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Conspectus

Antibiotics are the cornerstone of modern healthcare. The 20th century discovery of sulfonamides 

and β-lactam antibiotics altered human society immensely. Simple bacterial infections were no 

longer a leading cause of morbidity and mortality, and antibiotic prophylaxis greatly reduced the 

risk of infection from surgery. The current healthcare system requires effective antibiotics to 

function. However, antibiotic-resistant infections are becoming increasingly prevalent, threatening 

the emergence of a post-antibiotic era. To prevent this public health crisis, antibiotics with novel 

modes of action are needed. Currently available antibiotics target just a few cellular processes to 

exert their activity: DNA, RNA, protein, and cell wall biosynthesis. Bacterial central metabolism is 

underexploited offering a wealth of potential new targets that can be pursued toward expanding the 

armamentarium against microbial infections.

Discovered in 1997 as the first enzyme in the methylerythritol phosphate (MEP) pathway, 1-

deoxy-D-xylulose 5-phosphate (DXP) synthase is a thiamin diphosphate (ThDP)-dependent 

enzyme that catalyzes the decarboxylative condensation of pyruvate and D-glyceraldehyde 3-

phosphate (D-GAP) to form DXP. This five-carbon metabolite feeds into three separate, essential 

pathways for bacterial central metabolism: ThDP synthesis, pyridoxal phosphate (PLP) synthesis, 

and the MEP pathway for isoprenoid synthesis. While it has long been identified as a target for the 

development of antimicrobial agents, limited progress has been made towards developing selective 

inhibitors of the enzyme.

This Account highlights advances from our lab over the past decade to understand this important 

and unique enzyme. Unlike all other known ThDP-dependent enzymes, DXP synthase uses a 

random sequential mechanism which requires the formation of a ternary complex prior to 

decarboxylation of the lactyl-ThDP intermediate. Its large active site accommodates a variety of 

acceptor substrates lending itself to a number of alternative activities, such as the production of α-

hydroxy ketones, hydroxamates, amides, acetolactate, and peracetate. Knowledge gained from 

mechanistic and substrate-specificity studies has guided the development of selective inhibitors 

with antibacterial activity and provides a biochemical foundation toward understanding DXP 

synthase function in bacterial cells. Although a promising drug target, the centrality of DXP 

synthase in bacterial metabolism imparts specific challenges to assessing antibacterial activity of 

DXP synthase inhibitors, and the susceptibility of most bacteria to current DXP synthase 
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inhibitors is remarkably culture-medium-dependent. Despite these challenges, the study of DXP 

synthase is poised to reveal the role of DXP synthase in bacterial metabolic adaptability during 

infection ultimately providing a more complete picture of how inhibiting this crucial enzyme can 

be used to develop novel antibiotics.

Graphical Abstract

Discovery of DXP and DXP Synthase

The metabolite 1-deoxy-D-xylulose 5-phosphate (DXP) was discovered more than 15 years 

before the identification of DXP synthase (DXPS), the enzyme that catalyzes its formation 

from D-glyceraldehyde 3-phosphate (D-GAP) and pyruvate. In 1981, David and coworkers 

showed that the thiazole moiety of the essential cofactor thiamin diphosphate (ThDP) is 

derived from DXP in Escherichia coli.1 Eight years later, Hill et al. demonstrated DXP 

incorporation into the cofactor pyridoxal phosphate (PLP) in E. coli,2 indicating a critical 

role of DXP in bacterial primary metabolism (Scheme 1).

From the discovery and characterization of the mevalonate pathway in the early 1960s until 

the early 1990s, it was assumed that this pathway3 was the sole source of the five carbon 

isoprenoid precursors, isopentenyl diphosphate (IDP) and dimethylallyl diphosphate 

