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Abstract

Tabtoxinine-β-lactam (TβL), also known as wildfire toxin, is a time- and ATP-dependent inhibitor 

of glutamine synthetase produced by plant pathogenic strains of Pseudomonas syringae. Here we 

demonstrate that recombinant glutamine synthetase from E. coli phosphorylates the C3-hydroxyl 

group of the TβL 3-(S)-hydroxy-β-lactam (3-HβL) warhead. Phosphorylation of TβL generates a 

stable, non-covalent enzyme-ADP-inhibitor complex that resembles the glutamine synthetase 

tetrahedral transition state. The TβL β-lactam ring remains intact during enzyme inhibition 

making TβL mechanistically distinct from traditional β-lactam antibiotics such as penicillin. Our 

findings could enable the design of new 3-HβL transition state inhibitors targeting enzymes in the 

ATP-dependent carboxylate-amine ligase superfamily with broad therapeutic potential in many 

disease areas.
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Introduction

β-Lactams are the most successful class of clinical antibiotics ever discovered1. Canonical 

β-lactam antibiotics, such as penicillin G (Fig. 1), are covalent inhibitors of enzymes in the 

serine hydrolase superfamily, including bacterial transpeptidases (TPases) involved in cell 

wall assembly2. The mechanistic basis for TPase inhibition is acylation of the active site, 

catalytic serine residue3. Antibacterial β-lactams are structural mimics of the C-terminal D-

Ala- D-Ala peptidyl stem of bacterial peptidoglycan. Formation of the TPase-β-lactam 

collision complex orients the active site serine residue for nucleophilic attack on the 

electrophilic β-lactam carbonyl leading to formation of an unstable tetrahedral intermediate. 

Breakdown of the tetrahedral intermediate opens the β-lactam ring and generates a stable, 

covalent acyl enzyme adduct. Without functional TPases, bacteria are left unable to crosslink 

newly formed cell wall polysaccharides resulting in the recruitment of lytic 

transglycosylases and initiation of a futile cycle ending in autolysis4. To fight back, resistant 

bacteria express β-lactamases that exploit the hydrolytic liability of β-lactams5. All major 

classes of β-lactam antibiotics including penicillins, carbapenems, cephalosporins, and 

monobactams share this common reactivity, driven by the inherent ring strain (~25 kcal/mol) 

of the β-lactam warhead, that is the source of both clinical success and failure6.

Tabtoxinine-β-lactam (TβL) is a monocyclic 3-hydroxy-β-lactam (3-HβL) produced by 

plant pathogenic strains of Pseudomonas syringae and some soil Streptomyces (Fig. 1)7, 8. 

Unlike canonical β-lactam antibiotics, TβL does not inhibit bacterial TPases but instead is a 

potent, mechanism-based inhibitor of glutamine synthetase (GS)9, 10. P. syringae pathovars 

including tabaci, coronofaciens, phaseolicola, tomato and garcae excrete the active 

phytotoxin TβL as a L-Thr dipeptide pro-drug known as tabtoxin (TβL-Thr)11–13. Unlike 

traditional β-lactams, both TβL and TβL-Thr are stable towards all major classes of β-

lactamase enzymes14. Bacterial resistance to TβL and TβL-Thr can be achieved through 

acquisition of the ttr gene, which encodes for a cytoplasmic acetyltransferase that deactivates 

TβL through regioselective acetylation of the α-amino group using acetyl-CoA as the acyl 

donor11, 15. TβL and TβL-Thr undergo spontaneous rearrangement to the more 

thermodynamically stable δ-lactam isomers, tabtoxinine-δ-lactam (TδL) and tabtoxin-δ-

lactam (TδL-Thr), respectively11. The δ-lactam isomers and hydrolyzed β-amino acids are 

biologically inactive indicating that the 3-HβL warhead of TβL plays a central role in GS 

inhibition14. The mechanistic basis for GS inhibition by TβL is unknown. Given the clear 

differences in enzyme structure and function of bacterial TPases (serine hydrolase family16) 

and GS (ATP-dependent amine-carboxylate ligase family17), TβL represents a unique 

opportunity to understand how nature adapted the β-lactam ring to inhibit enzymes other 

than serine hydrolases18.
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Glutamine synthetase is critical for nitrogen metabolism in all forms of life19. GS catalyzes 

the ATP-dependent conversion of L-Glu and NH3 to L-Gln (Fig. 2a). Bacterial GSs are 

functional as dodecamers formed by the face-to-face assembly of two hexameric rings20. 

Bacterial GSs contain 12 active sites formed between each monomer with binding sites for 

two divalent cations, typically Mg2+ or Mn2+ 21. Active site residues are conserved amongst 

GS isoforms from different species, but the quaternary structure can vary. For example, 

human GSs are typically functional as decamers composed of two pentameric rings in a 

face-to-face arrangement22. The binding of substrates, formation of intermediates, and 

release of products during the GS biosynthetic reaction is ordered23, 24. First, ATP binds in a 

site adjacent to the cation-binding sites. ATP binding increases the affinity for L-Glu 

binding, which takes place adjacent to the ATP site. L-Glu binding causes the active site to 

close via movement of a mobile loop with subsequent formation of the ammonium-binding 

site25. Closing of the active site prevents water entry and promotes phosphoryl transfer from 

the γ-phosphate group of ATP to the γ-carboxylate of L-Glu producing the reactive γ-

glutamyl acyl phosphate intermediate (L-Glu-Pi) and ADP that stays bound through the 

remainder of the biosynthetic reaction. The Asp-50 residue deprotonates the bound 

ammonium and ammonia attacks the electrophilic δ-carbonyl carbon of the γ-glutamyl acyl 

phosphate to form a GS-stabilized tetrahedral intermediate that resembles the late transition 

states for nucleophilic acyl substitution reactions26. Breakdown of the tetrahedral 

intermediate releases Pi and generates L-Gln27.

Inhibition of GS leads to accumulation of L-Glu and NH3 and blocks downstream 

production of amino acids, cofactors, nucleotides, and amino sugars28, 29. GS inhibitors have 

been explored as herbicides30, antimicrobial agents31, and treatments for neurological 

diseases32. The two main types of GS inhibitors include molecules that bind competitively to 

either the ATP or L-Glu binding site31. Achieving selectivity for GS isoforms is challenging 

for both inhibitor types. ATP-competitive inhibitors incorporate hydrophobic heterocycles 

such as purines, aminoimidazopyridines, and imidazoles. L-Glu-competitive inhibitors, 

including TβL, are polar α-amino acids that structurally mimic L-Glu. Methionine 

sulfoximine (MetSox) and glufosinate (Glufos) are L-Glu competitive inhibitors that have 

been mechanistically and structurally characterized as inhibitors of plant, animal, and 

bacterial GS. Glufos is sold commercially by BayerCropSciences as an herbicide that is 

paired with resistant transgenic crops under the tradename LibertyLink®30. GS inhibition by 

both MetSox and Glufos requires ATP and C2-(S) stereochemistry matching L-Glu 

substrate20, 33, 34. GS inhibition by MetSox and Glufos is time-dependent, irreversible, and 

non-covalent. MetSox is phosphorylated on the sulfoximine nitrogen to produce MetSox-Pi 

that stabilizes GS in a closed, inactive conformation with bound ADP22, 27, 35. Similarly, 

Glufos is phosphorylated on the phosphinate oxygen to produce Glufos-Pi that stabilizes GS 

in a closed, inactive conformation with bound ADP (Fig. 2b)20. MetSox-Pi and Glufos-Pi 

are both tetrahedral transition state analogs36. The phosphorylated inhibitors resemble the 

predicted structures of the late GS transition state leading to formation of the tetrahedral 

intermediate after nucleophilic attack of ammonia on the electrophilic acyl phosphate 

carbonyl and/or the early transition state leading to collapse of the tetrahedral intermediate 

with release of Pi. The methyl group of MetSox-Pi and Glufos-Pi occupy the GS 

ammonium-binding site while the N-Pi-sulfoxamine and O-Pi-phosphinate groups interact 
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with the active site metals and cationic amino acid side chains involved in stabilizing the GS 

tetrahedral intermediate20, 27. Although MetSox and Glufos are non-covalent GS inhibitors, 

the inhibition is essentially irreversible since MetSox-Pi and Glufos- Pi are tightly bound 

transition state mimics37.

Since GS inhibition by TβL is time-dependent and requires ATP, we hypothesized that TβL 
is phosphorylated in the GS active site generating a stable, non-covalent GS-ADP-TβL-Pi 

inhibitory complex (Fig. 2b). To test our hypothesis we directly detected TβL-Pi released 

from denatured GS-ADP-TβL-Pi complex using high-resolution LC-mass spectrometry and 

we characterized the site of TβL phosphorylation within the intact GS-ADP-TβL-Pi 

inhibition complex using 31P{15N} full echo and rotational-echo double resonance 

(REDOR) solid state NMR with magic angle-spinning. We used computational modeling to 

show that TβL-Pi with an intact β-lactam ring resembles the GS tetrahedral intermediate 

suggesting that TβL-Pi is a GS transition state inhibitor. We also quantitatively compared 

MetSox, Glufos, and TβL in kinetic assays for inhibition of recombinant GS from Homo 
sapiens, E. coli, and S. aureus using the Kitz-Wilson model for mechanism-based inhibition. 

Our results show that TβL is mechanistically distinct from traditional β-lactam antibiotics 

such as penicillin. Our findings enable the design of new 3-HβLs for inhibiting enzymes in 

the ATP-dependent carboxylate-amine ligase superfamily with broad therapeutic 

applications.

Materials and Methods

Strains, Materials, and Instrumentation

E. coli ATCC 29522 and P. syringae pv. tabaci ATCC 11528 were purchased from ATCC 

(Supplementary Table 1). E. coli BL21-Gold(DE3) was purchased from Agilent. E. coli 
TOP10 cells were purchased from Invitrogen. Both E. coli BL21-Gold(DE3) and E. coli 
TOP10 cells were made electrocompetent by standard procedures. Electroporation was 

accomplished using a MicroPulser electroporator and 0.2 cm gap sterile electroporation 

cuvettes from Bio-Rad. All bacteria were stored as frozen glycerol stocks at −80 °C. GlnA 
coding sequences from E. coli, S. aureus, and Homo sapiens were purchased codon-

optimized for expression in E. coli BL21 from GenScript in a pET28a vector with a 

thrombin cleavable N-His6 tag (Supplementary Tables 2,3). DNA purification was 

performed with kits purchased from Qiagen. All plasmid sequences were confirmed by 

sequencing performed by Genewiz. Nickel-nitriloacetic acid (Ni-NTA) agarose was 

purchased from Invitrogen. Any kD SDS-PAGE gels were purchased from Bio-Rad. Proteins 

were dialyzed using 10K MWCO SnakeSkin dialysis tubing purchased from Thermo Fisher 

Scientific. Centrifugal filters (30K MWCO) used for protein concentration were purchased 

from Millipore. Crude phosphodiesterase from Crotalus adamanteus and Crotalus atrox was 

purchased from Sigma Aldrich as a lyophilized powder. A mixture of pyruvate kinase (PK) 

and lactate dehydrogenase (LDH) enzymes from rabbit muscle was purchased from Sigma 

Aldrich as a buffered glycerol solution (900–1400 units/mL LDH; 600–1000 units/mL PK). 

