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Tuberculosis is one of the leading infection diseases in humans. Discovering new treatments for this disease is urgent, especially due to the emergence of multiple drug resistant organisms and to reduce the total duration of the current treatments. In Mycobacterium tuberculosis, the synthesis of isoprenoids has been reported as an interesting pathway to target and especial attention has been focused on the methylerythritol phosphate (MEP) pathway comprising the early steps of biosynthesis. In this context, we have studied the enzyme 2C-methyl-D-erythritol-4-phosphate cytidylyltransferase (CMS), the third enzyme of the MEP pathway for the biosynthesis of isoprenoid precursors, since so far there is no resolved structure of this protein in M. tuberculosis, and its use as a drug target is therefore seriously limited. We have performed a homology modeling of the M. tuberculosis CMS to provide a reliable model to be used in structure-based drug design. After evaluating the quality of the model, we fully studied the catalytic site and the dimerization interface of the model, suggesting the most important sites (conserved and non-conserved) useful for drug discovery and mutagenesis studies. We found that the metal coordination of CDP-methylerythritol is substantially different in the M. tuberculosis CMS with respect to the E. coli variant, corroborating that the former is able to utilize several metal ions for catalysis. Moreover, we propose that electrostatic interactions could explain the higher affinity of the MEP substrate compared with the CTP substrate in the M. tuberculosis enzyme as reported previously.

Response to Reviewers: Reviewer #1: This paper presents molecular modelling work on Mycobacterium tuberculosis 2C-methyl-D-erythritol-4-phosphate cytidylyltransferase (CMS) enzyme. Homology model was constructed following by detailed investigation of the catalytic site and dimerization interface of the model. So far, no homology model of M. tuberculosis CMS has been published.

The major flaw of the homology modelling part is that in contrast to the authors' statement, there are more than 3 available templates (see 2VSH, 2VSI,3F1C, 1W55,1W57).Moreover, while the authors state that the template was chosen based on the lowest resolution, the template used for E. coli is not the one with the lowest resolution (see 1I52).The fact that more templates could be used raises concerns regarding the authors' knowledge in this field. Additonally, because of the availability of more templates than the authors mentioned, the usefullness of homology modelling on multiple templates cannot be ruled out.

We were aware of most of the structures that the Referee noticed, but for presenting functional differences or for not having the adequate cofactor, these structures were not considered in the first version of the manuscript.

With respect to 1W55 and 1W57, both structures correspond to the bifunctional IspDF enzyme. This enzyme contains two catalytical domains, one is effectively involved in the third reaction of the MEP pathway, but the second one catalyzes stage five, that yields a cyclic product (cMEDP) instead of CDP-ME. We considered that the presence of this second domain might affect the use and the value of these structures as templates to model M. tuberculosis CMS.

Codes 2VSH, 2VSI and 3F1C are effectively transferases but in Gram-positive organisms and correspond to the IspD type2 (our model is the type 1). They were crystallized in absence of the cofactor (3F1C) or with cofactors that are not involved in the MEP pathway (CDP-ribitol for 2VSH, and CDF for 2VSI). In fact 2VSH and 2VSI correspond to a protein which was isolated and characterized as an enzyme involved in the biosynthesis of teichoic acid which later on was shown to catalyze also the IspD reaction in the MEP pathway. Therefore, these structures were not considered at the time our study was started as good templates for M. tuberculosis CMS, specially to study it in complex with CDP-ME.

Finally, it is true that E. coli 1I53 has a better resolution, but this CMS does not contain the CDP-ME cofactor, but only one of the reactive substrates, the CTP. We were also interested in the interactions coming from the MEP fragment and therefore our E. coli template (1INI), that contains effectively both fragments (as the CDP-ME), was optimum for our study of the whole catalytical site.

After pondering these available structures, we still consider that the selected template from E. coli is the best one for obtaining the M. tuberculosis CMS model reported and for studying its catalytical site. This point was examined carefully being very important for the homology modeling. Sequence identity also favours the election of the E. coli template. For instance the critical residues P13, A14, A15, G16, G18, K27, A107, R109, T140, T165 and K213 are all conserved between the E. coli and the M. tuberculosis enzymes. This is not the case for the Thermus thermophilus CMS, for which A107 is not conserved, or for the Thermotoga maritima CMS, for which P13 and A107 are not conserved. Additionally, in the structures that the Referee noticed, sequence identity is slightly inferior: Identity of M. tuberculosis with : E. coli Template (1INI, 1I53) = 32% Campylobacter jejuni (1W55, 1W57) = 26.4% Listeria monocytogenes (3F1C) = 26.2% Streptococcus pneumoniae (2VSH, 2VSI)= 24.6%

Following the comments of the Referee we have expanded the Methods, section 2.1 by superimposing all these possible structures to the one used as template (1INI), thus we have modified the text and Fig. 2A. Similarly to our first version considering the E. coli, Thermus thermophilus, and Thermotoga maritima, the other structures are also highly similar (presenting RMS between 4.5 to 6.0 Å). As we already stated in the first version, the election of other templates of this group should produce a very similar M. tuberculosis CMS model. Also note that the MD simulation overcomes these RMS deviations. All in all, as we needed a structure in complex with the CDP-ME and taking into account the above comments, we still consider that the selected template (and its further study) is the most adequate to build the M. tuberculosis CMS model, as part of the MEP pathway. We are grateful to the Referee because the new version is more complete in discussing possible templates.

The other major flaw of the paper is the evaluation of the binding energy of the ligands MEP and CPT. Although the authors state that the experimentally determined binding affinity of the substrates are 43 and 92 uM, respectively. In the paper the authors calculate and discuss a binding energy as low as about -110 kcal/mol (Figure 11). Considering that CC bond energy is about -80 kcal/mol, this value is highly unrealistic and shows absolutely no correlation with the experimentally determined value (which would be about -6 kcal/mol in DG).

It is true that the calculated values of the binding free energy using the MMGBSA protocol are unrealistic for the cofactor bound to CMS. The method was originally developed to calculate precise values of the experimental free energies, within an error of 1-2 kcal/mol (see an early work in J Comput Chem 25, 238-250, 2004). However, when more systems were treated by using this method, authors noticed that the real useful application of MMGBSA (or MMPBSA) is to account for relative binding free energies contributions to binding. For instance in a recent paper in J Chem Inf Model 49, 1033Model 49, -1048Model 49, , 2009 the authors stated that 'to reproduce the absolute values of binding free energies may not be the primary aim for applying the MMGBSA protocol'.

Moreover, it is usual to find overestimated values of the calculated binding free energy: for instance -99.23 kcal/mol in J Chem Inf Model 48, 2030Model 48, -2041Model 48, , 2008 or -58.56 kcal/mol in J Med Chem 48, 7796-7807, 2005. We previously studied a highly charged cofactor (thiamine pyrophosphate) in complex with a protein, quoted as ref. [START_REF] Zang | Interpretation of the binding affinities of PTP1B inhibitors with the MM-GB/SA method and the X-Score scoring function[END_REF] in the paper, finding similarly high numerical values (between -78.72 and -155.64 kcal/mol). In ref. [START_REF] Zang | Interpretation of the binding affinities of PTP1B inhibitors with the MM-GB/SA method and the X-Score scoring function[END_REF] we suggested that these large values are a consequence of the electrostatic energy extracted from the force field that is not well counterbalanced by the desolvation penalty using the GB (or PB) approach and different sets of radii.

