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Isoprenoids are found in all living organisms and include metabolites that are essential for life. They are biosynthesised according to the methylerythritol phosphate (MEP) pathway in most bacteria, including pathogenic like M. tuberculosis (responsible for tuberculosis) and opportunistic like K. pneumoniae, A. baumannii, P. aeruginosa (responsible for several hospital-acquired infections), in the malaria parasite Plasmodium falciparum and in plant chloroplasts. [1] As humans utilize exclusively the well-known mevalonate pathway for the production of these crucial molecules, [2] targeting the MEP pathway was proposed as an attractive strategy in the search for new antimicrobial agents. [3][4][5][6] Indeed, bacteria that are multiresistant against currently available antibiotics are emerging worldwide, hence the urgency to bring new compounds in the pipeline. In February 2017, WHO published a list of prioritization of bacteria to guide Research and Development of new antibiotics. [START_REF]Prioritization of pathogens to guide discovery, research and development of new antibiotics for drug resistant bacterial infections, including tuberculosis[END_REF] Interestingly, almost all the bacteria classified as critical or high priority rely on the MEP pathway.

In the last step of this biosynthetic route, IspH (also called LytB) converts (E)-4-hydroxy-3methylbut-2-en-1-yl diphosphate (HMBPP, 1) into a mixture of isopentenyl diphosphate (IPP, 2) and dimethylallyl diphosphate (DMAPP, 3), the two building blocks for all isoprenoids. IspH catalyses this reductive dehydroxylation by using an oxygen sensitive [4Fe-4S]2+ cluster. Mössbauer spectroscopy [START_REF] Seemann | [END_REF]9] and more recently Nuclear Resonance Vibrational Spectroscopy experiments revealed that the [4Fe-4S]2+ cluster of substrate-free IspH is peculiar as one of its four iron sites is in an octahedral coordination geometry, with three inorganic sulfur atoms of the iron sulfur cluster and three water molecules as ligands. [10] This unusual coordination with labile ligands is at the origin of the instability of IspH [4Fe-4S] cluster. It is now well established that the first step in the IspH mechanism is the binding of the OH group of the substrate to this apical iron [START_REF] Gräwert | Proc. Natl. Acad. Sci[END_REF][START_REF] Ahrens-Botzong | [END_REF] accompanied by the release of water molecules. [10] The IspH structure in complex with HMBPP showed that the OH group not only binds the apical iron but is also involved in a series of hydrogen bonds involving T167, E126, a water molecule and a phosphate of the substrate. [START_REF] Gräwert | Proc. Natl. Acad. Sci[END_REF] Next steps of the mechanism consisting in the removal of a hydroxyl group, transfer of two electrons from the reduced [4Fe-4S]1+ cluster, and protonation of an anionic allylic intermediate are still under discussion (Scheme 1). It was proposed that after reduction of the first bioinorganic complex (Scheme 1), the OH group of the substrate undergoes a rotation by almost 180° to interact with E126 leading to a complex. [13][14][15]. The role of E126 in catalysis is supported by the fact that E126D and E126Q IspH mutants were shown to be inactive. It is unclear if T167 is involved in this rotation as Span and co-workers reported that the T167C IspH mutant retains moderate activity. [14] Intensive EPR/ENDOR investigations resulted in the characterization of an intermediate displaying spectroscopic properties similar to the [4Fe-4S]3+ cluster found in ferredoxin:thioredoxin reductase and was proposed to be a η3-allyl ( complex [16,17] that forms after water elimination, supporting earlier evidence for the formation of a bioorganometallic intermediate based on RX crystallography. [START_REF] Gräwert | Proc. Natl. Acad. Sci[END_REF] Subsequent reduction of the paramagnetic η3-allyl ( complex followed by protonation at the si face of C-2 will yield IPP 2 while protonation at C-4 will yield DMAPP 3. [18] Scheme 1. Mechanism proposed for the IspH/LytB catalysed reaction.