All aqueous solutions were prepared with water purified using a Milli-Q system. All buffer 

and salt solutions were sterilized by sterile filtration through a 0.2 μm filter. Luria broth and 

Difco Nutrient Broth were sterilized in an autoclave. Woolley’s medium was filter sterilized. 
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All pH measurements were recorded using an Orion Star A111 pH meter and a PerpHecT 

ROSS micro combination pH electrode from Thermo Fisher Scientific. All buffers, salts, 

media, solvents, and chemical reagents were purchased from Sigma Aldrich unless 

otherwise stated. D2O and K15NO3 were purchased from Cambridge Isotope Laboratories. 

Racemic Glufos was purchased from Oakwood Chemical. Fmoc-protected L-Ala-L-Ala 

dipeptide was purchased from ChemImpex. Glufos-L-Ala-L-Ala tripeptide (AAG), also 

known as bialaphos, was purchased as a 1 mg/mL aqueous solution from PhytoTechnology 

Laboratories. L-Ala-L-Ala-Glufos tripeptide (AAG) was synthesized as described in the 

Supplementary Information (Supplementary Scheme 1; Supplementary Fig. 7–10).

1H-NMR spectra were obtained using a Varian Unity Plus 300 MHz NMR spectrometer. 

LC-MS samples were prepared in 0.45 μ PTFE mini-UniPrep vials from Agilent. LC-MS 

was performed using an Agilent 6130 quadrupole with G1313 autosampler, G1315 diode 

array detector, and 1200 series solvent module. LC-MS separations were achieved using a 5 

μ Gemini C18 column (50 × 2 mm) from Phenomenex fit with a guard column. LC-MS 

mobile phases were 0.1% formic acid in (A) water and (B) acetonitrile. Samples were 

loaded in 10% B holding for 2 min and a linear gradient was then formed to 100% B over 15 

min followed by ramping to 10% B over 3 min at a flow rate of 0.5 mL/min. LC-MS data 

were processed using G2710 ChemStation software. Preparative HPLC was performed using 

a Beckman Coulter SYSTEM GOLD 127P solvent module and 168 diode array detector 

using a Luna 10 μ C18(2) 100 A column (250 × 21.2 mm) from Phenomenex fit with a 

guard column (15 × 21.2 mm). Mobile phases for RP-C18 prep-HPLC were 0.1% TFA in 

(A) water and (B) acetonitrile. Samples were loaded and eluted in 100% A (held for 15 min) 

at a flow rate of 10 mL/min. The column was washed with 50% B for 10 min and re-

equilibrated with 100% A prior to the next run. For preparative HILIC chromatography the 

column was a Luna 5 μ HILIC 200 A fit with a guard column (15 × 21.2 mm). HILIC HPLC 

mobile phases were 5 mM ammonium formate pH 3.2 (pH adjusted with aq. HCl) in (A) 

90:10 acetonitrile:water and (B) 50:50 acetonitrile:water. Samples dissolved in 1:1 

EtOH:water were loaded in 20% B holding for 10 min and a linear gradient was formed to 

60% B over 20 min followed by a re-equilibration to 20% B at a flow rate of 12 mL/min. 

HPLC data were processed using 32 Karat software, version 7.0. Protein purification was 

performed on an AKTA Explorer 100 FPLC with UV–vis detection using a Sephadex 75 

26/60 HiLoad prep grade gel filtration column purchased from GE Healthcare. DNA and 

protein concentrations were determined using a NanoDrop 2000 UV–vis spectrophotometer 

from Thermo Fisher Scientific. Protein extinction coefficients were determined using the 

ExPasy ProtParam tool. UV–vis spectrophotometry was performed in 1 cm quartz cuvettes 

on an Agilent Cary 50 fit with an autosampler and water Peltier thermostat system. Bacterial 

growth studies were performed using polystyrene 96-well plates with polystyrene lids with 

OD600 measurements were made using a SpectraMax Plus 384 plate reader from Molecular 

Devices. High-resolution LC-MS/MS spectra were collected using a Q-Exactive (Thermo-

Fisher Scientific) equipped with a custom built Eksigent microLC at the Donald Danforth 

Plant Science Center, St. Louis, MO. The solvents were 0.1% formic acid in (A) water and 

(B) acetonitrile. The column was a 0.5 × 150 mm Supelco C8. A flow rate of 15 μL/min was 

held constant while a solvent gradient (2% B held for 3 min, then ramped to 100% B over 11 

min, then held at 100% B for 4 min, then ramped to 2% B over 1 min, and re-equilibrated at 
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2% B for 6 min) was formed. The mass spectrometer was operated in polarity switching 

mode and scanned from m/z 200–500 at a resolution setting of 70,000 (at m/z 200) for MS1 

and a resolution of 17,500 for MS2.

Expression and Purification of GS

Constructs of codon-optimized GlnA in a pET28a vector encoding for N-His6-tagged GS 

from E. coli, S. aureus, and Homo sapiens were transformed into electrocompetent E. coli 
BL21- Gold(DE3) via electroporation (Supplementary Tables 2,3). Overnight cultures of E. 
coli BL21 grown at 37 °C harboring the appropriate plasmid were grown in LB broth 

containing 50 μg/mL kanamycin and 200 μL was used to inoculate 1L batches of sterile 

Terrific Broth (12 g/L tryptone, 24 g/L yeast extract, 5 g/L glycerol, 17 mM KH2PO4, and 

72 mM K2HPO4) containing 50 μg/mL kanamycin. The cultures were grown at 37 °C with 

agitation to an OD600 of ~0.9 and then cooled to 16 °C prior to induction with 1 mL of 0.5 

M IPTG (0.5 mM final concentration). Cultures were then grown for ~18 h at 16 °C with 

agitation. Cells were harvested by centrifugation (5,000 r.p.m. for 20 min at 4 °C). Cells/

protein solutions were kept at ~4 °C for all remaining steps. Cell pellets were suspended in 

40 mL of lysis buffer (50 mM K2HPO4, 500 mM NaCl, 5 mM β-mercaptoethanol, 20 mM 

imidazole, 10% glycerol, adjusted to pH 8.0) and flash frozen in liquid nitrogen. After 

thawing, cells were mechanically lysed using an Avestin EmulsiFlex-C5 high-pressure 

homogenizer. Cell lysate was clarified via ultracentrifugation (45,000 r.p.m. for 35 min) and 

incubated for 30 min with Ni-NTA resin preconditioned with lysis buffer. The Ni-NTA resin 

was washed twice with 40 mL aliquots of lysis buffer. For human enzyme the resin was 

eluted in five separate washes with 10 mL of elution buffer (50 mM K2HPO4, 500 mM 

NaCl, 5 mM β-mercaptoethanol, 300 mM imidazole, 10% glycerol, adjusted to pH 8.0). 

Fractions containing pure N-His6-GS as judged by SDS-PAGE analysis (Supplementary Fig. 

2) were combined, dialyzed into 100 mM HEPES pH 7.4, concentrated via centrifugal 

filtration, flash frozen in liquid nitrogen, and stored at −80 °C to give stocks ready for in 
vitro biochemical assays. For E. coli and S. aureus enzymes the resin was washed several 

times with snake venom buffer (20 mM Tris, 500 mM NaCl, 20 mM imidazole, 10 mM 

MgCl2, adjusted to pH 8.0) and then treated with 20 mL of snake venom buffer containing 1 

mg/mL of crude phosphodiesterase from Crotalus adamanteus with gentle rocking at 20 °C 

for 12 h. The resin was washed thoroughly with lysis buffer and then eluted in five separate 

washes with 10 mL of elution buffer. Fractions containing pure N-His6-GS as judged by 

SDS-PAGE analysis (Supplementary Fig. 2) were combined, dialyzed into 100 mM HEPES 

pH 7.4, concentrated via centrifugal filtration, flash frozen in liquid nitrogen, and stored at 

−80 °C. Typical protein preparations yielded 3–5 mL of E. coli, S. aureus, and human N-

His6-GS at concentrations of ~45–150 μM (~6–30 mg/L of induced E. coli BL21 culture). 

10

Purification of TβL and TβL-Thr

Safety note: TβL, MetSox, Glufos, and formulations thereof are potentially toxic if 

ingested. Personal protective equipment and caution should be used when handling solutions 

containing these compounds. P. syringae pv. tabaci ATCC 11528 is a known plant pathogen 

and requires a USDA permit for laboratory use. Live cultures should be sterilized using a 

calibrated autoclave prior to disposal.
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A colony selection protocol was followed prior to starting TβL-Thr production cultures. A 

glycerol stock of P. syringae pv. tabaci ATCC 11528 was used to inoculate a 5 mL culture of 

Difco Nutrient Broth grown overnight at 26 °C. The overnight culture was diluted 1000x– 

100,000x onto Difco nutrient agar plates that were grown overnight at 26 °C. Single colonies 

(~20) were selected and grown in fresh Difco Nutrient Broth overnight at 26 °C. A portion 

of each culture was used to prepare a fresh glycerol stock stored at −80 °C and to inoculate 5 

mL cultures in Woolley’s medium (10 g/L sucrose, 5 g/L KNO3, 0.8 g/L K2HPO4, 0.8 g/L 