Unfortunately, this limitation has not been corrected so far in this methodology, although MMGBSA has been proven very useful to correlate relative binding free energies and to identify the main nature of binding (electrostatic, hydrophobic, entropically driven...).

Since the MMGBSA method overestimates the experimental energy, we used a bar graphics for the contributions of the cofactor binding instead of using a numerical table and we tried not to mention the precise values. Nevertheless, as your appreciation is adequate and the high energies are confusing, the new version of the manuscripts includes a brief discussion (Methods, section 2.3 and Results, section 3.2) about the limitations of the method, specially remarking that the absolute values are not well reproduced.

Minor points There are too many figures in the paper, some of them could be omitted. As an example, Figure 3, 4 and 6 could be discussed in the text only, figure presentation does not add much value to the understanding.

We have removed Figures 3 and4 in the revised version. We prefer not to remove Figure 6 because it is more clear to show an image of the Prosa profile changes before and after MD, than trying to remark this subtle changes in the text. Moreover, it is quiet confusing that the residue numbering does not restart in case of the dimers (e.g. Figure 5). As a result, some figures indicate 220 amino acid residues, whereas some indicate 450.

This error has been corrected in the new version.

What does the gray color mean in Figure 7?

The grey colour was the cartoon representation of the helix formed after MD, but shown in transparent. The revised version includes a more clear representation of the helix formed after MD.

It is hard to see the contribution of individual amino acids in Figure 9-a table would be more informative.

Accordingly to the Referee's comment, we have removed Fig. 9 and added the information into a new The standard first-line treatment against active TB is based on the administration of the drugs rifampicin, isoniazid, pyrizinamide, and ethambutol given in combination over six to nine months. The combinations are very important to prevent the emergence of multiple drug resistant (MDR) organisms, which can lead to an ineffective treatment [START_REF] Vinícius | Promising drugs against tuberculosis[END_REF].

There are three basic factors involved in the development of new tuberculosis drugs; to reduce the total duration of treatment, to improve the MDR TB and to provide more effective treatments of latent tuberculosis infection [START_REF] O´brien | The need for new drugs against tuberculosis. Obstacles, opportunities and next steps[END_REF][START_REF] Mukherjee | Programs and principles in treatment of multidrug-resistant tuberculosis[END_REF].

In Mycobacterium tuberculosis the synthesis of isoprenoids is an important step in cell wall construction [START_REF] Wolucka | Recognition of the lipid intermediate for arabinogalactan/arabinomannan biosynthesis and its relation to the mode of action of ethambutol on mycobacteria[END_REF][START_REF] Mikusova | Biosynthesis of the linkage region of the mycobacteria cell wall[END_REF][START_REF] Mahapatra | Mycobacterial lipid II is composed of a complex mixture of modified muramyl and peptide moieties linked to decaprenyl phosphate[END_REF] and oxidative phosphorylation [START_REF] Collins | Distribution of menaquinones in actinomycetes and corynebacteria[END_REF]. It is therefore reasonable to predict that the enzymes involved in the early steps of biosynthesis of essential isoprenoids provide new and valid drug targets [START_REF] Mikusova | Biosynthesis of the linkage region of the mycobacteria cell wall[END_REF].

Despite the diversity of structure and function, all isoprenoids originate from the common five-carbon (C5) building units, isopentenyl diphosphate (IPP) and its isomer, dimethylallyl diphosphate (DMAPP) [START_REF] Sacchettini | Creating isoprenoid diversity[END_REF][START_REF] Bochar | Comprehensive Natural Products Chemistry[END_REF]. To date, two distinct pathways have been discovered for the biosynthesis of the two precursors; the mevalonate (MVA) pathway and the methylerythritol phosphate (MEP) pathway. Most bacterial pathogens, including M. tuberculosis, exclusively utilize the MEP pathway whereas the MVA pathway is the only present in humans [START_REF] Testa | The methylerythritol phosphate pathway and its significance as a novel drug target[END_REF][START_REF] Rodríguez-Concepcion | The MEP pathway: a new target for the development of herbicides, antibiotics and antimalarial drugs[END_REF][START_REF] Eoh | The Mycobacterium tuberculosis MEP (2C-methyl-D-erythritol 4-phosphate) pathway as a new drug target[END_REF].

The MEP pathway is comprised of seven enzymatic steps starting with the condensation of pyruvate and glyceraldehyde-3-phosphate to produce DXP, which is converted to MEP in reactions catalyzed by DXP synthase [START_REF] Sprenger | Identification of a thiamin-dependent synthase Escherichia coli required for the formation of 1-deoxy-Dxylulose 5-phosphate precursor to isoprenoids, thiamin and piridoxol[END_REF][START_REF] Lois | Cloning and characterization of a gene from Escherichia coli encoding a transketolase-like enzyme that catalyzes the synthesis of D-1-deoxyxylulose 5-phosphate, a common precursor for isoprenoid, thiamin, and pyridoxol biosynthesis[END_REF][START_REF] Lange | A family of transketolases that directs isoprenoid biosynthesis via a mevalonate-independent pathway[END_REF] and DXP reductoisomerase (IspC) [START_REF] Kuzuyama | Direct Formation of 2-C-Methyl-D-Erythritol 4-Phosphate from 1-Deoxy-D-Xylulose 5-Phosphate by 1-Deoxy-D-Xylulose 5-Phosphate Reductoisomerase, A New Enzyme in the Non-Mevalonate pathway to Isopentenyl Diphosphate[END_REF][START_REF] Proteau | 1-Deoxy-D-xylulose 5-phosphate reductoisomerase: an overview[END_REF], respectively. In the third step of the pathway, MEP reacts with CTP to produce CDPmethylerythritol and pyrophosphate in a reaction catalyzed by the enzyme 2C-methyl-Derythritol-4-phosphate cytidylyltransferase (EC 2.7.7.60; CMS) [START_REF] Rohdich | Cytidine 5¢-triphosphate-dependent biosynthesis of isoprenoids: YgbP protein of Escherichia coli catalyzes the formation of 4diphosphocytidyl-2-C-methylerythritol[END_REF][START_REF] Kuzuyama | Formation of 4-(cytidine 5¢diphospho)-2-C-methyl-D-erythritol from 2-C-methyl-D-erythritol 4-phosphate by 2-Cmethyl-D-erythritol4-phosphate cytidylyltransferase, a new enzyme in the nonmevalonate pathway[END_REF][START_REF] Richard | Structure of 4-diphosphocytidyl-2-C-methylerythritol synthetase involved in mevalonate-independent isoprenoid biosynthesis[END_REF][START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF]. Not many inhibitors have been described for the enzymes of the MEP pathway [START_REF] Eoh | The Mycobacterium tuberculosis MEP (2C-methyl-D-erythritol 4-phosphate) pathway as a new drug target[END_REF]. A paradigmatic example is fosmidomycin, an antibiotic that selectively inhibits DXP reductoisomerase [START_REF] Kuzuyama | Direct Formation of 2-C-Methyl-D-Erythritol 4-Phosphate from 1-Deoxy-D-Xylulose 5-Phosphate by 1-Deoxy-D-Xylulose 5-Phosphate Reductoisomerase, A New Enzyme in the Non-Mevalonate pathway to Isopentenyl Diphosphate[END_REF][START_REF] Proteau | 1-Deoxy-D-xylulose 5-phosphate reductoisomerase: an overview[END_REF] and that has proven useful against malaria [START_REF] Rodríguez-Concepcion | The MEP pathway: a new target for the development of herbicides, antibiotics and antimalarial drugs[END_REF].

