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Introduction

Despite over one hundred years of research, Mycobacterium tuberculosis, a causative agent of tuberculosis, remains one of the leading causes of death by bacterial infection. While the pathogenesis of the bacterium is extremely complex, the success of this organism has largely been attributed to its ability to reside intracellularly in macrophages, which allows the bacteria to avoid the threat of the host immune response [START_REF] Russell | Mycobacterium tuberculosis: here today, and here tomorrow[END_REF][START_REF] Ferrari | A coat protein on phagosomes involved in the intracellular survival of mycobacteria[END_REF][START_REF] Stewart | Tuberculosis: a problem with persistence[END_REF]. Unable to suppress the bacterial infection, the host immune system encases the infected macrophages into dense granuloma structures which are believed to be metabolically barren environments with low oxygen and poor nutrient availability [START_REF] Russell | Who puts the tubercle in tuberculosis?[END_REF]. Yet, despite these harsh conditions, M. tuberculosis has been demonstrated to survive over 40 years within a granuloma [START_REF] Wayne | Nonreplicating persistence of mycobacterium tuberculosis[END_REF][START_REF] Marks | Incidence of tuberculosis among a cohort of tuberculin-positive refugees in Australia: reappraising the estimates of risk[END_REF]. During this long-term survival, the bacterium appears to be metabolically active, suggesting that M. tuberculosis must utilize alternative nutrients [START_REF] Fenhalls | In situ detection of Mycobacterium tuberculosis transcripts in human lung granulomas reveals differential gene expression in necrotic lesions[END_REF]. As such, further study of nutrient metabolism in M. tuberculosis would greatly assist the understanding of long-term persistence and bacterial pathogenesis.

Arylamine N-acetyltransferase (NAT) is a cytosolic protein which transfers an acetyl group from acetyl-CoA to an arylamine species [START_REF] Sim | Arylamine N-acetyltransferases[END_REF]. NAT enzymes have been identified in numerous eukaryotic and prokaryotic species, including Mycobacterium smegmatis, Mycobacterium bovis BCG and M. tuberculosis [START_REF] Payton | Eubacterial arylamine N-acetyltransferases -identification and comparison of 18 members of the protein family with conserved active site cysteine, histidine and aspartate residues[END_REF][START_REF] Upton | Arylamine N-acetyltransferase of Mycobacterium tuberculosis is a polymorphic enzyme and a site of isoniazid metabolism[END_REF]. Within M. tuberculosis, NAT is found in a five-gene operon that contains the enzymes hsaA (Rv3570c), hsaD (Rv3569c), hsaC (Rv3568c), hsaB (Rv3567c) and nat (Rv3566) (Figure 1) [START_REF] Anderton | Characterization of the putative operon containing arylamine N-acetyltransferase (nat) in Mycobacterium bovis BCG[END_REF]. Individual genetic knockouts of hsaD, hsaA and nat are unable to survive within macrophages, highlighting the importance of this operon [START_REF] Bhakta | Arylamine N-acetyltransferase is required for synthesis of mycolic acids and complex lipids in Mycobacterium bovis BCG and represents a novel drug target[END_REF][START_REF] Rengarajan | Genome-wide requirements for Mycobacterium tuberculosis adaptation and survival in macrophages[END_REF]. The expression of this operon is controlled by the TetR-like repressor KstR, which is believed to be involved in lipid metabolism [START_REF] Kendall | A highly conserved transcriptional repressor controls a large regulon involved in lipid degradation in Mycobacterium smegmatis and Mycobacterium tuberculosis[END_REF]. Supporting this role, homologues of the genes hsaA, hsaD, hsaC and hsaB in Rhodococcus RHA1 have been demonstrated to be involved in the meta-cleavage of cholesterol (Figure 2) [START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF].The role of NAT in cholesterol degradation remains unresolved, with no direct links between the established enzymic reactions of NAT and cholesterol metabolism. While the exact role of intracellular cholesterol in vivo is unknown, recent studies have demonstrated that M. tuberculosis can utilize cholesterol as a carbon source and that cholesterol could be important for bacterial persistence [START_REF] Pandey | Mycobacterial persistence requires the utilization of host cholesterol[END_REF]17]}. Furthermore, it has been reported in humans and mice with late-stage tuberculosis that large amounts of cholesterol can become concentrated in alveoli and that many bacteria will closely associate with lipid droplets in the necrotic foci of caseating granulomas [START_REF] Cardona | Widespread bronchogenic dissemination makes DBA/2 mice more susceptible than C57BL/6 mice to experimental aerosol infection with Mycobacterium tuberculosis[END_REF][START_REF] Dunn | Persistent infection with virulent but not avirulent Mycobacterium tuberculosis in the lungs of mice causes progressive pathology[END_REF][20][START_REF] Pagel | Zur Histochemie der Lungenturkulose, mit besonderer Berucksichtung der Fettsubstanzen und Lipoide. (Fat and lipoid content to tuberculosis tissue. Histochemical investigation)[END_REF].