NaH2PO4•H2O, 0.2 g/L MgSO4•7H2O, 0.1 g/L CaCl2•2H2O, 20 mg/L FeSO4•7H2O) that 

were grown at 26 °C for 96 h. Each 5 mL culture was analyzed for OD600, pH, activity of 

filter sterilized supernatant against E. coli in an agar diffusion antibacterial susceptibility 

assay, presence of TβL-Thr in supernatant detected by LC-MS, and DNA precipitation 

upon 1:1 dilution in EtOH (more DNA precipitation correlated with more TβL-Thr 
production). The glycerol stock of the most promising P. syringae culture was used to 

inoculate a fresh overnight culture in Nutrient Broth at 26 °C. The Nutrient Broth culture 

was used as inoculum (200 μL) for 0.5 L cultures in Woolley’s medium in 2.8 L baffled 

flasks grown for 96 h with shaking (225 rpm) at 26 °C. Cells were pelleted by centrifugation 

for 20 min at 5000 rpm, 4 °C. Supernatant was diluted 1:1 with EtOH to precipitate DNA 

and 1 M HCl was added to reach pH ~4 to slow TβL-Thr isomerization. The remainder of 

the TβL-Thr purification was carried out as described in our previous publication (ion 

exchange chromatography using Dowex 50WX8-200 cation exchange, then prep-HPLC 

using a HILIC column (typically elutes at retention time of 14–17 min), and finally prep-

HPLC using a RP-C18 column (typically elutes at retention time of 7–9 min))11. Stock 

solutions of TβL-Thr were quantified by 1H-NMR using an acetonitrile internal standard 

and stored frozen at −80 °C as lyophilized solids or as an aqueous solution at pH <4 

(Supplementary Fig. 3). 15N-TβL- Thr was prepared exactly as described for TβL-Thr 
using Woolley’s medium prepared with K15NO3. Purification of 15N-TβL-Thr was only 

taken through prep-HPLC using a HILIC column (typically elutes at retention time of 12–14 

min) prior to conversion to 15N-TβL. Both 15N-TβL-Thr and TβL-Thr were converted to 
15N-TβL and TβL, respectively, by treatment with lysate from P. syringae pv. tabaci ATCC 

11528 grown in Woolley’s medium supplemented with 10 μM ZnCl2, as described in our 

previous publication11. 15N-TβL and TβL were purified by prep-HPLC using a HILIC 

column and stock solutions were quantified by titration with L-Thr and the amino acid ligase 

TblF from the TβL-Thr biosynthetic gene cluster, as described in our previous 

publication11. Standardized solutions of 15N-TβL and TβL were stored at −80 °C at pH <4.

GS Michaelis–Menten Kinetics

All experiments were performed at 37 °C in quartz cuvettes under steady state conditions 

with continuous monitoring at 350 nm in an Agilent Carey 50 UV–vis spectrophotometer. 

Glufos was racemic and reported concentrations reflect only the L-enantiomer34. For all 

experiments the total reaction volume was 500 μL and contained 100 mM HEPES (pH 7.4), 

100 mM KCl, 25 mM MgCl2, 10 mM NH4Cl, 0.5 mM PEP, 0.2 mM NADH, 0.2 units PK, 

0.3 units LDH, and 10 nM GS. For determination of the apparent Km for ATP, reactions 

contained 50 mM L-Glu and variable concentrations of ATP ranging from 0.5–5.0 mM. For 

determination of the apparent Km L-Glu, reactions contained 10 mM ATP and variable 

concentrations of L-Glu ranging from 1–55 mM. GS was added last to initiate the reaction. 
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Reaction velocities (kobs in absorbance/min) were determined by calculating the slope of the 

linear region of the 350 nm absorbance vs time plot with background correction for control 

reactions lacking GS38. Kinetic constants were determined from kobs versus substrate 

concentration data using a nonlinear, least-squares fitting method with GraphPad Prism, 

version 7.0a fit to the Michaelis–Menten equation (eq 1),

kobs =
kcat[S]

Km + [S] (1)

where kcat is the maximal velocity, [S] is the substrate concentration, and Km is the substrate 

concentration corresponding to kobs = 1/2kcat. All reactions were performed in triplicate as 

independent trials (Supplementary Fig. 4).

GS Kitz–Wilson Kinetics

All experiments were performed at 37 °C in quartz cuvettes under steady state conditions 

with continuous monitoring at 350 nm in an Agilent Carey 50 UV–vis spectrophotometer. 

MetSox was purchased from Sigma Aldrich as the L-enantiomer. TβL isolated from P. 
syringae cultures was the L-enantiomer. The total reaction volume for experiments with 

MetSox and Glufos was 500 μL. To conserve sample, the total reaction volume for 

experiments with TβL was 400 μL. Each reaction contained 100 mM HEPES (pH 7.4), 100 

mM KCl, 25 mM MgCl2, 10 mM NH4Cl, 0.5 mM PEP, 0.2 mM NADH, 0.2 units PK, 0.3 

units LDH, 50 mM L-Glu, and enough GS to give a starting rate close to −0.05 absorbance 

units/min at 350 nm yielding a straight line for ~10 min without consuming all NADH (GS 

stocks are prepared in advance from frozen concentrated stocks the day of inhibition assay). 

Control reactions with either no L-Glu or no inhibitor were used to correct for non-specific 

ATPase activity and NADH degradation. Appropriate pre-incubation time of enzyme and 

inhibitor was established by investigating the time-dependence of GS inhibition by TβL, 

MetSox, and racemic Glufos. Percent GS activity relative to a no inhibitor control was 

measured for inhibitor concentrations ranging from 1–100 μM using pre-incubation times of 

0–60 min. No ATP controls were included to demonstrate the requirement of ATP for GS 

inhibition. Kinetic inhibition constants were determined from kapp versus inhibitor 

concentration data using a linear fitting method with GraphPad Prism, version 7.0a fit to the 

Kitz–Wilson equation for irreversible enzyme inhibition (eq 2)39,

1
kapp

= 1
kinact

+
KI

kinact

1
[I] (2)

where kinact is the rate constant for conversion of the reversible enzyme-inhibitor complex to 

the irreversible complex, [I] is the inhibitor concentration, and KI is the dissociation constant 

for the initial reversible enzyme-inhibitor complex. The parameter kapp is defined by 

equation 3,
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kapp = −t

ln
vI
vo

(3)

where t is the pre-incubation time, vI is the rate with inhibitor, and vo is the rate without 

inhibitor. Pre-incubation times for Kitz–Wilson kinetic studies were chosen to give linear 

plots of 1/kapp vs 1/[I] with inhibitor concentrations above and below the KI value. Inhibitor 

concentrations were varied between 0.33–100 μM and pre-incubation times were typically 

between 2–10 min. All reactions were performed in triplicate as independent trials.

Bacterial Growth Assays

A filter sterilized, chemically defined minimal medium (7 g/L K2HPO4, 3 g/L KH2PO4, 0.47 

g/L Na citrate dehydrate, 0.1 g/L MgSO4•7H2O, 1 g/L (NH4)2SO4, 4 g/L glucose, 20 mg/L 

thymine, 0.1 mg/L biotin, 2 mg/L thiamine, 2 mg/L nicotinic acid, 2 mg/L Ca pantothenate, 

10 mg MnSO4•7H2O, pH ~7.2) was used for all growth assays with E. coli ATCC 29522. 

Minimum inhibitory concentrations (MICs) were determined by the broth microdilution 

method following guidelines outlined by the Clinical and Laboratory Standards Institute 

(CLSI)40. Each well of a 96-well plate was filled with 50 μL of sterile minimal medium. 50 

μL of TβL-Thr or AAG solution in minimal medium was added to the first well of the 96-

well plate and diluted 2-fold down each row. 50 μL of E. coli ATCC 25922 inoculum (5 × 

105 cfu/mL in minimal medium) was added to each well giving a final volume of 100 μL/

well. The final concentration gradient of TβL-Thr and AAG was 128–0.0625 μM. The same 

procedure was used for studies with L-Glu or L-Gln supplementation with the appropriate 

amount of amino acid added to the minimal medium. Controls with no antibiotic or 

kanamycin (MIC = 8 μM) were included on every plate. Plates were covered with lids and 

incubated at 37 °C for 18–24 h until the MIC could be judged as the lowest concentration of 

antibiotic required to inhibit visible bacterial growth relative to the no antibiotic control. All 

MICs were measured in triplicate from independent rows on the same 96-well plate. 14 The 

same chemically defined minimal medium was used to measure growth curves of E. coli 
ATCC 29522 in the presence of 5 mM L-Glu or variable concentrations of L-Gln (0.1–5 

mM). TβL-Thr was evaluated at final concentrations of 2 μM and 100 μM. AAG was 

evaluated at a final concentration of 2 μM. The final working volume in each well of the 96- 

well plate was 100 μL/well. Covered plates were incubated at 37 °C for up to 70 h with 

OD600 measurements taken every 2 h with plate agitation prior to each measurement. All 

OD600 measurements were taken in triplicate from independent wells on the same 96-well 

plate.

Detection of TβL-Pi by LC-MS

GS-inhibitor complexes were formed by incubating purified N-His6-GS from E. coli (84 

μM) with 100 μM inhibitor (TβL, 15N-TβL, MetSox, and racemic Glufos), 100 mM 

HEPES (pH 7.4), 10 mM ATP, 100 mM KCl, and 25 mM MgCl2 at a final volume of 500 μL 

for 1 h at 37 °C. Full inhibition of GS was confirmed using the PK/LDH coupled 

spectrophotometric kinetic assay. Control experiments without ATP in the reaction mixture 
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were also performed for each inhibitor. The solution was then applied to a 30K MWCO spin 

column and concentrated to a final volume 200 μL. The solution was then diluted with 300 

μL water and again concentrated to 200 μL. This washing was repeated 10 times to remove 

all unbound inhibitor and co-substrates. A 200 μL solution of the GS-inhibitor complex was 

transferred to a microcentrifuge tube and treated with 300 μL MeOH and 20 mM KCl (final 

concentration) to induce protein precipitation. The mixture was incubated at 60 °C for 1 h 

during which the solution became cloudy. Solid particulates were removed via centrifugation 

and the clear, colorless supernatant was transferred to a fresh 30K MWCO spin column. 

After spinning for 30 min at 5K r.p.m. the flow through (~500 μL) was collected and treated 

with 50 μL pH 8 sodium borate buffer, 105 μL acetonitrile, and 20 μL of 20 mM FmocCl. 

