California, San Francisco, CA, USA) [33].
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Structural studies have been reported on several Glo1, and these reports have provided additional
insight into nature’s control of active site geometry. As mentioned, the H. sapiens and E. coli enzymes
are homodimeric, and each of their two active sites is formed by residues contributed by each of
the two subunits. The molecular structure of the Clostridium acetobutylicum Glo1 (Ni2+-activation
class) is also homodimeric, but each of the two active sites is formed by protein residues solely from
a single subunit [34]. Furthermore, larger single chain Glo1 are also known [35–41], and the recent
report on the X-ray structure of the maize enzyme shows two metal-binding sites formed by the
single protein chain with one site being catalytically active [42]. For the homodimeric Glo1, as well as
the maize enzyme, detailed studies employing metal activation, NMR and X-ray experiments have
provided unambiguous evidence that only a single active site is required for maximal activity [42–44].
In addition, deletional mutagenesis experiments have recently provided insight into the underlying
structural factors involved in metal selectivity among the Glo1 enzymes [45].

To further add to the complex but fascinating biochemistry of Glo1, it has become clear that
Glo1 enzymes have evolved to employ whatever major intracellular thiol [46–50] is available to
them within a particular organism (Figure 3). In addition to glutathione (GSH), which is present
in eukaryotes and most Gram-negative bacteria, protozoans, such as Leishmania and Trypanosoma
employ N1,N8-bis (l-γ-glutamyl-l-hemicystinyl-glycyl) spermidine, trypanothione, for their cellular
biochemistry, which includes their Glo1 enzymes [51–53]. The Leishmania major Glo1 has been
determined to be a Ni2+-activated class enzyme and lacks catalytic activity with Zn2+ [51,54].
The Glo1 from Trypanosoma cruzi has also been determined to be Ni2+-activated enzymes [55]. The
intracellular thiol, (2S)-2-[[2-(l-cysteinylamino)-2-deoxy-α-d-glucopyranosyl]oxy]succinic acid, known
as bacillithiol (Figure 3), is present in bacilli, such as Bacillus subtilis and B. anthracis, and has also been
identified in Staphylococcus aureus, as well as Deinococcus radiodurans [49,56–59]. Genetic studies on
Bacillus subtilis have indicated the likely existence of a Glo1 enzyme employing bacillithiol, although no
reports on the isolation and characterization of a bacillithiol-dependent Glo1 have been reported [60].
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Des-myo-inositol mycothiol (tMSH) is an analog of mycothiol also employed in the current study.

Actinomycetes and mycobacteria biosynthesize the thiol, 1-d-myo-inositol-2-(N-acetyl-l-cysteinyl)
amido-2-deoxy-α-d-glucopyranoside, mycothiol (Figure 3) [61–64]. Although substantial information
is now available on the biochemical pathways employing mycothiol, and the functions of mycothiol and
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its metabolic pathways appear to parallel those of glutathione, to date no reports have appeared on the
characterization of a mycothiol-dependent Glo1. However, mycothiol-null mutants in Corynebacterium
glutamicum have been reported to endow this organism with MG sensitivity, indicating the possible
existence of a mycothiol-dependent Glo1 [63].

In order to extend our knowledge of the Glo1 metalloenzymes, an investigation was undertaken
to identify and provide a preliminary characterization of a mycothiol-dependent Glo1 (Figure 4),
if it indeed existed. The current investigation reports on the identification of such an enzyme in
Streptomyces coelicolor and provides a preliminary characterization of the isolated Glo1. The Glo1 from
Streptomyces coelicolor has been determined to exhibit a homodimeric quaternary structure and to be a
member of the Ni2+-activation class of glyoxalase I enzymes.
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2. Results and Discussion