CMS from E. coli and other bacteria including M. tuberculosis have been obtained in recombinant form [START_REF] Rohdich | Cytidine 5¢-triphosphate-dependent biosynthesis of isoprenoids: YgbP protein of Escherichia coli catalyzes the formation of 4diphosphocytidyl-2-C-methylerythritol[END_REF][START_REF] Kuzuyama | Formation of 4-(cytidine 5¢diphospho)-2-C-methyl-D-erythritol from 2-C-methyl-D-erythritol 4-phosphate by 2-Cmethyl-D-erythritol4-phosphate cytidylyltransferase, a new enzyme in the nonmevalonate pathway[END_REF][START_REF] Richard | Structure of 4-diphosphocytidyl-2-C-methylerythritol synthetase involved in mevalonate-independent isoprenoid biosynthesis[END_REF][START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF][START_REF] Cane | Molecular cloning, expression and characterization of the first three genes in the mevalonate-independent isoprenoid pathway in Streptomyces coelicolor[END_REF][START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF][START_REF] Eoh | Characterization of the Mycobacterium tuberculosis 4-diphosphocytidyl-2-Cmethyl-D-erythritol synthase: potential for drug development[END_REF]. The steady-state kinetic properties of CMS from E. coli [START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF], from

Streptomyces coelicolor [START_REF] Cane | Molecular cloning, expression and characterization of the first three genes in the mevalonate-independent isoprenoid pathway in Streptomyces coelicolor[END_REF] and from M. tuberculosis have been reported [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF][START_REF] Eoh | Characterization of the Mycobacterium tuberculosis 4-diphosphocytidyl-2-Cmethyl-D-erythritol synthase: potential for drug development[END_REF].

X-ray structure studies have been carried out with the bacterial enzymes from E. coli [START_REF] Richard | Structure of 4-diphosphocytidyl-2-C-methylerythritol synthetase involved in mevalonate-independent isoprenoid biosynthesis[END_REF],

Thermus thermophilus [START_REF] Chen | Crystal structure of 2-C-methyl-Derythritol 4-phosphate cytidylyltransferase from Thermus thermophilus HB8[END_REF] and Thermotoga maritima [START_REF]Joint Center for Structural Genomics (JCSG) Crystal structure of 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (TM1393) from Thermotoga maritima at 2.67 A resolution[END_REF], over others, but so far no crystal structure is yet available for CMS from M. tuberculosis. Moreover, only a weak inhibitor of CMS (erythritol-4-phosphate) has been described [START_REF] Lillo | Functional expression and characterization of EryA, the erythritol kinase of Brucella abortus, and enzymatic synthesis of L-erythritol-4-phosphate[END_REF], but as this compound is a desmethyl analogue of the natural cofactor, it does not provide any structural clue to design new active compounds for different binding sites. Structural analysis showed that CMS organizes as a homodimer, each enzyme subunit being primarily a single domain structure constructed around a seven-stranded twisted -sheet, into which is inserted an extended -arm. Two arms associate to help form a dimer interface that involves numerous inter-subunit hydrogen bonds and several salt bridges. The enzyme active site is created at this interface by seven polypeptide segments, six from one subunit and one from the partner. Amino acids which are involved in formation of the substrate binding site and the catalytic active site have been identified. A highly basic active site binds and orients the four phosphate groups present in the substrates, and in particular two lysine residues (Lys 27 and Lys 213 in E. coli CMS) are key to the stabilization of the pentavalent transition state generated following an in-line nucleophilic attack by the MEP phosphate on the alpha phosphate of CTP. A complex network of hydrogen bonds positions MEP so that catalysis can occur.

The reaction catalyzed by CMS, like the rest of the reactions involved in the MEP pathway, represents an excellent potential target site for chemotherapy against M. tuberculosis. The properties of the enzyme would provide important information for the design of novel antitubercular agents and the differences observed with the CMS from other bacteria would be essential to increase the specificity of these agents for M. tuberculosis. M. tuberculosis CMS (the Rv3582c gene product) has approximately 32% identity with E. coli CMS and conserved amino acids are involved in formation of the substrate binding site and the catalytic active site. However, some differences have been reported, for instance the amino acid corresponding to S88 of the E. coli enzyme active site has been changed to a threonine in Rv3582c. Recombinant M. tuberculosis CMS is active over a relatively broad pH range (6.0-9.0) [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF][START_REF] Eoh | Characterization of the Mycobacterium tuberculosis 4-diphosphocytidyl-2-Cmethyl-D-erythritol synthase: potential for drug development[END_REF] as was previously reported for the E. coli CMS [START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF]. A divalent cation, such as Mg 2+ or Mn 2+ , is absolutely required for this cytidylyltransferase activity. Zn 2+ supports the M. tuberculosis CMS activity [START_REF] Eoh | Characterization of the Mycobacterium tuberculosis 4-diphosphocytidyl-2-Cmethyl-D-erythritol synthase: potential for drug development[END_REF]. However, E. coli CMS activity was not supported by Zn 2+ suggesting a subtle difference in the metal coordination [START_REF] Rohdich | Cytidine 5¢-triphosphate-dependent biosynthesis of isoprenoids: YgbP protein of Escherichia coli catalyzes the formation of 4diphosphocytidyl-2-C-methylerythritol[END_REF][START_REF] Eoh | Characterization of the Mycobacterium tuberculosis 4-diphosphocytidyl-2-Cmethyl-D-erythritol synthase: potential for drug development[END_REF]. M. tuberculosis CMS showed a high degree of specificity for CTP as a substrate [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF][START_REF] Eoh | Characterization of the Mycobacterium tuberculosis 4-diphosphocytidyl-2-Cmethyl-D-erythritol synthase: potential for drug development[END_REF], unlike other nucleotide 5-phosphates (GTP, UTP, TTP, or ATP).

Due to the rapid spread of multidrug resistant TB strains against all major antituberculosis drugs, there is an urgent need for TB drugs with fewer toxic side effects and improved pharmacokinetics properties which would allow to reduce the total duration of treatment. In this scenario, a structure of the enzyme from M. tuberculosis would be desirable in order to work in structure-based drug design. We report here, the first model of CMS from M. tuberculosis, using the 3D structure of the E. coli enzyme as a template, performing homology modeling and refining it by molecular dynamics simulations. Homology modeling is a general strategy to obtain a protein structure when no crystal structure is available, and it has been applied to several protein models with interesting results, including M. tuberculosis DXP reductoisomerase, the second enzyme of the MEP pathway [START_REF] Singh | Towards Mycobacterium tuberculosis DXR inhibitor design: homology modeling and molecular dynamics simulation[END_REF]. Moreover, this methodology can suggest mutagenesis studies and useful sites for drug discovery [START_REF] Hillisch | Utility of homology models in the drug discovery process[END_REF].

