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Abstract Currently, there are 8 million new cases and 2 million deaths annually from tuberculosis, and it is expected that a total of 225 million new cases and 79 million deaths will occur between 1998 and 2030. The reemergence of tuberculosis as a public health threat, the high susceptibility of HIV-infected persons, and the proliferation of multi-drug-resistant strains have created a need to develop new antimycobacterial agents. The existence of homologues to the shikimate pathway enzymes has been predicted by the determination of the genome sequence of Mycobacterium tuberculosis. We have previously reported the cloning and overexpression of M. tuberculosis aroA-encoded EPSP synthase in both soluble and active forms, without IPTG induction. Here, we describe the puriﬁcation of M. tuberculosis EPSP synthase (mtEPSPS) expressed in Escherichia coli BL21(DE3) host cells. Puriﬁcation of mtEPSPS was achieved by a one-step puriﬁcation protocol using an anion exchange column. The activity of the homogeneous enzyme was measured by a coupled assay using puriﬁed shikimate kinase and purine nucleoside phosphorylase proteins. A total of 53 mg of homogeneous enzyme could be obtained from 1 L of LB cell culture, with a speciﬁc activity value of approximately 18 U mg1 . The results presented here provide protein in quantities necessary for structural and kinetic studies, which are currently underway in our laboratory. Ó 2002 Elsevier Science (USA). All rights reserved.



Among deaths associated with infectious diseases, tuberculosis kills more adolescents and adults than any other single infection [1]. Currently, there are 8 million new cases and 2 million deaths annually from tuberculosis, and it is predicted that a total of 225 million new cases and 79 million deaths will occur between 1998 and 2030 [2]. The reemergence of TB as a public health threat, the high susceptibility of human immunodeﬁcienty virus-infected persons to the disease, and the proliferation of multi-drug-resistant (MDR) strains have created much scientiﬁc interest in developing new antimycobacterial agents to both treat Mycobacterium



* Corresponding author. Fax: +55-51-33166234. E-mail addresses: [email protected] (L.A. Basso), [email protected] (D.S. Santos). 1 Also Corresponding author.



tuberculosis strains resistant to existing drugs and shorten the duration of short-course treatment to improve patient compliance [3]. Moreover, treatment of patients infected with MDR M. tuberculosis must rely on second-line drugs, which are less eﬀective and more expensive, and can cost up to $250,000 per person and take 2 years [4]. In the shikimate pathway, phosphoenolpyruvate (PEP)2 and erythrose 4-phosphate (E4P) are converted to chorismate through seven enzymatic steps. This 2



Abbreviations used: EPSP, 5-enolpyruvylshikimate-3-phosphate; ESI-MS, electrospray ionization mass spectrometry; IPTG, isopropyl b-D -thiogalactoside; LB, Luria–Bertani; MESG, 2-amino-6-mercapto7-methylpurine ribonucleoside; mtEPSPS, Mycobacterium tuberculosis EPSP synthase; mtSK, Mycobacterium tuberculosis shikimate kinase; PEP, phosphoenolpyruvate; Pi , inorganic phosphate; PNP, purine nucleoside phosphorylase.
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pathway is a promising target for the development of potentially non-toxic herbicides and antimicrobial agents because it is essential in algae, higher plants, bacteria, and fungi, but absent from mammals [5]. Moreover, biochemical, genetic, and chemotherapeutic data have been presented for the existence of a functional shikimate pathway in apicomplexan parasites [6,7]. Thus, the shikimate pathway enzymes should also provide attractive targets for the development of new antiparasite agents. In mycobacteria, the branch-point compound chorismate is a precursor for the synthesis of aromatic amino acids, naphthoquinones, menaquinones, and mycobactins [8]. Although evidence that the shikimate pathway is essential in M. tuberculosis is lacking, the disruption of the aroD gene was used successfully to generate attenuated oral vaccine strains of Salmonella typhi and other bacteria [9]. Furthermore, the salicylate-derived mycobactin siderophores were recently shown to be essential for M. tuberculosis growth in macrophages [10]. Homologues to the shikimate pathway enzymes were identiﬁed in the complete genome sequence of M. tuberculosis H37Rv strain [11]. Among them, the 5-enolpyruvylshikimate-3-phosphate synthase (mtEPSPS, EC 2.5.1.19) encoding gene (aroA, Rv3227) has been cloned and the enzyme was overexpressed in both soluble and active forms in E. coli BL21(DE3) cells [12]. EPSPS catalyzes an unusual transfer reaction of the carboxyvinyl portion of phosphoenolpyruvate (PEP) regiospeciﬁcally to the 5-OH of shikimate 3-phosphate (S3P), forming the products 5-enolpyruvylshikimate-3-phosphate (EPSP) and inorganic phosphate (Pi ) [13]. This reaction is the penultimate step of the shikimate pathway. EPSPS is in fact the site of action of glyphosate [N-(phosphonomethyl)glycine], which is a widely used broad-spectrum herbicide [14]. To pave the way for structural and functional eﬀorts currently underway in our laboratory, the mtEPSPS enzyme, overexpressed in E. coli BL21(DE3) host cells, was puriﬁed by liquid chromatography and assayed by a coupled assay containing puriﬁed M. tuberculosis shikimate kinase (mtSK) and purine nucleoside phosphorylase (PNP) proteins. The puriﬁcation was achieved by a one-step puriﬁcation protocol using an anion exchange column, which yielded homogeneous mtEPSPS enzyme in large quantities. This work will allow steady-state and pre-steady-state kinetic studies to be performed as well as crystal structure determination of mtEPSPS enzyme. These kinetic studies, in combination with structural studies of mtEPSPS in complexes with its substrates, products, or inhibitors, will contribute to elucidation of controversial enzymatic mechanism of this enzyme and, consequently, to current eﬀorts towards the development of new drugs for tuberculosis treatment.