2.1. Sequence Analysis

As mycothiol is the key intracellular thiol in Streptomyces, sequence searching of a number of
sequence databases, including the Streptomyces Annotation Server (http://streptrdb.streptomyces.
org.uk), for a possible Glo1 enzyme employing various known Glo1 sequences was undertaken for
the organism Streptomyces coelicolor A3(2) [65,66]. The search revealed two genes of interest with
annotations of a putative dioxygenase/glyoxalase/ bleomycin resistance family gene product (SCO1970;
EMBLCAC42744; NCBI reference sequence: NP_626233.1), which was termed putative dioxygenase
(PDO), and a putative lyase (SCO2237; EMBLCAC37263; NCBI reference sequence: NP_626487.1),
which was termed putative lyase (PLA). Multiple sequence alignments of PDO and PLA with other
Glo1 from various sources, including Gram-negative bacteria (E. coli [24], Yersinia pestis [19], Neisseria
meningitides [19,67], Pseudomonas aeruginosa GloA2 [68], P. aeruginosa GloA3 [68], and P. putida [22]),
protozoa (Leishmania major [51]), human (H. sapiens [23]), and the previously identified gene [60]
correlated with possible bacillithiol-dependent Glo1 activity in Bacillus subtilis are shown in Figure 5.
In this group, the known metal-specificities of the Glo1 are as follows: Zn2+-dependent (P. putida,
H. sapiens, P. aeruginosa GloA3) and Ni2+-dependent (E. coli, Y. pestis, N. meningitidis, P. aeruginosa
GloA2, L. major). The metal specificity of the B. subtilis enzyme is unknown as the protein has not
been isolated nor characterized. PDO possesses four potential metal-binding residues (His15, Asp63,
His89, Glu142) corresponding to metal-binding residue positions in other Glo1 enzymes (astericks in
Figure 5). The corresponding residues in PLA (Val7, Asp62, Tyr75, Gln127) do not map as well, and
the alignment suggests that PDO would be the more likely candidate to demonstrate Glo1 activity,
although both gene products were investigated. Based on the alignment, PDO has a 21.7% identity
and 20.2% identity to the N. meningitidis Glo1 and the B. subtilis gene product associated with the
bacillithiol-dependent Glo1 activity, respectively (Figure S1). Based on previous sequence alignments
and deletional mutagenesis experiments, it has been suggested that shorter Glo1 sequences tend to be
Ni2+-activated class enzymes [19]. In the case of PDO, if indeed a Glo1, a Ni2+-activated class enzyme
was hypothesized.

http://streptrdb.streptomyces.org.uk
http://streptrdb.streptomyces.org.uk
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Figure 5. The multiple sequence alignment of the putative dioxygenase (PDO, CAC42744) and
the putative lyase (PLA, CAC37263) from Streptomyces coelicolor A3(2) with glyoxalase I from
other organisms (organism name followed by National Center for Biotechnology Information (NCBI)
accession number), including E. coli (NP_310387), Y. pestis (ZP_01887743.1), N. meningitides (CAA74673),
P. aeruginosa GloA2 (ATE47122.1), L. major (AAT98624.1), P. aeruginosa GloA3 (AAG08496.1), H. sapiens
(AAB49495), P. putida (AAN69360), B. subtilis bacillithiol-dependent MG resistance proposed Glo1
(P39586.1). The metal-binding residues are highlighted with asterisks. Three different Glo1 have
been identified in P. aeruginosa PA01: GloA1 (Ni2+-activated), GloA2 (Ni2+-activated and GloA3
(Zn2+-activated) [68]. The alignment was created using CLC Main Workbench (version 8.1.2) with the
accurate alignment algorithm (http://www.qiagenbioinformatics.com).