After 30 min at room temperature, the sample was analyzed by low-resolution LC-MS in 

positive ion mode to detect the presence of the phosphorylated and Fmoc-tagged inhibitors 

(Fmoc-TβL-Pi, Fmoc-15N-TβL-Pi, Fmoc-MetSox-Pi, and Fmoc- Glufos-Pi). During our 

analysis we found that Fmoc-Glufos-Pi was unstable and we only observed peaks 

corresponding to the m/z value for Fmoc-Glufos as the corresponding [M+H]+ ion. For low-

resolution LC-MS experiments we observed the following m/z values corresponding to [M

+H]+ ions: Fmoc-TβL-Pi (retention time = 12.5 min, MS (ESI) calculated for 

C22H24N2O9P: 491.1 [M+H]+, found 491.1); Fmoc-15N-TβL-Pi (retention time = 12.7 min, 

MS (ESI) calculated for C22H2415N2O9P: 493.1 [M+H]+, found 493.1); Fmoc- MetSox-Pi 

(retention time = 9.7 min, MS (ESI) calculated for C20H24N2O8PS: 483.1 [M+H]+, found 

483.1); Fmoc-Glufos (retention time = 9.3 min, MS (ESI) calculated for C20H23NO6P: 

404.1 [M+H]+, found 404.1). The Fmoc-TβL-Pi sample was further analyzed by high-

resolution LC-MS/MS in positive and negative ion modes. In negative ion mode we 

observed the following retention time and m/z values corresponding to [M−H]− ions for 

Fmoc-TβL-Pi: HRMS1 (ESI) calculated for C22H22N2O9P: 489.1068 [M−H]−, found 

489.1064; HRMS2 (ESI) calculated for loss of Fmoc C7H12N2O7P: 267.0387 [M−H]−, 

found 267.0381. In positive ion mode we observed m/z values corresponding to [M+H]+ 

ions for Fmoc-TβL: HRMS1 (ESI) calculated for C22H24N2O9P: 491.1214 [M+H]+, found 

491.1230; HRMS2 (ESI) calculated for loss of Fmoc C7H13N2O: 189.0870 [M+H]+, found 

189.0877 (Supplementary Fig. 5).

Sample Preparation for Solid-State NMR

GS from E. coli was over expressed in E. coli BL21 as described previously. During large-

scale production of GS, the crude phosphodiesterase from C. adamanteus (eastern 

diamondback rattlesnake) was backordered from the supplier so crude phosphodiesterase 

from Crotalus atrox (western diamondback rattlesnake) was substituted at this step. 

Treatment of N-His6-GS with C. atrox phosphodiesterase cleaved the adenylyl groups along 

with the N-His6 tag at the thrombin-cleavage site. GS was dialyzed into SEC buffer (50 mM 

potassium phosphate, 150 mM NaCl, 1 mM DTT, 5% glycerol, pH 8) and purified on an 

AKTA Explorer 100 FPLC with UV–vis detection using a Sephadex 75 26/60 HiLoad prep 

grade gel filtration column eluting with SEC buffer at a flow rate of 2 mL/min. Fractions 

containing pure GS as judged by SDS-PAGE analysis and activity in the biosynthetic assay 

were combined, dialyzed into 100 mM HEPES buffer at pH 7.4, and concentrated via 

centrifugal filtration to ~6–8 mg/mL. A 10 mL aliquot of 62.8 mg GS in 100 mM HEPES 

buffer at pH 7.4 was treated with excess 15N-TβL in the presence of 10 mM ATP, 100 mM 
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KCl, 25 mM MgCl2, and 10 mM NH4Cl at 37 °C for 2 h (final volume was 20 mL). Full GS 

inhibition was confirmed using the coupled PK/LDH assay under biosynthetic reaction 

conditions. The solution was transferred to a 30K MWCO spin filter and diluted with 

trehalose buffer (5 mM HEPES, 15 mM trehalose, pH 7.4) prior to centrifugation at 5K 

r.p.m. and 4 °C. To fully desalt the sample, the dilution and centrifugation process was 

repeated 10 times until the sample was ultimately concentrated to ~9 mL in trehalose buffer. 

The sample was treated with PEG 8000 (28.1 mg), 100 kD dextran (6 mg), and 500 kD 

dextran (6 mg) prior to controlled freezing. The sample was frozen by chilling in a −10 °C 

ice/CaCl2 bath, freezing in a −70 °C dry ice/acetone bath, and further freezing in a liquid 

nitrogen bath41. The frozen sample was lyophilized for 72 h to provide a fluffy white 

powder that was used in solid-state NMR experiments. The final sample components were 

GS-ADP-15N-TβL-Pi inhibition complex (62.8 mg), trehalose (46.2 mg), PEG 8000 (28.1 

mg), 100 kD dextran (6 mg), 500 kD dextran (6 mg), and HEPES (10.3 mg). A control 

sample was prepared under identical conditions with omission of 15N-TβL and replacement 

of ATP with ADP. The control sample contained GS-ADP complex (71.5 mg), trehalose 

(46.2 mg), PEG 8000 (28.1 mg), 100 kD dextran (6 mg), 500 kD dextran (6 mg), and 

HEPES (10.3 mg).

Solid-State NMR Parameters

Experiments were performed at 12 Tesla with a six-frequency transmission-line probe 

having a 12-mm long, 6-mm inner-diameter analytical coil, and a Chemagnetics/Varian 

ceramic spinning module41. Samples were spun using a thin-wall Chemagnetics/Varian (Fort 

Collins, CO/Palo Alto, CA) 5-mm outer diameter-zirconia rotor at 7143 Hz, with the speed 

under active control and maintained to within ±2 Hz. A Tecmag Libra pulse programmer 

(Houston, TX) controlled the spectrometer. Two-kW American Microwave Technology 

(AMT) power amplifiers were used to produce radio-frequency pulses for 31P (202.3 MHz) 

and 15N (50.7 MHz). The 1H (500 MHz) radio-frequency pulses were generated by a 2-kW 

Creative Electronics tube amplifier driven by a 50-W AMT amplifier. All final-stage 

amplifiers were under active control. The π-pulse lengths were 6 μs for 31P and 1H, and 9 μs 

for 15N. Proton-phosphorous (or nitrogen) matched cross-polarization transfers were made 

in 2 ms at 56 kHz. Proton dipolar decoupling was 100 kHz during data acquisition. The S 

and S0 alternate-scan strategy compensated for short- and long-term drifts in REDOR 

experiments. Standard XY-8 phase cycling was used for all refocusing observe-channel π 
pulses (inserted at the end of each rotor period during dipolar evolution) and dephasing π 
pulses (inserted in the middle of each rotor period) to compensate for finite pulse 

imperfections. Typically, CPMAS spectra from 100-mg samples were the result of the 

accumulation of 20,000 to 40,000 scans at room temperature. The P{N}experiment involved 

the accumulation of 300,000 scans (two weeks) for each spectrum.

Computational Modeling of the GS-ADP-TβL-Pi Complex

Avogadro was used to construct the phosphorylated GS tetrahedral intermediate Gln-Pi and 

TβL-Pi
42. The GS active site was defined using the crystal structure of GS from Salmonella 

typhimurium (PDB 1FPY)20. Based on sequence alignments from Phyre243, this structure 

has 98% sequence identity with E. coli GS and is a suitable model for studying receptor-

ligand interactions. Autodock Vina44 was used for docking each ligand to the GS active site 
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with ADP and both Mn2+ ions included in the active site. The ligand search space was 

defined using a box with dimensions 22×22×22A centered on the Mn2+ ion furthest from 

ADP. To confirm the usability of this search space, the Glufos ligand from the crystal 

structure (PDB 1FPY) was docked giving the original binding pose. Docking results were 

visualized using The PyMOL Molecular Graphics System v1.7, Schrodinger, LLC.

Results and Discussion

Purification of TβL-Thr and TβL

The dipeptide TβL-Thr and the corresponding δ-lactam isomer, TδL-Thr, can be isolated 

from culture supernatants of producing P. syringae strains grown in Woolley’s minimal 

medium (Supplementary Fig. 1)11, 45. The corresponding GS inhibitor TβL and inactive δ-

lactam isomer, TδL, can be obtained if small amounts of ZnCl2 are added to the P. syringae 
fermentations. Presumably the Zn2+ activates a periplasmic metallopeptidase that hydrolyzes 

the TβL-Thr dipeptide bond resulting in the efflux of TβL to the extracellular space46. The 

non-enzymatic isomerization of TβL-Thr and TβL to TδL-Thr and TδL, respectively, is 

difficult to suppress and most attempts to isolate active phytotoxin result in a majority of the 

biologically inactive δ-lactam isomers11. Limited access to pure, quantified amounts of 

TβL-Thr and TβL has restricted the measurement of quantitative GS inhibition parameters 

and biological activity10, 47, 48. We solved this problem by rigorously purifying TβL-Thr 
from cultures of P. syringae pv. tabaci ATCC 11528 grown in Woolley’s medium11. Glycerol 

freezer stocks of P. syringae ATCC 11528 stored at −80 °C stopped producing TβL-Thr at 

various times during our work. Loss of TβL-Thr production in P. syringae pathovars has 

been reported previously and is thought to be associated with spontaneous loss of genetic 

material from mobile genetic islands containing portions of the tabtoxin biosynthetic gene 

cluster13, 49, 50. To recover TβL-Thr production we used a colony picking strategy and 

inoculated 5 mL cultures of Woolley’s medium. We monitored for TβL-Thr production 

using LC-MS and L-Gln-dependent antibacterial activity against E. coli ATCC 25922 in an 

agar diffusion assay on chemically defined minimal medium (7 g/L K2HPO4, 3 g/L 

KH2PO4, 0.47 g/L Na citrate dehydrate, 0.1 g/L MgSO4•7H2O, 1 g/L (NH4)2SO4, 4 g/L 

glucose, 20 mg/L thymine, 0.1 mg/L biotin, 2 mg/L thiamine, 2 mg/L nicotinic acid, 2 mg/L 

Ca pantothenate, 10 mg MnSO4•7H2O, 30 g/L Bacto-agar, pH ~7.2). The most promising 

cultures were used to inoculate larger shake flask cultures (500 mL Woolley’s medium per 

flask). TβL-Thr was purified from P. syringae supernatants by sequential cation exchange 

chromatography, preparative HILIC HPLC chromatography, and preparative RP-C18 HPLC. 

TβL-Thr stock solutions were quantified by 1H-NMR and stored as the TFA salt at −80 °C 

to prevent isomerization to TδL-Thr (Supplementary Fig. 3).