Materials and methods Overexpression of SK and EPSPS The recombinant plasmid pET-23a(+)
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zyme and MESG are commercially available as the Enzchek Phosphate Assay kit (Molecular Probes). This assay is based on the diﬀerence in absorbance between MESG and the purine base product of its reaction with Pi catalyzed by PNP. This reaction gives an absorbance increase at 360 nm with an extinction coeﬃcient of 11; 000 M1 cm1 at pH 7.6 [17]. Since SK catalyzes a phosphate transfer from ATP to the carbon-3 hydroxyl group of shikimate forming shikimate3-phosphate (S3P), the synthesis of the mtEPSPS substrate was achieved by adding homogeneous mtSK, shikimate, and ATP to the reaction mixture in the vial and the Pi released by mtEPSP enzyme activity was detected by PNP coupling enzyme. Typically, a 500 lL assay mixture contained 10 U mL1 mtSK, 0.2 mM MESG, 1 U mL1 PNP, 1 mM phosphoenolpyruvte (PEP), 2.4 mM shikimate, and 1 mM ATP. All components were mixed and incubated for 1 min at 25 °C, and the reactions were initiated by addition of mtEPSPS. It should be pointed out that the amount of mtSK was chosen so that the reaction is 99% complete in a few seconds, assuming that the concentration of shikimate is smaller than its Michaelis–Menten constant as the reaction approaches completion. Accordingly, the required quantity of mtSK was calculated by using a value of 0.083 mM for mtSK ATP Km [18] in the following equation [19]: ln