2.2. Overproduction, Isolation and Characterization of PDO and PLA

The putative dioxygenase gene (pdo) and putative lyase gene (pla) from chromosomal DNA from
S. coelicolor A3(2) (NC_003888) were cloned into pET-28b(+) expression vectors utilizing NdeI and BamHI
restriction endonuclease enzymes and polymerase chain reaction (PCR) to generate the purified proteins
with an N-terminal His-tag followed by a thrombin protease cleavage site. The protein purification of
PDO and PLA made use of the N-terminal His-tag, which was eventually removed by thrombin protease,
resulting in three extra amino acids at the N-terminus (Gly-Ser-His) fused to the N-terminal Met
residues. These modifications changed the predicted molecular weights of PDO and PLA to 16569.5 Da
and 16749.9 Da, respectively, which were confirmed by electrospray ionization mass spectrometry
(ESI-MS) analysis (Figures S2 and S3). No post-translational modification of either purified protein
was observed. Analysis of a gel permeation chromatographic separation suggested a homodimeric
quaternary structure for both PDO (1.5 mg mL−1) and PLA (0.6 mg mL−1) in 50 mM Tris (pH 8.0)
and 150 mM KCl with a molecular weight of approximately 27.51 ± 2.46 kDa and 33.15 ± 2.89 kDa,
respectively (Figure S4). The thermal stabilities of PDO and PLA as isolated were performed using
differential scanning calorimetry (DSC) analysis, which suggested the estimated Tm of PDO (3 mg mL−1)
and PLA (1.2 mg mL−1) in 50 mM MOPS (pH 7.0) and 10% v/v glycerol to be 57.8 and 58.5 ◦C, respectively
(Figure S5). Their secondary structures were investigated by circular dichroism (CD) analysis which
showed that both PDO (5.6 mg mL−1) and PLA (3.6 mg mL−1) in buffer containing 50 mM potassium
phosphate buffer (KPB; pH 7.0) and 200 mM KCl possessed a negative maximum at 222 nm and a small
shoulder at 208 nm, suggesting the presence of predominantly β-sheet structures (Figure S6), which are
consistent with the previous reports on the X-ray crystallographic structures of other Glo1. The K2D3
secondary structural prediction program (http://cbdm-01.zdv.uni-mainz.de/~{}andrade/k2d3/) also
estimated the secondary structural contents of PDO to be 1–2% α-helix, 37–41% β-sheet and 58–62%
random coil and of PLA to be 2–6% α-helix, 34–40% β-sheet and 57–62% random coil. Other external

http://www.qiagenbioinformatics.com
http://cbdm-01.zdv.uni-mainz.de/~{}andrade/k2d3/
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factors, including pH (5–9), types of buffer (HEPES, KPB, Tris, MOPS and MOPSO), ionic strength
(0–500 mM NaCl) and additive (0–30% v/v glycerol) did not significantly influence the secondary
structures of either protein (data not shown).

2.3. Enzyme Assay for Thiol Cofactors

Optimization of the Glo1 enzyme assays employed the simpler and more readily available [69]
truncated form of mycothiol (tMSH; des-myo-inositol mycothiol) (Figure 3) [70]. This analog has
been employed in the study of mycothiol-utilizing enzymes [71]. Mycothiol was also employed at
various stages in this study, especially with respect to final enzyme kinetic studies [70]. Experiments to
study the details of the non-enzymatic formation of the hemithioacetal upon MG and tMSH reaction
in solution were undertaken initially and included enzyme kinetic assays and 1H NMR time course
studies, benchmarked to previously studied MG and glutathione adduct formation studies (Figures
S7–S10 and Tables S1 and S2) [24,72–79]. Analysis of the results of these experiments indicated that
a 30 min equilibration time would be appropriate for the MG-tMSH hemithioacetal equilibrium to
be attained, a time somewhat longer than that for the equilibrium to be reached for the MG-GSH
hemithioacetal equilibrium to be reached (15 min).

The dissociation constant (Kd) of the hemithioacetal (MG-tSH) was also determined, due to its
significance in the calculation of the exact concentration of the substrate used in the Glo1 kinetic
assays. After allowing the hemithioacetal to reach its equilibrium (15 min for MG-GSH and 30 min for
MG-tMSH), the dissociation constant could be measured using different concentrations of MG with a
fixed concentration of thiols, an approach previously employed in the literature for MG-GSH [24,72–77].
The dissociation profile of MG-GSH suggested its Kd of approximately 3.19 ± 0.29 mM (Figure S10A),
which was in excellent agreement to the literature value (Kd of 3.1 mM). The Kd of the hemithioacetal
forming non-enzymatically between MG and tMSH was determined similarly and estimated to be
3.33 ± 0.41 mM (Figure S10B).

The increase in UV absorbance at 240 nm observed during the reaction of Glo1 is due to the
formation of the product, S-d-lactolyglutathione, from the Glo1 reaction using MG-GSH as a substrate.
The investigation on the optimum detection wavelength for the reaction using MG-tMSH substrate
was performed similarly, and the results suggested that the detection at 240 nm could also be employed
to detect the thioester product from the MG-tMSH substrate (Figure S11). Furthermore, the expected
product, S-d-lactoyl-des-myo-inositol mycothiol, produced from the Glo1 catalyzed reaction using
Ni2+-reconstituted PDO (25 µg in 600 µL assay) with MG-tMSH (5 mM, Kd of 3.3 mM and equilibrium
time of 30 min), was isolated using reverse phase C18 HPLC (Figure S12) and was identified by ESI-MS
analysis (Figure S13), consistent with PDO serving as a mycothiol-dependent Glo1. It should be noted
however that although the mass of the product is consistent with the chemical structure of the expected
product, the exact determination of the stereochemistry of the lactate as d-lactate has not been shown,
although it is highly likely given the commonality of the stereochemistry found in the product from
various Glo1 enzymes.