Our molecular dynamics simulation is used to analyze the energetics of the whole proteinprotein interacting surface as well as the binding site of CDP-methylerythritol, identifying the role of conserved residues between the E. coli and the M. tuberculosis variants. In light with our study, electrostatic interactions could explain the higher affinity of MEP compared to CTP for binding as reported previously in the M. tuberculosis enzyme [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF]. Moreover, a fundamental difference in the metal ion coordination between the M. tuberculosis model and the E. coli enzyme is also addressed. Non-conserved regions and identified channels were also analyzed to suggest new binding sites to develop selective inhibitors.

Methods

Construction of the M. tuberculosis CMS

Homology modeling was performed using the MODELLER 8v2 program [START_REF] Eswar | Comparative protein structure modeling with MODELLER[END_REF] which is based on comparative protein structure by satisfaction of spatial restraints [START_REF] Sali | Comparative protein modelling by satisfaction of spatial restraints[END_REF][START_REF] Fiser | Modeling of loops in protein structures[END_REF]. Several X-ray structures of CMS are appropriate and can be used as 3D templates: the E. coli variant (pdb codes 1INI and 1I52 [START_REF] Richard | Structure of 4-diphosphocytidyl-2-C-methylerythritol synthetase involved in mevalonate-independent isoprenoid biosynthesis[END_REF]), the Thermotoga maritima variant (pdb code 1VPA [START_REF]Joint Center for Structural Genomics (JCSG) Crystal structure of 2-C-methyl-D-erythritol 4-phosphate cytidylyltransferase (TM1393) from Thermotoga maritima at 2.67 A resolution[END_REF]), the Thermus termophilus variant (pdb code 2PX7 [START_REF] Chen | Crystal structure of 2-C-methyl-Derythritol 4-phosphate cytidylyltransferase from Thermus thermophilus HB8[END_REF]) and other possible templates including those of the bifunctional IspDF from Campylobacter jejuni (pdb codes 1W55 and 1W57 [START_REF] Gabrielsen | Structure of the bifunctional ISPDF from Campylobacter jejuni[END_REF]), from the Listeria monocytogenes (pdb code 3F1C [START_REF] Patskovsky | Crystal structure of 2-C-methyl-D-erythritol-4-phosphate cytidiltransferase from Listeria monocytogenes[END_REF]) and those from Streptococcus pneumoniae (pdb codes 2VSH and 2VSI [START_REF] Baur | Synthesis of CDP-activated ribitol for teichoic acid precursors in Streptococcus pneumoniae[END_REF]). We selected the E. coli variant 1INI, which is the solved structure containing the CDP-methylerithritol, because this variant has been exhaustively studied in terms of mutagenesis data and reaction kinetics. The other possible templates, were considered inappropriate for presenting functional differences, less sequence identity or for not containing the complex with CDP-methylerithritol.

Fig. 1 shows the sequence alignment between the E. coli and M. tuberculosis variants, with a sequence identity of 32 % and presenting only four non-close gaps (only two in secondary structure elements). This alignment was performed using the ALIGN automatic server [37] using default parameters of scoring. A multiple sequence alignment including eight variants was examined [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF] and no important differences were found with respect to our pairwise alignment.

Moreover, we carried out a superimposition of the six possible species using the Needleman-Wunsch algorithm, including secondary structure score as appears in the Chimera software [START_REF] Pettersen | UCSF Chimera-a visualization system for exploratory research and analysis[END_REF], to determine if the election of only one of these templates would introduce some bias into the M. tuberculosis CMS homology model. As shown in Fig. 2A, the topology and 3D structures of the templates are highly similar, revealing that selecting more than one template would be a redundant work in this system. Backbone RMS deviations were 2.4 Å for 216 atom pairs between the E. coli and the Thermotoga maritima variants, 2.8 Å for 202 atom pairs between the E. coli and the Thermus thermophilus variants, 5.8 Å for 204 atom pairs between the E. coli and the Campylobaster jejuni variants, 4.5 Å for 215 atom pairs between the E. coli and the Listeria monocytogenes variants and 6.1 Å for 211 pairs between the E. coli and the Streptococcus pneumoniae variants.

It is worth noting that sequence identity among these templates ranges within 25 to 32 %. Therefore, despite the low sequence identity, the 3D structures of CMS are very well conserved among different species. M. tuberculosis CMS should not be an exception and for this reason, the sequence identity between this variant and the selected template seemed adequate to perform homology modeling, expecting to obtain also a very similar overall structure.

The MODELLER program was applied to generate thirty satisfactory models for each monomer of M. tuberculosis CMS. The model with the lowest energy and the lowest restraint violation was selected to construct the homodimeric system. The STRIDE software [START_REF] Heinig | STRIDE: a web server for seconday structure assigment from known atomic coordinates of proteins[END_REF] was used to predict secondary elements in both the E. coli and the best MODELLER model of M. tuberculosis CMS (Fig. 1). The secondary structure of the model was similar to the E. coli protein, thus confirming the quality of the homology modeling. As regards the tertiary structure, Fig. 2B shows the best M. tuberculosis model selected superimposed over the crystal structure of E. coli CMS. This figure also shows the reaction product CDPmethylerythritol, placed in both monomers of the protein and superimposed between the E. coli and the M. tuberculosis variants. This superimposition was performed using also the Needleman-Wunsch algorithm, including secondary structure score, as appears in the Chimera software [START_REF] Pettersen | UCSF Chimera-a visualization system for exploratory research and analysis[END_REF]. The tertiary structure of both proteins was also very similar, providing a good starting point from which to refine the structure by molecular dynamics. To reveal the differences among the generated models, the five MODELLER models with the best scores for each monomer of M. tuberculosis CMS were compared. The maximum backbone RMS deviation was 2.26 Å. The monomer with the best score was selected to construct the enzyme homodimer (shown in Fig. 2B) taking into account that structures with a maximum deviation of 2.26 Å should be found during an usual molecular dynamics simulation. Thus, performing different molecular dynamics with other worse scored MODELLER models was not considered to contribute to obtain substantially different M. Tuberculosis structures.

The M. tuberculosis CMS dimer was constructed by imposing the same symmetry as that of the E. coli CMS homodimer.

In the second step, hydrogen atoms were added to the structure by using the LEAP program of the AMBER-7 package [START_REF] Case | AMBER 7[END_REF].

The model was completed with the addition of two CDP-methylerythritol molecules (superimposing their position and conformation from the E. coli protein) and the two structural magnesium cations coordinated to the diphosphate fragment of CDPmethylerythritol.