2-Hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid hydrolase (HsaD) is a cytosolic carboncarbon hydrolase that can catalyze the cleavage of the cholesterol metabolite 4,5-9,10diseco-3-hydroxy-5,9,17-trioxoandrosta-1 [START_REF] Upton | Arylamine N-acetyltransferase of Mycobacterium tuberculosis is a polymorphic enzyme and a site of isoniazid metabolism[END_REF],2-dien-4-oic acid (4,9-DSHA) into 9,17dioxo-1,2,3,4,10,19-hexanorandrostan-5-oic acid and 2-hydroxyhexa-2,4-dienoic acid [START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF]22]. While the enzyme was originally annotated as being involved in biphenyl metabolism, recent work has demonstrated that HsaD has preferential selectivity for 4,9-DSHA as a substrate over the biphenyl metabolite 2-hydroxy-6-oxo-6-phenylhexa-2,4dienoic acid (HOPDA) [START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF]. Furthermore, in the structure of HsaD there is a considerably larger active site than that found in homologous enzymes that are involved in biphenyl 

Materials and Methods

Materials

Unless specifically stated, all chemicals and reagents were purchased from Sigma Aldrich (Poole, Dorset, UK). All enzymes were purchased from Promega (UK Ltd., Southampton, UK) or New England Biolabs (UK LTD Hitchin, UK).

Chemical synthesis of 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid (HOPDA)

HOPDA was produced synthetically using a chemical route modified from that reported by Speare et al. [24]. The experimental protocol and chemical products are described in the Supplementary Data. The molar extinction coefficient for HOPDA was calculated in 100mM phosphate buffer (pH 7.4) with 20mM NaCl and determined to be 13.2 mM -1 cm - 1 . The calculated molar extinction coefficient is similar to previous published values [START_REF] Mukerjee-Dhar | bph genes of the thermophilic PCB degrader, Bacillus sp. JF8: characterization of the divergent ring-hydroxylating dioxygenase and hydrolase genes upstream of the Mndependent BphC[END_REF].

Heterologous expression and purification of M. tuberculosis NAT, Mycobacterium marinum NAT and chimeric proteins

NAT from M. tuberculosis (TBNAT), Mycobacterium marinum (MMNAT) and the chimeric TBNAT/MMNAT proteins were produced as previously described [START_REF] Upton | Arylamine N-acetyltransferase of Mycobacterium tuberculosis is a polymorphic enzyme and a site of isoniazid metabolism[END_REF][START_REF] Fullam | Divergence of cofactor recognition across evolution: coenzyme A binding in a prokaryotic arylamine N-acetyltransferase[END_REF][START_REF] Fullam | Investigation of MMNAT and mutants: Comparison of the arylamine N-acetyltransferase from Mycobacterium marinum and Mycobacterium tuberculosis. Protein Expression & Purification[END_REF].

NAT enzyme activity measurement

The rate of coenzyme A (CoA) formation was determined spectrophotometrically using the colourimetric agent 5, 5'-dithiobis 2-nitrobenzoic acid (Ellman's reagent, DTNB) as previously described [28]. Briefly, the production of the coloured 5-thio-2-nitrobenzoic acid (TNB) was assayed at 405nm following the reaction of DTNB with the free thiol-CoA that is formed during the enzymatic reaction. The specific activity of TBNAT with various acyl CoA species was determined by incubating TBNAT (0.75µg) in the presence of 500µM hydralazine and different acyl CoA species (400 µM) in assay buffer (20 mM Tris-HCl, pH 8.0) with 0.5% DMSO at 37°C. Apparent kinetic parameters were calculated using variable concentrations of acyl CoA (20 to 640μM) with a fixed concentration of hyrdalazine (500μM) and NAT enzyme (0.5μg/ml NAT in 20mM Tris-HCl, pH 8.0 with 0.5% DMSO). The time was adjusted such that a linear initial rate was measured which corresponded to a change in absorbance of at least 0.2 absorbance units at 405nm. The kinetic constants were calculated by hyperbolic fit to the initial rate.