Based on the information obtained on hemithioacetal formation as stated above, the substrate
specificity of the Glo1 reaction was investigated in relation to metal-incorporation and the presence of
PDO, PLA or commercial yeast Glo1 (1.5–3.0 µg for PDO and PLA and 0.05 µg for yeast Glo1 in 200 µL
assay). The detection of the substrates, including MG, GSH, tMSH, hemithioacetal of MG-GSH and
hemithioacetal of MG-tMSH did not show any significant increase in signal at 240 nm without the
corresponding enzyme. Neither was product formation detected for any of these substrates in the
presence of added metal ions (without the addition of the enzyme), suggesting that substrates with and
without additional metal ions do not interfere with the detection of the enzyme reaction, if any—nor
do they contribute any significant non-enzyme background activity. No Glo1 activity was observed for
reactions containing only MG, only GSH, only tMSH, or only MG-GSH with Ni2+-reconstituted PDO.
Neither were any reactions observed to occur in the reactions of apo-PDO and denatured PDO (boiled
for 10 min) with hemiacetal MG-tMSH. However, trace activity was obtained in the reaction of isolated
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PDO (purified PDO without any additional metals) with MG-tMSH, while high activity was observed
in the reaction of Ni2+-reconstituted PDO with the same substrate. These observations suggested that
the incorporated metal into PDO is significant for the Glo1 reaction to occur and that the “as isolated”
PDO is not entirely in its apo-form, and this was confirmed by inductively coupled mass spectrometry
(ICP-MS) analysis for the presence of metal ions in the PDO protein (Table S3). The isolated PDO
enzyme might accept some metals from the organism’s growth environment during the expression
and purification processes undertaken in the laboratory. Additionally, the reaction catalyzed by
the PDO enzyme is specific to the hemithioacetal substrate, MG-tMSH, while the substrate of the
GSH-dependent Glo1 reaction, MG-GSH (5 mM), did not act as a substrate for PDO (data not shown).
PLA, on the other hand, did not exhibit any glutathione or tMSH-dependent Glo1 activity under the
above conditions. The enzymatic reaction catalyzed by yeast Glo1 is specific to its substrate, MG-GSH,
in which it was observed to exhibit no activity in the presence of the MG-tMSH hemithioacetal.

2.4. Metal Characterization and Kinetic Studies

The metal analysis determined by ICP-MS (ALS Laboratory Group, Waterloo, ON, Canada),
undertaken utilizing protocols [24,25,34,45,68] previously employed, suggested that the purified “as
isolated” (no exogenously added metal ions) PDO (0.088 mg/mL) binds to copper, cobalt, nickel
and zinc ions (Tables S3 and S4). The metal per enzyme ratios of nickel-and zinc-bound PDO were
approximately 0.16–0.17, while those of cobalt and copper-bound enzyme were approx. 0.02. Thus,
the ratios of Ni2+ and Zn2+ contents were approximately ten times higher than those of Co2+ and
Cu2+, which might suggest that PDO has a higher metal-binding affinity for Ni2+ and Zn2+ than Co2+

and Cu2+ ions, or could reflect the availability of these metal ions in E. coli during protein production
and isolation steps. The concentrations of these incorporated metals in the isolated protein were low
and appeared almost completely in a de-metallated form. The ICP-MS analysis on this form of the
PDO indicated that the enzyme contained no iron, a common metal found in dioxygenase enzymes,
but it did contain ions, such as zinc and nickel bound to the isolate protein. Both Zn2+ and Ni2+, as
previously mentioned, are metals that are usually associated with Glo1 enzymes. These results suggest
that PDO may bind either of these metals in intact S. coelicolor, although, of course, these metals could
have been picked up by the protein in steps associated with the protein isolation.

