
 

Figure 5: Binding of the 2-fluoroacetyl-ThDP with paDXPS (PDB ID: 8A45). A: 2-fluoroacetyl-ThDP atoms are 

shown as sticks: (C, yellow; O, red; N, blue; P, orange; F, light green), residue atoms are shown as sticks (C, cyan; 

O, red; N, blue; P, orange; S, yellow). Interactions are shown as yellow dashed lines. B: Composite omit electron 

density maps of 2-fluoroacetyl-ThDP binding to paDXPS, the difference electron density map of the ligand (FO - 

FC) was contoured at 3 with phases calculated from a model that was refined in the absence of the ligand and is 

shown as a grey isomesh. Distances are given in Ångstrom. 

 

Table 2: MOI of fluoropyruvate: IC50 values calculated with varying concentration of ThDP and pyruvate (0.8–

10-fold Km) 

 

 

 

 

 

Co-crystallization of paDXPS with thiamine analogues: 

          The thiamine analogue 3-deazathiamine diphosphate is the most potent reported inhibitor of several 

ThDP-dependent enzymes22,23 and several thiamine analogues were synthesized previously in our group 

to target DXPS as inhibitors13,23. In this study, we tested some of these compounds on DXPS from P. 

aeruginosa and K. pneumoniae. IC50 values are shown in Table 3, with the most potent compound 1 

having an IC50 value of 73.7 ± 5.4 µM for kpDXPS. Subsequently, we set out to obtain an X-ray structure 

of either paDXPS or kpDXPS in complex with the thiamine analogues. We were unsuccessful to 

generate complex crystals for kpDXPS with any of the inhibitors. However, we were able to obtain a 

co-crystal structure of paDXPS with 1 by incubating paDXPS with 500 µM of 1 for 2 h on ice before 

[ThDP] (nM) fluoropyruvate IC50 (µM) 

500 72.5 ± 13 

250 72.9 ± 8 

125 71.1 ± 12 

62.5 66.3 ± 4 

31.25 80.9 ± 11 

[Pyruvate] (mM) fluoropyruvate IC50 (µM) 

1 83.7 ± 8.7 

0.5 81.2 ± 27 

0.25 79.2 ± 26 

0.125 51 ± 1.6 

0.0625 70 ± 11 

A B 
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setting up crystal plates (Fig. 6A). A dataset was collected at the SLS beamline X06SA, the structure 

was solved using molecular replacement and refined to 2.2 Å (PDB ID: 8A4D). 

 

 

Figure 6: A Binding of thiamine analogue 1 with paDXPS (PDB ID: 8A4D) (A). Interactions between thiamine 

analogue 1 and binding residues of P. aeruginosa DXPS. Thiamine analogue 1 atoms are shown as sticks: (C, 

yellow; O, red; N, blue), residue atoms are shown as sticks (C, cyan; O, red; N, blue). Interactions are shown as 

yellow, dashed lines (below 5Å). B: Composite omit electron density maps of inhibitor (1) to paDXPS, the 

difference electron density map of the ligand (FO - FC) was contoured at 3 with phases calculated from a model 

that was refined in the absence of the ligand and is shown as a grey isomesh. 

 

As expected, binding of this analogue is similar to binding of the thiamine part (pyrimidine and thiazole) 

of ThDP with the pyrimidine ring stacking against Phe395. However, the phenyl ring of the inhibitor is 

showing a slight deviation from the plane of thiazole binding seen with ThDP and the hydroxyl group 

of the ligand is pointing towards the entry site of the substrates. Interestingly, binding of this inhibitor 

excludes parts of Domain I that are involved in coordination with the diphosphate in ThDP and this loop 

is showing the same conformation as seen in the apo enzyme (Figure 4), which adds to the notion that 

this loop is stabilized by the interaction of this specific part of ThDP. 

 

 

 

 

 

 

 

 

A  B 
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Table 3: Biochemical evaluation of thiamine analogues as inhibitors of DXPS. The IC50 values on paDXPS and 

kpDXPS are shown. 

