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Abstract 42 

L-α-glycerophosphate oxidase is an FAD-dependent enzyme that catalyzes the oxidation 43 

of L-α-glycerophosphate (Glp) by molecular oxygen to generate dihydroxyacetone 44 

phosphate (DHAP) and hydrogen peroxide (H2O2). The catalytic properties of the 45 

recombinant His6-GlpO from Mycoplasma pneumoniae(His6-MpGlpO) were investigated 46 

with transient and steady-state kinetics and ligand binding. The results indicate that the 47 

reaction mechanism of His6-MpGlpO follows a ping-pong model. Double-mixing 48 

stopped-flow experiments show that after flavin-mediate substrate oxidation, DHAP 49 

leaves rapidly prior to the oxygen reaction. The values of the individual rate constants 50 

and kcat (4.2 s-1at 4 oC) determined, in addition to the finding that H2O2 can bind to the 51 

oxidized enzyme suggest that H2O2 release is the rate-limiting step for the overall 52 

reaction. Results indicate that His6-MpGlpO contains mixed populations of fast and slow 53 

reacting species. Only the fast reacting species predominantly participates in turnovers. 54 

Different from other GlpO enzymes previously reported, His6-MpGlpO can catalyze the 55 

reverse reaction of reduced enzyme and DHAP. This result can be explained by the 56 

standard reduction potential value of His6-MpGlpO(-167 ± 1 mV), which is lower than 57 

those of GlpO from other species. We found that DL-glyceraldehyde 3-58 

phosphate(GAP)can be used as a substrate in the His6-MpGlpO reaction, although it 59 

exhibited a ~100-fold lower kcat value in comparison to the reaction of Glp. These results 60 

also imply the involvement of GlpO in glycolysis, as well as in lipid and glycerol 61 

metabolism. The kinetic models and distinctive properties of His6-MpGlpO reported here 62 

should be useful for future studies of drug development against Mycoplasma pneumonia 63 

infection. 64 
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Introduction  65 

L-α-glycerophosphate oxidase (GlpO) is a flavoprotein oxidase containing FAD as a 66 

cofactor. The enzyme catalyzes the oxidation of L-α-glycerophosphate (Glp)− a 67 

metabolic intermediate in lipid biosynthesis, glycolysis, and glycerol metabolism−at the 68 

C2 position to yield dihydroxyacetone phosphate (DHAP) as a product. Molecular 69 

oxygen (O2) acts as an electron acceptor in this reaction by receiving two electrons from 70 

the substrate to generate hydrogen peroxide (H2O2) [1-5]. H2O2 is a reactive oxygen 71 

species (ROS) that can be converted to more potent reactive oxygen species such as 72 

peroxide or hydroxyl radicals and H2O2 itself can also serve as a cellular signaling 73 

molecule [6]. ROS can affect cell viability by causing lysis of red blood cells, lipid 74 

peroxidation, and other oxidative damage [7,8]. The GlpO reaction in Mycoplasma 75 

pneumonia has been shown to play a role in the virulence of the bacteria, which presents 76 

itself as infection of the human respiratory tract[4, 5, 8, 9]. It is thought that H2O2 77 

produced from this reaction is involved in the pathogenicity of pneumonia. 78 

GlpO from several bacteria have been studied. Due to its absence in mammalian 79 

cells, this enzyme has been proposed as a target for new antibiotic development [10]. 80 

Native GlpO from Trypanosoma brucei, a human parasite that causes an African sleeping 81 

sickness, was isolated, purified and studied with regards to its inhibition. Results indicate 82 

that suramin, melarsen oxide, salicylhydroxamic acid, 3-chlorobenzylhydroxamate, 8-83 

hydroxyquinoline, and alkyl esters of 3,4-dihydroxybenzoate are potent inhibitors for 84 

GlpO from T. brucei[10-14]. GlpO from lactic acid bacteria such as Streptococcus sp. 85 

and Streptococcus faecium ATCC 12755 were also studied [2, 3]. Investigations on the 86 

inhibition of the enzyme showed that S. faecium GlpO could be inhibited by fructose 6-87 
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phosphate [2]. Besides oxygen, the S. faecium enzyme can also use other compounds 88 

such as ferricyanide and dichlorophenol indolephenol (DCPIP) as electron acceptors[3]. 89 

Studies of the recombinant GlpO from Enterococcus casseliflavus indicate that the 90 

reaction obeys a ping-pong kinetics model and that the flavin reduction step is the rate-91 

limiting step for the overall turnover [15].  In contrast, kinetic studies of the wild-type 92 

GlpO from Streptococcus sp. and the mutant enzyme in which a flexible surface region 93 

was truncated indicate that DHAP release is the rate-limiting step of the reaction [16]. 94 

Crystal structures of both wild-type and truncated mutant of Streptococcus sp. GlpO at 95 

2.4 and 2.3 Å resolution, respectively were solved. The data indicate that the active site 96 

residues in Streptococcus sp. GlpO that may be involved in Glp substrate binding are 97 

mostly positively charged residues such as Arg346, Lys429, His65, and Arg69 [17, 18].  98 

In this work, the biochemical and catalytic properties of a new GlpO from 99 

Mycoplasma pneumonia was investigated using steady-state and transient kinetics, and 100 

ligand binding studies. The enzyme shows several unique catalytic properties that have 101 

never been reported for other enzymes. It can catalyze a reverse flavin oxidation using 102 

the reaction product, DHAP as an electron acceptor. In contrast to previously investigated 103 

systems, the rate-limiting step of Mycoplasma GlpO is likely the release of H2O2 because 104 

other reaction steps are faster than the catalytic turnover number. Besides Glp, the 105 

enzyme can also use glyceraldehyde 3-phosphate (GAP), an intermediate in the 106 

glycolysis pathway, as a substrate, implying that the H2O2 generated by the GlpO 107 

reaction in Mycoplasma pneumoniae can be derived from lipid, glycerol and sugar 108 

metabolism.  109 

 110 
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Results  111 

Preparation and spectroscopic properties of His6-MpGlpO 112 

 Recombinant His6-MpGlpO was successfully expressed as a soluble enzyme in E. 113 

coli BL21(DE3) cells cultured in Terrific Broth and induced by IPTG at 25 oC. The yield 114 

of cell paste was about 17 g per 1 liter of cell culture. His6-MpGlpO was purified to 115 

homogeneity using Ni-Sepharose affinity and SP-Sepharose cation-exchange 116 

chromatography as described in Experimental Procedures. This protocol resulted in ~19 117 

mg of purified enzyme with a specific activity of ~10 U/mg per 1 liter of cell culture 118 

(Table 1). A low yield of the enzyme preparation was due to the protein loss during the 119 

last step (SP-sepharose chromatography). This step was used because it could remove 120 

impurities that were retained after Ni-Sepharose chromatography. SDS-PAGE (12%) 121 

analysis indicated that the enzyme is >95% pure and that the subunit molecular mass was 122 

about 43 kDa (data not shown). The purified enzyme exhibited spectral characteristics 123 

typical of FAD-bound enzyme with a maximum absorbance at 448 nm (solid line of Fig. 124 

1). The molar absorption coefficient was determined according to the protocol described 125 

in Experimental Procedures as 12.40 ± 0.03 mM-1cm-1, which is slightly different from a 126 

molar absorption coefficient of free-released FAD (11.3 mM-1cm-1) (dashed line of Fig. 127 

1). 128 

 129 

Steady-state kinetics of His6-MpGlpO  130 

 The two-substrate steady state kinetics of His6-MpGlpO using Glp and O2 as 131 

substrates was investigated at 4 oC, pH 7.0 using the 2,2'-azino-bis(3-132 

ethylbenzothiazoline-6-sulphonic acid)-horse radish peroxidase (ABTS-HRP) coupled 133 
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assay system as described in Experimental Procedures. Initial rates of reactions at various 134 

concentrations of Glp and O2 were measured. A double-reciprocal plot of initial rates and 135 

concentrations, e/νo versus1/[Glp] (Fig. 2A) or 1/[O2] (Fig. 2B), showed parallel lines, 136 

indicating that the His6-MpGlpO reaction uses a ping-pong mechanism. Steady-state 137 

kinetic parameters of the enzyme reaction that were obtained from reciprocal (Eqn 2) or 138 

direct plots (Eqn 3) were similar: ��
���, 5.5 ± 0.4 mM; ��

��, 55±8µM; and �	
�, 4.2 ± 0.1 139 

s-1 at 4 oC. The results indicated that the steady-state turnover number of GlpO from M. 140 

pneumoniae is about 4- and 9-fold lower than that of GlpO from Streptococcus sp. (18 s-
141 