Analysis of the metal activation profile for PDO suggested that the enzyme was activated in
the presence of Ni2+, Cu2+, and to a much lower extent by Cd2+ and Ca2+ (activity of PDO: Ni2+ >

Cu2+ > Cd2+ > Ca2+) (Figure 6A). The enzyme with incorporated Ni2+ exhibited the highest activity
of conversion of the MG-tMSH hemithioacetal into its thioester, while that of Cu2+-reconstitution
gave approximately 60% compared to that of the Ni2+-reconstituted enzyme. The activities with Cd2+

and Ca2+-were low, while other metal ions (Zn2+, Mg2+, Co2+, Mn2+) were not activating. Metal
titration studies of PDO with Ni2+ and Cu2+ indicated that 1 mole of metal per mole dimeric enzyme
could optimize enzymatic activity (Figure 6B), suggesting a tight binding of the metal, as well as one
functional active site (possibly two active sites per dimeric enzyme as PDO exhibits homodimeric
quaternary structure as previously mentioned). These data are consistent with previous reports on
other Glo1 (such as E. coli Glo1, P. aeruginosa GloA1, GloA2, and many others), which also find that
the metal per dimeric enzyme ratio is approximately one [19,24,44,68]. The pH dependency of PDO
activity was also determined (Figure 6C).
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) Cu2+; (C) pH dependency of PDO (3.125 µg in 200 µL assay; 5 equivalents NiCl2) with
the substrate MG-tMSH (0.5 mM, Kd = 3.3 mM) that was incubated for 30 min in potassium phosphate
buffer at various pH (5.8–8) at 25 ◦C.

The kinetics of Ni2+-reconstituted PDO with MG-tMSH yielded a calculated Vmax of
5.8 ± 1.0 µmol/min/mg, Km of 1.25 ± 0.13 mM and kcat of 3.2 s−1 (Table 1). The Km is somewhat higher
compared to other Km values for the MG-GSH substrate processed by other Glo1 [24,34,68,80,81],
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which is probably due to the structure of the MG-tMSH hemithioacetal lacking the inositol moiety.
This hypothesis was confirmed by the kinetics of Ni2+-reconstituted PDO with the hemithioacetal of
MG-MSH which yielded a calculated Vmax of 11.5 ± 1.8 µmol/min/mg, Km of 0.61 ± 0.06 mM and kcat

of 6.4 s−1 (Table 1).

Table 1. Kinetic data for the enzyme reaction catalyzed by Ni2+-reconstituted PDO.

Thiol Cofactors Vmax (µmol/min/mg) Km (µM) kcat (s−1) kcat/Km (M−1s−1)

MSH 11.5 ± 1.8 612 ± 56 6.4 10403
tMSH 5.8 ± 1.0 1247 ± 127 3.2 2545

Conditions: PDO (1.5–3.0 µg in 200 µL assay) using two different hemithioacetal substrates (0.08–1 mM, Kd = 3.3
mM, 30 min equilibrium time) that formed non-enzymatically between methylglyoxal and thiol cofactors, including
isolated mycothiol (MSH) and synthesized truncated mycothiol (tMSH), in 50 mM KPB (pH 6.6) at 25 ◦C. The protein
was prepared in its apo-form and incubated with five equivalents of NiCl2 overnight at 4 ◦C prior to performing
the assay.

Metal analysis performed on the “as isolated” PLA exhibited similar results, where copper, nickel
and zinc were detected bound to various copies of the protein (Tables S3 and S5). The metal per dimeric
enzyme ratios of nickel-and zinc-bound PLA were approx. 0.11–0.16, while the ratio of copper bound
enzyme was 0.08. The concentrations of these metals were low, which indicated that PLA is isolated in
predominantly apo-form. Glo1 activity of PLA, on the other hand, was undetectable under the studied
conditions. The enzyme exhibited no activity with MG-tMSH nor MG-GSH (data not shown). Neither
activity was observed in the presence of different divalent metals (ZnCl2, NiCl2, CoCl2, CuCl2, MnCl2,
MgCl2, CaCl2 and CdCl2), suggesting that PLA does not function as a Glo1.