The above reduction/water elimination steps were investigated by EPR/ENDOR spectroscopy using E. coli and A. aeolicus IspH [16,17,19] reduced with dithionite, or by crystallography. [START_REF] Gräwert | Proc. Natl. Acad. Sci[END_REF]14] An alternative conformation of the substrate with the OH group rotated and not oriented towards the Fe/S center was observed in some mutants of IspH ([3Fe-4S] form) in complex with the substrate. [14] A similar alternative conformation of (E)-4amino-3-methylbut-2-en-1-yl diphosphate (AMBPP), a HMBPP analogue in which the OH group was replaced by an amino group, was also reported in a IspH:AMBPP complex structure (PDB ID: 4H4D).[20] However this conformation could not be observed in another independently reported structure of this complex (PDB ID: 3ZGL) in which the occupancy of the [4Fe-4S] was verified to be 100%. [21] IspH contains a very oxygen sensitive [4Fe-4S] center that can dissociate (loss of the apical iron) during the crystallization process. Therefore, it cannot be excluded that the alternative conformation observed in some X-ray structures was due to the loss of this iron. Some indirect evidence for the rotation step was also provided by Dickschat and co-workers after feeding of several deuterated isotopologues of 1-deoxy-D-xylulose to S. avermitilis followed by the analysis of deuterium contained in pentalenene, [15] a sesquiterpene produced by streptomycetes. However, it is still unclear whether this rotation occurs in bacteria other than S. avermitilis as its direct validation on any IspH enzyme was not reported.

Here, we propose to provide strong evidence for this critical rotation step by incubating E. coli IspH enzyme in the presence of the natural biological reduction system NADPH/flavodoxine reductase/flavodoxine [22] used by most bacteria including E. coli to continuously supply IspH with reducing equivalents for the reductive dihydroxylation, and either (S)- The route to the [4-2H1]HMBPP enantiomers is outlined in Scheme 2 and was developed based on our previous synthesis of HMBPP [23] and of racemic [4-2H1]HMBPP, [24] except for the steps introducing the deuterium into the desired configuration.

Briefly, (E)-(S)-[4-2H1]HMBPP 4 and (E)-(R)-[4-2H1

]HMBPP 5 were synthesized starting from ethyl (E)-4-hydroxy-2-methylbut-2-enoate 6 obtained as described in [23] but starting from ethyl 2-bromopropionate (Scheme S1 and S2). Subsequent chlorination of 6 with thionyl chloride and triethylamine in CH2Cl2 afforded 7 (47% yield). [25] Reduction of ester 7 with diisobutylaluminum deuteride in toluene led to (E)-[1,1-2H2]-4-chloro-2-methylbut-2-en-1-ol 8 that was not isolated and directly oxidised with Dess Martin periodinane [26] yielding aldehyde 9 (88% yield for the two steps). The key step in our synthesis of (S)-[4-2H1]HMBPP 4 was a selective reduction of aldehyde 9 with (R)-Alpine borane [27] providing (S)-[1-2H1]-4chloro-2-methylbut-2-en-1-ol 10 (yield 88%). [28] The enantiomeric excess of 10 was about 92%, as determined after esterification with (R)-MTPCl followed by 1H NMR analysis of the two resulting diastereoisomers. (S)-[4-2H1]HMBPP 4 was further obtained from the chiral alcohol 10 by treatment with tris(tetra-n-butylammonium) hydrogen as described by Poulter and co-workers. [24] Similarly, (R)-[4-2H1]HMBPP 5 was obtained after reduction of aldehyde 9 with (S)-Alpine borane yielding (R)-[1-2H1]-4-chloro-2-methylbut-2-en-1-ol 11, 90% ee) followed by phosphorylation.

Scheme 2. Synthesis of (S)-[4-2H1]HMBPP 4 and (R)-[4-2H1]HMBPP 5.

(i) SOCl2, NEt3, CH2Cl2, 0°C to RT, (ii) DIBAL-D, THF, -78°C to RT, (iii) Dess Martin periodinane, CH2Cl2, 0°C to RT, (iv) (R)-Alpine borane, THF, (iv') (S)-Alpine borane, THF, (v) (n-Bu4N)3HP2O7, CH3CN. E. coli IspH was produced, purified under anaerobic conditions and characterized as described previously. [21,29] The UV/visible spectrum, the iron and sulfur content and the activity (750 nmol min-1.mg-1) were in agreement with previously reported data [START_REF] Seemann | [END_REF]21,29] confirming that the [4Fe-4S] cluster was intact.