1) and Enterococcus casseliflavus (37 s-1), respectively [15, 16]. 142 

 143 

Standard reduction potential value of His6-MpGlpO  144 

 The standard reduction potential value of His6-MpGlpO was measured by 145 

Massey’s method using cresyl violet as a reference dye. Spectra obtained during the 146 

reduction (Fig. 1B) indicated that the enzyme was completely reduced via a two-electron 147 

reduction process using the benzyl viologen-mediated xanthine/xanthine oxidase system. 148 

Concentrations of the oxidized enzyme and the reduced dye were calculated based on 149 

their absorbance at 407 and 540 nm, respectively. The standard reduction potential value 150 

(�
�) of the enzyme was calculated from the y-intercept of the plot of log(Ered/Eox) versus 151 

log(Dred/Dox) as -167 ± 1 mV (Inset of Fig. 1B). 152 

 153 

Kinetics of the reduction of His6-MpGlpO by Glp  154 

 A solution of the oxidized enzyme (~28 µM after mixing) in 50 mM sodium 155 

phosphate buffer, pH 7.0 containing 0.5 mM EDTA, and 1 mM DTT was mixed with 156 
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various concentrations of Glp under anaerobic conditions, and the kinetics of enzyme 157 

reduction was monitored by the change in absorbance at 448 nm using a stopped-flow 158 

spectrophotometer at 4 oC. Kinetic traces shown inFig. 3A indicate that flavin reduction 159 

shows biphasic kinetics in which the amplitude change of the first (fast) phase varied 160 

from 10-70% (relative to total flavin reduction) while the second (slow) phase was from 161 

90-30% upon increasing the concentration of Glp. This indicates that there are two 162 

distinct populations of the oxidized enzyme that are slowly interconverted. The kobs 163 

values obtained from both phases are hyperbolically dependent on Glp concentration 164 

(Figs. 3B and 3C). According to the plots, the reduction rate constants (kred) were 165 

determined as 199 ± 34 and 2.08 ± 0.01 s-1, respectively. Because kobs of both phases were 166 

hyperbolically dependent on substrate concentration (Figs. 3B and 3C), the data suggest 167 

that each of the oxidized enzyme forms reacts with Glp via a two-step reduction process 168 

in which a binary complex of the oxidized enzyme and its substrate is initially formed in 169 

the first step, followed by flavin reduction in the second step (Fig. 3E). These data 170 

indicate that the substrate binding affinity of the fast reacting species (Kd = 72 ±18mM) is 171 

52-fold lower than that of the slow reacting enzyme (Kd = 1.38 ± 0.02mM). As at the 172 

highest concentration of Glp where both populations of enzyme can react with Glp 173 

rapidly, the amplitude ratio of fast:slow species  is 70:30, the data indicate that a ratio of 174 

fast to slow species under equilibrium is 70:30. This conclusion is also supported by the 175 

results of the oxidative half-reaction (see the following section). We also noted that a 176 

clear amplitude change ratio of 70:30 could only be observed when the kobs value of the 177 

fast reacting species is ≥16 s-1. These results also imply that kf + kr of the interconversion 178 

process between the fast and slow reacting species is <16 s-1(Fig. 3E). 179 
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Kinetics of the reaction of reduced His6-MpGlpO with O2 180 

 An anaerobic solution of the reduced enzyme (~28 µM after mixing) in 50 mM 181 

sodium phosphate buffer, pH 7.0 containing 0.5 mM EDTA, and 1 mM DTT was mixed 182 

with buffer containing various concentrations of oxygen. The kinetics of enzyme 183 

oxidation was monitored by measuring the absorbance at 448 nm using a stopped-flow 184 

spectrophotometer at 4 oC. Kinetic traces for enzyme oxidation are biphasic (Fig. 4A) in 185 

which the amplitude change for the first (fast) phase reflects 70% of the total amount of 186 

flavin oxidation while the second (slow) phase is about 30%. Some fraction of the fast 187 

reacting enzyme was oxidized during the dead-time period. Kinetic analyses indicate that 188 

the kobs values of the first phase and second phase versus the oxygen concentration are 189 

hyperbolic, with rate constant values for the fast and slow reacting species of 627 ± 81 190 

and 85 ± 11 s-1, respectively (Figs. 4B and 4C). The hyperbolic plots obtained for the kobs 191 

values versus oxygen concentration suggest that the re-oxidation occurs via a two-step 192 

process. The reduced enzyme may form a binary complex with O2 prior to flavin re-193 

oxidation in the second step. According to the plots shown in Figs. 4B and 4C, the Kd 194 

values for binary complex formation were 1.3 ± 0.2 and 0.5 ± 0.1 mM for the fast and 195 

slow reacting enzyme species, respectively. Similar to the reductive half-reaction, the 196 

ratio of amplitude of fast to slow reacting species is 70:30. The amplitude changes 197 

observed due to the fast and slow reacting species was clearly separated at all oxygen 198 

concentrations employed because all kobs values were greater than 16 s-1 (the lowest kobs 199 

value in Fig. 4C is 17.6 s-1). The kinetic mechanism of the oxidative half-reaction is 200 

summarized in Fig. 4D. 201 

 202 
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Effects of DHAP on the oxidative half-reaction of His6-MpGlpO 203 

 Previous studies of the reductive half-reaction (Fig. 3A) indicated that the 204 

reduction of enzyme by Glp is a fast process in which DHAP release cannot be detected 205 

in the stopped-flow experiments. In this experiment, we used double-mixing stopped-206 

flow experiments (see Experimental Procedures) to investigate if DHAP can bind to the 207 

reduced enzyme by monitoring the influence of DHAP on the oxidative half-reaction. 208 

The reduced enzyme was mixed with an equal concentration of Glp and aged for 100 s 209 

(to ensure complete reduction) in the first mixing step. The DHAP-bound reduced 210 

enzyme was then mixed with various concentrations of O2 in the second mixing step and 211 

the enzyme re-oxidation was followed by monitoring the absorbance at 448 nm, similar 212 

to the experiments in Fig. 4A. The kinetic traces obtained from the change in absorbance 213 

at 448 nm shown in Fig. 5A display biphasic kinetic and amplitude changes for the first 214 

(70%) and second (30%) phases similar to those observed for the oxidative half-reaction 215 

carried out using the single-mixing mode in Fig. 4A(Fig. 5A). Kinetic analyses also 216 

indicate that the kobs values for both phases and the rate constants for enzyme oxidation 217 

(kox = 524 ± 34 s-1(Fig. 5B) and 107 ± 5 s-1(Fig. 5C)), are similar to those obtained from 218 

Fig. 4 (627 ± 81 s-1(Fig. 4B) and 85 ± 11 s-1(Fig. 4C)). The similarities in the kinetic 219 

results obtained by the two different mixing modes suggest that after the enzyme was 220 

reduced by Glp, the DHAP formed was quickly released prior to the reaction of the 221 

reduced enzyme with oxygen. 222 

 To verify our hypothesis, the reduced enzyme (91 µM before mixing) plus DHAP 223 

(136.5 µM before mixing) was incubated for various aging times in the first mixing step. 224 

The solution was then mixed with buffer containing oxygen at 0.26 mM (before mixing) 225 
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in the second mixing step to allow the re-oxidation of enzyme to occur while the 226 

progression of the reaction was monitored by measuring the absorbance change at 448 227 

nm. Analyses of the kinetic traces (Fig. 5D) indicated that the kobs values and the 228 

amplitude changes obtained from various age times were similar and also similar to those 229 

obtained from the previous results (Fig. 5A). These data again suggest that DHAP does 230 

not tightly bind to the enzyme but rather, was quickly released after its formation. All 231 

results indicate that the reaction of His6-MpGlpO occurs via a true ping-pong mechanism. 232 

 233 

Product binding and the reverse oxidation of reduced His6-MpGlpO by DHAP 234 

 Both the oxidized and reduced forms of the enzyme were tested for their ability to 235 

bind various ligands by detecting their absorbance signal changes (Experimental 236 

Procedures). For the binding of the oxidized enzyme and H2O2, a solution of oxidized 237 

enzyme (24 µM) was titrated in various concentrations of H2O2. The difference spectra 238 