Glo1 is a member of the βαβββ superfamily of proteins, consisting of fosfomycin resistance
protein (FosA), methylmalonyl-CoA epimerase (MMCE), extradiol dioxygenase (DIOX), mitomycin
C resistance protein (MRP) and bleomycin resistance protein (BRP) [23,34,40,82–88]. Among these
proteins, Glo1 and MMCE share high structural similarity, thiol cofactor (GSH), presence of divalent
metal and tetradentated metal-binding protein ligands [34,85]. Due to these similarities, an investigation
of possible MMCE activity in PDO and PLA with selected incorporated metals (Ni2+, Co2+, Cu2+, and
Zn2+) was performed, similar to those previously reported for studies on the C. acetobutylicum Glo1 [34].
Ni2+, Co2+ and Zn2+ are activating metal ions for particular Glo1 enzymes, while Co2+ is normally
found in MMCE enzymes. Cu2+ was also chosen for our studies, due to its observed activation of
PDO in the Glo1 reaction with Mg-tMSH. However, neither enzyme exhibited any MMCE activity
understudied conditions (data not shown), and no divalent metal could activate these enzymes to
accomplish the MMCE activity. Thus, PDO only functions as a Glo1 and not as an MMCE, while PLA
is neither a Glo1 nor an MMCE. Previous investigations on the MMCE activity in GSH-dependent Glo1
from Clostridium acetobutylicum suggest that the enzyme is highly specific to its natural substrate
(MG-GSH) even though its structure is more likely to resemble that of MMCE than other Glo1 [34].
These results suggest that Glo1 does not possess cross function with MMCE regardless of its different
types of thiol cofactors that might be used across nature.

PDO is activated with Ni2+ and Cu2+ atoms. The unusual metal activation by Cu2+ in PDO
may be anomalous and not related to any physiological role of this metal in the organism. However,
it is interesting to speculate that it may be an important metal for this enzyme in the organism,
since cytosolic copper has been found to be a major modulator of Streptomyces coelicolor germination,
development and secondary metabolism [89]. It is also interesting to note that mycothiol has been found
to be important in copper resistance in C. glutamicum [63], and perhaps there may be an advantage to
mycothiol-dependent Glo1 to be able to utilize Cu2+ as an activating metal. However, this requires
further research to confirm or dispute.

It had been found earlier that the isolated mammalian GloI exhibited high activity in the presence
of Mg2+ and was thought to be a magnesium activated enzyme [21,90–92]. However, the naturally
bound metal was later discovered to be zinc, which incorporated in the ratio of 1 mole metal per mole
enzyme subunit [20]. The magnesium atoms were believed to be recovered from protein preparation
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processes and had no correlation with enzymatic activity. The analysis by electron paramagnetic
resonance (EPR) of Co2+-bound human Glo1, however, suggested octahedral metal coordination with
four metal-binding protein residues and two water molecules for this ion, as well as other activating
metals, such as magnesium [29]. Yeast Glo1 was also found to be partially activated by the presence of
Mg2+ and Ca2+ [20,36,93]. It was possible that these metals could reactivate the enzyme, but play a
major role in protein stability. As well, X-ray crystallographic structure of E. coli Glo1 with bound Cd2+

(PDB ID: 1FA7) suggested that the enzyme could be activated with this metal and its metal coordination
forms an octahedral geometry [27]. However, the activity was low compared to the enzyme with Ni2+

and Co2+, which might be related to the size of the metal that fits into the active site of the enzyme.
Thus, the low activity observed in PDO with Ca2+ and Cd2+ might be explained in a similar fashion.

It is hoped that this preliminary characterization of a mycothiol-dependent Glo1 will provide
important information for future studies on Glo1 enzymes from other microorganisms employing
mycothiol, as well as bacillithiol, a closely related intracellular thiol.

3. Materials and Methods

3.1. DNA Cloning and Manipulation

All DNA manipulations and purifications were performed according to the protocols by
Sambrook and Russell [94]. Putative dioxygenase gene (pdo) and putative lyase gene (pla) from
S. coelicolor chromosome (NC_003888) were cloned into the pET-28b(+) expression vector utilizing
NdeI and BamHI restriction endonuclease enzymes and the polymerase chain reaction (PCR) to
generate the protein with the N-terminal His-tag followed by thrombin protease cleavage site.
The forward and reverse primers (Sigma Genosys, Oakville, Ontario, Canada) were designed as
follows: (+) 5′-CCGAAGCTTCATATGAGCCTGGGAGCC-3′ and (−) 5′-GGCGAATTCGGATCC
TACTCGTAGTG CCGG-3′ for pdo cloning, and (+) 5′-CCGAAGCTTCATATGGACTTCACGCTCG-3′

and (−) 5′-GGCGAATTCGGATCCTAGGCCTTGTGCCGG-3′ for pla cloning. The plasmid was heat
shock transformed into the competent E. coli DH5α cells. Its DNA sequence was verified (Molecular
Biology Core Facility, University of Waterloo, Waterloo, ON, USA) followed by heat shock transforming
into E. coli BL21 (DE3) cells for protein expression purposes. Sequence alignments and percent identities
were computed using CLC Main Workbench (version 8.1.2) (http://www.qiagenbioinformatics.com).