 

 

 

 

 

 

 

 

Structural analysis of apo and cofactor-bound kpDXPS 

In addition to paDXPS, we also attempted to obtain structural information on another important 

homologue of pathogenic bacteria, namely DXPS from Klebsiella pneumoniae. Similar to paDXPS, we 

chose an optimized construct, in which we replaced the flexible loop (amino acids 197–240 of complete 

sequence) with six glycine residues, for crystallization because of an expected increase in protein 

stability. Crystallization trials for a cofactor-bound version of kpDXPS were successful using the sitting-

drop vapour-diffusion method at a protein concentration of 13 mg/mL incubated together with 1 mM 

ThDP/MgCl2 and a reservoir solution consisting of 100 mM HEPES pH 7.0–7.5 and 18–28% PEG-

3000. Plate-like crystals grew to 200 µm at 18 °C in about 20 days, belonged to space group P 21 and 

diffracted to a maximum of 1.8 Å. A complete dataset was collected at SLS beamline X06SA located at 

the Swiss Light Source, and the structure was solved using molecular replacement with the published 

DXPS structure of E. coli (PDB ID: 2o1s). 

There are two protein chains in the asymmetric unit, which form the expected biological dimer known 

from other DXPS enzymes. In contrast to paDXPS, this observation could not be backed up by native 

MS measurements due to solubility issues of kpDXPS. Instead, a stable assembly of the dimer could be 

confirmed by analyzing the structure with the PISA server24, revealing a buried interface area of 8820 

Å2 and a free dissociation energy of ΔGdiss = 59.8 kcal/mol. Even though we determined a comparable 

affinity for ThDP, we can only observe convincing cofactor electron density in the B chain of kpDXPS 

(Fig. 7A). The three-dimensional shaping of the active site is similar to other homologues, with only 

one active site mutation (Ser52) towards the diphosphate-binding loop. Some crucial interactions for 

cofactor binding include ionic interactions of the pyrimidine with Gly121 and Glu336 as well as 

diphosphate coordination by Asn179 and Asn181 (Fig. 7B). 

 IC50 (µM) 

Structure paDXPS kpDXPS 

(1) 

123.7 ± 23.0 73.7 ± 5.4 

 (2) 

122.5 ± 17.6 96.8 ± 5.5 
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Figure 7: A Surface view of the kpDXPS (PDB ID: 8A9C) active site. The two kpDXPS chains are depicted in 

light blue and palegreen, ThDP is shown as sticks with color-coded atoms (C: yellow, N: blue, O: red, S: ochre, 

P: orange). The difference electron density map of ThDP (FO - FC) was contoured at 3 with phases calculated 

from a model that was refined in the absence of ThDP and is shown as a grey isomesh. B Coordination of ThDP 

in kpDXPS. Interacting residues are shown as cyan sticks with color-coded atoms (C: cyan, N: blue, O: red). 

Distances are given in Ångstrom. 

 

Intriguingly, we were unable to observe any crystals in our high-resolution crystal condition in the 

absence of ThDP addition, prompting us to search for a different condition. Crystals of apo kpDXPS 

were obtained at a considerably higher concentration than the cofactor-bound version at 47.5 mg/mL 

with a reservoir solution containing 200–400 mM MgCl2, 100 mM HEPES pH 7.5 and 14–18% PEG-

8000 and grew within 5 days at 18 °C up to 300 µm. They belong to space group C 2221, diffracted to 

about 2.1 Å and a complete dataset was collected at ESRF beamline ID23-1. Subsequently, the structure 

was solved using molecular replacement with a refined ThDP-bound kpDXPS model. 