(data not shown) indicated a maximum absorbance change at 385 nm. The equilibrium 239 

dissociation constant (Kd) determined from measurements at 385 nm for the binding of 240 

H2O2 to the oxidized enzyme was determined as 0.4 ± 0.2 mM. The same experiment was 241 

also performed using DHAP at various concentrations. The difference spectra obtained 242 

did not show any clear signal due to the binding of oxidized enzyme and DHAP. The 243 

large absorption increase at shorter wavelengths was likely due to DHAP absorption (data 244 

not shown). As H2O2 can bind to the oxidized enzyme, H2O2 release from the enzyme 245 

may be a rate-limiting step for the overall catalytic turnover of the enzyme reaction. 246 

 247 
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 Results from the addition of DHAP at various concentrations to the reduced His6-248 

MpGlpO (24 µM) indicate that the reduced enzyme can be re-oxidized by DHAP (Fig. 249 

6A), suggesting that the reduction of His6-MpGlpO by Glp is reversible. Therefore, the 250 

kinetics of re-oxidation of the reduced enzyme with DHAP was investigated by 251 

monitoring the absorbance change at 448 nm using single-mixing mode stopped-flow 252 

spectrophotometry (Experimental Procedures). The kinetic traces at 448 nm (Fig. 6B) 253 

showed biphasic kinetics with majority of absorbance increase in the second phase.  254 

Kinetic analyses showed that the kobs values obtained from the first phase were 255 

independent of DHAP concentration with values ~6 s-1 (Fig. 6C), while those obtained 256 

from the second phase are linearly dependent on DHAP concentration with a bimolecular 257 

rate constant of 56.5 M-1s-1(Fig. 6D). As the first reaction of reduced GlpO and DHAP is 258 

a bimolecular reaction in which the rate constants should be linearly dependent on DHAP, 259 

these results suggest that the rate constant (6 s-1) observed in the first phase likely belongs 260 

to the step following the bimolecular reaction. Due to its greater value than the kobs values 261 

of the bimolecular reaction of reduced enzyme and DHAP, this step appeared at the first 262 

phase even though it in fact occurs after the initial bi-molecular reaction (rate-switching 263 

phenomenon, [19]). The kinetic model of the reaction of reduced enzyme with DHAP to 264 

form the oxidized enzyme and Glp is shown in Fig. 6E. 265 

 266 

Overall catalytic reaction of His6-MpGlpO 267 

Based on the results of transient and steady-state kinetic studies shown in Figs. 2-268 

4, the overall reductive and oxidative half-reactions of His6-MpGlpO can be summarized 269 

as shown in Fig 7. Both half-reactions showed evidence supporting the presence of a 270 
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mixture of fast and slow reacting enzymes, present at a molar ratio of 70:30.  As the 271 

overall kcat derived from the steady-state kinetic measurements was 4.2 s-1 and the kred 272 

value of the slow reacting species (upper path, Fig. 7) was 2.08 ± 0.01 s-1(Fig. 3C), the 273 

results indicated that primarily, only the fast reacting species is involved in the reductive 274 

half-reaction during the catalytic turnover. Because all of the rate constants measured had 275 

greater values than the kcat, we propose that the rate-limiting step is associated with 276 

product release. As the results from the double-mixing experiments in Fig. 5 indicated 277 

that DHAP release is rapid, we thus propose that the release of H2O2 is the rate-limiting 278 

step of the overall reaction.  279 

 Data obtained from the reverse reaction of His6-MpGlpO are useful for assigning 280 

the rate constants in the reductive half-reaction. The results in Figs. 6C and 6D were used 281 

to assign rate constants for the bimolecular reaction between reduced enzyme and DHAP 282 

as 56.5 M-1s-1 and for the dissociation of Glp from the Eox:Glp binary complex as 6 s-
283 

1(red arrows in Fig. 7). As the reverse reaction (Figs. 6) only showed ~80% of the 284 

reduced enzyme oxidation at the end, the data imply that only the reaction of fast reacting 285 

species was observed (rate 56.5 M-1s-1, red arrow of Fig. 7). This suggests that the rate 286 

constant of 6 s-1 is likely k2 of the first step in Fig. 7. Therefore, based on a Kd value of 72 287 

mM (the first step), k1 can be calculated as 83.3 M-1s-1. 288 

 289 

Glyceraldehyde 3-phosphate can be used as a substrate for the His6-MpGlpO reaction 290 

 As the previous report showed that a significant amount of H2O2 could be 291 

generated in M. pneumoniae when glucose (0.1 mM) was used as a sole carbon source [5] 292 

and the structure of GAP (an intermediate in the glycolytic pathway) is similar to Glp, we 293 
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investigated whether GlpO can use GAP as a substrate. Apparent steady state kinetics of 294 

the His6-MpGlpO reaction using GAP as a substrate under air-saturation (0.26 mM) was 295 

measured. The reactions were carried out at 25 oC, pH 7.0 using the same ABTS-HRP 296 

assay at various concentrations of GAP (0.025-6.4 mM) (Experimental Procedures). The 297 

results show that GAP can be used as a substrate for His6-MpGlpO. Initial rates were 298 

directly plotted as a function of GAP concentration (Fig. 3D). For comparison, similar 299 

reactions with Glp as a substrate were carried out under the same conditions. The results 300 

clearly indicate that His6-MpGlpO can use GAP as a substrate. The apparent steady-state 301 

kinetic parameters were as follows: ��
���, 1.8 ± 0.2 mM; kcat,0.6 s-1, and kcat/Km, 0.33 302 

mM-1s-1. When compared to the kinetic parameters of Glp, it is quite clear that the 303 

enzyme prefers to use Glp as a substrate because the kcat and kcat/Km of the Glp reactions 304 

are 100- and 15-fold larger than those of the GAP reactions, respectively (Inset of Fig. 305 

13) (��
���, 12 ± 1 mM; kcat,60.1 s-1, and kcat/Km,5 mM-1s-1). Nevertheless, our data imply 306 

that in the absence of glycerol, GAP may serve as a substrate in the GlpO reaction to 307 

supply H2O2 during mycoplasma infection.  308 

 309 

Ligand Binding 310 

 The bindings of the oxidized enzyme with other ligands (glycerol, L-lactate, and 311 

DL-malate) were investigated to gain the understanding on the active site specificity. 312 

Results indicate that only the binding of the oxidized enzyme with L-lactate and DL-313 

malate, not glycerol, can give clear spectroscopic changes (data not shown). The Kd 314 

values of the binding of the oxidized enzyme and L-lactate calculated from absorbance 315 

changes at 401 and 489 nm are 23 ± 4 and 26 ± 4 mM, respectively. For the binding of 316 
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enzyme and DL-malate, the Kd value determined based on absorbance changes at 440 nm 317 

is 10 ± 5 mM. These data suggest that enzyme can bind to these substrate analogues but 318 

with low affinity.  319 

 320 

Discussion 321 

Our work herein reports on the biochemical and catalytic properties of the recombinant 322 

GlpO from Mycoplasma pneumoniae. The enzyme is unique among all GlpO enzymes 323 

for its ability to catalyze the reverse reaction of reduced enzyme and DHAP. The results 324 

also showed that besides Glp, GlpO can also use GAP as a substrate. His6-MpGlpO was 325 

successfully expressed in a soluble form in E. coli, giving a protein yield of around 19 326 

mg/L cell culture. The purified enzyme has a specific activity of about 10 U/mg, and 327 

exhibits biochemical properties similar to other flavoprotein oxidases. The His6-MpGlpO-328 

bound FAD has a maximum absorption at 448 nm with a molar extinction coefficient of 329 

12.40 mM-1cm-1(Fig. 1A). These values are slightly different from those of free FAD 330 

(11.3mM-1cm-1 at 450 nm) [20], and GlpO from Streptococcus faecium (11.3 mM-1cm-1 331 

at 446nm) [3] and Streptococcus sp. (11.2 mM-1cm-1 at 449 nm) [16]. 332 

 Unlike other GlpO enzymes previously investigated such as the enzyme from S. 333 

faecium [3], His6-MpGlpO can catalyze the reverse reaction of reduced enzyme and 334 