(DMADP), in all living things. However, the non-mevalonate metabolite DXP was 

ultimately shown to be a precursor for isoprenoid biosynthesis in bacteria4,5, plants6 and 

apicomplexan parasites7 (Scheme 1). Isotopic labeling studies in bacteria suggested an 

orthogonal isoprenoid pathway originating from the glycolytic metabolites D-GAP and 

pyruvate.5,8 Equipped with this knowledge and the sequenced E. coli genome, multiple 

groups sought to identify a ThDP-dependent enzyme capable of catalyzing decarboxylative 

carboligation to produce DXP from D-GAP and pyruvate. These efforts uncovered DXPS, 

which shares sequence identity with ThDP-dependent enzymes transketolase (TK) and the 

pyruvate dehydrogenase E1 subunit (PDH), as is predicted by its requisite chemistry.9,10 The 

discovery of DXPS set the stage to elucidate the entire MEP pathway, with all seven 

enzymes identified in just four years. This pathway, beginning with the rate-limiting 

DXPS11,12, operates in most pathogenic bacteria, apicomplexan parasites, and the plastid of 

plant cells where it produces the essential isoprenoid precursors IDP and DMADP. As a 

precursor to ThDP, PLP, and isoprenoids, DXP is crucial for a great number of essential 

cellular processes, including the pentose phosphate pathway, the Krebs cycle, and amino 

acid and cell wall biosyntheses. Our studies of DXPS mechanism and function point to this 
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unique enzyme as a key player in bacterial pathogen metabolism and promising target in the 

development of new antimicrobial strategies.13

DXP Synthase is Structurally and Mechanistically Unique Amongst ThDP 

Enzymes

DXPS catalyzes DXP formation via C2α-lactylthiamin diphosphate (LThDP) that is formed 

upon pyruvate binding and undergoes D-GAP-induced decarboxylation to produce the 

enamine. Subsequent carboligation with D-GAP leads to DXP (Scheme 2). Early studies 

conducted by Eubanks and Poulter14 provided the first evidence that DXPS could be 

mechanistically unique among ThDP-dependent enzymes. Their key finding from CO2 

trapping experiments suggested that D-GAP binding accelerates CO2 release from the 

enzyme through formation of a ternary complex of enzyme, LThDP, and D-GAP (E-LThDP-

GAP). This mechanism distinguishes DXPS from most ThDP-dependent enzymes that 

follow a classical ping-pong kinetic mechanism, in which CO2 release occurs in the absence 

of the second substrate. The ordered mechanism proposed by Eubanks and Poulter did not 

go unchallenged. In 2010, Matsue et al.15 proposed a ping-pong mechanism based on steady 

state kinetics alone. In the same year, single molecule force spectroscopy studies suggested 

enhanced binding of immobilized D-GAP to DXPS in the presence of pyruvate, which the 

authors suggested was supportive of the ordered mechanism proposed by Eubanks and 

Poulter.16 Our mechanistic studies have delved deeper to understand the D-GAP-dependent 

acceleration of CO2 release, toward establishing targetable features of this potential 

antimicrobial target (Scheme 2, Decarboxylation). We elucidated a random sequential 

preferred-order mechanism in which pyruvate and D-GAP each bind to free enzyme, with the 

E-pyruvate complex displaying higher affinity compared to E-GAP, en route to the E-

LThDP-GAP ternary complex.17,18 Recent studies by Merkler19,20 further support a random 

sequential mechanism of DXPS from Plasmodium falciparum and Deinococcus radiodurans.

DXPS also differs structurally from other ThDP-dependent enzymes. It possesses a unique 

domain arrangement with the active site at the interface of two domains of the same 

monomer, in contrast to TK and PDH active sites which reside at the dimer interface.21 

Further, the DXPS active site is approximately twice as large as TK or PDH active sites.22 

These unique features permit DXPS to accept a broad range of acceptor substrates.

The unique random sequential mechanism coupled with the observation that D-GAP 

accelerates CO2 release raised an intriguing mechanistic question: Is D-GAP required for 

formation of the pre-decarboxylation intermediate, LThDP (Scheme 2), or does D-GAP 

induce LThDP decarboxylation? To answer this question, in collaboration with the Jordan 

lab at Rutgers University, we interrogated the early steps of the reaction coordinate using 

circular dichroism (CD)23 and NMR24.25 From these studies, two remarkable findings 

emerged: 1) LThDP is formed in a rate-limiting step and is stabilized on DXPS, and 2) 

LThDP undergoes rapid decarboxylation upon addition of D-GAP.25 These findings starkly 

contrast other ThDP-dependent enzymes that utilize classical ping-pong kinetics, as binding 

of the second substrate, D-GAP, occurs prior to the release of the first product, CO2. Thus, 
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the reaction proceeds through a unique E-LThDP-GAP ternary complex, a targetable form of 

this bacterial ThDP-dependent enzyme.