Pure TβL was obtained by treating TβL-Thr with P. syringae ATCC 11528 cell lysate 

buffered to pH 6.511. TβL was purified from the cell lysate by preparative HILIC HPLC 

chromatography with fraction collection guided by GS inhibitory activity. Final TβL 
concentrations were measured by titration with L-Thr and the ATP-dependent amino acid 

ligase TblF from the tabtoxin biosynthetic gene cluster. TblF activates the carboxyl group of 

TβL as an acyl phosphate and catalyzes amide bond formation with the μ-amino group of L-

Thr to give TβL-Thr with release of ADP and Pi11, 51. We coupled the TblF reaction to a 
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double enzyme reaction with pyruvate kinase (PK) and lactate dehydrogenase (LDH) to 

convert ADP and PEP to L-lactic acid with stoichiometric consumption of NADH52. The 

decrease in optical absorbance at 350 nm is proportional to the conversion of NADH to 

NAD+, which allowed us to determine ADP concentrations and by direct inference TβL 
concentrations. Quantified stock solutions of TβL were stored in pH 3.2 ammonium formate 

buffer at −80 °C to prevent isomerization to TδL.

TβL is a Mechanism-Based Inhibitor of GS

TβL inhibits GS from plants10, 47, animals53, and bacteria48. TβL inhibition of cytosolic 

and chloroplast forms of GS isolated from pea was shown to be time-dependent, ATP-

dependent, irreversible, and competitive with respect to L-Glu10, 47. The use of semi-purified 

TβL and unknown working TβL concentrations prevented the measurement of quantitative 

inhibition parameters. Another technical challenge for studying GS inhibitors is the specific 

activity of GS in vitro. GS activity in bacteria is tightly regulated through post-translational 

modification (Tyrosine adenylylation) making the preparation of homogeneous enzyme 

difficult54, 55. To overcome this challenge, we codon optimized the glnA genes encoding for 

GS from Escherichia coli, Staphylococcus aureus, and Homo sapiens in a pET28b 

expression vector encoding an N-terminal hexahistidine tag with a thrombin cleavage site 

(Supplementary Table 1,2). We recombinantly expressed the GS homologs in E. coli BL21 

and purified the N-His6-tagged proteins by Ni-NTA affinity chromatography 

(Supplementary Fig. 2). The N-His6-tagged human GS was eluted from the Ni-NTA column, 

dialyzed, concentrated, flash frozen in liquid nitrogen, and stored at −80 °C. Human GS was 

used in all subsequent steps with an intact N-His6-tag. The E. coli and S. aureus GSs are 

adenylylated on a conserved Tyrosine (residue 398 for E. coli GS; residue 375 for S. aureus 
GS) when expressed in E. coli54. The adenylylated forms of the E. coli and S. aureus GSs 

show low activity for catalyzing the biosynthetic reaction56. While adhered to the Ni-NTA 

column, E. coli GS and S. aureus GS were treated with a buffered solution of 

phosphodiesterase from crude Crotalus adamanteus snake venom to cleave adenylyl groups. 

This resulted in highly active unadenylylated preparations of N-His6-tagged E. coli and S. 
aureus GS after elution from the Ni-NTA column. The N-His6-tagged E. coli and S. aureus 
GS elutions were dialyzed, concentrated, flash frozen in liquid nitrogen, and stored at 

−80 °C. The flash frozen stocks of N-His6-tagged GS from E. coli, S. aureus, and Homo 
sapiens were used for all kinetic studies.

With highly pure, quantified solutions of TβL and active, homogenous preparations of GS 

enzymes in hand we measured in vitro kinetic parameters for the GS inhibition reaction 

under steady state conditions. A coupled PK/LDH spectrophotometric assay measuring for 

ADP production was used to analyze GS inhibition kinetics52, 57. GS produces ADP and Pi 

as byproducts, which enables real-time quantification of ADP with PK/LDH as a measure of 

GS activity for the biosynthetic reaction. We measured the Michaelis-Menten parameters 

(apparent Km and kcat for ATP and L-Glu) for the biosynthetic reaction (conversion of L-

Glu, ATP, and NH3 to L-Gln, ADP, and Pi) catalyzed by recombinant E. coli, S. aureus, and 

human GS (Table 1; Supplementary Fig. 4). All three enzymes gave a similar apparent Km 

for ATP (0.7 ± 0.1 mM for E. coli and human GS; 1.8 ± 0.1 mM for S. aureus GS) under 

saturating L-Glu (50 mM) and NH3 (10 mM). Apparent Km values for ATP reported in the 
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literature vary from 0.1–0.7 mM for E. coli GS24, 26, 33, 58 and 1.8–2.8 mM for human GS59, 

both within our measured range. To our knowledge, no kinetic parameters for S. aureus have 

been reported in the literature. GS from E. coli was faster (apparent kcat = 7300 ± 300 min
−1) and more efficient (kcat/Km = 10,400 ± 1500) than both the human (kcat = 2600 ± 100 

min−1; kcat/Km = 3700 ± 500 min−1mM−1) and S. aureus (kcat = 720 ± 20 min−1; kcat/Km = 

400 ± 30 min−1mM−1) enzymes. The apparent Km values for L-Glu were measured in the 

presence of saturating ATP (10 mM) and NH3 (10 mM). The final ATP concentration was 

always kept lower than MgCl2 (25 mM) to avoid the inhibition by ATP that was previously 

reported for human59, rat liver60, and Chinese hamster liver GS61. Literature values for the 

E. coli GS apparent Km for L-Glu range from 0.8–6.6 mM24, 26, 33, 58. We measured an 

apparent Km value of 7.2 ± 0.8 mM for the E. coli enzyme. The apparent L-Glu Km values 

for the S. aureus (52 ± 7 mM) and human (37 ± 5 mM) enzymes were significantly higher. 

We found two literature values for the human L-Glu Km, 3.0 ± 1.2 mM and 3.5 ± 0.7 mM, 

that were measured on the same batch of recombinant human enzyme expressed in E. coli 
using a radiometric and colorimetric assay, respectively59. The relatively high apparent Km 

values for L-Glu are consistent with reported in vivo concentrations of L-Glu on the order of 

25–100 mM in certain tissues. Recently, the apparent Km for L-Glu was reported to be 26.3 

± 0.4 mM for GS isolated from Leishmania donovani, a protozoan parasite that causes 

leishmaniasis in tropical regions62. Under saturating ATP and NH3 conditions, E. coli GS 

(kcat/Km = 1100 ± 100 min−1 mM−1) was more efficient than H. sapiens (kcat/Km = 140 

± 20 min−1 mM−1) and S. aureus (kcat/Km =27± 4 min−1 mM−1) variants.

Toxicity is a concern when developing GS inhibitors into commercial products such as 

herbicides or antibiotics53. Toxicity arises due to the lack of selectivity of GS inhibitors for a 

specific GS isoform as well as broad off-target effects associated with the polypharmacology 

of ATP mimics and non-proteinogenic amino acids63, 64. We measured inhibition parameters 

for TβL, MetSox, and Glufos against recombinant N-His6-tagged GS from E. coli, S. 
aureus, and Homo sapien (Table 2; Fig. 3). The GS inhibition was time- and ATP-dependent 

for all combinations of inhibitors and enzymes. Longer pre-incubation times of enzyme and 

inhibitor led to increased loss of GS activity consistent with a mechanism-based inhibition 

model39. GS inhibition was irreversible for all three inhibitors. Treatment of E. coli GS with 

TβL under biosynthetic reaction conditions provided a stable, soluble enzyme-inhibitor 

complex. GS activity could not be recovered even after several days of dialysis of the GS-

TβL inhibition complex at 4 °C and 37 °C. We used the Kitz- Wilson model for mechanism-

based, irreversible enzyme inhibition to compare the potency of TβL, MetSox, and 

Glufos39. Plots of 1/kapp (min) vs 1/[inhibitor] (μM−1) gave straight lines with R2 values 

≥0.9 for all enzyme and inhibitor combinations in support of a mechanism-based inhibition 

model (Fig. 3cfi). The parameters KI (μM) and kinact (min−1) were interpreted as a metric for 

the apparent binding affinity and rate of enzyme inactivation, respectively, and the ratio of 

kinact/KI (min−1μM−1) was used to compare inhibitor efficiency.

TβL, MetSox, and Glufos strongly inhibited E. coli, S. aureus, and human GS (Table 2; Fig. 

3cfi). Inhibitor efficiency (kinact/KI) towards GS isoforms followed the general trend of E. 
coli > S. aureus > human. The inhibitor binding (KI) and rate of inactivation (kcat) also 

followed the same general trend. Inhibitor potency did indicate a promising therapeutic 
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window between E. coli and human GS enzymes. TβL inhibited E. coli GS with a KI = 1.7 

± 0.4 μM and kinact = 0.3 ± 0.1 min−1 resulting in an inhibitor efficiency of kinact/KI = 180 

± 70 min−1μM−1. The inactivation parameters for TβL against human GS were KI = 130 

± 40 μM, kinact = 0.3 ± 0.1 min−1, and kinact/KI = 2 ± 1 min−1μM−1 corresponding to a 90-

fold decrease of inhibitor efficiency. The inactivation parameters for TβL against S. aureus 
GS (KI = 50 ± 10 μM, kinact = 0.4 ± 0.1 min−1, and kinact/KI = 8 ± 3 min−1μM−1) were 

intermediary compared to E. coli and human GS. The inactivation parameters for Glufos and 

MetSox were similar to TβL. Literature values of KI reported for Glufos and MetSox 
against unadenylylated E. coli GS are 1 μM and 2 μM, respectively65, 66. We determined the 

KI values against E. coli GS to be 1.0 ± 0.2 μM and 3.9 ± 1.1 μM for Glufos and MetSox, 

respectively. The closeness to literature KI values supports our use of the GS-PK-LDH 

coupled enzyme assay for measuring inhibition kinetics. Glufos was the most effective 

inhibitor against all three GS enzymes and gave a promising 120-fold difference in inhibitor 

efficiency for E. coli and human GS. MetSox gave the largest therapeutic window in terms 

of inhibitor efficiency for E. coli and human GS (250-fold difference). Although kinact/KI 

values for E. coli, S. aureus, and human GS enzymes showed good separation, the kinact 

values are essentially equal and low selectivity is predicted if therapeutic concentrations are 

high. E. coli, S. aureus, and human GS enzymes show low overall primary sequence 

homology, but do share highly conserved active site residues (Supplementary Tables 3,4; 

Supplementary Fig. 6)19. Further computational, structural, and functional studies will be 

required to fully rationalize the observed binding affinities, inactivation rates, and overall 

inhibitor efficiencies for TβL, MetSox, and Glufos representing three chemically distinct 

classes of L-Glu antimetabolites; 3-HβLs, sulfoximines, and phosphinates, respectively.