DHAP. This catalytic property of His6-MpGlpO may represent a control mechanism to 335 

prevent excessive generation of H2O2, which may be harmful to bacterial cells. Based on 336 

the rate constants determined in Fig. 7 and Table 2, the data indicate that the rate 337 

constants of the forward reaction (black arrows) are much greater than the reverse 338 

reaction (red arrows). Therefore, the reverse reaction can only occur at very high DHAP 339 
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concentrations. Similar to GlpO, another flavoenzyme mandelate dehydrogenase (MDH) 340 

was also reported to catalyze the reverse flavin oxidation by the product [21].  341 

 The ability of His6-MpGlpO to accept electrons from DHAP can also be explained 342 

by the reduction potential (��
� ) of enzyme-bound FAD (FAD/FADH2). The ��

�  value of 343 

His6-MpGlpO (Fig. 1B) was calculated as -167 ± 1 mV which is lower than the value of 344 

GlpO from Enterococcus casseliflavus (-118 mV) [15]. With the reduction potential of 345 

DHAP/Glp of -190 mV, the change of the standard reduction potential (����) for the 346 

forward reaction of His6-MpGlpO (FAD + Glp→ FADH2 + DHAP) is +23 mV, which 347 

corresponds to a standard free-energy change (����) of -4.44 kJ/mol. Based on these 348 

parameters, Glp can favorably reduce the His6-MpGlpO-bound FAD and the reverse 349 

reaction can occur at high concentrations of DHAP (such as those used in Fig. 6A). For 350 

GlpO from E. casseliflavus that has an ��
�  value of -118 mV, the thermodynamics of the 351 

forward reduction reaction of this enzyme is more heavily favored than the reverse 352 

reaction. The reverse reaction of FAD oxidation by DHAP would require much higher 353 

concentrations of DHAP than those employed in the previous investigation [3]. 354 

 Steady-state kinetic analysis of the His6-MpGlpO reaction using Glp and O2 as 355 

substrates indicates that the reaction obeys ping-pong kinetics with a turnover number 356 

(kcat) of 4.2 s-1(Fig. 2). This kcat value is 4- and 9-fold lower than those of GlpO from 357 

Streptococcus sp. (18 s-1) [16] and E.casseliflavus (37 s-1) [15] under the same pH (7.0) 358 

and temperature (4-5 oC), respectively. These enzymes also use a ping-pong mechanism 359 

for their reactions. The Km value for Glp in the His6-MpGlpO reaction is 5.5 mM, which 360 

is about 4-fold lower and 3-fold higher those of GlpO from E.casseliflavus (24 mM) [15] 361 

and Streptococcus sp. (2 mM) [16], respectively. However, these enzymes have Km 362 
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values of O2 in the same range. The Km of oxygen for His6-MpGlpO is 55 μM while those 363 

for the enzymes from E.casseliflavus and Streptococcus sp. are 35 μM and 52 μM, 364 

respectively [15, 16].  365 

 As for the relevance of these kinetic parameters under physiological conditions, 366 

the Km value for Glp in the M. pneumoniae GlpO reaction (5.5 mM) is much higher than 367 

the physiological concentration of Glp in M. pneumoniae (~0.1 mM). The Kd value of 368 

the fast reacting (72 mM) that was obtained from half-saturation of kobs is also much 369 

higher than the range of Glp physiological concentration. We estimated the physiological 370 

concentration of Glp based on the concentration of glycerol present in the host blood 371 

serum [5, 8] because a previous investigation on glycerol and Glp uptake in M.mycoides 372 

SC showed that only glycerol, not Glp, could be taken up into the cells. Glycerol can be 373 

converted to Glp by intracellular glycerol kinase [22]. Altogether, these data imply that 374 

under physiological conditions, GlpO only functions at a slow rate (turnover≈0.72 s-1).  375 

 Our investigation also suggests that besides its physiological substrates, His6-376 

MpGlpO can use GAP as an electron donor (Fig. 3D), although with the kcat value ~100-377 

fold lower than Glp. These results suggest that GAP, a metabolic intermediate in the 378 

glycolysis pathway, may also be involved in H2O2 production during mycoplasma 379 

infection. Therefore, GlpO can be viewed as an enzyme that can employ substrates from 380 

three metabolic pathways (the glycerol and lipid metabolic pathways, and glycolysis) for 381 

the generation of the reactive oxygen species necessary for the virulence of M. 382 

pneumoniae. His6-MpGlpO can use a variety of compounds such as 2,6-dichlorophenol 383 

indole phenol (DCPIP), phenazinemethosulfate (PMS) and menadione as electron 384 

acceptors (data not shown). This is similar to GlpO from S.faecium that can use 385 
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ferricyanide and DCPIP as electron acceptors [3]. These data imply that if oxygen is not 386 

readily available in the cells, the GlpO reactions may mediate the transfer of electrons 387 

from Glp or GAP to other mediators such as quinones for cell energy production. 388 

 Investigation of binding of His6-MpGlpO with ligands gives insight into 389 

specificity of the active site. Our data indicate that His6-MpGlpO can bind L-lactate and 390 

DL-malate, but not glycerol. Previous study of GlpO from S. faecium ATCC12755 also 391 

showed that the enzyme could be inhibited by fructose 6-phosphate [2]. These results 392 

suggest that the interaction between the anionic moiety of ligand with the enzyme active 393 

site is important for the ligand anchorage. Previous structural analysis of a truncated form 394 

of GlpO from Streptococcus sp. (SspGlpOΔ) [18] indicates that the Glp-binding pocket of 395 

SspGlpOΔ is formed by various positively charged residues such as Lys429, His65, 396 

Arg69, and Arg346. The Arg346 in SspGlpOΔ is equivalent to Arg302 in glycine oxidase 397 

(ThiO) and Arg285 in yeast D-amino acid oxidase (DAAO) [18]. The guanidinium side 398 

chain of Arg in these enzymes interacts with a carboxylate group of amino acid substrates. 399 

Concurrent with the work in this report, the X-ray structures of His6-MpGlpO in both 400 

oxidized and reduced forms were solved at 2.4 and 2.5 Å resolutions, respectively. More 401 

details about His6-MpGlpO structure and interactions with ligands can be found in [23]. 402 

The currently available structures suggest that Arg320 of MpGlpO is important for 403 

substrate recognition because its guanidinium side chain shows electrostatic interaction 404 

with the phosphate moiety of Glp. The data also show that the α-carboxyl moiety of 405 

Gly259 and β-hydroxyl moiety of Ser348 can make a hydrogen bond interaction with the 406 

C1-OH and C2-OH of Glp, respectively. His51 is located at the position in which it can 407 

act as a base to deprotonate the C2-OH of Glp to initiate the hydride transfer for the 408 
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flavin reduction [23]. These residues are also likely to be important for providing the 409 

protein-ligand interaction with GAP. 410 

 A mixture of fast and slow reacting species observed in the reaction of His6-411 

MpGlpO was also observed in GlpO from E. casseliflavus (EcGlpO) [15] and 412 

Streptococcus sp. (SspGlpO) [16]. For EcGlpO reduction, the first (fast) phase was 413 

hyperbolically dependent on Glp concentration with a limiting kred value of 48 s-1, while 414 

the second (slow) phase was independent of Glp concentration with invariable rate 415 

constant values of 3.6-5.4 s-1[15]. In contrast to His6-MpGlpO and EcGlpO, the first (fast) 416 

phase of the SspGlpO reduction reaction is linearly dependent on the Glp concentration, 417 

with a bimolecular rate constant for enzyme reduction of 4900 M-1 s-1. On the other hand, 418 

the second (slow) phase was independent of Glp concentration with an invariable rate 419 

constant value of 11.7 s-1 [16]. Similar to His6-MpGlpO, the reduction rate constant of the 420 

slow reacting species of both enzymes is significantly lower than that of their overall 421 

turnovers, suggesting that the fast reacting enzymes is primarily responsible for the 422 

catalytic reactions.  423 

 In contrast to many flavin-dependent enzymes that use oxygen as a substrate, a 424 

plot of kobs for the enzyme oxidation versus oxygen was hyperbolic. This reaction does 425 

not form C4a-hydroperoxyflavin as in the reaction of pyranose 2-oxidase [24, 25] or p-426 

hydroxyphenylacetate hydroxylase [26, 27]. The origin of the His6-MpGlpO hyperbolic 427 

dependency on oxygen concentration is not certain. Although a simple kinetic 428 

interpretation would allude to the formation of a binary complex of reduced 429 

enzyme:oxygen, the current knowledge regarding the specific binding site of oxygen in 430 

flavoenzymes are still under debate. A specific oxygen binding site in flavoenzymes is 431 