The AMBER force field parameters of CDP-methylerythritol were calculated with the General Amber Force Field (GAFF) program [START_REF] Wang | Development and testing of a general amber force field[END_REF] using a charge population derived from an adjustment to electrostatic potential (RESP) implemented in the GAUSSIAN package [START_REF] Frisch | Revision A.6. Gaussian[END_REF].

Finally, a cubic box of approximately 22,000 TIP3P water molecules was added to the system. Molecular dynamics was performed in an explicit solvent model, using periodic boundary conditions within the particle mesh Ewald (PME) context [43]. The system was neutralized by adding an appropriate number of sodium counterions.

All calculations were carried out at the molecular mechanics level using the Cornell et al.

force field [START_REF] Cornell | A second generation of force fields for the simulation of proteins, nucleic acids and organic molecules[END_REF] with the AMBER-7 suite of programs [START_REF] Case | AMBER 7[END_REF].

Minimization and molecular dynamics

The M. tuberculosis CMS homodimer was energy-minimized, using the steepest descent algorithm, to remove bad contacts derived from the homology modeling and to achieve a good starting structure with which to perform molecular dynamics.

In the first step, of 1,000 iterations, only water and counterion molecules were allowed to move. In the second step, of 1,500 iterations, water, counterions and protein side chains were allowed to move. Finally 50,000 iterations were calculated with the restriction-free system up to an energy gradient lower than 1 kcal mol -1 .

The minimized structure was heated by coupling the system to a thermal bath at 300 K using Berendsen's algorithm [START_REF] Berendsen | Molecular dynamics with coupling to an external bath[END_REF] and at a constant rate of 30 K/10 ps; all atoms except water and counterions were maintained frozen. Time step was set to 2 fs and the list of nearest neighbor atoms was updated every 15 ps. A cut-off distance of 9 Å was chosen to compute non-bonded interactions and the SHAKE [START_REF] Ryckaert | Numerical integration of the cartesian equations of motion of a system with constraints: molecular dynamics of n-alkanes[END_REF] algorithm was imposed in order to constrain all bonds involving hydrogen atoms.

Once the system was heated a second step of 40 ps at constant pressure was calculated to increase the density of the system. Restrictions on solute main chains and cofactors were then relaxed gradually until the system was free. Finally, 7.6 ns of unrestrained molecular dynamics (MD) were calculated within the NVT ensemble at a constant temperature of 300 K.

Binding free energy calculation

The Molecular Mechanics Generalized Born Surface Area (MMGBSA) protocol [START_REF] Kollman | Calculating structures and free energies of complex molecules: combining molecular mechanics and continuum models[END_REF] was applied to estimate the binding free energy of CDP-methylerythritol in complex with the M. tuberculosis CMS model as well as to evaluate the energetics of the dimer interface. This protocol was used within the one-trajectory approximation, and computes the binding free energy as follows:

∆G binding = G complex -(G receptor + G ligand )
(1)

G = E MM + G Polar Solv + G Non-Polar Solv -TS (2) 
E MM = E int + E vdw + E ele (3) G Non-Polar Solv = aSASA (4)
Where E MM denotes bond, angle and dihedral force field energies, and E vdw and E ele are the van der Waals and electrostatic energies. An external dielectric constant of 80 was set to treat the system with implicit solvation. The Generalized Born methodology was applied to solve the polar contribution to solvation (G Polar Solv ), using the parameterization of Tsui and Case [START_REF] Tsui | Theory and applications of the generalized born solvation model in macromolecular simulations[END_REF].

Finally, G Non-Polar Solv is the non-polar contribution to solvation, related linearly with the solvent accessible surface area (SASA), while a takes the value of 0.0072 kcal mol -1 Å -2 .

SASA was computed by means of the Linear Combination of Pairwise Overlap (LCPO) method [49.] Entropic effects (TS) were computed through a normal mode analysis using the nmode module of AMBER-7. The Minimization step before normal mode analysis was carried out up to an energy gradient of 10 -4 kcal mol -1 . It is important to note that, due to limitations of the method, both intrinsic and based on the MD simulation [START_REF] Pearlman | Evaluating the molecular mechanics poisson-boltzmann surface area free energy method using a congeneric series of ligands to p38 MAP kinase[END_REF], the absolute numerical values of the binding free energy are not relevant for these studies, being in general larger than the experimental data [START_REF] Zang | Interpretation of the binding affinities of PTP1B inhibitors with the MM-GB/SA method and the X-Score scoring function[END_REF]. Only their relative values are important and informative, and consequently, the numerical value of the total binding free energy could not be close to the experimental data.

MMGBSA was applied to 100 equidistant snapshots extracted from the production time, except for the entropic contribution, which is computationally intensive, and therefore is usually based only on a few snapshots. For this contribution, 10 snapshots were extracted by limiting the system only to those residues located at a distance of 9 Å from the CDPmethylerythritol molecules.

Results

Assessment of the M. tuberculosis CMS model

The total energy of the system versus time was examined in order to verify the stability of the model; last 2 ns, from a total of 7.6 ns, were considered as the production time, and used to extract structural and energetic results. In addition, the average backbone RMS deviation of the full system was 4.3 Å, which can be considered as a measure of the quality and stability of the model. This value decreased to 3.9 Å not accounting the first 10 residues of both ends.

Energy and RMS convergence was achieved after more than 5 ns of molecular dynamics, due to the slow conformational changes of side chains together with the low sequence identity of the two variants. As can be seen, a long molecular dynamics is necessary to improve the initial MODELLER structure, and in general, to refine a homology model with low sequence similarity.

As regards CDP-methylerythritol, the average all-atom RMS deviation of the first CDPmethylerythritol molecule with respect to the conformation in the E. coli variant was 2.4 Å (similar results were obtained for the second CDP-methylerythritol molecule). This is also a small deviation, in agreement with a good binding site description.

As a final test of the quality of the model, four structure evaluation programs were used;

PROCHECK [START_REF] Laskowski | PROCHECK: a program to check the stereochemical quality of protein structures[END_REF], Verify-3D [START_REF] Eisenberg | VERIFY3D: assessment of protein models with three-dimensional profiles[END_REF], ProSA [START_REF] Wiederstein | ProsaWeb: interactive web service for the recognition of errors in three-dimensional structures of proteins[END_REF] and ERRAT [START_REF] Colovos | Verification of protein structures: patterns of nonbonded atomic interactions[END_REF]. The former was applied to quantify the residues in available zones of the Ramachandran plot, selecting the MODELLER model of M. tuberculosis CMS. Thus, 88.3% of residues were located in the most favored zones, 9.6% in allowed regions, 1% in generously allowed regions, and 1% in disallowed regions. Similar results were found in the E. coli template: 81.8% of residues in the most favored zones, 17.7% in allowed regions, no residues in generously allowed regions, and 0.5% of residues in disallowed regions.

Verify-3D uses a score function to assess the quality of the model. Fig. 3 shows the Verify-3D

profile for the complete homodimer, selecting the initial model and the final molecular dynamics structure; residues with a score over 0.2 should be considered reliable. Thus, 51.6%

of residues have a score over 0.2 in the initial model and 63.6% in the last molecular dynamics structure since the structure was substantially improved, specifically in the sequence 202-220. This fragment corresponds with a structure with no secondary elements in M. tuberculosis CMS (Fig. 1) and therefore difficult to model, nevertheless the subsequent molecular dynamics improved this fragment of the protein as indicated by this score.