GS is the Primary Cellular Target for TβL in E. coli

Inhibition of central metabolic pathways with so-called antimetabolites is a classic method 

to perturb cellular metabolism and is gaining traction in therapeutic and commercial 

applications67. Antimetabolites such as TβL and other GS inhibitors dysregulate metabolic 

pathways through enzyme inactivation causing changes in metabolic flux that activate and/or 

inhibit connected pathways both upstream and downstream of the target metabolite68. 

MetSox is known to inhibit both glutamine synthetase and γ-glutamylcysteine synthetase69. 

To support our in vitro GS inactivation measurements, we sought to validate that GS is the 

primary cellular target for TβL and Glufos in E. coli. To facilitate membrane transport we 

used pro-drug forms of the GS inhibitors, TβL-Thr and synthetic Ala-Ala- Glufos (AAG) 

(Supplementary Fig. 1). We synthesized AAG via amide coupling of Fmoc-L-Ala- L-Ala 

dipeptide with racemic Glufos followed by Fmoc deprotection with 20% piperidine in DMF 

(Supplementary Scheme 1). Presumably, TβL-Thr and AAG are transported to the 

periplasm of E. coli cells via outer membrane di- and tri-peptide permeases70–72. Peptidases 

in the periplasm and/or cytoplasm then cleave the dipeptide bonds releasing the active GS 

inhibitors that reach cytoplasmic GS46, 73. In order to control for metabolite concentrations 

we used a chemically defined minimal medium (7 g/L K2HPO4, 3 g/L KH2PO4, 0.47 g/L Na 

citrate dehydrate, 0.1 g/L MgSO4•7H2O, 1 g/L (NH4)2SO4, 4 g/L glucose, 20 mg/L thymine, 

0.1 mg/L biotin, 2 mg/L thiamine, 2 mg/L nicotinic acid, 2 mg/L Ca pantothenate, 10 mg 

MnSO4•7H2O, pH ~7.2) for growth studies with E. coli ATCC 25922. TβL-Thr and AAG 
both gave end point MIC90 values of 0.5 μM in broth microdilution assays. Addition of L-
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Glu had no effect on the antibacterial activity of TβL-Thr and AAG. When the minimal 

medium was supplemented with 5 mM L-Glu the MIC90 values for TβL-Thr and AAG 
were 1 μM. Addition of 5 mM L-Gln to the minimal medium completely abolished the 

antibacterial activity of TβL-Thr and AAG (MIC90 values were >256 μM). If cytoplasmic 

TβL and Glufos has a polypharmacological antibacterial effect on E. coli, then L-Gln 

supplementation should not wholly recover bacterial growth. Treatment of E. coli with TβL-
Thr and AAG results in glutamine auxotrophy consistent with GS being the primary cellular 

target for TβL and Glufos in E. coli. The same Gln- auxotroph phenotype has been reported 

in M. tuberculosis and E. coli treated with MetSox and bialaphos, the naturally occurring 

Glufos-Ala-Ala (GAA) tripeptide, respectively74, 75. We confirmed this result in E. coli 
using a commercial source of bialaphos sodium salt. The order of Glufos tripeptide, 

synthetic AAG or natural GAA (Supplementary Fig. 1), does not appear to influence cellular 

transport or peptidase cleavage to release the active GS inhibitor in E. coli.

We further probed the glutamine dependence of GS inhibitor antibiotics by measuring 

growth curves for E. coli ATCC 29522 in liquid minimal medium in the presence of varying 

concentrations of L-Gln (Fig. 4). With no L-Gln present, 2 μM TβL-Thr had a bacteriostatic 

effect on E. coli ATCC 29522 with full growth recovery after ~24 h (Fig. 4a). E. coli growth 

was recovered to near control levels when the medium was supplemented with 0.1 mM L-

Gln. When L-Gln supplementation reached 2.5 mM the growth curve matched the control 

with no TβL-Thr. When the concentration of TβL-Thr was increased to 100 μM E. coli 
growth was suppressed for >50 h (Fig. 4b). Addition of L-Gln antagonized the bacteriostatic 

activity, but to a lesser extent than the antagonism observed when using 2 μM TβL-Thr 
(Fig. 4a). The growth of E. coli ATCC 29522 treated with 100 μM TβL-Thr improved with 

increasing L-Gln concentrations, but never reach the full level of the control (Fig. 4b). AAG 
had a similar bacteriostatic effect on the growth of E. coli ATCC 29522 with increased 

potency and decreased susceptibility to L-Gln antagonism (Fig. 4c). The growth of E. coli 
was fully suppressed for >66 h when treated with 2 μM AAG. Bacterial growth was 

recovered in the presence of 2 μM AAG with L-Gln supplementation, but higher 

concentrations of L-Gln were required compared to growth rescue in the presence of 2 μM 

TβL-Thr. The increased potency of AAG compared to TβL-Thr might be due to 

spontaneous isomerization of TβL-Thr to TδL-Thr in the growth medium. The 

isomerization half-life of TβL-Thr is 37 h at 23 °C in pH 7.2 phosphate buffer11. We 

anticipate that the isomerization rate will increase at 37 °C in pH 7.2 phosphate buffered 

minimal medium used for bacterial growth studies. E. coli growth started to recover in 

minimal medium after 26 h in the presence of 2 μM TβL-Thr. No growth recovery was 

observed after 48 h in the presence of 100 μM TβL-Thr. The concentration dependence and 

time to growth recovery are consistent with the isomerization of TβL-Thr to TδL-Thr in 

the growth medium. Since TβL and Glufos are both irreversible GS inhibitors we do not 

believe that the growth recovery or L-Gln dependence is due to the inhibitor off-rate. 

Intracellular GS turnover and GS overexpression might play a role in growth recovery. GS 

overexpression has been shown to be an effective resistance mechanism to GS inhibitors in 

Mycobacterium tuberculosis76. Some bacteria carry extra copies of glnA that encode for GS 

homologs with active site mutations that can reduce the inhibitory activity of MetSox and 

Glufos and potentially play a role in resistance to GS inhibitors74, 77. Spontaneous mutations 
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in glnA coding sequences in Salmonella typhimurium, Bacillus subtilis, Exiguobacterium 
sp., soybean, and rice have been reported to arise under GS inhibitor selective78–82. The 

mutations were tracked to active site residues that reduce susceptibility to MetSox and/or 

Glufos inhibition in vitro. Careful consideration must be given to these potential resistance 

mechanisms along with endogenous L-Gln concentrations for applications of GS inhibitors 

as antibiotics and herbicides.

GS Catalyzes Phosphorylation of TβL

The mechanistic basis for GS inhibition by TβL is unknown (Fig. 2). We have showed that 

TβL inhibition is irreversible, ATP-dependent, time-dependent, and fits the Kitz-Wilson 

kinetic model for mechanism-based enzyme inhibition suggesting that TβL is 

phosphorylated in the GS active site similar to the related inhibitors MetSox and Glufos 
(Fig. 3). We used LC-MS to detect the phosphorylated inhibitors TβL-Pi, MetSox-Pi, and 

Glufos-Pi released after denaturation of inhibition complexes with GS from E. coli (Fig. 5). 

Recombinant N-His6 GS from E. coli was treated with TβL (Fig. 5a), MetSox (Fig. 5c), and 

Glufos (Fig. 5d) in the presence and absence of ATP. The initial activity and inhibition of 

GS was confirmed by the coupled PK/LDH assay monitoring optical absorbance for 

consumption of NADH that was used for kinetic experiments. The GS-inhibitor complex 

was washed with buffer via centrifugal filtration to remove excess inhibitor prior to mild 

heat denaturation and protein precipitation with addition of KCl and MeOH. The clarified 

methanolic solution was treated with FmocCl to acylate the α-amino groups of the inhibitors 

to give Fmoc-TβL-Pi, Fmoc-MetSox-Pi, and Fmoc-Glufos-Pi. The Fmoc-tagging step 

stabilized the phosphorylated inhibitors, increased retention time during LC-MS analysis, 

and prevented the spontaneous isomerization of TβL or TβL-Pi to TδL or TδL-Pi, 

respectively11. We also prepared a sample of isotopically labeled 15N-TβL by fermenting P. 
syringae ATCC 11528 in Woolley’s medium with K15NO3 as the sole nitrogen source. 15N-
TβL- Thr and 15N-TβL were purified and quantified as described previously for unlabeled 

TβL-Thr and TβL. 15N-TβL was used as a positive control isotopomer to confirm the 

retention time and isotope distribution of TβL-Pi (Fig. 5b).

Treatment of the supernatant from the agglutinated TβL-treated GS solution with FmocCl 

followed by LC-MS analysis resulted in a clear peak in the extracted ion chromatogram 

(EIC) for Fmoc-TβL-Pi (m/z = 491 for [M+H]+) only when ATP was present during 

incubation of GS and TβL (Fig. 5a). The molecular formula of Fmoc-TβL-Pi was 

confirmed by high-resolution MS analysis in negative ion mode (HRMS1 (ESI) calculated 

for C22H22N2O9P: 489.1068 [M−H]−, found 489.1064) (Supplementary Fig. 5). As 

expected, MS/MS analysis of the Fmoc-TβL-Pi parent ion (observed m/z = 489.1068 for [M

−H]−) showed loss of neutral Fmoc giving the TβL-Pi fragment ion (observed m/z = 

267.0387 for [M−H]−) and a neutral loss of TβL with formation of the inorganic phosphate 

(observed m/z = 96.9695 for [M−H]−) and phosphite (observed m/z = 78.9589 for [M−H]−) 

fragment ions83. The MS/MS fragmentation pattern Fmoc-TβL-Pi is consistent with 

phosphorylation of the C3-OH group of the 3-HβL group, but does not definitively establish 

the site of phosphorylation. The MS spectra implied that the β-lactam ring was intact, but it 

is not possible to distinguish between Fmoc-TβL-Pi and the corresponding phosphorylated 

δ-lactam isomer without a standard sample. Fmoc-tagging blocks isomerization of TβL to 
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TδL and we suspected that Fmoc-tagging also blocked the spontaneous isomerization of 

TβL-Pi to the phosphorylated δ-lactam isomer. The same experiments conducted using 15N-
TβL produced the expected ion for Fmoc-15N-TβL-Pi (m/z = 493 for [M+H]+) with 

identical retention time as Fmoc-TβL-Pi (Fig. 5b). We also confirmed that N-His6-tagged 

GS from E. coli catalyzes the ATP-dependent conversion of MetSox to MetSox-Pi (Fig. 5c). 