Page 19 of 54 FEBS Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



20 

 

not well defined although a hydrophobic tunnel that may be relevant for oxygen diffusion 432 

is found in cholesterol oxidase [28]. Based on structures of flavin-dependent oxidases and 433 

monooxygenases and molecular dynamics simulations, the oxygen approach to the flavin 434 

C4a-position is proposed to be “edge-on” for the oxidases  and “face-on” for the 435 

monooxygenases [29, 30]. We could not identify any clear oxygen binding site in the 436 

active site of MpGlpO− and the approach for oxygen diffusion in MpGlpO is via the 437 

“edge-on” approach [23].   438 

 In conclusion, our results indicate that the kinetic mechanism of His6-MpGlpO is 439 

a ping-pong type in which DHAP leaves before the oxidative half-reaction with oxygen. 440 

H2O2 release is likely the rate-limiting step for the overall turnover. The rapid kinetics of 441 

both half-reactions showed biphasic kinetics which is due to a mixture of fast and slow 442 

reacting enzyme species. The enzyme can catalyze the reverse reaction of reduced His6-443 

MpGlpO and DHAP. It can also use GAP as a substrate, implying its involvement in the 444 

glycolysis pathway in addition to the pathways of glycerol and lipid metabolism. Thus, 445 

the contributions from this work can serve as the groundwork for future development of 446 

inhibitors against GlpO for the prevention of M. pneumonia infection. 447 

 448 

Experimental Procedures 449 

Chemicals and reagents  450 

 Flavin adenine dinucleotide disodium salt hydrate (FAD), horseradish peroxidase, 451 

type I (HRP), 2,2’-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt 452 

(ABTS), L-α-glycerophosphatebis(cyclohexylammonium) salt (Glp), DL-glyceraldehyde 453 

3-phosphate solution (GAP), and dihydroxyacetone phosphate dilithium salt (DHAP) 454 
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were purchased from Sigma-Aldrich (St. Louis, MO, USA).Isopropyl β-D-1-455 

thiogalactopyranoside (IPTG) was purchased from Fermentas Life Sciences (Glen Burnie, 456 

MD, USA). All chromatographic media were purchased from GE Healthcare Biosciences 457 

(Uppsala, Sweden). 458 

 The concentrations of the following compounds were determined using the known 459 

extinction coefficients at pH 7.0: ε450 = 11.3 mM-1cm-1 for FAD, ε403 = 100 mM-1cm-1 for 460 

HRP. The concentrations of Glp in the stock solutions were calculated based on the 461 

reducing equivalents in the reduction of the purified recombinant His6-MpGlpO. A 462 

solution (1 mL) of His6-MpGlpO was prepared, made anaerobic and the concentration 463 

was determined using the molar absorption coefficient at 448 nm of 12.4 mM-1cm-1. A 464 

solution of Glp was then titrated into the enzyme solution under anaerobic conditions 465 

inside an anaerobic glovebox (<5 ppm oxygen; Belle Technology, UK). The absorbance 466 

change at 448 nm (∆A448) of the enzyme before and after the reduction was used for 467 

calculating the concentration of the enzyme that was reduced by Glp which is equivalent 468 

to the amount of Glp added. The molar equivalent of Glp was used for calculating the 469 

concentration of the stock solution. 470 

 471 

Spectroscopic studies 472 

 UV-Visible absorbance spectra were recorded with a diode-array 473 

spectrophotometer (Hewlett Packard, Palo Alto, CA, USA), a Shimadzu 2501PC 474 

(SHIMADZU 2501PC, Shimadzu Corp., Kyoto, Japan)or a Cary 300Bio (Varian Inc., 475 

Palo Alto, CA, USA) spectrophotometer. Steady-state and pre-steady-state kinetics 476 

studies were carried out using a stopped-flow spectrophotometer (TGK Scientific 477 
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instruments, model SF-61DX2 or SF-61SX) in both single and double-mixing modes. All 478 

instruments were equipped with thermostatic cell compartments.  479 

 480 

Enzyme assay 481 

 The activity of His6-MpGlpO was measured by monitoring the amount of H2O2 482 

formed using the HRP coupled assay [31, 32]. HRP uses the H2O2 generated from the 483 

His6-MpGlpO-catalyzed reaction to oxidize reduced ABTS to generate oxidized ABTS, 484 

which is dark green with a λmax at 420 nm and a molar absorption coefficient of 42.3 mM-
485 

1cm-1 (per one mole of Glp consumed). The assay mixture in 50 mM sodium phosphate 486 

buffer, pH 7.0 typically contained 15 mM Glp, 1 mM ABTS, and 600 nM HRP. The 487 

enzyme activity was measured by monitoring the increase in absorbance at 420 nm which 488 

is due to ABTS oxidation. One unit of His6-MpGlpO activity was defined as the amount 489 

of enzyme required to oxidize one micromole of Glp per min. 490 

 491 

Expression and purification of His6-MpGlpO 492 

 A single colony of E. coli BL21(DE3) harboring the His6-MpGlpO expression 493 

plasmid, pET28a-mpglpo, was inoculated into 100 mL of Terrific Broth (in a 500-mL 494 

Erlenmeyer flask) containing 30 µg/mL kanamycin, and cultured overnight in a shaking 495 

incubator at 37 oC. An overnight culture with a final ratio of 1% (v/v) was inoculated into 496 

6 × 800 mL of Terrific Broth containing 30 µg/mL kanamycin. A large-scale culture was 497 

grown at 37 oC until the absorbance at 600 nm reached ~1. The culture was then cooled 498 

down to 25 oC and induced by the addition of IPTG at a final concentration of 1 mM and 499 
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maintained at this temperature for ~12 h. Cells were harvested by centrifugation and 500 

stored at -80 oC until used.  501 

 Unless otherwise indicated, purification of the His6-MpGlpO was conducted at 4 502 

oC. Frozen cell paste was thawed and resuspended in 50 mM sodium phosphate buffer, 503 

pH 7.0 containing 200 mM NaCl, 10% (v/v) glycerol, 10 mM imidazole, 1 mM DTT, 0.5 504 

mM EDTA, and 100 µM PMSF. Cells were lysed by ultrasonication (Sonic Vibra_cell 505 

model VCX750). The disrupted cell suspension was then centrifuged at 35,000 ×g for 1 506 

h. The supernatant was additionally clarified by ultracentrifugation at 100,000 ×g for 1.5 507 

h and then loaded onto a Ni-Sepharose (GE Healthcare) column (2.5 × 7.0 cm; volume 508 

~34 mL) pre-equilibrated with 300 mL of 50 mM sodium phosphate buffer, pH 7.0 509 

containing 200 mM NaCl, 10% (v/v) glycerol and 10 mM imidazole. The column was 510 

then washed with the same buffer for 300 mL and subsequently eluted with 400 mL of a 511 

linear gradient of 10-500 mM imidazole in 50 mM sodium phosphate buffer, pH 7.0 512 

containing 200 mMNaCl, and 10% (v/v) glycerol. Fractions containing the His6-MpGlpO 513 

were identified by measuring the absorbance at 448 nm, pooled, and concentrated using a 514 

stirred cell apparatus (Amicon 8050) equipped with a Millipore membrane YM-10 (10 515 

kDa cut-off). Free FAD was added during the concentration process to make sure that the 516 

enzyme fully bound to FAD. An enzyme solution of ~100 mL was thentransferred into a 517 

dialysis bag (Sigma-Aldrich) and dialyzed against 4 L of 50 mM sodium phosphate 518 

buffer, pH 7.0 containing 0.5 mM EDTA for overnight. The dialyzed sample was loaded 519 

onto an SP-Sepharose (GE Healthcare) column (2.5 × 13.0 cm; volume ~64 mL) pre-520 

equilibrated with 700 mL of 50 mM sodium phosphate buffer, pH 7.0 containing 0.5 mM 521 

EDTA and 150 mM NaCl. The column was washed with 700 mL of the same buffer and 522 
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then eluted with 800 mL of a linear gradient of 150-800 mMNaCl in 50 mM sodium 523 

phosphate buffer, pH 7.0 containing 0.5 mM EDTA. Fractions containing the enzyme 524 

were identified, pooled and concentrated as described above. A solution of ~6-8 mL of 525 

the purified enzyme was desalted and exchanged into 100 mM Tris-H2SO4, pH 7.0 526 

containing 0.5 mM EDTA using a Sephadex G-25 (GE Healthcare) column (1.5 × 60.0 527 

cm; volume ~106 mL). The desalted enzyme was then aliquoted in 500 µL portions in 528 

each microcentrifuge tube and kept at -80 oC until used. The purity of the enzyme was 529 

estimated by 12% (w/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The 530 

protein amount was determined using a Bradford method and BSA as a standard protein. 531 