Cloning, heterologous expression and purification of HsaD

The gene encoding 2-hydroxy-6-oxo-6-phenylhexa-2,4-dienoic acid hydrolase (rv3569c) from M.tuberculosis H37Rv was PCR amplified from gDNA (For 5'-TTCATATGATGACAGCTACCGAGGAA-3', Rev 5'-GCGGATCCTCATCTGCCACCTCC-3'), digested with NdeI/BamHI and cloned into A c c e p t e d M a n u s c r i p t pET28b(+). Following sequencing, the hsaD insert was digested with XbaI/HindIII from pET28b(+)-hsaD, removing the gene with a hexa-histidine tag. This fragment was gel purified and cloned into pVLT31 to yield the plasmid pVLT31-hsaD_H6. Following confirmation of the sequence, the plasmid was electroporated into electrocompetent Pseudomonas putida strain KT2442.

P. putida containing pVLT31-hsaD_H6 was grown at 30°C in LB medium supplemented with 10 g/ml rifampin and 12.5 g/ml tetracycline to an absorbance of 1.0 at 600nm and induced with 1mM IPTG overnight. The culture was harvested (6,000 x g, 20min, 4°C) and the pellet was resuspended in 25ml of lysis buffer (100mM phosphate buffer pH 7.4, 25mM imidazole, 25 μg/ml DNase I, 200μg/ml lysosyme, 1mM pefabloc). The bacteria were lysed by sonication at 4°C and centrifuged at 16,000 x g for 20 minutes. The lysate was filtered through a 0.2m filter and run on a Nickel-NTA (nitrilotriacetic acid) column (2ml resin/L of bacterial culture). The column was washed sequentially with 2 column volumes (4ml) of 100mM phosphate buffer (pH 7.4) containing the following concentrations of imidazole: 25, 50, 100, 250mM. The fractions were collected and a sample of each (5μl) was run on a 12% SDS-PAGE. The fractions which contained HsaD purified to apparent homogeneity were dialyzed into 100mM sodium phosphate buffer pH 7.4 20mM NaCl and concentrated with an Amicon Ultra concentrator (Millipore) to give a final yield of 10-20mg of pure HsaD/L of bacterial culture.

The enzymatic activity of HsaD was measured by incubating 45μl of 1.3μM purified HsaD in 100mM phosphate buffer (pH 7.4) with 20mM NaCl with 5μl HOPDA (45-460μM) and monitoring the decrease in absorbance of HOPDA at 450nm over 180 sec (Sunrise, Tecan). The K m app and V max app were determined by hyperbolic fit to the initial rate.

Physical properties of the enzymes

Analytical ultracentrifugation

Purified HsaD (0.5mg/ml) was centrifuged at 4000, 5500, 7000 and 10000 rpm for 10hrs at 20ºC and then scanned at 280nm across the centrifuge rotor (Beckman Optima XL-A). Following the completion of the first scan, the sample was centrifuged for an additional 2hrs and then scanned at 280nm across the centrifuge rotor to confirm that the sample had reached equilibrium. The absorbance vs. radii was fitted to a first order exponential curve using the software suite Ultraspin (http://ultraspin.mrc-cpe.cam.ac.uk).

Circular Dichroism

Purified HsaD (5μM) in 100mM sodium phosphate buffer (pH 7.4) with 20mM NaCl was incubated at a range of temperatures (20-85ºC as determined by the internal temperature probe) for 240 seconds. Following incubation the circular dichroism of the sample was measured from 200-260nm on a Jasco J720 spectropolarimeter. The temperature of the sample was measured with an internal temperature probe. Each of the protein samples (HsaD, TBNAT, MMNAT, MM12TB3, TB12MM3) were incubated at temperatures from 20-85˚C for 30min, placed on ice for 5 min, centrifuged at 12,000 x g for five minutes and then assayed for activity.