The finding that D-GAP is a trigger of decarboxylation prompted investigation of the DXPS 

active site using two variants in which arginine is substituted with alanine (R420A and 

R478A, Figure 1), to study the two putative roles of D-GAP, as a trigger for LThDP 

decarboxylation and as an acceptor substrate in the subsequent carboligation. R420 and 

R478 form a cationic pocket near the active site entrance, providing a binding site for the 

phosphoryl group of D-GAP. Both R420A and R478A DXPS variants display greatly 

reduced affinity for D-GAP in DXP formation (i.e. increased Km
D-GAP), whereas both 

variants display affinity for pyruvate that is comparable to wild type. Despite the decreased 

affinity for D-GAP in DXP formation, D-GAP-induced LThDP decarboxylation (upstream of 

carboligation) occurs on these variants at rates comparable to wild type. Consistent with 

these findings, D-glyceraldehyde displays low affinity for carboligation18,26 on wild type 

DXPS, yet was also shown to induce LThDP decarboxylation at rates comparable to D-GAP-

induced decarboxylation. These results distinguish the enzyme-GAP interactions that are 

important in the two roles of D-GAP on DXPS, indicating that the interaction of the D-GAP 

phosphoryl group with R420 and R478 is important during carboligation in the later steps of 

DXP formation, but is not required for its role to promote decarboxylation of LThDP on 

DXPS. The same study revealed the importance of Y392 (Figure 1) for D-GAP binding; 

however, Y392 is not crucial for D-GAP-induced decarboxylation or LThDP stabilization, as 

predicted by studies of the analogous residue on PDH.27 This highlights yet another distinct 

catalytic feature of DXPS. These findings, especially the requirement for R420 and R478 to 

anchor D-GAP for carboligation, give valuable insights for inhibitor design, detailed below.

Conformational Flexibility of DXP Synthase

CD, fluorescence spectroscopy, and hydrogen – deuterium exchange mass spectrometry 

(HDX-MS) analyses have revealed conformational flexibility of DXPS in the absence of 

ligands, as well as conformational changes accompanying LThDP formation and 

decarboxylation, further distinguishing DXPS in ThDP-dependent enzymology. Hints of a 

conformational change upon D-GAP binding are evident by CD18,25 and fluorescence 

binding experiments.18–20 Stopped-flow CD analysis of D-GAP-induced LThDP 

decarboxylation on DXPS reveals a 20 – 30 msec delay between D-GAP addition and the 

exponential decrease in LThDP,18,25 possibly arising from a conformational change 

reorienting LThDP for decarboxylation. Additional evidence of D-GAP-induced 

conformational change comes from tryptophan fluorescence experiments performed by us 

on E. coli DXPS18, and by the Merkler lab where titration of D. radiodurans DXPS with D-

GAP resulted in a Stokes shift of tryptophan fluorescence, indicating local environmental 

tryptophan changes upon D-GAP binding.19

In collaboration with the Jordan lab, we have gained deeper insights into DXPS 

conformational dynamics using HDX-MS.28 There are three mobile peptide regions near the 

active site that display interesting ligand-dependent HDX kinetics. The conformational 

diversity of DXPS in the absence of ligands is intriguing; whether this underlies alternative 

functions29,30 is unknown. Conformational changes upon substrate binding consistent with 
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CD analyses are evident from HDX-MS. The pyruvate mimic methylacetylphosphonate 

(MAP) induces a closed conformation, while D-GAP or DXP induces an open conformation. 

Together these results suggest that as DXPS binds pyruvate and converts it to LThDP, the 

enzyme adopts a closed conformation to stabilize the LThDP intermediate. D-GAP binding 

then induces an open conformation leading to LThDP decarboxylation and following 

subsequent carboligation, product is released. Each conformation DXPS adopts along its 

reaction coordinate is potentially targetable.