Additionally, Fig. 4 shows the energy profiles for the MODELLER model (middle) and for the final molecular dynamics structure (bottom) using the ProSA score and compared with the experimental structure of E. coli CMS (top). This program evaluates the energy of the structure using a distance-based pair potential. Residues with negative ProSA energies confirm the reliability of the model. As can be seen, the homology model shows a similar ProSa profile with respect to the template, and additionally the molecular dynamics decreased the positive peaks of the middle zone to better compare this profile with the E. coli structure.

Finally, an overall quality factor of 50.2 % for the MODELLER structure was obtained using the ERRAT function, which is based on statistics of non-bonded interactions. This score was highly improved in the molecular dynamics structure, giving an overall quality factor of 79.3 and 86.6 % for monomer one and two, respectively. These results are very similar to the overall quality factor obtained for the E. coli template, which was 89.2 %.

Main differences before and after molecular dynamics, as indicated by these scoring functions, were found into loops of M. tuberculosis CMS. Particularly, in loops between residues 14-26, 147-152 and 202-220. Fig. 5A shows the positions of these three loops in the MODELLER structure, and Fig. 5B focuses on the short alpha helix obtained in loop 14-26 after molecular dynamics, corresponding with a short helix found in the template structure (Fig. 1). This was the most remarkable structural change of the backbone during the simulation. [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF] performed an accurate study of E. coli CMS mutants and identified invariant residues. A role in catalytic activity was suggested for these residues, and two signature motifs of CMS were found. We have used our homology model of M. tuberculosis CMS to suggest the role of some of these conserved residues. In addition, this analysis is also utilized to shed light into the experimental affinities of the MEP and CTP substrates reported by Shi et al. [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF] in M. tuberculosis CMS (Fig. 6). The MEP molecule, being smaller than CTP and maintaining therefore less contacts with the protein, has 2-fold more affinity for CMS (43 M vs. 92 M).

Role of conserved residues in M. tuberculosis CMS

Shi et al. (2007)

The similarity between CMS from different species is very high in the binding site which is adapted to high-charged substrates, such as CTP. Molecules able to interact in this zone should present a diphosphate or analogue group, nevertheless some authors described nonphosphate inhibitors to target the isoprenoid biosynthesis [START_REF] Hirsch | Nonphosphate inhibitors of IspE protein, a kinase in the nonmevalonate pathway for isoprenoid biosynthesis and a potential target for antimalarial therapy[END_REF]. An MMGBSA 'per residue' protocol [START_REF] Gohlke | Insights into protein-protein binding by binding free energy calculations and free energy decomposition for Ras-Raf and Ras-RaIGDS complexes[END_REF] was performed to identify the residues that stabilize CDP-methylerythritol. The interaction energies of residues of the whole protein was calculated with respect to the CDPmethylerythritol molecule present in the first monomer, averaged over 100 snapshots of the converged molecular dynamics. Table 1 marks the results of this analysis, showing the ΔGB TOT contribution (which includes van der Waals and electrostatic interactions, polar solvation contribution and non-polar solvation contribution) of the CMS residues that offered the main contributions to binding. Important residues of M. tuberculosis CMS were P13, A14, A15 and G16 which form an invariant motif among different CMS species, called the glycinerich loop. This cluster of residues contributes with -7.96 kcal mol -1 to the total binding (Table 1).

T86 which corresponds to similar S88 in the E. coli variant is much less important, but was postulated to sequester the CDP-methylerythritol in the E. coli enzyme [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF]. Conserved A108 interacts also weakly and similarly to the same residue in E. coli (A107) [START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF]. R110 and K219, which also play a role in dimerization, contribute with -8.30 and -2.46 kcal mol -1 , respectively (Table 1). In fact, R110 is the most critical residue for CDP-methylerythritol stabilization and its mutation in the E. coli enzyme (R109A) has been reported to cause a drastic inhibition [START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF]. Since this residue interacts with a hydroxyl of the MEP moiety of CDP-methylerythritol, we propose that R110 is in part responsible of the higher affinity of the MEP substrate (43 M) compared to CTP (92 M) reported previously in the M. tuberculosis protein [START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF]. As shown in the MMGBSA analysis of Table 1, R110 offers the most energetic stability per residue to the CDP-methylerythritol binding. Additionally, we also decomposed the CDP-methylerythritol into chemical groups and calculated the average van der Waals and electrostatic energies from the force field to shed light into the reported affinities (Fig. 6). The methylerythritol fragment had a van der Waals interaction energy of -9.14 kcal mol -1 , whereas the ribose and the pyrimidine groups showed a van der Waals interaction of -9.03 and -9.23 kcal mol -1 , respectively. Nevertheless, experimental affinities can be correlated taking into account the electrostatic interaction energy too. In this case, the amino group attached at the pyrimidine has an average electrostatic energy of -5.68 kcal mol -1 and the two hydroxyl groups of the ribose offer -12.23 kcal mol -1 , but the three hydroxyl groups of the methylerythritol maintain a much higher electrostatic interaction energy with the protein, -39.47 kcal mol -1 . All in all, although hydrophobic recognition is identified most in the moiety coming from the CTP, the much higher electrostatic energies, that can explain the different affinity of the substrates, are only focused on the hydroxyl groups of the methylerythritol fragment.

Finally, conserved T141 of the second monomer which is also involved in dimerization, interacts with -1.55 kcal mol -1 (Table 1) being also important for E. coli CMS. Thus, mutation of this residue in E. coli (T140V) was shown to highly decrease enzyme activity [START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF],

presumably by a steric effect. The result of the E. coli CMS mutation T165V [START_REF] Richard | Kinetic analysis of Escherichia coli 2-C-Methyl-D-erythritol-4-phosphate Cytidyltransferase, wild type and mutants, reveals roles of active site amino acids[END_REF] is more ambiguous. This residue (also T165 in M. tuberculosis CMS) makes a weak hydrogen bond with the methylerythritol moiety in the second monomer of our model. Nevertheless, this contact is lost in the first subunit but replaced with another hydrogen bond with R110. This could be an effect of the protein flexibility that effectively exchanges a hydrogen bond between R110 and T165. Other mutations were also important affecting the E. coli CMS activity: K27A, K27S and K213S. These two residues were postulated to affect the transition state of the reaction by a mechanism of charge stabilization. In our analysis by the MMGBSA protocol no special role for these residues (K27 and K215) in the product stabilization of M.

tuberculosis CMS was observed. We modeled a system with the reaction product and thus some residues should show different orientations with respect to the reactive or transition state structures. Another possibility is that these two residues are not effectively involved in direct interactions with CDP-methylerythritol as our model suggests. Therefore, we propose to test the effect of the K27A, K27S and K215S mutations on k cat /K m in M. tuberculosis CMS to shed some light into the role of these two residues. As regards D193, this residue makes an unfavorable contact with CDP-methylerythritol (Table 1) due to its negatively charged side chain which is in close contact with the diphosphate group of CDP-methylerythritol, but this residue is coordinated to the structural magnesium and thus the unfavourable interaction is corrected. This MMGBSA analysis does not take into account this effect. Obviously, the magnesium ion and CDP-methylerythritol make the most important contribution to the total binding free energy for the complexation process (Table 1).