To further explore the rotation step in the IspH mechanism, the fate of the deuterium on C-4 of stereospecific labeled HMBPP was monitored using an IspH assay performed under anaerobic conditions in the presence of the biological reduction system. In the hypothesis a rotation would occur, (S)- (S)-[4-2H1]HMBPP 4 was incubated anaerobically with recombinant E. coli IspH in the presence of NADPH, flavodoxine reductase, flavodoxine and the course of the reaction was followed by monitoring the decrease of absorbance of NADPH at 340 nm (Fig. S1). Once the reaction was completed and the enzyme removed, the mixture containing both products was directly analyzed by 2H-NMR spectroscopy. The spectrum displayed a peak at = 1.73 ppm corresponding to the deuterium on the C-4 of [4-2H1]DMAPP 3a (Fig. S2a).The peak corresponding to [4-2H1]IPP could however not be clearly observed as it was under the residual HOD solvent peak After solvent exchange to D2O, the 1H-NMR spectrum of the incubation mixture was recorded and exhibited the predominant signal of the CH3 group of IPP ( = 1.78), that according to its integration was about 7 times more intense than the (Z)-CH3 of DMAPP ( = 1.73) which is in agreement with the IPP/DMAPP ratio reported in former assays. [30,31] The presence of a deuterium atom on C-4 of DMAPP was further confirmed by the presence of a signal at =1.75 that corresponds to the two protons of (E)-CH2D of DMAPP. However, the C-4 proton of the resulting [4-2H1]IPP was not directly observable on the 1H-NMR spectrum as it was under the HOD peak. Therefore, in order to determine the configuration of the double bound of [4-2H1]IPP formed in the incubation of (S)-[4-2H1]HMBPP 4 with IspH, a more complete NMR investigation was needed.

The 1H-13C HSQC spectrum of the previous incubation revealed a triplet at 114.1 ppm that correlates with a proton at 4.84 ppm confirming the presence of a deuterium on the C-4 of [4-2H1]IPP (Fig. 1a). It also showed a triplet at 27.54 ppm with a correlation with a proton at 1.75 ppm confirming the formation of [4-2H1]DMAPP (Fig. S3). The exact position of the deuterium of [4-2H1]IPP was further investigated using NOESY correlations (Fig. 1b). The methyl protons (1.75 ppm) and C-1 protons (4,07 ppm) on one hand, the methylene proton at C-2 (2.40 ppm) and the vinyl proton at C-4 (4.84 ppm) on the other hand, showed positive cross peaks revealing the formation of (E)-[4-2H1]IPP 2a. The position of the deuterium in the trans position in [4-2H1]IPP was further confirmed on the HSQC-HECADE spectra (Fig. 1c) that exhibited a large heteronuclear coupling constant between H-4 (4.84ppm) and CH3 (24.5 ppm, 3J (C,H) =11.48Hz) confirming that H-4 and the methyl group are in trans position, and a smaller heteronuclear coupling constant between H-4 and C-2 (40.71 ppm, 3J (C,H= 5.9Hz) indicating that H-4 and C-2 are in cis position. [32] In a second experiment, (R)-[4-2H1]HMBPP 5 was incubated with IspH and the products of the reaction were similarly analyzed by NMR spectroscopy as for the other enantiomer. The resulting 1H-NMR spectrum was almost identical to the spectrum obtained when (S)-[4-2H1]HMBPP 4 was incubated with IspH indicating the formation of [4-2H1]DMAPP 3a and a IPP/DMAPP ratio of about 7. The 1H-13C HSQC spectrum showed a triplet at 27.61 ppm with a correlation with a proton at 1.75 ppm confirming the formation of [4-2H1]DMAPP 3a The formation of [4-2H1]IPP was confirmed on the HSQC spectrum by the presence of a triplet at 114.1 ppm that correlates with a proton at 4.86 ppm (Fig. 1d). No crosspeak between H-4 (4.86 ppm) and H-2 (2.40 ppm) were present on the NOESY spectrum whereas correlations were clearly observed between H-4 (4.86 ppm) and methyl protons (1.78 ppm) indicating the formation of (Z)-[4-2H1]IPP. Furthermore, the HSQC-HECADE spectrum displayed a heteronuclear coupling constant of 6.5Hz between H-4 (4.86 ppm) and CH3 (24.56 ppm) confirming that this two moieties are in cis position and hence that (Z)-[4-2H1]IPP was formed. [32] No crosspeak was observed between H-4 and C-2 even if this constant is expected to be around 10.5Hz. Most probably the TOCSY transfer between H-4 and H-2 is not efficient making the observation of the 3J (H-4, C-2) not possible. A careful inspection of the 1H-RMN spectrum of the reaction mixture revealed also that the methyl of IPP (1.78 ppm) appears as a doublet with a coupling constant of about 1.3Hz and may represent a W coupling between the methyl and the C-4 proton in (Z)-[4-2H1]IPP. A W coupling between the methyl and the C-4 proton would not occur in (E)-[4-2H1]IPP. IPP providing strong evidence that the mechanism catalyzed by IspH involves a rotation of the CH2OH of HMBPP. Our enzymatic approach confirms the results obtained previously either indirectly using EPR or crystallography, or on S. avermitilis after feeding of deuterated isotopologues of 1-deoxy-D-xylulose. The parameters that drive this rotation are still a matter of debate. However, upon reduction, the apical iron might become softer leading to the exchange of the OH ligand for the softer alkene base allowing the OH group to rotate toward E126. Comparison of several structures of synthetic analogues of [4Fe-4S] clusters revealed that the [4Fe-4S]+ core has increased plasticity compared to the [4Fe-4S]2+ core and hence can adopt different distortions depending of its environment. [START_REF] Venkateswara Rao | Phosphate Pathway: Enzymatic Evidence for a Rotation in the LytB/IspH Catalyzed Reaction[END_REF] Therefore, it cannot be excluded that upon reduction, the [4Fe-4S] cluster might undergo a conformational change that could trigger this ligand exchange. Our investigation can be used more generally to investigate this rotation step in E coli and in other bacteria including pathogens and might give rise to novel strategies to fight infectious diseases.