Effect of heat on protein activity

Results

Purification and characterization of TBNAT with respect to the acyl donor TBNAT was expressed as a his-tagged protein and purified with a nickel-NTA resin to apparent homogeneity. Previous studies have demonstrated that TBNAT can acetylate hydralazine at a greater rate than any other substrate tested [START_REF] Fullam | Investigation of MMNAT and mutants: Comparison of the arylamine N-acetyltransferase from Mycobacterium marinum and Mycobacterium tuberculosis. Protein Expression & Purification[END_REF][START_REF] Sikora | Kinetic and Chemical Mechanism of Arylamine N-Acetyltransferase from Mycobacterium tuberculosis[END_REF]. As such, various coenzyme A derivatives were tested as cofactors of TBNAT using hydralazine as a substrate (Figure 3). The hydrolysis of the thiol ester was readily measurable with npropionyl CoA and acetoacetyl CoA but at a slower rate than with acetyl CoA. The K m app was determined and found to be 0.56  0.03mM for acetyl-CoA and 0.29  0.02mM for n-propionyl CoA. The K m app acetoacetyl-CoA was found to be greater than 0.6mM and could not be determined accurately due to the low rate of reaction.

HsaD production and purification

Numerous attempts to express HsaD using E.coli and T7 polymerase expression plasmids have been unsuccessful. Therefore, an alternative expression system was utilized, in which the gene encoding HsaD (with a hexa-histidine tag) was digested from the previously generated pET28b(+)-hsaD construct and cloned into the broad-host expression plasmid pVLT31 [30]. This newly generated construct was then cloned into Pseudomonas putida KT2442 and the expression conditions were optimized. The highest yields of HsaD were obtained when bacteria was grown in LB with 12.5μg/ml tetracycline and 10 μg/ml rifamycin at 30ºC to an OD 600nm =1.0 and then induced with 1mM IPTG overnight. The presence of the hexa-histidine tag introduced from pET28b(+) allowed for one-step purification using Ni-NTA resin, purifying the enzyme to apparent homogeneity as determined by SDS-PAGE (Figure 4). The molecular weight of the protein was determined by SDS-PAGE to be 33.8KDa, which agrees with the predicted molecular weight of HsaD with a hexa-histadine tag. The identity of HsaD was confirmed by matrix-assisted laser desorption ionisation time-of-flight mass spectroscopy (MASCOT score >8300). This expression protocol produced 10-20mg of purified HsaD/L of bacterial culture.

Characterisation of recombinant HsaD

The molecular weight of HsaD in solution was determined by analytic ultracentrifugation equilibrium sedimentation (Supplementary Figure 1). The molecular weight of HsaD was calculated to be 132±9kDa (n=16) suggesting that HsaD (33.75kDa) forms a tetramer in solution. Using increasing concentrations of HOPDA the enzyme kinetics of HsaD were studied. From this, the K m app of HOPDA was calculated to be 0.23 ± 0.02 mM, the V max app 3.5 ± 0.2 mM min -1 mg -1 , the K cat 0.25 s -1 and the K cat /K m app 1129 s -1 M - 1 . The K m app of HOPDA was not significantly different between HsaD with (0.23± 0.02 mM) and without a hexa-histidine tag (0.24± 0.05 mM). Both TBNAT and HsaD demonstrated very high heat stability (Figure 5A and6A). With TBNAT, the enzyme begins to lose activity following incubation at temperatures higher than 60ºC and was completely inactivated at 75ºC (Figure 5A). This heat stability is not found in any other bacterial or mammalian NATs previously characterised [START_REF] Kawamura | Structural investigation of mutant Mycobacterium smegmatis arylamine N-acetyltransferase: a model for a naturally occurring functional polymorphism in Mycobacterium tuberculosis arylamine N-acetyltransferase[END_REF][32][START_REF] Kawamura | Eukaryotic arylamine N-acetyltransferase. Investigation of substrate specificity by high-throughput screening[END_REF]. A lower heat stability was found in NAT from M. marinum, with the enzyme losing all activity following incubation at 50ºC (Figure 5B).The first and second domains of TBNAT appear to strongly influence the heat stability of the protein (Figure 5B). The transfer of domain one and two from MMNAT to TBNAT (MM12TB3) considerably decreased the enzymatic heat stability (Figure 5B). In contrast with the chimeric protein in which only the third domain from MMNAT is transferred to TBNAT (TB12MM3), the temperature stability profile is very similar to TBNAT itself (Figure 5A).