s0 Vm ¼  t; s1 K m



where t is the total time (min1 ) for a decrease in s (ATP concentration) from 100% (s0 ) to 1% (s1 ) and Vm refers to the activity of mtSK in the buﬀer assay (lmol min1 L1 ). A value of 1.15 s can be estimated by the above equation for conversion of approximately 99% of the initial concentration of substrate into product using 10 U mL1 mtSK and a ﬁnal ATP concentration in the assay signiﬁcantly smaller than its Km value. Since the concentration of ATP used in the assay mixture (1 mM) is larger than its Michaelis–Menten constant, the time taken to reach 99% completion of the reaction is even shorter. One unit of enzyme activity (U) is deﬁned for mtEPSPS, mtSK, and PNP enzymes as the amount of protein catalyzing the conversion of 1 lmol of substrate per minute. PNP activity assay Since the number of units for the coupling enzymes should be determined in the same assay conditions for the enzyme being studied, the PNP enzyme activity was determined in the same assay buﬀer utilized in mtEPSPS assays. In these conditions, the PNP enzyme activity was 3-fold lower than that measured in the assay buﬀer of Enzchek Phosphate Assay kit (20 mM Tris–HCl, 1 mM
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MgCl2 , pH 7.5, containing 0.1 mM sodium azide). Accordingly, the amount of protein corresponding to 1 U of PNP added to mtEPSPS assay mixture was three times larger. Shikimate kinase activity assay Puriﬁed mtSK enzyme activity, used in mtEPSPS assay, was assayed in the forward direction by coupling the ADP product formation to the pyruvate kinase (PK; EC 2.7.1.40) and lactate dehydrogenase (LDH; EC 1.1.1.27). Shikimate-dependent oxidation of NADH was continuously monitored at 340 nm. An extinction coeﬃcient of NADH equal to 6:22  103 M1 cm1 was used for rate calculations. All reactions were carried out at 25 °C and initiated with addition of mtSK homogeneous protein. The 500 lL assay mixture contained 100 mM Tris–HCl buﬀer, pH 7.6, 50 mM KCl, 5 mM MgCl2 , 2.4 mM shikimic acid, 1 mM ATP, 1 mM phosphoenolpyruvate, 0.2 mM NADH, 3 U mL1 of pyruvate kinase, and 2:5 U mL1 of lactate dehydrogenase. PEP, (-)shikimate, LDH and PK enzymes, ATP, and NADH were all purchased from Sigma. The activities of LDH and PK enzymes (U mL1 ) were determined in the same assay buﬀer utilized for mtSK (100 mM Tris–HCl buﬀer, pH 7.6, 50 mM KCl, and 5 mM MgCl2 at 25 °C). Mass spectrometry analysis The homogeneity of protein preparation was assessed by mass spectrometry (MS), employing some adaptations made to the system described by Chassaigne and Lobinski [20]. Samples were analyzed on a triple quadrupole mass spectrometer, model QUATTRO II, equipped with a standard electrospray (ESI) probe (Micromass, Altrinchan), adjusted to ca. 250 lL min1 . The source temperature (80 °C) and needle voltage (3.6 kV) were maintained constant throughout the experimental data collection, applying a drying gas ﬂow (nitrogen) of 200 L h1 and a nebulizer gas ﬂow of 20 L h1 . The mass spectrometer was calibrated with intact horse heart myoglobin and its typical cone-voltage induced fragments. The subunit molecular mass of recombinant mtEPSPS was determined by ESI-MS, adjusting the mass spectrometer to give a peak width at half-height of 1 mass unit, and the cone sample to skimmer lens voltage controlling the ion transfer to mass analyzer was set to 38 V. About 50 pmol (10 lL) of each sample was injected into electrospray transport solvent. The ESI spectrum was obtained in the multi-channel acquisition mode, scanning from 500 to 800 m/z at a scan time of 5 s. The mass spectrometer is equipped with MassLynx and Transform software for data acquisition and spectra handling.
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N-Terminal amino acid sequencing The N-terminal amino acid residues of puriﬁed recombinant mtEPSPS were identiﬁed by automated Edman degradation sequencing using a PPSQ 21A gas-phase sequencer (Shimadzu).



Results Mycobacterium tuberculosis EPSP synthase was puriﬁed from E. coli BL21(DE3) cells carrying pET23a(+)


Fig. 1. SDS–PAGE analysis of pooled fractions from the puriﬁcation protocol steps of M. tuberculosis EPSP synthase. Lane 1, crude extract; lane 2, Q-Sepharose fast ﬂow anion exchange; lane 3, MW markers.



non-adsorbed and strongly adsorbed fractions. The mtEPSPS from the Q-Sepharose was estimated by SDS– PAGE analysis to be more than 95% pure, as seen on an overloaded Coomassie stained 10–15% polyacrylamide gel (Fig. 1). Recombinant mtEPSPS enzyme activity assay The samples of each puriﬁcation step were assayed for EPSPS enzyme activity in the forward reaction by using a continuous spectrophotometric coupled assay with mtSK and PNP proteins. It should be pointed out that the mtSK being used in the assays has been puriﬁed to homogeneity and estimated by gels of SDS–PAGE with Coomassie blue staining to be more than 95% pure (unpublished results). To show that the observed rate values in this coupled assay are actual rate values of mtEPSPS



Fig. 2. Linear dependence of puriﬁed mtEPSPS activity. The rates of enzyme activity were carried out in the forward direction by continuously monitoring the increase of 2-amine-6-mercapto-7-methylpurine absorbance at 360 nm (slope ¼ 0:238  0:009).
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Table 1 Puriﬁcation of M. tuberculosis 5-enolpyruvylshikimate-3-phosphate synthase from E. coli BL21(DE3) [pET23a(+)


Protein (mg)



Units (U)



Sp acta (U mg1 )



Puriﬁcation fold



Yield (%)