Experimental Section

Experimental details are given in supporting information.

  [4-2H1]HMBPP 4 or (R)-[4-2H1]HMBPP 5 as substrate. The configuration of the resulting [4-2H1]IPP product should clearly demonstrate if a rotation occurs in the IspH mechanism.
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 4 Scheme 3. Fate of (S)-[4-2H1]HMBPP 4 in the hypothesis IspH mechanism involves a rotation step. The scheme for the conversion of 5 to 2b and 3a is given in SI.

Figure 1 .

 1 Figure 1. NMR spectra of the incubation of (S)-[4-2H1]HMBPP 4 (a) 1H-13C HSQC b) NOESY c) 1H-13C HSQC HECADE) or (R)-[4-2H1]HMBPP 5 (d) 1H-13C HSQC e) NOESY f) 1H-13C HSQC HECADE) with IspH. In summary, IspH converts (S)-[4-2H1]HMBPP 4 into (E)-[4-2H1]IPP 2a, and (R)-[4-2H1]HMBPP 5 into (Z)-[4-2H1]IPP providing strong evidence that the mechanism catalyzed by IspH involves a rotation of the CH2OH of HMBPP. Our enzymatic approach confirms the results obtained previously either indirectly using EPR or crystallography, or on S. avermitilis after feeding of deuterated isotopologues of 1-deoxy-D-xylulose. The parameters that drive this rotation are still a matter of debate. However, upon reduction, the apical iron might become softer leading to the exchange of the OH ligand for the softer alkene base allowing the OH group to rotate toward E126. Comparison of several structures of synthetic analogues of [4Fe-4S] clusters revealed that the [4Fe-4S]+ core has increased plasticity compared to the [4Fe-4S]2+ core and hence can adopt different distortions depending of its environment.[START_REF] Venkateswara Rao | Phosphate Pathway: Enzymatic Evidence for a Rotation in the LytB/IspH Catalyzed Reaction[END_REF] Therefore, it cannot be excluded that upon reduction, the [4Fe-4S] cluster might undergo a conformational change that could trigger this ligand exchange. Our investigation can be used more generally to investigate this rotation step in E coli and in other bacteria including pathogens and might give rise to novel strategies to fight infectious diseases.
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