Alternative Activities of DXP Synthase

Substrate-specificity and mechanistic studies have exposed remarkable flexibility of DXPS 

for alternative acceptor substrates and uncovered alternative activities that, collectively, 

provide critical insights for inhibitor design, and raise interesting questions about potential 

alternative functions of DXPS in bacterial cells. Early substrate-specificity studies were 

pursued to define active site binding determinants to guide inhibitor design. Our lab 

demonstrated that D-glyceraldehyde, lacking a phosphoryl group, is an alternative acceptor 

substrate, producing 1-deoxy D-xylulose (DX) in the absence of D-GAP.26 Straight-chain 

aliphatic aldehydes up to 6 carbons in length were also shown to be substrates.26 α-

Branched aldehydes are not accepted, while β-branched aldehydes show modest turnover. 

Additionally, a second molecule of pyruvate can act as acceptor substrate to give acetolactate 

(Scheme 3).

We expanded the substrate scope by testing aromatic aldehydes and nitroso aldehyde 

isosteres.22 Only electron-deficient aromatic aldehydes serve as acceptor substrates with 2-

hydroxy-4,6-dinitrobenzaldehyde having the highest turnover efficiency (kcat/Km = 11 M−1s
−1) of those tested. As more reactive isosteres of aldehydes, aromatic nitroso compounds 

proved to be better chemical tools to probe the DXPS active site through substrate-

specificity analysis. Sterically demanding nitroso analogs display reasonable turnover 

efficiencies with Km values comparable to D-GAP, despite significant structural differences. 

Interestingly, nitroso alternative substrates are poor inhibitors of DXP formation (Scheme 3). 

In contrast to D-GAP, nitroso substrate binding is not impaired on R420A and R478A DXPS 

variants, suggesting that the nitroso acceptor substrates adopt distinct binding modes from D-

GAP. Accordingly, active site volume calculations suggest DXPS has ample space to 

accommodate the nitroso substrates without interfering with D-GAP binding. In contrast, 

large acceptor substrates are not readily accommodated by PDH with its significantly 

smaller active site. Taken together, these results suggested a potential strategy to selectively 

target the large DXPS active site.

In addition to substrate promiscuity, DXPS also shows catalytic promiscuity. Our recent 

study to resolve discrepancies between the low, but significant, CO2 release rates observed 

by Eubanks and Poulter in the absence of D-GAP14 and the apparent stability of LThDP on 

DXPS observed by our lab in the absence of D-GAP25 revealed O2-induced decarboxylation 

of LThDP on DXPS, resulting in peracetate formation and solution deoxygenation.31 

Biochemical, NMR, and EPR (electron paramagnetic resonance) experiments showed 

pyruvate is converted to acetate and bicarbonate via peracetate with concomitant O2 

consumption. O2 incorporation into peracetate occurs via a ThDP-enamine radical and 
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superoxide (Scheme 3). Importantly, conducting experiments anaerobically or permitting 

solution deoxygenation by DXPS-mediated oxidative pyruvate decarboxylation results in a 

stable E-LThDP complex determined by 14CO2 trapping and CD, in agreement with our 

previous reports.25 The oxygenase activity clearly impacts pre-steady state kinetic analyses 

to understand factors driving LThDP decarboxylation; however, the steady-state kinetics are 

comparable with or without O2, affirming a preference for D-GAP over O2 as acceptor 

substrate under these conditions. Taken together, the discovery of structurally distinct 

triggers of LThDP decarboxylation, combined with the conformational flexibility and 

observed catalytic and substrate promiscuity, could suggest DXPS can alter its function in 

response to cellular cues.