 532 

Determination of molar extinction coefficients of His6-MpGlpO-bound FAD 533 

 The methods for the determination of the molar absorption coefficients of His6-534 

MpGlpO-bound FAD were slightly modified from a general procedure [33]. The frozen 535 

purified enzyme was quickly thawed and exchanged into 50 mM sodium phosphate 536 

buffer, pH 7.0 using a PD-10 column (GE Healthcare). The holoenzyme solution (900 537 

µL) was added 100 µL of 20% (w/v) SDS solution to give a final absorbance value of the 538 

enzyme of ~0.25 and a final SDS concentration of 2% (w/v). The same buffer (100 µM) 539 

was added to another aliquot of holoenzyme (900 µL). The absorption spectra of both 540 

solutions were recorded and compared. The concentration of released FAD was 541 

calculated based on the FAD molar extinction coefficient of 11.3 mM-1cm-1at 450 nm. 542 

For the holoenzyme, the molar extinction coefficient at 448 nm (λmax) can be determined 543 

according to Eqn1, on the basis that the apoenzyme binds FAD with a ratio of 1:1 mol. 544 

Aenzyme represents enzyme absorbance while AFAD represents FAD absorbance. 545 
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FAD

FAD

enzyme

enzyme x
A

A
εε =

  546 

 547 

Steady-State Kinetics 548 

 Two-substrate steady-state kinetics of the His6-MpGlpO was carried out in 50 549 

mM sodium phosphate buffer, pH 7.0 at 4oC using an ABTS coupled-enzyme assay as 550 

previously described [34] and monitored by the Hi-Tech Scientific model SF-61DX 551 

stopped-flow spectrophotometer in single-mixing mode. The optical pathlength of the 552 

observation cell was 1 cm. A mixture of 5.16 nM His6-MpGlpO, 600 nM HRP, and 1 mM 553 

ABTS was mixed against solutions of various concentrations of Glp (4, 8, 16, and 32 554 

mM) and oxygen (0.13, 0.26, 0.44, 0.65, 1.16 mM). The reaction progress was followed 555 

by monitoring the increase of absorbance at 420 nm at which the oxidized ABTS absorbs 556 

with the molar extinction coefficient of 42.3 mM-1cm-1 (per one mole of Glp consumed) 557 

[31, 32]. Kinetic traces obtained from each reaction (performed in triplicate) were 558 

calculated their initial rates using Program A (developed by Chun-Jen Chiu, Rong Chang, 559 

Joel Dinverno, and David P. Ballou at the University of Michigan, Ann Arbor, MI). The 560 

initial rates were then analyzed for steady-state kinetic parameters of a bi-substrate 561 

enzyme reaction according to either a double-reciprocal plot of a ping-pong mechanism 562 

(Eqn 2) [35] or a direct plot (Eqn 3) using the EnzFitter program (BIOSOFT, Cambridge, 563 

UK). 564 

 Apparent steady-state kinetics of the His6-MpGlpO reaction was performed in air-565 

saturated (oxygen concentration of ~0.26 mM) 50 mM sodium phosphate buffer, pH 7.0 566 

at 25 oC at various concentrations of DL-glyceraldehyde 3-phosphate (GAP) (0.025-6.4 567 

mM) using the coupling assay with horseradish peroxidase-coupled assay. The reactions 568 

(1) 
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were monitored at 420 nm as described above. The initial rates were calculated and then 569 

plotted versus GAP concentration. Apparent kinetic parameters were calculated using 570 

Marquardt-Lavenberg algorithms in the KaleidaGraph program version 4.0 and compared 571 

to the reaction using various concentrations of Glp (0.1-51.2 mM) under the same 572 

conditions. 573 

 574 

     575 

  576 

      577 

 578 

Binding of the oxidized His6-MpGlpO with products  579 

 A solution (1 mL) of the oxidized enzyme (A448 ~0.3; 24 µM) in 50 mM sodium 580 

phosphate buffer, pH 7.0 was placed in both sample and reference cells. Then, a baseline 581 

was recorded. Various concentrations of H2O2 (0.16-371 mM) or DHAP (0.005-30 mM) 582 

were added into the enzyme solution in the sample cell while an equal volume of buffer 583 

was added into the reference cell. An absorption spectrum was recorded after each 584 

titration using a double-beam spectrophotometer. The changes in absorbance were plotted 585 

against the concentrations of each product. Dissociation constants for the binding of 586 

products to the oxidized enzyme were determined and analyzed according to the method 587 

previously described [36] and Eqn 4, where ∆A represents the absorbance change, ∆Amax 588 

is the maximum absorbance change, [L]free is a concentration of free ligand, and Kd is a 589 

dissociation constant for enzyme-ligand complex. The analysis was done using 590 

Marquardt-Lavenberg algorithms in the KaleidaGraph program version 4.0. Similar 591 

(2) 

(3) 
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protocol and data analysis were also applied for spectrophotometric titration of the FAD 592 

solution (A450 ~0.3) with H2O2 using a similar range of concentrations. For the binding of 593 

enzyme with other substrate analogues −glycerol, L-lactate, and D,L-malate− the 594 

reactions and analysis were performed and carried out as mentioned above, except that 595 

the concentrations of glycerol, L-lactate, and D,L-malate used were varied from 0.16-371 596 

mM. 597 

 598 

 599 

 600 

Binding and reaction of the reduced His6-MpGlpO with DHAP   601 

 A solution (1 mL) of the oxidized enzyme (A448 ~0.3; 24 µM) in 50 mM sodium 602 

phosphate buffer, pH 7.0 was placed in an anaerobic glove box in which the oxygen 603 

concentration was less than 5 ppm (Belle Technology, UK) to remove trace amounts of 604 

oxygen and then reduced by a stoichiometric concentration of dithionite under anaerobic 605 

conditions. Various concentrations of DHAP (0.69-4,308 µM) were subsequently added 606 

to the reduced enzyme. All concentrations reported above are final concentrations after 607 

mixing. A spectrum after each titration was recorded by a Gene Quant 1300 608 

spectrophotometer (GE Healthcare, UK) residing in the anaerobic glove box. The 609 

spectrum of reduced enzyme was subtracted from all the spectra obtained from each 610 

titration to give the change in absorbance (∆A). Analysis was done according to the 611 

method previously described [36]. 612 

 As the results indicate that the reverse reaction of the reduced enzyme and DHAP 613 

can occur, the kinetics of the enzyme re-oxidation by DHAP was further explored using 614 

[ ]
[ ]freed

free

max L

L

+
=

∆Α

∆Α

K
(4) 
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]DHAP[1 ⋅= kkobs

stopped-flow spectrophotometry at 4 oC. The reduced enzyme (16 µM) in 50 mM sodium 615 

phosphate buffer, pH 7.0 was mixed with various concentrations of DHAP (0.1-12.8 616 

mM) under anaerobic conditions using a single-mixing mode of a stopped-flow apparatus. 617 

All concentrations shown above are given as final concentrations after mixing. The 618 

reactions were monitored at 448 nm and the final spectra after the reaction were recorded. 619 

Kinetic traces were analyzed by Program A and the observed rate constants (kobs) were 620 

plotted versus DHAP concentrations. The plots were analyzed according to Eqn 5, where 621 

k1 is a bimolecular rate constant for the reduced enzyme re-oxidation. 622 

 623 

 624 

 625 

Measurement of the standard reduction potential of His6-MpGlpO 626 

 Standard reduction potential of His6-MpGlpO was measured in 50 mM sodium 627 

phosphate buffer, pH 7.0 at 25 oC by Massey’s method using the xanthine/xanthine 628 

oxidase reduction system with benzyl viologen as an electron mediator [37]. The 629 

reference dye used for measuring the standard reduction potential of His6-MpGlpO was 630 

cresyl violet which has a standard reduction potential (��
� ) value of -166 mV [38]. A 631 

solution mixture of dye (A519 ~0.3) and the oxidized enzyme (A448 ~0.3; 24 µM), benzyl 632 

viologen (5.3 µM), and xanthine (0.5 mM) in 50 mM sodium phosphate buffer, pH 7.0 633 

was placed in an anaerobic cuvette and made anaerobic by purging with oxygen-free 634 

nitrogen for 10-12 cycles to evacuate trace amounts of oxygen. The spectrum of the 635 

oxidized species was then recorded. The anaerobic solution was then tipped into xanthine 636 

oxidase (10 nM) from the cuvette sidearm and the spectral changes were recorded. All 637 