Crude ext.b Anion exchangec



244.93 53.00



1590.55 961.13



6.49 18.13



1.00 2.79



100 60



U mL1 =mg mL1 (buﬀer assays as described in Materials and methods). Cell crude extract in 50 mM Tris–HCl, pH 7.8. c Homogeneous mtEPSPS after anion exchange in 50 mM Tris–HCl, pH 7.8. a



b



in steady-state, some control experiments were made. First, the assay was carried out utilizing either half of mtSK (5 U mL1 ) or twice the amount of PNP (2 U mL1 ) in the vial. In both conditions, the speciﬁc activity observed was the same as that measured in typical assay conditions using 10 U mL1 mtSK or 1 U mL1 PNP. Second, when all assay components except either PEP or mtEPSPS were mixed and incubated at 25 °C, no changes in continuously measured values of absorbance at 360 nm were observed within 5 min. Moreover, the activity of mtEPSPS enzyme was linearly dependent on sample volume added to the reaction mixture (Fig. 2), thereby showing that the initial velocity is proportional to total enzyme concentration and that true initial velocities are being measured. The mtEPSPS enzyme was stable, since it could be stored as precipitated in ammonium sulfate saturated solution at 4 °C, with no observed decrease in speciﬁc activity after 4 months. ESI-MS and N-terminal amino acid sequencing analyses The subunit molecular mass of active mtEPSPS was determined to be 46,458.10 Da by electrospray ionization mass spectrometry (ESI-MS), consistent with the predicted mass for the full length gene product of 46,425.80 Da. The ESI-MS result revealed no peak at the expected mass for E. coli EPSP synthase (46,095.85 Da), thus providing evidence for both the identity and purity of the recombinant protein. The ﬁrst 10 N-terminal amino acid residues of the recombinant protein were identiﬁed as MKTWPAPTAP by the Edman degradation method. This result unambiguously identiﬁes the recombinant protein as M. tuberculosis EPSPS and conﬁrms that of the N-terminal methionine residue was not removed from it. The non-modiﬁcation at the N-terminal amino acid sequence of mtEPSPS is in accordance with the presence of the charged amino acid residue lysine in the second position, since the methionine aminopeptidase catalyzed cleavage of the N-terminal methionine is usually removed if the second residue is small and uncharged (glycine, alanine, serine, threonine, proline, valine, and cysteine) [23,24]. The results described above also conﬁrm the fact that mtEPSPS enzyme was eﬀectively separated from the ecEPSPS enzyme by the anion exchange chromatography step of the puriﬁcation protocol.



Discussion Table 1 shows the results of a typical protocol employed for mtEPSPS protein puriﬁcation. The enzymatic assay and protein concentration determination showed a speciﬁc activity of 18.13 U/mg for the homogeneous target protein, indicating that the one-step protocol utilized resulted in a 2.8-fold puriﬁcation. This result is in accordance with an mtEPSPS overexpression of approximately 40% of total cell protein, as previously reported by Oliveira et al. [12]. An amount of 53 mg of homogeneous cloned mtEPSPS protein could be obtained from 3 g of cells or, stated otherwise, approximately 53 mg/L of LB medium. Although it is often argued that the cost of IPTG limits the usefulness of the lac promoter to high-added-value products, we showed here that large amounts of mtEPSPS can be puriﬁed from cells grown in the absence of IPTG. In another report, T7 RNA polymerase expression system has been used for overexpression and puriﬁcation of ecEPSPS in quantities equal to that reported here for mtEPSPS however; it was achieved by induction of E. coli BL21(DE3) cell culture with 0.4 mM IPTG [21]. In this report, we present the puriﬁcation of EPSPS from M. tuberculosis. The puriﬁcation was achieved by a simple and rapid puriﬁcation protocol, which yielded mtEPSPS enzyme in large quantities. To raise antibodies, Garbe et al. [25] reported the cloning of the mycobacterial aroA gene and expression of an insoluble fusion protein between 345 amino acids of mtEPSPS and glutathione S-transferase. Therefore, mtEPSPS was characterized only by immunochemical analysis and not by functional studies as described here. Thus, to the best of our knowledge, the data presented here are the ﬁrst report of puriﬁcation in active form of mtEPSPS enzyme. Homogeneous mtEPSPS enzyme will provide protein in quantities necessary for both X-ray crystal structure determination and studies on the enzyme mechanism of action by steady-state and pre-steady-state kinetics aiming at antimycobacterial agent development.
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