Selective Inhibition of DXP Synthase

Selectivity of DXPS inhibition over other ThDP-dependent enzymes is a primary challenge 

in targeting this enzyme. Ketoclomazone (1, Figure 2), a breakdown product of the herbicide 

clomazone (2), is an inhibitor of Chlamydomonas DXPS32 and has been used to probe 

isoprenoid biosynthesis in plants.33 In bacteria, 1 and 234 were shown to be weak inhibitors 

of DXPS from E. coli and Haemophilus influenza;15 selectivity of this inhibitor has not been 

studied in depth. The development of potent, selective DXPS inhibitors has been relatively 

slow given its role in isoprenoid biosynthesis was discovered nearly 20 years ago. Masini et 

al.35 suggested the polar nature of the enzyme active site could account for the low success 

with standard drug screening libraries. BASF screened a 100,000 compound library to 

identify MEP pathway inhibitors in Arabadopsis thaliana, and several inhibitors with 

micromolar potency emerged that could not be successfully optimized to enhance inhibition 

(3 and 4, Figure 2).36

DXP Synthase Inhibitors Resembling Substrates and/or Cofactor.

The earliest mechanism-based DXPS inhibitor was fluoropyruvate (5), which found use as a 

mechanistic probe of DXPS.14 Fluoropyruvate acts by modifying the ThDP cofactor to 

produce a fluoro-LThDP intermediate that undergoes fluoride elimination to produce the 

dead-end acetyl-ThDP. Although useful as a mechanistic probe, fluoropyruvate 

indiscriminately inhibits ThDP-dependent pyruvate decarboxylases, and therefore, is not a 

promising antibiotic lead.

ThDP Mimics.

Deazathiamin diphosphate (6) potently inhibits D. radiodurans DXPS (Ki = 34 nM), whereas 

its non-phosphorylated analog 7 lacks potency, confirming the diphosphate group as a key 

binding element.37 Seeking more drug-like inhibitors, the Hirsch lab pursued ThDP mimics 

by a fragment modelling approach that afforded several micromolar inhibitors of D. 
radiodurans DXPS (e.g., 8, Figure 2).37 While mimicking the ThDP cofactor provides a 

heterocyclic drug-like scaffold to build from, DXPS enzymes bind ThDP with high affinity,
37 and cross-toxicity with human ThDP-dependent enzymes is likely given the conserved 

ThDP binding sites. This challenge is exemplified by the work of Kozikowski, Crick, and 

coworkers38 to develop inhibitor 9, which is selective for M. tuberculosis DXPS in vitro, but 

toxic to human cells.
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D-GAP Competitive Inhibitors.

Thus far, D-GAP competitive inhibitors are either non-selective or possess weak enzyme 

inhibitory activity. An oxime library screen by our lab identified 2,4,5-

trihydroxybenzaldoximes (10) as low micromolar DXPS inhibitors39 that are competitive 

against D-GAP and uncompetitive against pyruvate, and thus appear to bind the E-LThDP 

complex. However, off-target activity in bacteria is likely due to the reactive catechol 

functionality. Using phage display, the Hirsch lab has discovered the first peptide-based D-

GAP competitive inhibitor (11),40 albeit with weak enzyme inhibitory activity (Ki = 113 

μM).

Alkylacetylphosphonate (alkylAP) Inhibitors.

Given the unique mechanism and large active site of DXPS, we have asserted that selective 

inhibition should be possible. Substrate-specificity studies in our lab22,26 provided a 

foundation to develop sterically demanding alkylacetylphosphonates (alkylAPs) as the first 

selective inhibitors of DXPS. MAP was previously characterized as a pyruvate mimic and 

inhibitor of ThDP-dependent pyruvate decarboxylases41; however, use of this small, 

indiscriminate inhibitor has been restricted to mechanistic studies. The ability of DXPS to 

process large aliphatic aldehydes and aromatic nitroso compounds as acceptor substrates22 

suggested it might be possible to develop unnatural bisubstrate analogs bearing 

acetylphosphonate and hydrocarbon components to mimic pyruvate and unnatural acceptor 

substrates, respectively. As expected, synthetic alkylAPs were demonstrated to inhibit DXPS 

selectively22,42,43 over mammalian enzymes PDH and TK. Butylacetylphosphonate (BAP) 

exhibits reasonably high selectivity (Ki
PDH/Ki

DXPS of 60) and low micromolar inhibitory 

activity against recombinant DXPS from Yersina pestis, Mycobacterium tuberculosis, and 

Salmonella enterica.44 These early results supported the idea that DXPS enzymes, while 

distinct from other ThDP-dependent enzymes, are mechanistically similar across pathogens, 

making it a viable target in multiple important pathogens.