3.2. Protein Induction, Expression, and Purification

Bacterial cultures (1 L) containing kanamycin (30 µg/mL LB) were grown and shaken in an air
incubator (220 rpm) at 37 ◦C until an OD600 of 0.6 was reached. Proteins were then induced with 0.5 mM
IPTG for 4 h. Cell pellets were harvested by centrifugation at 6000× g for 10 min and flash frozen
in liquid nitrogen before storing at −80 ◦C. The purifications of both PDO and PLA were performed
as previously reported for the C. acetobutylicum Glo1 [34] using HisTrap HP Ni2+-affinity (1 mL) and
HiTrap Benzamidine FF affinity (1 mL) columns (GE Healthcare, Piscataway, NJ, USA). The protein
concentration was determined by the Bradford Assay using bovine serum albumin (BSA) as a standard.
Apo-enzyme preparation and metal analysis by ICP-MS were performed as described previously for
other Glo1 and other enzymes [25,95–97]. The existence and the molecular weights of the denatured
proteins were confirmed by the analysis of SDS-PAGE and ESI-MS data using a Micromass Q-TOF
Global Ultima mass spectrometer (Mass Spectrometry Facility, University of Waterloo, Waterloo, ON,
USA) using handling approaches as previously reported [68,78]. The molecular weight of the native
protein was determined by gel permeation chromatography (Superose6 10/300 GL column) utilizing
50 mM Tris buffer (pH 8.0) and 150 mM KCl with a flow rate of 0.5 mL/min. A standard curve was
prepared using Bio-Rad protein standards (Bio-Rad Laboratories, Hercules, CA, USA) containing
γ-globulin (158 kDa), BSA (66 kDa), ovalbumin (44 kDa), carbonic anhydrase (29 kDa), myoglobulin
(17 kDa) and vitamin B12 (1.35 kDa).

http://www.qiagenbioinformatics.com
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3.3. Protein Secondary Structure and Stability Experiments

CD experiments were performed on a Jasco J-715 spectropolarimeter from Jasco Inc. (Easton,
MD, USA) and a Jasco J-700 Standard Analysis Program. The CD experiments with variation in
protein concentration, pH, ionic strength and various additives were performed as previously reported.
Prediction of protein secondary structure from CD spectra employed the K2D3 program as previously
mentioned [98]. The transition midpoint (Tm) determined by DSC analysis was performed on a
MicroCal VP-DSC microcalorimeter with cell volumes of 0.5 mL and self-contained pressurizing
system of 0–30 p.s.i. for scanning solutions above boiling points to prevent any degassing during
heating. The protein was run against 50 mM MOPS (pH 7.0) and 10% v/v glycerol over a temperature
range of 10–80 ◦C with a scanning rate of 1 ◦C min−1. The Origin, scientific plotting software package,
supplied by MicroCal was used for baseline subtraction and Tm calculation by the integration of the
heat capacity (Cp) versus temperature (t) curve.

3.4. Preparation of Hemithioacetal Substrate

tMSH was synthesized according to the protocol developed by Unson et al. [70]. Purified
MSH was a kind gift from Dr. Gerald Newton (UCSD, San Diego, CA, USA) [70]. Two factors
involved in the hemithioacetal substrate formation, including equilibrium time and dissociation
constant (Kd) of MG-GSH, were previously reported, but none for MG-tMSH and MG-MSH. We
assumed that the hemithioacetal formations of MG-tMSH and MG-MSH were in a similar fashion,
thus only equilibrium time and Kd of MG-tMSH were determined as detailed in the Supplementary
Materials using the protocols reported for MG-GSH. 1H NMR experiments were performed on
a Bruker (300 MHz) spectrometer (Bruker Ltd., Milton, ON, Canada). Predicted chemical shifts
and integrations for substrates and hemithioacetals were estimated using ChemBioDraw Ultra 12.0
(http://www.cambridgesoft.com) software (version 12.0, PerkinElmer, Austin, TX, USA).