To complement these results, Fig. 7 shows a visual representation of the most important hydrogen bonds between the protein and CDP-methylerythritol being similar in the E. coli variant (residues with van der Waals contacts were not shown for simplicity). The magnesium coordination is also shown. The carbonyl group of P13 forms a hydrogen bond with a hydroxyl group of the ribose moiety, the amino groups of A14, A15 and G16 form three hydrogen bonds with the carbonyl of the pyrimidine base (the former is weak) similarly as described in the E. coli variant. In our model the methyl group of T86 interacts by van der Waals forces with the pyrimidine base, the methyl of A108 interacts in the same manner with the ribose ring, the side chain of R110 interacts by electrostatic forces with the phosphate groups and with a hydroxyl of methylerythritol offering the most important contribution, the side chain of K219 also forms contacts with a hydroxyl group of methylerythritol. Finally, the methyl group of T141 of the second monomer makes a van der Waals contact with the methyl group of methylerythritol. Other residues involved in hydrogen bonds to the product are N82, T84, A109, T217, T218 from the first monomer and D140 from the second. Two strong hydrogen bonds localized in the erythritol fragment are formed with charged residues, D140 and R110, thus explaining the strong electrostatic interaction energy of the hydroxyl groups of this moiety discussed before.

The structural magnesium ion is stabilized by contacting with two oxygen atoms of the phosphate group of CDP-methylerythritol, with both side chain oxygen atoms and the carbonyl group of D193 and with the side chain hydroxyl of T84 (Fig. 7). The structural magnesium ion located in the second subunit shows a slightly different coordination in the last molecular dynamics structure. Thus, the carbonyl of D193 that makes a contact with magnesium in the first subunit is replaced by the carbonyl of T84 in the second subunit. Both carbonyl fragments of T84 and D193 show a dynamical behaviour throughout the simulation, but the same average coordination is always maintained. We suggest that D193A and T84A mutations should distort the ion coordination and affect the catalytic activity of M.

tuberculosis CMS. Interestingly, the magnesium ion is not coordinated to any residue of the protein in the crystal E.coli CMS [START_REF] Richard | Structure of 4-diphosphocytidyl-2-C-methylerythritol synthetase involved in mevalonate-independent isoprenoid biosynthesis[END_REF] so its coordination is not as tight as shown in our model of M. tuberculosis CMS. This fundamental difference may cause that the M. tuberculosis variant can accept a zinc ion (which has an ionic radius slightly larger than magnesium and so different polarizability) whereas the E. coli variant cannot [START_REF] Rohdich | Cytidine 5¢-triphosphate-dependent biosynthesis of isoprenoids: YgbP protein of Escherichia coli catalyzes the formation of 4diphosphocytidyl-2-C-methylerythritol[END_REF] and is more specific for magnesium. A fundamental difference in metal coordination between the E. coli and the M.

tuberculosis enzymes was early suggested by Eoh et al. [START_REF] Eoh | Characterization of the Mycobacterium tuberculosis 4-diphosphocytidyl-2-Cmethyl-D-erythritol synthase: potential for drug development[END_REF] based on their affinities for different metal ions. The presented model is able to suggest a structural explanation, involving D193 and T84, for these experimental data.

In order to elucidate the driving force of binding, we estimated the binding free energy of CDP-methylerythritol in complex with the protein, also including the magnesium as part of the receptor as our previous study suggested in a similar metal-coordinated cofactor [START_REF] Gohlke | Insights into protein-protein binding by binding free energy calculations and free energy decomposition for Ras-Raf and Ras-RaIGDS complexes[END_REF].

Results of this analysis are shown in Fig. 8. The hydrophobic balance upon binding (VDW+ΔGB SUR ) was approximately three-fold lower than the electrostatic balance (ELE+ΔGB). According to these results, binding seems to be driven by electrostatics forces;

this agrees with our previous MMGBSA studies carried out on similar ligands with the phosphate group [58].

Inclusion of entropy by a normal mode analysis decreased the final energy in 19.27 kcal mol - 1 , being not decisive for binding.

It is worth to remark here that the final binding free energy is unrealistic because the high electrostatic energy extracted from the force field is not well balanced by the desolvation penalty using the GB approach. Overestimated values of the binding free energy are usually found in literature [58,[START_REF] Zang | Interpretation of the binding affinities of PTP1B inhibitors with the MM-GB/SA method and the X-Score scoring function[END_REF] and for this reason MMGBSA is useful to study the relative contributions to binding but must be taken with caution when discussing absolute values.

Description of the dimerization interface by the MMGBSA protocol

An MMGBSA 'per residue' protocol [START_REF] Gohlke | Insights into protein-protein binding by binding free energy calculations and free energy decomposition for Ras-Raf and Ras-RaIGDS complexes[END_REF] was also applied to calculate the binding free energy contribution of all residues of the first monomer with respect to the whole second monomer.

In this approach, the most important residues that show the strongest energies, should contribute to the stability of the homodimer. Moreover, small molecules that could bind to these critical residues could be used to disrupt dimerization and to inhibit the protein as Shi et al., 2007 [24] suggested an active homodimer for M. tuberculosis CMS.

This methodology describes not only the interactions 'in vacuo' but also adds the solvation contribution to the final binding free energy. Fig. 9 shows the results of this analysis, plotting the ΔGB TOT contribution (which includes van der Waals and electrostatic interactions, polar solvation contribution and non-polar solvation contribution) versus each important CMS residue of the first monomer and averaged over 100 snapshots extracted from the molecular dynamics. Also included are CDP-methylerythritol and the structural magnesium. It can be seen that binding between subunits is driven by small clusters or "hot spots" that play the major role in protein-protein recognition. Eleven residues that contribute with the highest binding energies: T141, I142, D146, R161, V163, D193, A194, S195, I200, K219 and I228, were identified. All these residues are located in the middle and C-terminal regions of the protein. The first five residues are located within the extended -arm domain and contribute with the strongest interactions, while the rest are located within the globular domain. We suggest that T141A and I142A mutations should have important effects on the dimer stability of CMS. T141 also contributes to CDP-methylerythritol stabilization (as discussed before)

and therefore its mutation could disrupt the dimer formation and at the same time distort the catalytic site.

It is worth to remark that T141, A194 and S195 are conserved residues and that I142, V163, D193 are similar residues in the E. coli CMS, therefore the dimerization interface is clearly conserved. With respect to CDP-methylerythritol, it contributes slightly (3 kcal mol -1 ) to the dimer stability (Fig. 9).