These first-generation alkylAPs demonstrate the feasibility of selectively inhibiting a 

bacterial ThDP-dependent enzyme based on its relaxed substrate specificity and large active 

site. Recently, we have advanced selective inhibitor development by creating bisubstrate 

inhibitor scaffolds with high potency and selectivity through targeting the distinct E-LThDP-

GAP ternary complex. These inhibitors were accessed using copper catalyzed azide alkyne 

cycloaddition (CuAAC) chemistry to install polar functional groups mimicking D-GAP distal 

to the acetylphosphonate pyruvate mimic.45 This series contains several nanomolar DXPS 

inhibitors, the most potent of which (12, Figure 2) exhibits a Ki = 90 nM and slow, tight-

binding behavior consistent with enzyme dynamics driving substrate-induced 

conformational changes on DXPS. Biochemical analysis with the R478A variant showing 

impaired binding to both D-GAP and 12 indicates inhibitor binding to the D-GAP binding 

site (Figure 3). Also competitive against pyruvate, 12 is highlighted as the first known 

bisubstrate inhibitor of DXPS targeting its unique mechanism. Remarkably, 12 exhibits 

15,000-fold selectivity for DXPS over mammalian PDH E1 subunit, making it, by far, the 

most selective DXPS inhibitor to date. This inhibitor class offers valuable probes to study 

DXPS mechanism and guide selective inhibitor design.
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Antimicrobial Activity of DXP Synthase Inhibitors

Evaluating antimicrobial activity of DXPS inhibitors, which target essential processes for 

metabolic adaptation during infection, requires non-conventional approaches, including 

assessment in a growth medium that mimics the infection microenvironment. Evaluating 

new antimicrobial agents in rich culture media is an industry standard set forth by the 

Clinical and Laboratory Standards Institute.46 However, growing evidence indicates that 

antibiotic activity in rich growth medium is poorly predictive of in vivo activity, and 

potentially interesting compounds can be overlooked as a result of restricting analysis to 

potency in rich medium alone.47 As for other inhibitors of central metabolism, assay growth 

medium profoundly impacts the activity of DXPS inhibitors. For example, BAP is >1,000-

fold more potent against bacterial pathogens in defined, minimal medium than in rich 

medium,43,48 owing to differences in cellular entry and shifts in the relative requirements for 

isoprenoids, ThDP, and PLP in different growth environments.

While the centrality of DXPS in bacterial metabolism makes it a promising antimicrobial 

target, this complicates studies of this enzyme in its cellular context. We have examined 

DXPS inhibition in bacterial cells, uncovering particular challenges to the study of this 

enzyme in vivo. Prior to alkylAP inhibitor development, only a few DXPS inhibitors 

exhibited antibacterial activity (1, 2, and 9, Figure 2). Initially, the antibacterial activity of 

BAP was assessed according to CLSI guidelines46 in rich growth medium, demonstrating 

low millimolar growth inhibitory activity against E. coli, S. enterica serovar Typhimurium, 

Micrococcus sp., B. anthracis sterne and P. aeruginosa.44 Despite observing weak activity 

under these conventional growth conditions, we sought support for DXPS as the intracellular 

target of BAP through metabolite suppression and target overexpression experiments. We 

found that exogenous DX and thiamin, and DXPS overexpression all resulted in significant 

suppression of BAP growth inhibitory activity in E. coli.

The discovery that exogenous thiamin rescues growth of alkylAP-treated E. coli prompted 

our lab to explore more defined growth media. Cation-adjusted Mueller Hinton Broth 

(CAMHB) and Lysogeny Broth (LB) contain thiamin and other vitamins not readily 

available to bacterial pathogens in vivo.46,47 Remarkably, BAP activity against E. coli in 

defined M9-glucose minimal medium is 1000-fold more potent than in CAMHB (Figure 4).
43 This trend holds across a series of alkylAPs, with BAP displaying the most potent activity. 