As for the cofactor-bound structure, we found two protein chains in the asymmetric unit, which form 

the expected biological dimer. Both structures superimpose with an RMSD of 0.336 Å over 5514 atoms, 

which already suggests considerable movement between the two structures. Indeed, we observe 

significant loop rearrangement in the apo structure around the active site, as three loops are extending 

more towards a now empty pocket with mean distances around 4Å (Fig. 8A). This is an especially 

critical observation for drug discovery, as a different three-dimensional shape of the active site could 

enable an exploration of different chemical space in search for DXPS inhibitors. In addition, a loop 

belonging to domain I of DXPS (amino acids 91–124) is completely disordered in the apo structure of 

kpDXPS, leading to a more open conformation towards the other site of the substrate entrance channel 

(pale green region in Fig. 8AB). This observation is also backed up by the surface representation 
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(Fig.8B), which nicely depicts a narrower cofactor pocket and a tunnel opening up on the other side of 

ThDP due to the aforementioned disordered loop. 

 

Figure 8: A Loop rearrangement close to the active site in apo kpDXPS (PDB ID: 8A8Y). The two versions of 

kpDXPS are visualized as a cartoon representation in light blue (ThDP-bound) and light orange (apo). An N-

terminal disordered loop in apo kpDXPS (amino acids 91–124) is shown in pale green. ThDP is shown as sticks 

with color-coded atoms (C: yellow, N: blue, O: red, S: ochre, P: orange). Distances between the loops are given in 

Ångstrom. B Comparison of the surface representation of the kpDXPS active site, with the same color-coding as 

in A. Loop movement leads to a much narrower pocket in apo kpDXPS, however the missing N-terminal loop 

opens up a tunnel on the other side of the cofactor-binding site. 

Structural comparison of paDXPS and kpDXPS 

KpDXPS and paDXPS share a sequence identity of 62.5% and similarity of 84.3% (Blosum score ≥ 0). 

Predictably, the structural arrangement is also highly similar, the two structures superimpose with an 

RMSD of only 0.663 Å (4797 to 4797 atoms) when comparing both ThDP-bound crystal structures (Fig. 

9). kpDXPS is also showing the shorter B-sheet in domain I (residue 215–217) seen in paDXPS, 

however, the loops in the kpDXPS structure arrange slightly different. Moreover, kpDXPS is missing 

residues (246–248) due to lack of density, which are part of the loop connecting domains I and II and 

are also part of the so-called spoon-fork motif. The active site of kpDXPS shows an almost identical 

binding mode of ThDP and similar residues are involved in binding, except for Ser52, which is mutated 

to alanine in the paDXPS structure. This residue might be an important distinction for drug design, as 

the hydroxyl group of Ser52 adds a targetable nucleophilic moiety to the active site. Furthermore, the 

active site of kpDXPS shows exclusion of a histidine residue from the active site when compared to the 

corresponding histidine (His115) in paDXPS. His80 in kpDXPS moves out of the active site by a 

deviation of 5.5Å, showing a contact distance of 8.7Å versus 2.1Å for HIS115 in paDXPS. It is unclear 

to us whether removal of this positively charged residue from the binding site is the reason why kpDXPS 

has less affinity to ThDP and therefore shows increased inhibition by ThDP analogues in general (table 

2). Unfortunately, there is not enough density for the diphosphate-binding loop in the kpDXPS structure 

to compare with the one from paDXPS. Intriguingly, loops near the active site in kpDXPS seem to 
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undergo a different conformational change, which results in the aforementioned differences in three-

dimensional shape of the pocket (Fig. 8). 

 

 

Figure 9: Comparison of ThDP-bound kpDXPS and paDXPS. Residues shaping the active site and involved in 

binding to ThDP are highlighting differences in the active site. PaDXPS is shown in cyan, overlaid with kpDXPS 

in pink, a mutated residue in paDXPS is labeled in red (Ala to Ser52). ThDP atoms from paDXPS are shown as 

sticks: (C, yellow; O, red; N, blue; P, orange), ThDP atoms from kpDXPS are shown as sticks: (C, magenta; O, 

red; N, blue; P, orange). Residue atoms are shown as sticks (C, cyan; O, red; N, blue; P, orange; S, yellow). 

Distance change between His80 in kpDXPS and the aligned histidine in paDXPS is shown as yellow, dashed lines. 