Thermal Stability

The effect of temperature on HsaD stability was assayed by studying both enzymic activity and circular dichroism. When the protein was heated, the CD spectrum associated with the protein's alpha helices (as identified by the signal at 220nm) diminished dramatically across a temperature range of 65 to 70°C (Figure 6A). When the protein was incubated at 65±0.4°C (as determined by the sample probe), the alpha helices unfolded in a linear time-dependent manner (Figure 6B). The co-operative unfolding of the protein occurred over the same temperature range when assessed by enzymatic activity as when assessed by loss of circular dichroism signal at 220nm (Figure 6A). Hydrolytic activity was significantly decreased following incubation at 70°C but was only marginally affected by incubation at 60°C for 30 min (Figure 6A). Increasing concentrations of NaCl did not alter the heat stability of HsaD (Figure 6C). The heat stability of HsaD was not altered by the presence or absence of a hexa-histidine tag (data not shown).

Discussion

Previous work has demonstrated that the five predicted open reading frames (Rv3566c-Rv3570c), which include the genes encoding HsaD and TBNAT, are expressed as a single mRNA transcript (Figure 1) [START_REF] Anderton | Characterization of the putative operon containing arylamine N-acetyltransferase (nat) in Mycobacterium bovis BCG[END_REF]. As these genes act as an operon, it is likely that they support a coordinated function. In order to better understand the role of this operon in M. tuberculosis, we have cloned, expressed and characterized HsaD and TBNAT.

Attempts to express soluble HsaD using T7 polymerase expression systems were unsuccessful [START_REF] Anderton | Characterization of the putative operon containing arylamine N-acetyltransferase (nat) in mycobacteria[END_REF]. It was only when the expression plasmid pVLT31 [30] was used that soluble HsaD was expressed. The introduction of a hexa-histidine tag into the expression plasmid greatly assisted in protein purification. HsaD was demonstrated by analytical ultracentrifugation to form a tetramer in solution, which is consistent with the behaviour of other meta-cleavage hydrolases [35-37] and agrees with the predicted oligmerization state from the crystal structure of HsaD [START_REF] Lack | Structure of HsaD, a steroid-degrading hydrolase, from Mycobacterium tuberculosis[END_REF].

The high enzymatic heat stability of TBNAT has not been found in the NAT enzymes from any other species, including the closely related organisms Mycobacterium smegmatis [START_REF] Kawamura | Structural investigation of mutant Mycobacterium smegmatis arylamine N-acetyltransferase: a model for a naturally occurring functional polymorphism in Mycobacterium tuberculosis arylamine N-acetyltransferase[END_REF] and M. marinum (Figure 5B). NAT from M. smegmatis [START_REF] Sandy | The structure of arylamine N-acetyltransferase from Mycobacterium smegmatis--an enzyme which inactivates the anti-tubercular drug, isoniazid[END_REF] and M. marinum [START_REF] Fullam | Divergence of cofactor recognition across evolution: coenzyme A binding in a prokaryotic arylamine N-acetyltransferase[END_REF] have been used as models of the more difficult to express TBNAT. The first and second domains of NAT from M. tuberculosis [START_REF] Payton | Eubacterial arylamine N-acetyltransferases -identification and comparison of 18 members of the protein family with conserved active site cysteine, histidine and aspartate residues[END_REF] appear to contribute strongly to the thermal stability of the protein, with the transfer of domain one and two from MMNAT to TBNAT causing a dramatic reduction in the heat stability (Figure 5B). In an effort to identify residues which may be important to the heat stability of TBNAT, the primary sequence of the first and second domain of NAT from M. smegmatis and M. marinum was compared with the first and second domain of TBNAT (Figure 7A). Fourteen residues were identified that were present in both NAT from M. smegmatis and M. marinum but not TBNAT. The location of these amino acid differences were mapped onto the structure of MMNAT (Figure 7B). Interestingly, twelve of these fourteen amino acid residues were found to be surface exposed on MMNAT (Figure 7C+D) [START_REF] Fullam | Divergence of cofactor recognition across evolution: coenzyme A binding in a prokaryotic arylamine N-acetyltransferase[END_REF]. In TBNAT ten of the changed residues involve a change to a more hydrophobic residue , two involve substitution of an alanine residue by proline (residues 54 and 106) and a further proline substitution for a glutamine is found in TBNAT (residue 148). In two cases a negatively charged residue has been replaced by an uncharged residue (Glu 55 replaced by Gln, Glu 63 replaced by Leu and Glu 172 replaced by Thr) where the residues are the same in both M. marinum and M. smegmatis NAT proteins (Figure 7A). Previous studies of cold shock proteins from Bacillus species has demonstrated that just a few surface exposed residues can play a major role in the protein's heat stability [START_REF] Perl | Two exposed amino acid residues confer thermostability on a cold shock protein.[see comment[END_REF].