Growth-medium-dependent changes in BAP potency are also observed against S. enterica 
LT2, Pseudomonas fluorescens, Rhizobium radiobacter, Micrococcus sp., Klebisella 
pneumonae, Enterobacter cloacae, Bacillus thuringiensis HD 34, and Klebsiella oxytoca 
(Table 1).

Several factors underlie the medium-dependent activity of alkylAPs. Thiamin present in rich 

medium is partially responsible for diminished BAP activity, consistent with the requirement 

for ThDP in DXPS catalysis and for production of metabolites in all three metabolic 

pathways at this branch point (Scheme 1). In M9-glucose, nanomolar thiamin concentrations 

can rescue the growth of BAP-treated cells.43 Interestingly, while there is immediate 

metabolite suppression observed for other antimicrobial agents in the presence of 

downstream metabolites49, growth rescue of BAP-treated cells with thiamin alone is 
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delayed.43 On the other hand, nutrient rich media containing a complex and undefined 

mixture of metabolites, amino acids, and vitamins that are likely used immediately allow 

bacterial cells to quickly overcome BAP-mediated growth inhibition by circumventing 

DXPS inhibition. Additionally, LC-MS/MS experiments revealed medium dependence of 

BAP accumulation in bacterial cells, with intracellular BAP levels significantly lower in E. 
coli grown in rich compared to minimal medium.48

Metabolite suppression and differential accumulation of BAP largely explain the medium-

dependent activity of BAP. Although, it is also possible that changes in cell sensitivity to 

BAP reflect changes in target activity and/or demand of DXPS-dependent metabolite 

synthesis in different growth media. Evidence for such metabolic remodeling is provided by 

the medium-dependent relationship between the IspC inhibitor fosmidomycin and BAP. In 

rich medium, BAP and fosmidomycin strongly synergize, while in minimal medium these 

agents display an indifferent relationship,44,48 suggesting the relative metabolic 

requirements for isoprenoids, ThDP, and PLP are also impacted by the change in growth 

medium.

Challenges of Establishing Tools to Assess DXP Synthase Engagement In 

Vivo

Establishing alkylAPs as DXPS inhibitors in bacterial cells under nutrient limitation is 

challenging. Two common approaches to establish intracellular targets include target 

overexpression50 and exogenous supplementation of a downstream intermediate.49 However, 

overexpression of DXPS to high levels is toxic to cells43,51. In fact, significant suppression 

of BAP activity is only observed under conditions of basal DXPS expression from a leaky 

expression vector in rich culture conditions.44 The toxic effects of IPTG-induced DXPS 

overexpression in rich medium oppose the rescuing effects of increased target levels. 

Additionally, basal target overexpression is not possible in M9-glucose where alkylAPs are 

most potent, as the lac operon controlling enzyme expression is fully repressed by glucose. 

Downstream metabolite supplementation as a method to confirm the intracellular target is 

complicated by the position of DXP as a branch point metabolite. Supplementation with 

only downstream isoprenoids or PLP pathway intermediates does not rescue the effects of 

DXPS inhibition on cellular metabolism. Only thiamin supplementation undoes these 

inhibitory effects, due to its requirement in all three pathways and for DXPS catalysis itself. 

Further complicating supplementation experiments, all downstream products of DXPS are 

phosphorylated and thus have low permeability when supplied exogenously.

Conclusions and Perspective

Bacterial central metabolism is an underexplored target space for development of novel 

antimicrobial agents. Concerns about cross-toxicity of drugs targeting conserved metabolic 

processes, and the practice of culturing pathogens in non-relevant rich culture conditions, 

account for the lack of antibiotics targeting bacterial metabolism. However, there is renewed 

interest in this target space. It is now known that bacterial pathogens undergo metabolic 

remodeling in response to the rapidly changing, nutrient-limited host environment, resulting 

in infection-specific metabolic processes that are indispensable in vivo and therefore 
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potential drug targets.47 DXPS is deeply interwoven into bacterial central metabolism 

making it a promising target for antibiotic development. Access to selective inhibitors of this 

enzyme will enable target validation and studies of enzyme function in relevant cellular 

contexts and could offer much needed novel antimicrobial agents.