LC-MS analysis of the denatured GS-MetSox-Pi solution after treatment with FmocCl 

produced a strong peak for Fmoc-MetSox-Pi in the EIC (m/z = 483 for [M+H]+) only when 

ATP was included during enzyme incubation. Glufos-Pi is an unstable phosphoanhydride 

that hydrolyzes rapidly upon denaturing the GS-Glufos-Pi complex84. We observed a large 

enhancement in ion counts for Fmoc-Glufos (m/z = 483 for [M+H]+) when ATP was 

present in the incubation of GS with Glufos (Fig. 5d). Small amounts of Fmoc-Glufos were 

also present in the no ATP control reaction that might be a result of insufficient washing 

prior to denaturing, weak binding of Glufos to the GS active site, or co-purification of ATP 

in the GS active site resulting in a small amount of Glufos-Pi production.

In order to gain insight on the mechanism of GS inhibition by TβL we needed to establish 

the site of phosphorylation on TβL-Pi. We initially attempted to obtain an X-ray crystal 

structure of TβL-Pi bound to GS from E. coli without success. Although we could regularly 

obtain stable crystals of the GS- TβL-Pi inhibition complex, the quality of X-ray diffraction 

was not sufficient to solve the structure. During these crystallization attempts we turned to 

solid-state NMR as a proven method to provide structural information on enzyme-inhibitor 

complexes in heterogeneous mixtures41. We hypothesized that rotational-echo double 

resonance (REDOR) could be used to restore dipolar couplings between 15N and 31P spin 

pairs of GS-bound TβL-Pi that are removed by magic angle spinning85–87. We scaled up 

production of GS from E. coli using the same recombinant expression system as described 

previously. During our scale up the phosphodiesterase from crude Crotalus adamanteus 
(eastern diamondback rattlesnake) snake venom, used to cleave adenylyl PTMs, was 

backordered from the supplier. Thus, we turned to a new source of phosphodiesterase from 

crude Crotalus atrox (western diamondback rattlesnake) to cleave the adenylyl groups. 

Treatment of N-His6-tagged GS bound to Ni-NTA resin with C. atrox phosphodiesterase 

cleaved the adenylyl groups as well as the N-His6-tag resulting in elution of highly active 

GS. C. atrox venom is known to contain thrombin-like proteases capable of cleaving the N-

His6 tag at the thrombin cleavage site (Supplementary Table 3)88. Untagged GS was further 

purified by size-exclusion chromatography (SEC) and catalytic activity towards the L-Glu to 

L-Gln biosynthetic reaction was confirmed using the PK/LDH coupled spectrophotometric 

assay. TβL inhibited the untagged, SEC-purified GS with time- and ATP-dependence with 

the same efficiency as the N-His6-GS. SDS-PAGE and MALDI analysis confirmed the 

anticipated molecular weight of the GS monomer (51.9 kDa). Samples were prepared by 

treating E. coli GS (~63 mg) with excess 15N-TβL in the presence of ATP followed by 

extensive washing of the resulting GS-ADP-15N-TβL-Pi complex with trehalose/HEPES 

buffer using centrifugal filtration. The sample was cryoprotected using trehalose, PEG-8000, 

and dextran prior to controlled freezing at −10 °C (ice/CaCl2 bath) with gradual cooling to 

−78 °C (dry ice/acetone) and final freezing at liquid nitrogen temperatures. Lyophilization 

for 72 h gave ~160 mg of a fluffy white powder that was used for solid-state NMR 
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experiments41. A control sample lacking 15N-TβL inhibitor and replacing ATP with ADP 

was prepared in the same manner.

A control sample of GS, ADP, and buffer was used to establish a zero parts per million 

(ppm) chemical shift (δp) in the 202-MHz 31P cross-polarization magic-angle spinning 

NMR spectrum (Fig. 6a). No signals associated with free ADP were observed. Next we tried 

a 31P{15N} REDOR experiment on GS-ADP-15N-TβL-Pi. This experiment is always done 

in two parts41. The first is a so-called “full echo”, which is obtained with 31P π pulses on the 

completion of each rotor period. This establishes a reference signal that takes account of 

homogeneous decay (T2). Both free phosphate (Pi) and ADP peaks are observed, as well as a 

bound phosphate peak at -2 ppm (Fig. 6b). The second part of the REDOR experiment 

inserts 15N π pulses in the middle of each rotor period. These are so-called “dephasing” 

pulses. Their function is to defeat the spatial averaging of magic-angle spinning and allow 
31P–15N dipolar coupling to appear as a diminution of the full echo resulting in S, a 

“dephased echo” (not shown). The REDOR difference is ΔS=S0-S (Fig. 6c), which has a 

simple interpretation in terms of the heteronuclear dipolar coupling between 31P and 15N. 

This coupling yields rPN, the internuclear separation. Because of the massive Pi peak near 0 

ppm in S0, we chose to use the first spinning sideband of the bound phosphate peak to 

estimate S0 and ΔS (Fig. 6b,c; dotted line). Interference from the small (and broad) Pi 

spinning sideband could be ignored. Integrals of both ΔS and S0 first sidebands improved 

sensitivity and led to rPN = 4.1 A (± 0.2 A).

Cross-polarization 15N NMR of a labeled bacterial cell-wall sample established a chemical-

shift (δN) reference spectrum for known amide (NH) and primary amine (NH2) nitrogens 

(Fig. 6d)89. The same experiment performed on GS-ADP-15N-TβL-Pi produced an amide-

nitrogen peak near 100 ppm and an isopropyl primary amine nitrogen peak near 50 ppm 

(Fig. 6e), but no peaks associated with sp2 nitrogens. Again spectral integration improved 

signal-to-noise ratios. The E. coli GS dodecamer has 12 functional active sites. Based on 

peak integrations we estimate that ~6 of the GS active sites are occupied by15N-TβL-Pi. 

With only 50% active site occupancy, our samples of GS-ADP-15N-TβL-Pi might be 

heterogeneous, which might explain difficulty obtaining quality X-ray diffraction data on 

stable crystals. Previous studies showed that 11 of the 12 active sites of E. coli GS are 

occupied by Glufos-Pi and MetSox-Pi produced ~80% active site occupancy35, 84. Sub-

stoichiometric inhibitor occupancy of GS active sights might be a result of communication 

between active sites, which is consistent with previous observations of progressively slower 

inhibitor binding and phosphorylation90.

Based on structural models of GS bound to MetSox-Pi and Glufos-Pi there are three 

possible sites of phosphorylation on TβL: (1) β-lactam nitrogen, (2) β-lactam oxygen, (3) 

C3-hydroxyl group. Amide O-phosphorylation is catalyzed by aminoimidazole 

ribonucleotide synthetase in the purine biosynthetic pathway. Recently, a glutamine kinase 

was discovered that catalyzes N-phosphorylation of the L-Gln amide in a pathway for 

phosphoramidite capsular polysaccharide biosynthesis in Campylobacter jejuni, a common 

foodborne pathogen91. The 15N cross-polarization experiment rules out phosphorylation of 

the β-lactam nitrogen and β-lactam oxygen, which would leave the 15N without a direct 

bond to a proton or with δN corresponding to full sp2 hybridization, respectively. 
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Furthermore, a 31P–15N through space distance of 4.1 A rules out direct phosphorylation of 

nitrogen. The observed distance measurement and 15N cross-polarization experiments are 

consistent with phosphorylation of the TβL C3-hydroxyl group with an intact β-lactam ring. 

Phosphorylation at this site makes TβL-Pi structurally related to MetSox-Pi and Glufos-Pi 

that mimic the tetrahedral GS transition state (Fig. 2).

TβL-Pi is a GS Transition State Analog

Transition states for nucleophilic acyl substitution reactions resemble the tetrahedral 

intermediate36. MetSox-Pi, Glufos-Pi, and TβL-Pi show structural similarity to the high-

energy GS tetrahedral intermediate, Gln-Pi, and are predicted to bind with abnormally high-

affinity (MetSox-Pi Ki < 10−19 M against GS37) and stabilize the normally short-lived GS 

transition state geometry. We built computational models for the GS tetrahedral 

intermediate, Gln-Pi (Fig. 7a), and TβL-Pi (Fig. 7b) with phosphorylation of the C3- 

hydroxyl group bound to dimetallic (Mn2+) GS from E. coli. We used Avogadro to build 

structures of Gln-Pi and TβL-Pi
42. We used a crystal structure of GS from Salmonella 

typhimurium (PDB 1FPY) as template to build a homology model of E. coli GS (98% 

sequence identity) using the Phyre2 software20, 43. We used Autodock Vina to identify low 

energy ligand docked poses in the GS active site with bound ADP44. The ligand search 

space was validated by docking Glufos, which recovered the original binding pose from the 

crystal structure (PDB 1FPY). Both Gln-Pi (Fig. 7c) and TβL-Pi (Fig. 7d) were found to 

bind as expected in the L-Glu binding site with the α-amino acid group interacting with 

Glu212A, Asn264A, Glu327A, and His269A27. Some key differences were observed when 

comparing interaction networks for the phosphorylated head groups of Gln-Pi and TβL-Pi. 

The 34 phosphate of Gln-Pi interacts with Mn2+, His210A, and Tyr179A. The Gln-Pi 

oxyanion and nitrogen cation are predicted to interact with Tyr179A. The stereochemistry 

and conformation of TβL-Pi resembles that of Gln-Pi with the phosphate groups occupying 

similar chemical space. The β-lactam oxygen and nitrogen aligned closely with the oxyanion 

and nitrogen cation, respectively, of Gln-Pi suggesting that the 3-HβL warhead mimics the 

structure, polarity, and chirality of the GS transition state. TβL-Pi showed more extensive 

interactions with amino acid side chains including residues from chain B. The phosphate of 

TβL-Pi interacted with Mn2+, His210A, and Tyr179A similar to Gln-Pi. The β-lactam 

oxygen was stabilized by hydrogen bonding to Arg359A and the β-lactam NH group 

donated a hydrogen bond to Asp50B. Interaction of TβL-Pi with Asp50B is an interesting 

observation for several reasons. Asp50B is highly conserved on the central, mobile flap of 

GS chain B that is involved in active site closure upon L-Glu binding25. Asp50B also forms 

part of the ammonium-binding site and is thought to deprotonate NH4+ prior to nucleophilic 

attack on the δ-carbonyl carbon of the γ-glutamyl acyl phosphate leading to Gln-Pi 

formation20, 26. Asp50B is not a strong enough base to deprotonate the β-lactam NH group 

(pKa ~25) so a stable H-bond might result holding GS in a closed conformation resembling 

the transition state structure. The strained β-lactam imparts amine-like character on the β-

lactam nitrogen (pKa of protonated twisted amides ~4.592–94), which might also play a role 

in stabilization of the Asp50 interaction and overall stereoelectronic resemblance of the GS 

transition state. The stable H-bond between Asp50B and the β-lactam NH might be a 

distinguishing feature for TβL compared to MetSox and Glufos, which both place a less 

polar CH3 group in this chemical space20. Efforts to substitute the Glufos CH3 group with 
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more polar groups such as amines resulting in slower binding and decreased inactivation 

rates65, 66, 95–97. The tetrahedral γ-phosphinate structure of Glufos increases the rate of 

phosphoryl transfer due to similarity in structure to the GS transition state and tetrahedral 

intermediate, but slows the rate of initial GS binding due to differences in structure to the 

trigonal planar substrate L-Glu γ-carboxylate33. Detailed kinetic and structural studies of 

TβL, similar to those reported for Glufos and MetSox, are needed to fully appreciate the 

contribution of GS binding and rate of phosporyl transfer to the observed KI and kinact.