(5) 
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concentrations shown above are as after mixing. The enzyme and dye were slowly 638 

reduced (>8 hr) so that the reduction process was under equilibrium. The reduction 639 

potentials of enzyme (Ee) and dye (Ed) were determined according to Eqns 6 and 7, 640 

respectively, in which Ered and Eox are the concentrations of the reduced and oxidized 641 

enzyme, respectively, Dred and Dox are the concentrations of the reduced and oxidized dye, 642 

respectively, �
� and ��

� are the standard reduction potential values of enzyme and dye, 643 

respectively, and ne and nd are the numbers of electrons involved in the reduction process. 644 

At equilibrium, the value of Ee is equivalent to Ed and Eqns 6 and 7 can be rearranged to 645 

Eqn 8 which can be used for determining the �
� value. After the complete reduction, the 646 

absorbance at 407 nm (isobestic point of a reference dye) and 540 nm were used for 647 

calculating the concentrations of the oxidized enzyme (Eox) and the reduced dye (Dred) 648 

during the reduction process, respectively. The concentrations of reduced and oxidized 649 

enzyme (Ered) and dye (Dox) at different points of the reduction process were analyzed 650 

with Eqn 8 to determine the standard reduction potential value (�
�) of the enzyme. 651 

 652 

� = �
� −

0.0592

n

log(E(�/E*+) 

 653 

�� = ��
� −

0.0592

n�

log(D(�/D*+) 

 654 

log(E(�/E*+) =
./(0/

1203
1)

�.�456
+ (n/n�)log(D(�/D*+) 655 

 656 

 657 

(6) 

(7) 

(8) 

Page 29 of 54 FEBS Journal

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



30 

 

[ ]
[ ]S

S

d

max

+

⋅
=
K

k
kobs

Reductive half-reaction of His6-MpGlpO 658 

 A solution of anaerobic oxidized enzyme (~28µM; A448 ~0.35) in 50 mM sodium 659 

phosphate buffer, pH 7.0 containing 0.5 mM EDTA, and 1 mM DTT was mixed with 660 

various concentrations of Glp (0.2-51.2mM) under anaerobic conditions using the 661 

stopped-flow spectrophotometer at 4 oC. All concentrations shown are as after mixing. 662 

Kinetics of the enzyme reduction was monitored by the absorbance change at 448 nm. 663 

The kinetic traces were analyzed by Program A to obtain observed rate constants from 664 

each exponential phase. The observed rate constants obtained were plotted versus Glp 665 

concentrations. The results were then analyzed with Eqn9, where kobs is the observed rate 666 

constants, kmax is the rate constant for flavin reduction (kred), S is Glp concentration, and 667 

Kd is the dissociation constant for substrate binding. The analysis was carried out using 668 

Marquardt-Lavenberg algorithms in KaleidaGraph program version 4.0. 669 

  670 

 671 

 672 

Oxidative half-reaction of His6-MpGlpO 673 

 The anaerobically oxidized enzyme (~28µM; A448 ~0.35) in 50 mM sodium 674 

phosphate buffer, pH 7.0 containing 0.5 mM EDTA, and 1 mM DTT was titrated 675 

stoichiometrically with Glp to yield the reduced enzyme. The reduced enzyme was then 676 

mixed with various concentrations of oxygen (0.13, 0.32, 0.61, 1.03mM) using a stopped-677 

flow spectrophotometer at 4oC. All concentrations shown are as after mixing. The 678 

kinetics of enzyme oxidation was monitored by absorbance at 448 nm. The kinetic traces 679 

were analyzed by Program A to obtain the observed rate constants. The plots of kobs as a 680 

(9) 
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function of oxygen concentrations were analyzed using Eqn 9, in which kmax is the rate 681 

constant for flavin oxidation (kox), S is oxygen concentration, and Kd is the dissociation 682 

constant for oxygen binding. The analysis was carried out using Marquardt-Lavenberg 683 

algorithms in KaleidaGraph program version 4.0. 684 

 685 

Reactions of the Glp-reduced His6-MpGlpO with O2 in a double-mixing mode 686 

 Double-mixing stopped-flow experiments were done to evaluate whether the 687 

presence of DHAP can affect the oxygen reaction. An anaerobic solution of the oxidized 688 

His6-MpGlpO (91 µM) in Syringe A was mixed first with Glp (91 µM) in Syringe B. The 689 

reactions were aged for 100 s to allow the enzyme reduction to proceed. The solution 690 

from the first mixing was later mixed with various concentrations of oxygen (0.26, 0.61, 691 

1.03, 2.06 mM) in 50 mM sodium phosphate buffer, pH 7.0 in the second mix. The 692 

reactions were monitored at 448 nm with a double-mixing mode stopped-flow 693 

spectrophotometer (Hi-Tech Scientific Model SF-61DX). All concentrations shown are 694 

initial concentrations before mixing. The kinetic traces were analyzed by Program A and 695 

the kobs values of individual phases were plotted versus oxygen concentration. The plots 696 

were analyzed according to Eqn 9 using Marquardt-Lavenberg algorithms in 697 

KaleidaGraph program version 4.0. Results of this reaction were compared to the results 698 

of single-mixing mode oxidative half-reaction experiments previously described. 699 

 700 

Reactions of the dithionite-reduced His6-MpGlpO with O2 in the presence of DHAP 701 

 An anaerobic solution of the dithionite-reduced His6-MpGlpO (91 µM) in Syringe 702 

A was mixed first with DHAP (136.5 µM) in Syringe B at various age times (10, 20, 100, 703 
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and 200 s). The solution mixture was then mixed with oxygen (0.26 mM) in 50 mM 704 

sodium phosphate buffer, pH 7.0 in the second mix. The reactions were monitored at 448 705 

nm by double-mixing mode stopped-flow experiments. All concentrations shown are 706 

initial concentrations before mixing. The kinetic traces were analyzed by Program A and 707 

the kinetics results at various age times were compared to the results obtained from the 708 

oxidative half-reaction in the absence of DHAP.  709 

 710 
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Table 1: Purification table of the recombinant His6-MpGlpO 837 

 

Volume 

(mL) 

Total 

Activity 

(U) 

Total 

Protein 

(mg) 

Specific 

Activity 

(U/mg) 

Yield 

(%) 

Crude extract 180 13,968 10,746 1.3 100 

Ni-Sepharose 150 2,775 244.5 11.4 20 

SP-Sepharose 9 1,638 163.8 10 12 

*The data in this table were from the purification of 83 g cell paste (8.8 liters culture). 838 
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Table 2: Thermodynamics and kinetic parameters involved in the His6-MpGlpO reaction 854 

ND = Not determined 855 

Parameters Constants 

Fast reacting enzyme   

k1, formation of Eox:Glp complex  83.3 M-1s-1 

k2, Glp release 6 s-1 

k3, enzyme reduction 199 ± 34 s-1 

k4, reverse reaction of Ered and DHAP 56.5 M-1s-1 

k5, k6, k10 ND 

k7, re-oxidation of reduced enzyme  627 ± 81 s-1 

k9, H2O2 release 4.2 ± 0.1 s-1 

     Kd1, dissociation constant for Eox:Glp complex 72 ± 18 mM 

     Kd2, dissociation constant for Ered:O2 complex 1.3 ± 0.2 mM 

     Kd3, dissociation constant for Ered:H2O2 complex 0.4 ± 0.2 mM 

Slow reacting enzyme   

k1
′, k2

′, k4
′, k5

′, k6
′
 ND 

k3
′, enzyme reduction 2.08 ± 0.01 s-1 

k7
′,  re-oxidation of reduced enzyme  85 ± 11 s-1 

     Kd1′, dissociation constant of E*
ox:Glp complex 1.38 ± 0.02 mM 

     Kd2′, dissociation constant of E*
red:O2 complex 0.5 ± 0.1 mM 

kobs for interconversion of fast and slow reacting enzymes  

kf + kr > 6 s-1, <16 s-1 
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Figure legends 856 