We have progressed our understanding of the unique mechanism of DXPS over the past 

decade. Building from the early work of Eubanks and Poulter14, we elucidated the random 

sequential mechanism of DXPS revealing the remarkably stable LThDP intermediate, unique 

among ThDP-dependent enzymes. Broad substrate specificity and large active site volume 

further distinguish DXPS from other ThDP-dependent enzymes. Taken together with a 

newfound oxygenase activity, these features raise intriguing questions about other synthetic 

responsibilities of DXPS in the fluctuating in vivo environment during infection. Leveraging 

insights from mechanistic and substrate-specificity studies, we have advanced DXPS 

inhibitor development, with unnatural and natural alkylAP bisubstrate inhibitors exhibiting 

excellent potency and selectivity and emerging as tools for mechanistic and antimicrobial 

studies of DXPS. Notably, bisubstrate inhibitors targeting the unique mechanism of DXPS 

have provided 12 and analogs as the most potent, selective inhibitors of DXPS to date. 

Further, the discovery of the profound medium-dependence of in vivo alkylAPs has changed 

the way DXPS inhibitors are evaluated in our laboratory and also highlights the need for 

infection-site relevant growth conditions for the evaluation of antimicrobial agents, 

especially those targeting central metabolism.

These new insights into DXPS mechanism and function invoke more questions. How do 

acceptor substrates promote decarboxylation of the otherwise stable LThDP intermediate, 

and which molecular triggers of decarboxylation are important in vivo during infection? 

Given the promiscuity and large active-site volume of DXPS, what other activities does it 

possess and how might these alternative activities fit into bacterial metabolism in the context 

of pathogen metabolic adaption during infection? And, should these alternative activities be 

targeted? By what mechanisms do alkylAPs enter bacterial cells under nutrient limitation 

and how can inhibitor delivery be enhanced in fluctuating host growth environments? What 

is the molecular mechanism by which exogenous thiamin rescues growth of alkylAP-treated 

bacterial cells? And ultimately, can we exploit these unique attributes of DXPS mechanism 

and function to design improved antimicrobial agents that selectively target pathogenic 

bacteria without disturbing normal commensal bacteria in a human host?
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Figure 1. DXP synthase active site.
The D. radiodurans DXPS crystal structure21 (PDB: 2O1X) highlighting residues of interest. 

Residue numbering without parentheses and with parentheses refers to the D. radiodurans 
and E. coli enzymes, respectively.
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Figure 2. 
Known inhibitors of DXP synthase.
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Figure 3. 
AlkylAPs targeting unique DXP synthase complexes.
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Figure 4. BAP antibacterial activity strongly depends on medium.
a) BAP is 1000-fold more potent in M9 minimal medium compared to CAMBH. b) 

Nanomolar thiamin added to M9-glucose suppresses BAP activity. Adapted with permission 

from ref. 43.
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Scheme 1. DXP is used for the synthesis of ThDP, PLP, and isoprenoid precursors.
The blue atoms show where DXP is incorporated into ThDP, PLP, and IDP/DMADP.
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Scheme 2. 
DXP synthase mechanism.
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Scheme 3. DXP synthase substrate and catalytic promiscuity.
Representative substituents are shown.
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Table 1.
Antibacterial activity of BAP.

MIC values were reported by Sanders et al.43 unless otherwise indicated. Adapted with permission from ref. 

43.

BAP MIC (μM)

strain CAMHB M9

Escherichia coli MG1655 2500 5

Escherichia coli fsr-pET28a 10753 43

Escherichia coli clinical >21505 11

Salmonella enterica LT2 21505 11

Pseudomonas fluorescens >21505 43

Rhizobium radiobacter >21505 22

Micrococcus sp. 10753 86

Klebsiella pneumonae >21505 1376

Enterobacter cloacae >21505 688

Bacillus thuringiensis HD 34 >21505 86

Klebsiella oxytoca >21505 43

Bacillus anthracis Sterne 537644 nd

Pseudomonas aeruginosa 2150544 nd
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