HsaD displayed a strong correlation between protein denaturation and a decrease in enzymatic activity (Figure 6A). In addition, the temperature stability of HsaD was not significantly affected by increasing ionic strengths (Figure 6C), suggesting that hydrophobic interactions may be important in stabilizing the protein. This is supported with evidence from the crystal structure of HsaD, with the highest concentration of surface exposed hydrophobic amino acids in a region where the protein forms a tetrameric core. The maximal temperature that HsaD can tolerate before there is any significant loss of activity is 60ºC. This is comparable to several meta-cleavage hydrolases expressed in mesophilic bacteria, including BphD from Rhodococcus RHA1 (65ºC) [START_REF] Hatta | Meta-Fission Product Hydrolases from a Strong PCB Degrader Rhodococcus sp. RHA1[END_REF], ThnD from Sphingomonas macrogoltabidus strain TFA (65ºC) [START_REF] Hernaez | Identification of a serine hydrolase which cleaves the alicyclic ring of tetralin[END_REF] and CarC from Pseudomonas resinovorans strain CA10 (58ºC) [START_REF] Riddle | Purification and properties of 2-hydroxy-6-oxo-6-(2'-aminophenyl)hexa-2,4-dienoic acid hydrolase involved in microbial degradation of carbazole[END_REF] (Table 1). In contrast, a second group of meta-cleavage hydrolases, including TodF from Pseudomonas putida (45ºC) [43] and CumD from Pseudomonas fluorescens IP01 (48ºC) [44], have a lower maximal temperature that can be tolerated before there is a loss of activity (Table 1). Comparison of the primary sequences of these two groups of meta-cleavage hydrolases does not identify any specific amino acids which could contribute to the heat stability of the protein. This may well be expected as these meta-cleavage hydrolases share a relatively low sequence similarity (23-32% identity to HsaD) (Figure 8A) and yet have a very similar structural fold (r.m.s. 1.29-1.81 Å alignment of HsaD to BphD, CarC and CumD, respectively) (Figure 8B).

The genes which encode HsaD and TBNAT have been demonstrated to be critical for intracellular survival of M. tuberculosis in host macropahges [START_REF] Bhakta | Arylamine N-acetyltransferase is required for synthesis of mycolic acids and complex lipids in Mycobacterium bovis BCG and represents a novel drug target[END_REF][START_REF] Rengarajan | Genome-wide requirements for Mycobacterium tuberculosis adaptation and survival in macrophages[END_REF]. During the initial bacterial infection there is a marked increase in internal temperature as a defence mechanism against the pathogen. The enzymatic heat stability of HsaD and TBNAT may prevent the inactivation of these proteins during the initial infection as both proteins are completely active at temperatures greater than 50 o C. Whilst the intracellular temperature, even during the macrophage respiratory burst, is unlikely to reach 45 o C, many NAT A c c e p t e d M a n u s c r i p t enzymes will lose >50% of their activity at this temperature. In contrast, NAT and HsaD from M. tuberculosis will be completely active at this temperature creating a "margin of safety" for these essential enzymes.