3.5. Enzyme Assays

An enzymatic assay was performed in 50 mM KPB (pH 6.6 or stated otherwise) using the
hemithioacetal, a non-enzymatic product of MG and thiol cofactors (GSH, tMSH and MSH), as
substrates utilizing previous Glo1 assay protocols [24,78]. The enzyme activity was measured as an
increase in absorption at 240 nm (ε240 = 2860 M−1 cm−1) for the formation of S-d-lactoylglutathione
using a 96-well UV-visible plate on a plate reader. Since the product of the mycothiol dependent
Glo1 reaction is unknown, its maximum absorbance and identification were investigated to confirm
the existence of the reaction product thioester (Supplementary Materials). Enzyme kinetics were
evaluated using the initial rate that was fitted by the Michaelis-Menten equation with least squares fit
parameters using GraphPad Prism software version 5.00 (GraphPad Software, Inc., La Jolla, CA, USA).
Typical conditions for Glo1 activity studies on PDO were: PDO (1.5–3.0 µg in 200 µL assay) using two
different hemithioacetal substrates (0.08–1 mM, Kd = 3.3 mM, 30 min equilibrium time) that formed
non-enzymatically between methylglyoxal and thiol cofactors, including isolated MSH and tMSH,
in 50 mM KPB (pH 6.6) at 25 ◦C. The protein was prepared in its apo-form and incubated with five
equivalents of NiCl2 overnight at 4 ◦C prior to performing the assay.

Additionally, the investigation on the function of MMCE, a closely structural related protein to
Glo1 in the same βαβββ superfamily, was performed using metal-substituted PDO and PLA (1 µg in
500 µL assay) in 20 mM Tris (pH 7.0) and 150 mM NaCl with the presence of 5 equivalents of Ni2+,
Co2+, Cu2+ and Zn2+ as previously described for another Glo1 enzyme study [34].

4. Conclusions

Identification and isolation of a glyoxalase I (Glo1) enzyme from Streptomyces coelicolor A3(2) was
accomplished in this study. A preliminary investigation of several properties of the protein, termed
PDO (thermal stability, pH dependency on activity, secondary structure) was undertaken. PDO was

http://www.cambridgesoft.com
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found to be catalytically active as a glyoxalase I enzyme in the presence of Ni2+, and converted the
hemithioacetals formed from methylglyoxal and des-myo-inositol mycothiol (tMSH) to the identified
thioester product. No enzymatic activity was observed using glutathione, suggesting PDO is specific
to tMSH and after further experimentation, mycothiol itself. From the metal activation profile, PDO
functions as a mycothiol-dependent Glo1 of the Ni2+-activated class of glyoxalase I enzymes. This is
the first protein characterization of an MSH-dependent Glo1.

Supplementary Materials: The following are available online at http://www.mdpi.com/2304-6740/7/8/99/s1,
Figure S1: Percent identities calculated for various Glo1, Figure S2: SDS-PAGE and ESI mass spectrum of purified
PDO, Figure S3: SDS-PAGE and ESI mass spectrum of purified PLA, Figure S4: Gel permeation chromatographic
profile for PDO and PLA, Figure S5: DSC plots for PDO and PLA, Figure S6: CD plots for PDO and PLA, Figure
S7: Enzymatic assay using various incubation times, Figure S8: 1H NMR for various time incubations of MG
and GSH, Table S1: Chemical Shifts and Integrations of 1H NMR signals (experimental and calculated) for GSH
and MG-GSH, Figure S9: 1H NMR for various time incubations of MG and tMSH, Table S2: Chemical Shifts and
Integrations of 1H NMR signals (experimental and calculated) for tMSH and MG-tMSH, Figure S10: Plots for the
determination of Kd for MG-GSH and MG-tMSH hemithioacetals, Figure S11: UV detection of MG-tMSH thioester
product, Figure S12: HPLC chromatogram of products of MG-tMSH Glo1 activity by PDO, Figure S13: ESI mass
spectrum of isolated thioester product, Table S3–S5: ICP-MS element analyses of “as isolated” PDO and PLA.
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