Fig. 1. Absorption and reduction properties of His6-MpGlpO. (A) Absorption spectra of 857 

the enzyme-bound FAD (solid line) and the released FAD upon denaturation by 2% (w/v) 858 

SDS (dashed line) are overlaid. The molar absorption coefficient of His6-MpGlpO was 859 

determined as12.40 ± 0.03 mM-1cm-1. (B) Standard reduction potential measurement of 860 

His6-MpGlpO at 25 oC by Massey’s method using benzyl viologen-mediated 861 

xanthine/xanthine oxidase reaction system. The standard reduction potential value (�
�) of 862 

the enzyme calculated from the y-intercept of the plot of log(Ered/Eox) versus 863 

log(Dred/Dox) is -167 ± 1 mV (Inset of B). 864 

 865 

Fig. 2. Two-substrate steady-state kinetics of the His6-MpGlpO reaction at 4 oC. The 866 

assay reactions were monitored by the HRP coupled-assay using a stopped-flow 867 

spectrophotometer. (A) Initial rates obtained from various concentrations of Glp and O2 868 

were measured and plotted as a double-reciprocal plot of e/νo versus 1/[Glp] at various 869 

concentration of O2 (0.13-1.16 mM from upper to lower lines) or (B) versus 1/[O2] at 870 

various concentrations of Glp (4-32 mM from upper to lower lines). Both double-871 

reciprocal plots in A and B show a parallel-line pattern, indicating that His6-MpGlpO 872 

uses a ping-pong mechanism.  873 

 874 

Fig. 3. Reductive half-reaction of His6-MpGlpO at 4 oC. A solution of the oxidized 875 

enzyme (~28 µM) was mixed with various concentrations of Glp (0.4-51.2 mM from 876 

right to left traces) under anaerobic conditions using a single-mixing mode of the 877 

stopped-flow apparatus. (A) The reaction kinetics was monitored by measuring the 878 
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absorbance change at 448 nm. Kinetic analyses indicate that the enzyme reduction is 879 

biphasic. (B-C) Plots of kobs values obtained from both phases versus Glp concentrations 880 

are hyperbolic with limiting reduction rate constant values of 199 ± 34 (B) and 2.08 ± 881 

0.01 s-1 for the fast and slow reacting enzyme, respectively. The data suggest that the 882 

enzyme reduction involves a two-step process in which one population reacts faster than 883 

another. (D) Apparent steady-state kinetics of His6-MpGlpO using GAP and Glp as 884 

substrates at 25 oC. Initial rates obtained from the reaction using GAP (0.025-6.4 mM) 885 

were directly plotted versus GAP concentrations while those obtained from the reaction 886 

using Glp (0.1-51.2 mM) as a substrate are shown in the inset. The results indicated that 887 

the kcat and kcat/Km of the reaction using Glp as a substrate are 100- and 15-fold greater 888 

than those of GAP, respectively. (E) Proposed kinetic scheme for the reductive half-889 

reaction of His6-MpGlpO. 890 

 891 

Fig. 4. Oxidative half-reaction of the reduced His6-MpGlpO at 4 oC. An anaerobic 892 

solution of the reduced enzyme was mixed with various concentrations (0.13-1.03 mM 893 

from lower to upper traces) of oxygenated buffer using a single-mixing mode of stopped-894 

flow apparatus. (A) The reaction kinetics was monitored by the absorbance change at 448 895 

nm. (B-C) Kinetic analyses indicated that the kinetics of the reaction of the reduced 896 

enzyme with O2 is biphasic and the plots of kobs values of both phases versus O2 897 

concentrations are hyperbolic. The ratio of amplitude change for both phases is 70:30 898 

throughout all oxygen concentrations used. The limiting rate constant values for the 899 

reduced enzyme re-oxidation for the fast and slow reacting enzyme are 627 ± 81 and 85 ± 900 

11 s-1, respectively. (D) Proposed kinetic scheme for the oxidative half-reaction of His6-901 
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MpGlpO. 902 

 903 

Fig. 5. Double-mixing stopped-flow experiments of reduced His6-MpGlpO reacting with 904 

oxygen at 4 oC. A solution of the oxidized enzyme (91 µM before mixing) was added to 905 

Glp (91 µM before mixing) in the first mix and then mixed with various concentrations of 906 

O2 (0.26-2.06 mM before mixing; from lower to upper traces) in the second mix. (A) The 907 

reaction kinetics was monitored by changes in the absorbance at 448 nm. Kinetic 908 

analyses indicated that all reaction traces display biphasic kinetics and amplitude changes 909 

that are similar to those obtained from the oxidative half-reaction performed in the single-910 

mixing mode (Fig. 4A). (B-C) The plots of kobs values versus oxygen concentrations are 911 

hyperbolic with the rate constant (kox) values for enzyme re-oxidation of 524 ± 34 and 912 

107 ± 5 s-1 that are similar to those obtained from the results in Figs. 4B and 4C. The 913 

similarity in these kinetic behaviors suggests that DHAP is quickly released after its 914 

formation. (D) In another experiment, a solution of the dithionite-reduced enzyme (91 915 

µM before mixing) was added to DHAP (136.5 µM before mixing) for various age times 916 

(10, 20, 100, and 200 s) in the first mix and then mixed with the oxygenated buffer (O2 = 917 

0.26 mM before mixing) in the second mix. All kinetics traces were similar and also 918 

similar to the results in (A) and in Fig. 4. Altogether, complex of reduced enzyme and 919 

DHAP could not be detected, implying that the DHAP release is fast during the catalytic 920 

turnover of His6-MpGlpO.  921 

 922 

Fig. 6. The reaction of the reduced His6-MpGlpO with DHAP. (A) A solution of the 923 

reduced enzyme (24 μM) was mixed with various concentrations of DHAP (0.69-4,308 924 
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μM (from lower to upper spectra). The binding signal was measured by 925 

spectrophotometry at 25 oC. Difference spectra showed that binding of DHAP to the 926 

reduced enzyme caused enzyme re-oxidation as indicated by the increase of absorbance 927 

at 448 nm. (B) Pseudo-first order kinetics for the reaction of the reduced enzyme and 928 

various concentrations of DHAP (0.2-12.8 mM from lower to upper traces) was 929 

monitored under anaerobic conditions using a single-mixing mode stopped-flow 930 

spectrophotometer at 4 oC. The kinetic traces at 448 nm were recorded. (C-D) Kinetic 931 

analysis indicated that the reaction is biphasic and the kobs values obtained from the first 932 

phase are constant (6 s-1) while those of the second phase are linearly dependent on 933 

DHAP concentrations with a bimolecular rate constant of 56.5 M-1s-1. (E) Proposed 934 

scheme for the reverse reaction of reduced His6-MpGlpO and DHAP. 935 

 936 

Fig. 7. Proposed overall catalytic reaction of His6-MpGlpO. Two enzyme populations 937 

(fast and slow reacting species) react with substrates in both half-reactions. The reverse 938 

flavin oxidation is shown as the red arrows (see text for details). Thermodynamics and 939 

kinetics parameters are presented in Table 2. 940 

 941 

 942 

 943 

 944 

 945 

 946 

 947 
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Supplementary figure legends 1 

 2 

Fig. S1. SDS-PAGE (12% (w/v)) analysis of the recombinant His6-MpGlpO after 3 

purification. Lane 1, molecular mass makers; lane 2, crude extract; lane 3, after purification by 4 

Ni-Sepharose chromatography; lane 4, after purification by SP-Sepharose chromatography. The 5 

purity of the enzyme after all processes was judged to be ~95% of total protein (20 µg) loaded. 6 

 7 

Fig. S2. Native molecular mass of His6-MpGlpO. Native molecular mass of the purified enzyme 8 

can be determined from the calibration curve of logarithm of molecular mass of reference protein 9 

markers (empty circles); (1) ferritin (440 kDa), (2) aldolase (158 kDa), (3) bovine serum albumin 10 

(BSA; 65.4 kDa), (4) ovalbumin (48.9 kDa), (5) chymotrypsinogen A (22.8 kDa), and (6) 11 

ribonuclease A (15.6 kDa), versus Ve/Vo. The enzyme was eluted from Superdex S-200 HR 12 

10/30 gel filtration chromatography at ~14 mL (Inset) and the Ve/Vo value was calculated as 13 

~2.04 (filled circles with the arrow indicated), equivalent to the native molecular mass of 42 14 

kDa. 15 
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Fig. S2  2 
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