The proposed pathway of cholesterol degradation contains two independent metabolic routes, where one pathway is involved in the removal and oxidation of the C17 acyl chain, while another degrades the four-ring cholesterol skeleton (Figure 2) [START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF]22,[START_REF] Sih | Mechanisms of steroid oxidation by microorganisms. 8. 3,4-Dihydroxy-9,10-secoandrosta-1,3,5(10)-triene-9,17dione, an intermediate in the microbiological degradation of ring A of androst-4-ene-3,17-dione[END_REF][START_REF] Yang | Rv1106c from Mycobacterium tuberculosis is a 3beta-hydroxysteroid dehydrogenase[END_REF]. Previous studies have demonstrated that products of this operon (HsaA, HsaB, HsaC and HsaD) are likely to have a role in the oxidation and meta-cleavage of the cholesterol skeleton [START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF]. However, the role of TBNAT, which is encoded in the same operon, does not easily fit into the proposed degradation pathway of the four-ring cholesterol skeleton. Interestingly, the second metabolic pathway involved in the degradation of the C17 acyl chain will yields one molecule of acetyl CoA and two molecules of n-propionyl CoA per cholesterol molecule (Figure 2) [START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF][START_REF] Yang | Rv1106c from Mycobacterium tuberculosis is a 3beta-hydroxysteroid dehydrogenase[END_REF][START_REF] Rahm | Mechanisms of steroid oxidation by microorganisms. XI. Enzymatic cleavage of the pregnane side chain[END_REF]. Given that TBNAT can utilize both npropionyl and acetyl CoA donors (Figure 3), it is proposed that TBNAT could have a role in the utilization and regulation of these CoA species. The utilization of n-propionyl CoA is doubly important to bacterial survival, as n-propionyl CoA can be toxic to the bacteria at high concentrations and yet acts as a key precursor in lipid biosynthetic pathways [START_REF] Savvi | Functional characterization of a vitamin B12-dependent methylmalonyl pathway in Mycobacterium tuberculosis: implications for propionate metabolism during growth on fatty acids[END_REF]. The K m app of acetyl CoA and propionyl CoA with TBNAT are of the same order of magnitude, though the rate of the enzymatic reaction with propionyl CoA is considerably less. It remains to be determined whether this mechanism is effective in vivo, but it provides a hypothesis for the functional integration of the operon. Thus as indicated in Figure 1, TBNAT may act to promote propionyl CoA and acetyl CoA usage and homeostasis for cell wall synthesis, with cholesterol providing the fuel both via the degradation of the acyl side chain and the meta-cleavage of the sterol rings. Given the importance of cholesterol for intracellular survival of M. tuberculosis [START_REF] Pandey | Mycobacterial persistence requires the utilization of host cholesterol[END_REF]17] these enzymes are an important focus for further studies. A c c e p t e d M a n u s c r i p t and Van der Geize et al. [START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF]. There are two pathways of cholesterol degradation that proceed independent of each other. The first pathway is the degradation of the C17 acyl chain which produces two molecules of n-propionyl CoA and one molecule of acetyl CoA, per molecule of cholesterol. The second pathway is the degradation of the four ring cholesterol skeleton and has been linked to the hsa gene products.

Figure 3: CoA donor profile for recombinant purified TBNAT

The activity of TBNAT was determined by measuring the rate of CoA formation in the presence of hydralazine as described in the methods. The rate of CoA formation by TBNAT (0.75µg) was measured in the presence of 500µM hydralazine and various acyl CoA species (400 µM) in assay buffer (20 mM Tris-HCl, pH 8.0) with 0.5% DMSO at 37°C. The specific activity was determined over a linear range and is expressed as nmol of acyl coenzyme A hydrolysed sec -1 mg of protein -1 .

Figure 4: Purification of HsaD P.putida containing pVLT31-hsaD_H6 (lysate) was lysed and run through nickel-NTA resin (unbound). The column was then subsequently washed with increasing concentrations of imidazole (25-250mM) in stepwise increments. A sample of each fraction (5μl) was run on a 12% acrylamide SDS-PAGE and stained with Coomassie blue.

Figure 5: The effect of heat on NAT activity.

The NAT enzymes (6A: TBNAT 6B: MMNAT, MM12TB3, TB12MM3) were incubated at increasing temperatures for 30min, cooled on ice for 5 min, centrifuged for 10min at 12,000 x g and then assayed for activity by following the hydrolysis of acetyl CoA in the presence of the substrate hydralazine. The specific activity was determined over a linear range. Each sample was performed in triplicate, the mean value is represented in the above graph ± standard deviation.

Figure 6:

The effect of temperature on HsaD A. The effect of heat on enzymatic activity was determined by incubating 160μl of HsaD (0.5mg/ml) in 100mM sodium phosphate buffer pH 7.4 at 30-85ºC for 30min. The samples were then placed on ice for 5min, centrifuged for 10min at 12,000 x g and then assayed for activity. Each sample was performed in triplicate and the mean value ± standard deviation is shown. The circular dichroism of the protein (5μM) was collected on a Jasco J720 spectropolarimeter at temperatures between 30-85ºC (as determined by the sample probe). 
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Figure 1 :

 1 Figure 1: The NAT operon in M. tuberculosis.The accession numbers for these genes in M. tuberculosis H37Rv, are as follows: Rv3570c (hsaA), Rv3569c (hsaD), Rv3568c (hsaC) , Rv3567c (hsaB), Rv3566A (possible pseudogene) and Rv3566c (nat). The operon is virtually identical in Mycobacterium bovis and Mycobacterium bovis BCG.