 

Conclusions 

The structures of P. aeruginosa and K. pneumoniae DXPS alone and in complex with the cofactor ThDP 

broaden the knowledge about this important class of enzymes and provide valuable structural 

information for the development of new drugs targeting ESKAPE pathogens that may eventually be 

used to treat multidrug-resistant infections. 

From a drug-design perspective, these results open the door to different modes of DXPS inhibition. Our 

structures reveal the important role of the diphosphate moiety of ThDP in stabilizing part of the active 

site. Targeting specific residues in this loop may prevent the enzyme from binding to ThDP by not 

providing enough space for ThDP to bind, especially with the rearrangement of the loops in kpDXPS. 

In paDXPS, one strategy could be to prevent the diphosphate binding loop from closing, thereby 

preventing the enzyme from entering its active conformation. This could perhaps be achieved by using 

the pyrimidyl ring present in ThDP as a warhead and optimizing the rest of the compound to bind to the 

loop in its “open” conformation. Additionally, the binding mode of thiamine analog 1 indicates that it is 
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also possible to explore compounds that target the substrate binding channel in addition to the ThDP 

binding pocket. Following this approach, a three-headed inhibitor could perhaps be developed, which 

would likely show increased selectivity for DXPS over other ThDP-dependent enzymes due to the 

exploitation of DXPS’s unique binding-site geometry. Furthermore, we demonstrated that a non-

competitive inhibition could be achieved by blocking further interactions of ThDP-bound enzyme with 

molecules that can form direct intermediates with ThDP, therefore trapping the enzyme in this rate-

determining kinetic step and preventing subsequent interactions with the natural substrates. These 

additional DXPS X-ray crystal structures from important ESKAPE pathogens lay the foundation for 

future structure-based drug design of potent and selective small-molecule inhibitors to treat infections 

worldwide. 

Materials and methods 

Protein Expression and Purification: 

paDXPS 

The construct genes were synthesized commercially, cloned into pET28a and transformed into 

BL21(DE3) for overexpression. The transformed cells were grown in a selective LB medium 

supplemented with Kanamycin (50 mg/mL) up to an OD600 of 0.6, then induced with 1 mM isopropyl-

L-D-thiogalactoside (IPTG) and were subsequently grown at 18 °C for 16 h. The harvested cells were 

then disrupted in a microfluidizer after resuspension in washing buffer consisting of 50 mM HEPES, 

100 mM NaCl, 20 mM imidazole and 2 mM β-mercaptoethanol (100 mL buffer per 25 g of wet cell 

pellet). After centrifugation, the supernatant was loaded onto a 5 mL HisTrap HP column equilibrated 

in washing buffer. After an extensive washing step with 30 column volumes of washing buffer, the 

bound fraction was then eluted with 50 mM HEPES, 100 mM NaCl, 300 mM Imidazole and 2 mM β-

mercaptoethanol. His-tag purification was followed by size-exclusion chromatography in 20 mM 

HEPES, 200 mM NaCl and 2 mM β-mercaptoethanol. Sodium dodecyl sulfate polyacrylamide gel 

electrophoresis (SDS-PAGE) and protein mass spectrometry was used to examine the purity of protein 

purifications. 

kpDXPS 

The construct gene was synthesized commercially, cloned into pET28b+ and transformed into 

Lemo21(DE3) for overexpression. The transformed cells were grown in a selective LB medium at 37 

°C supplemented with kanamycin (50 mg/mL) and chloramphenicol (34 mg/mL) up to an OD600 of 0.9, 

then induced with 0.1 mM isopropyl-L-D-thiogalactoside (IPTG) and were subsequently grown at 18 

°C for 16 h. The harvested cells were then disrupted in a microfluidizer after resuspension in washing 

buffer consisting of 20 mM Tris pH 8.0, 200 mM NaCl, 20 mM Imidazole pH 8.0 and 5% glycerol 