Role of non-conserved residues in M. tuberculosis CMS

Seven zones where the sequence identity between M. tuberculosis CMS and the E. coli variant is substantially decreased were identified and analyzed: L21-V25 (0% identity), D47-T53 (14% identity), R62-I76 (7 % identity), A111-L117 (0 % identity), E123-136 (0% identity), V145-G153 (0% identity) and L175-Y190 (19% identity). A potential compound able to interact with these zones would be of great interest for a selective inhibition of M.

tuberculosis CMS. Some of these non-conserved zones include loops or sequences without secondary structure, and are located entirely in the globular domain except V145-G153 which is in the middle zone of the -arm domain. These zones presented high mobility during the molecular dynamics simulation, and docking procedures aimed to find molecules onto them should take into account these flexible structures. Thus, a docking procedure with induced-fit effects should be preferred.

B-factors (Fig. 10) using normal mode analysis were carried out using the elNémo server [59] corroborating the flexibility of these sequences. Interestingly, the most flexible loop was found between residues R20 and K27 that is the one implicated in catalysis in E. coli CMS, as suggested by Richard et al. [START_REF] Richard | Structure of 4-diphosphocytidyl-2-C-methylerythritol synthetase involved in mevalonate-independent isoprenoid biosynthesis[END_REF]. The fourth sequence (A111-L117) which is not flexible, is close to the catalytic site and should be a potential new site for drug development, focusing on selectivity. On the other hand, the R62-I76 sequence is enclosed in the channel 8 discussed in the next part of the manuscript, so it seems also suitable for docking studies to find selective drug candidates.

Identification of channels in M. tuberculosis CMS

The MolAxis algorithm [60] which is based on the shape theory and on the geometrical concept of the median axis was used to identify channels in the refined model of M.

tuberculosis CMS. Thus, identified channels that connect inside cavities with the outside of the protein can be used as reference sites for drug discovery. Table 2 shows 10 identified channels in the homodimer model, and the gating residues (or "bottleneck" residues) involved in these channels. Interestingly, all channels, except channels 5, 7 and 8, are composed of residues contributed by both monomers. All channels are well conserved except channels 7 and 10.

Fig. 11 shows these gating residues highlighted in the complete homodimer structure. As can be seen, gating residues of channels 6 and 10 (white and black, respectively) are close to the catalytic site, and therefore any compound that could bind to these proposed sites would probably inhibit M. tuberculosis CMS allosterically. In this line, the inset in Fig. 11 shows a detailed view of the best scored channel and its gating residues. L220 and L222 of the first monomer constitute a hydrophobic cluster, while carbonyl groups of P211 and K215 of the second monomer make a polar cluster. Interestingly, the proximity of this channel to the catalytic pocket suggests that this site is the entrance of the natural substrates of CMS. The analysis shown before in Fig. 10 also indicated that this sequence is highly rigid accounting to the fine selectivity of the enzyme for its substrates. Therefore, the gating residues of this channel could be used as a reference site to carry out a virtual screening, focused on finding new inhibitors by blockage of the CMS substrates.

Conclusions

Tuberculosis remains one of the leading infectious diseases to humans and the isoprenoid biosynthesis in M. tuberculosis has been validated as a new target pathway for the future development of specific drugs against tuberculosis. The third enzyme involved in this pathway is 2C-methyl-D-erythritol-4-phosphate cytidylyltransferase (CMS). Since no structure of this enzyme from M. tuberculosis has been yet reported, we presented a homology model refined through molecular dynamics using the resolved E. coli CMS crystal structure as template. We analyzed the quality of the model in detail, in terms of secondary and tertiary structure, as well as the energetics of the model applying different assessment programs and the MMGBSA protocol. We concluded that the reported M. tuberculosis homology model seems reliable in light of the scoring functions applied and could be used in drug design strategies. The model was further analyzed to address the role of conserved and non-conserved residues. The formers were located in the substrate binding site and in the dimerization interface, whereas non-conserved residues were localized in loops with high mobility during the simulation. Overall, our model provided the main insights: i) the most important residues for the dimer stability were conserved T141 and I142; ii) the higher affinity of the MEP substrate compared with the CTP substrate in M. tuberculosis CMS could be attributed to the hydrogen bonding with conserved R101, and to the much higher electrostatic interactions of the hydroxyl groups of the MEP moiety; iii) there is a fundamental difference in the metal binding between the M. tuberculosis model and the E. coli structure, as the metal ion was coordinated by using the residues D193 and T84 in our reported model, that were absent in the crystal structure of E. coli CMS. This finding should corroborate with the ability of M. tuberculosis CMS to support several metal ions for catalysis, whereas the E. Coli variant is more specific; iv) the identified channel with the gating residues L220, L222, K215 and R211 seems appropriate to carry out a virtual screening protocol for identifying molecules able to block the entrance of the natural substrates of the protein.

In the absence of the crystal structure of the third enzyme of the MEP pathway in the M.

tuberculosis organism, we have presented an accurate model to be used in future drug design protocols. 

Fig. 2 A)B) 38 ]Fig. 3 Fig. 4 Fig. 5 A

 238345 Fig. 2 A) Superimposition of six X-Ray structures that can be used as templates; the E. coli variant (1INI) is shown in gray, the Thermotoga maritima variant (1VPA) is shown in purple, the Thermus thermophilus variant (2PX7) is shown in cyan, the Campylobacter jejuni variant (1W55) is shown in red (note that this enzyme has a domain which cannot be used), the Listeria monocytogenes variant (3F1C) is shown in dark blue and the Streptococcus pneumoniae variant (2VSH) is shown in green. B) Superimposition between the E. coli CMS template (gray) and the best model of M. tuberculosis generated with MODELLER (orange). Superimposed CDPmethylerythritol molecules are also shown. Figures created with the Chimera software [38]
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 6781011 Fig. 6Structures of the substrates MEP and CTP showing the calculated affinities in M.tuberculosis CMS as reported in reference[START_REF] Shi | Biosynthesis of isoprenoids: characterization of a functionally active recombinant 2-C-methyl-Derythritol 4-phosphate cytidyltransferase (IspD) from Mycobacterium tuberculosis H37Rv[END_REF] 
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 ,1 IntroductionTuberculosis (TB), caused by Mycobacterium tuberculosis, remains the leading infectious disease to humans. It accounts for approximately 8 million new cases worldwide and an estimated 2 million deaths annually [1].
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 1 58. Obiol-Pardo C, Rubio-Martinez J (2008) Homology modeling of human transketolase: description of critical sites useful for drug design and study of the cofactor binding mode. MMGBSA "per residue" decomposition showing the main residues that contribute to the CDP-methylerythritol binding. Asterisk denotes for a residue of the second monomer.
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Table 2

 2 MolAxis [60] results for the homodimer of M. tuberculosis CMS, showing the ranked channels found and the bottleneck residues involved in these channels. Residues of the second monomer are marked with asterisks. Underlined residues are conserved with respect to the E. coli variant Sequence alignment between E. coli CMS (up) and M. tuberculosis CMS (down).

	Ranked Channel	"Bottleneck" Amino Acids
	1	L220, L222, P211*, K215*
	2	Q164, K143*, Q164*
	3	T141, Q164, Q164*
	4	A213, D221*
	5	K215*, T217*
	6	T217, D140*, T141*
	7	V118, V135, P211
	8	D61, T63, D64
	9	T141, P166*, K219*
	10	K219, L220, L138*
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