Figure 2 :

 2 Figure 2: Proposed pathway of cholesterol metabolism Pathway of cholesterol catabolism as proposed by Sih et al. [45], Horinouchi et al. [22]and Van der Geize et al.[START_REF] Van Der Geize | A gene cluster encoding cholesterol catabolism in a soil actinomycete provides insight into 12 Mycobacterium tuberculosis survival in macrophages[END_REF]. There are two pathways of cholesterol degradation that proceed independent of each other. The first pathway is the degradation of the C17 acyl chain which produces two molecules of n-propionyl CoA and one molecule of acetyl CoA, per molecule of cholesterol. The second pathway is the degradation of the four ring cholesterol skeleton and has been linked to the hsa gene products.
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  Journal Immediate Publication. Published on 18 Nov 2008 as manuscript BJ20082011 THIS IS NOT THE VERSION OF RECORD -see doi:10.1042/BJ20082011 A c c e p t e d M a n u s c r i p t B. A sample of 5μM HsaD in 100mM phosphate buffer pH 7.4 was incubated at 65.8±0.4ºC (as determined by the sample probe) for 50 minutes. Every 300 seconds, the circular dichroism of the sample was measured (Applied Photophysics). C. HsaD (160μl, 0.5mg/ml) in 10mM sodium phosphate buffer (pH7.4) with 0, 10, 50, 100 and 200mM NaCl was incubated at temperatures from 40-85ºC for 30min. Following incubation, the samples were assayed for activity. For clarity only the samples with 0 and 200mM NaCl are shown. All other concentrations of NaCl display a similar trend.

Figure 7 :

 7 Figure 7: Amino acid differences between MMNAT and TBNAT in domain one and two A. NAT protein ClustalW alignment of domain one and two from MMNAT, MSNAT and TBNAT. Amino acids which are identical in MMNAT and MSNAT, yet differ from TBNA are highlighted by an arrow. Active site residues are shown with a star. Only domain one and two are shown as domain three does not appear to strongly contribute to the protein's heat stability. B, C and D. Cartoon (B) and surface (C,D) representation of the amino acid sites which differ between MMNAT/MSNAT and TBNAT displayed on the crystal structure of MMNAT (PDB: 2VFB). Domains one and two of the MMNAT are shown as blue, while domain three is shown as white. The active site residues are shown as green, and the amino acids which differ between the MMNAT/MSNAT and TBNAT are shown in red and labelled. In figure B all highlighted amino acids are displayed in stick representation. The view in D is rotated through 180 degrees in the vertical plane compared with view C.
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 812 Figure 8: Comparison of meta-cleavage hydrolases A. ClustalW alignment of the meta-cleavage hydrolases from Pseudomonas fluorescens IP01 (CumD), Pseudomonas putida F1 (TodF), Sphingomonas macrogoltabidus strain TFA (ThnD), Rhodococcus RHA1 (BphD), M. tuberculosis H37Rv (HsaD) and Pseudomonas CA10 (CarC). B. Structural alignment of meta-cleavage hydrolases. CumD is shown in white, BphD is shown in dark grey, CarC is shown in light blue and HsaD is shown in dark blue. The active site (Ser-Asp-His) of HsaD is shown in green.
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Table 1 : Comparison of different meta-cleavage hydrolases

 1 

				Highest	
	Enzyme name	Organism	% sequence identical to HsaD	temperature with 100% enzymatic	Reference
				activity (ºC) a	
		Sphingomonas			
	ThnD	macrogoltabidus	26	65	[41]
		strain TFA			
	BphD Rhodococcus RHA1	29	65	[40]
	CarC	Pseudomonas CA10	23	58	[42]
	CumD	Pseudomonas fluorescens IP01	31	47.5	[44]
	TodF	Pseudomonas putida	32	45	[43]

a Different assay methods were used in different studies. This value represents the highest temperature the protein tolerated before enzymatic activity began to decrease Biochemical Journal Immediate Publication. Published on 18 Nov 2008 as manuscript BJ20082011 THIS IS NOT THE VERSION OF RECORD -see doi:10.1042/BJ20082011
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