(100 mL buffer per 25 g of wet cell pellet). After centrifugation, the supernatant was loaded onto a 5 

mL HisTrap HP column equilibrated in washing buffer. After an extensive washing step with 30 column 
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volumes of washing buffer, the bound fraction was then eluted with an elution buffer consisting of 20 

mM Tris pH 8.0, 200 mM NaCl, 250 mM imidazole pH 8.0 and 5% glycerol. Eluted protein was passed 

over a Hiprep 26/10 desalting column equilibrated in washing buffer to remove excess imidazole, after 

which TEV digestion was carried out by adding TEV protease in a 1:10 protein: TEV ratio and 

incubating the solution at 4°C for 16 h. The N-terminal 6x His-Tag was removed by passing the protein 

over a 5 mL HisTrap HP column and collection of the flow-through. Purification was finalized by size-

exclusion chromatography in 20 mM Tris, 200 mM NaCl, final pH 8.0 for apo kpDXPS and 10 mM 

HEPES, 200 mM NaCl, 5% glycerol, final pH 7.4 for ThDP-bound kpDXPS. Sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) and protein mass spectrometry were used to examine 

the purity of protein purifications. 

Crystallization 

paDXPS 

Crystallization trials were carried out with a protein solution containing 15 mg/mL paDXPS in storage 

buffer using commercially available screens from NeXtalbiotech. Complex structures were obtained 

after incubating paDXPS under the specific conditions mentioned in the respective sections. In every 

case, crystals were grown in hanging drops with a reservoir solution consisting of 100 mM HEPES, 12% 

PEG-8000 and 200 mM calcium acetate. Plates were observed every three days and optimization of the 

identified conditions was carried out. 32% Glycerol was added as a cryo-protectant before the crystals 

were mounted in a cryo-loop and stored in liquid nitrogen until data collection. 

kpDXPS 

Crystallization trials were carried out with a protein solution containing 12.5 mg/mL kpDXPS (complex) 

and 47.5 mg/mL kpDXPS (apo) in the respective storage buffer using commercially available screens 

from NeXtalbiotech. Complex structures of kpDXPS were obtained by addition of 1 mM ThDP/MgCl2 

and incubating the solution for 4 h on ice before setting up the crystallization plates. For the protein 

complex, crystals were grown in sitting-drop optimization plates at 18 °C with a reservoir solution 

consisting of 100 mM HEPES pH 7.0–7.5 and 18–28% PEG-3000. For the apo version, crystals were 

grown in hanging-drop optimization plates at 18 °C with a reservoir solution consisting of 200–400 mM 

MgCl2, 100 mM HEPES pH 7.5 and 14-18% PEG-8000. In both cases, 15% 2R,3R-butanediol was 

added as a cryoprotectant before the crystals were mounted in a cryoloop and stored in liquid nitrogen 

until data collection. 

Data collection and refinement: 

X-ray diffraction data for paDXPS structures were collected at the Swiss Light Source located at the 

Paul Scherrer Institute in Switzerland. Specific information about each beamline can be found in the 

specific sections, all data collection and refinement statistics can be found in Table S2. Data reduction 

and scaling were done using AIMLESS25 in CCP4i 26. Structures were solved using molecular 
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replacement using the program Phaser.MR 27 in Phenix software 28. Repetitive cycles of refinement were 

done in COOT29 and Phenix.refine30 to obtain final structures (table S1 and 2). Structures were validated 

using the Molprobity server 31 and all figures were rendered using PyMoL32. 

Kinetics and inhibition assays: 

To measure DXPS activity and kinetic parameters, a coupled spectrophotometric enzyme assay was 

adapted from the assay protocol as described by Altincicek et al.8. For inhibition studies, a reaction 

mixture A (100mM HEPES pH 7.5, 100mM NaCl, 400nM ThDP, 1mM MgCl2, 0.5µM NAPDH, 1µM 

IspC and 0.2µM paDXPS) was pre-incubated with different concentrations of inhibitor for 5 min at 37 

°C in 10% DMSO, the reaction was then started by adding mixture B (100mM HEPES pH 7.5, 100mM 

NaCl, 2mM DL-glyceraldehyde-3-phosphate and 2mM pyruvate). 
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