The (S)-C3-hydroxyl group of TβL is positioned in the GS active site to attack the ATP γ-

phosphate group to achieve phosphoryl transfer. The C3-hydroxyl is predicted to be 

protonated at physiological pH, but α-orientation to the β-lactam carbonyl might lower the 

pKa by at least an order of magnitude, via hydrogen bonding and inductive effects, making it 

a better mimic of the L-Glu carboxylate and increasing the nucleophilicity98. Thus, lowering 

the pKa of the C3-hydroxyl group might increase the rate of GS binding and phosphoryl 

transfer. Interestingly, a TβL analog that is chlorinated on the γ-carbon (α to the C3-OH) 

was isolated from a strain of Streptomyces species 372A8. The purpose for chlorination at 

this position is unknown – enhanced binding through favorable polarity effects99 in the GS 

active site or increased rate of phosphoryl transfer to the C3-hydroxyl group? Chlorination 

likely lowers the pKa of the C3-hydroxyl proton through inductive effects, making 

deprotonation more thermodynamically favorable and kinetically faster. Reactivation of GS 

inhibited by MetSox-Pi was shown to have a strong pH dependence, implying that pKa of 

active site amino acid residues and the inhibitor are important for the formation and stability 

of the inhibition complex37. Furthermore, a γ-hydroxylated variant of Glufos was reported 

to increase the rate of GS activation by 50%, which might be the result of faster binding 

and/or phosphoryl transfer66. Inhibitor potency towards GS isoforms seems to correlate with 

Km values for L-Glu (Table 1,2). A higher apparent Km value for L-Glu correlated with an 

increase in KI for TβL, MetSox, and Glufos, which is consistent with a competitive 

inhibition model. Both KI and kinact are important and physiologically relevant metrics for 

mechanism-based inhibitors. Lessons learned from tetrahedral transition state analogs36 

including phosphinates (ATP-dependent ligase inhibitors100) and tertiary alcohols (protease 

inhibitors101) might prove useful for the synthetic optimization of 3-HβLs as inhibitors of 

ATP-dependent ligases102, 103.

Conclusions

We have established the mechanistic basis for the ATP-dependent inhibition of GS by TβL 
using enzyme kinetics, mass spectrometry, solid-state NMR, and computational modeling. 

TβL is competitive with L-Glu and GS catalyzes phosphoryl transfer from ATP to the C3- 

hydroxyl group of the β-lactam warhead. Phosphorylated TβL-Pi resembles the GS 

tetrahedral transition state and forms a stable inhibition complex with bound ADP that is 

non-covalent and essentially irreversible. TβL is mechanistically distinct from traditional β-

lactam antibiotics, such as penicillin, that covalently inhibit transpeptidases in the serine 

hydrolase superfamily by a strain-driven, β-lactam ring-opening acylation mechanism. The 

TβL β-lactam ring remains intact during GS inhibition and serves as a tetrahedral template 

that matches the conformation, polarity, and chirality of the GS transition state. The 3-HβL 
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warhead of TβL might be broadly applicable as a tetrahedral scaffold for designing 

transition state analogs of enzymes that stabilize tetrahedral intermediates including 

proteases and enzymes in the ATP-dependent carboxylate-amine ligase superfamily102, 103. 

The phosphinate warhead of the related GS inhibitor Glufos has been repurposed many 

times for such targeted applications100. Targeting the active site of ATP-dependent ligases 

might be advantageous over the commonly exploited ATP site, which can generate off-target 

toxicity. Dipeptide pro-drugs of TβL show broad-spectrum bacteriostatic antibacterial 

activity. GS is the primary cellular for TβL in E. coli and treatment induces L-Gln 

auxotrophy. TβL and the related inhibitors MetSox and Glufos show moderate selectivity 

for inhibiting bacterial GS over human GS. Toxicity associated with inhibition of human GS, 

competition with endogenous L-Gln, cell permeability, and emerging resistance mechanisms 

are challenges for developing GS inhibitors as antimicrobial agents31. Applications of GS 

inhibitors for treating infectious diseases might be limited to scenarios where endogenous L-

Gln levels are low, such as L-Gln depletion associated with sepsis104, since L-Gln strongly 

antagonizes antimicrobial activity67, 68, 105. MetSox was shown to be effective and 

synergistic with isoniazid in a guinea pig lung infection model of M. tuberculosis and long 

exposure to low doses of MetSox was well tolerated106. Prospects for synergistic antibiotics 

combinations with GS inhibitors are attractive since GS plays a central role in nitrogen 

metabolism feeding important downstream pathways targeted by established clinical 

antibiotics. Glutamine synthetase activity has been associated with bacterial virulence and is 

required for some multi-drug resistant bacterial phenotypes107, 108. Improved structural 

analogs of TβL, MetSox, and Glufos structures and new pro-drug formulations might 

enhance the therapeutic window and cellular uptake of GS inhibitors. Methods reported here 

will be useful for establishing SAR for GS inhibitors in vitro and in whole cell antibacterial 

assays. Target binding (KI) and rate of enzyme inactivation (kinact) are important metrics for 

mechanism-based inhibitors that expand dimensions for structural optimization. TβL, 

MetSox, and Glufos represent three chemically distinct classes (3-HβL, sulfoximine, and 

phosphinate, respectively) of mechanism-based GS inhibitors with the potential to offer 

differential selectivity towards GS isoforms in applications as herbicides, pesticides, 

antimicrobials, and therapeutics for treating human diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

AAG L-Ala-L-Ala-Glufos

ADP adenosine diphosphate

ATP adenosine triphosphate

BME β-mercaptoethanol

DMF dimethylformamide

DTT dithiothreitol

ESI electrospray ionization

Fmoc fluorenylmethyloxycarbonyl

Gln-Pi glutamine synthetase tetrahedral intermediate

Glufos glufosinate

Glufos-Pi phospho-glufosinate

GS glutamine synthetase

3-HβL 3-hydroxy-β-lactam

LC liquid chromatography

LDH lactate dehydrogenase

MS mass spectrometry

MetSox methionine sulfoximine

MetSox-Pi phospho-methionine sulfoximine

MIC minimum inhibitory concentration

NAD+ nicotinamide adenine dinucleotide oxidized form

NADH nicotinamide adenine dinucleotide reduced form

NMR nuclear magnetic resonance

NTA nitriloacetic acid

OD600 optical density at 600 nm

PEP phosphoenolpyruvate

Pi inorganic phosphate

PK pyruvate kinase

pv pathovar
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REDOR rotational-echo double resonance

r.p.m. rotations per minute

SAR structure-activity relationship

SEC size exclusion chromatography

TβL tabtoxinine-β-lactam

TβL-Pi phospho-tabtoxinine-β-lactam

TβL-Thr β-tabtoxin

TδL tabtoxinine-δ-lactam

TδL-Thr δ-tabtoxin

TδL-Pi phospho-tabtoxinine-δ-lactam

TPase transpeptidase
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Figure 1. 
Two classes of β-lactam antibiotics: pencillin G is a transpeptidase (TPase) inhibitor and 

tabtoxinine-β-lactam (TβL) is a glutamine synthetase (GS) inhibitor.
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Figure 2. 
Reactions catalyzed by glutamine synthetase (GS): (A) canonical biosynthetic reaction and 

(B) phosphorylation of inhibitors generating tight-binding transition state analogs.
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Figure 3. 
Inhibition kinetics for TβL, MetSox, and Glufos against recombinant GS from (A–C) E. 
coli, (D–F) S. aureus, and (G–I) homo sapiens show time- and ATP-dependence and fit the 

Kitz-Wilson model for mechanism-based enzyme inhibition. Error bars represent standard 

deviations for three independent trials.
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Figure 4. 
TβL-Thr and AAG show L-Gln-dependent bacteriostatic activity towards E. coli ATCC 

25922. Panels show growth curves of E. coli ATCC 25922 in chemically defined minimal 

medium supplemented with (A) 2 μM TβL-Thr, (B) 100 μM TβL-Thr, and (C) 2 μM AAG 
and variable amounts of L-Gln and L-Glu. Error bars represent standard deviations for three 

independent trials.
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Figure 5. 
GS phosphorylates TβL, MetSox, and Glufos. Panels show extracted ion chromatograms 

for LC-MS analysis of denatured GS-inhibitor complexes, with (+) or without (−) ATP 

added, and after treatment with Fmoc-chloride.
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Figure 6. 
(a) 202-MHz 31P cross-polarization magic-angle spinning NMR spectrum of a mixture of 

glutamine synthetase, buffer, and ADP. The resulting phosphate peak is assigned a zero ppm 

chemical shift. (b) 31P{15N} full echo and (c) rotational-echo double resonance (REDOR) 

difference for a mixture of glutamine synthetase, buffer, ATP, and 15N-labeled TβL after 

dipolar evolution for 32 rotor periods (4.48 ms). (d) 50.7-MHz 15N cross-polarization 

magic-angle spinning NMR spectrum of intact whole cells of Staphylococcus aureus whose 

cell walls have been labeled by D-[15N]alanine. The chemical-shift reference is solid 

ammonium sulfate. (To switch to a liquid ammonia nitrogen chemical-shift scale, add 20 

ppm.) (e) 50.3-MHz 15N cross-polarization magic-angle spinning NMR spectrum of the 

sample of panel (b).
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Figure 7. 
Model for glutamine synthetase complexes with the reaction tetrahedral intermediate Gln-Pi 

(A,C) and TβL-Pi (B,D). Panels A and B depicts the glutamine synthetase active site formed 

between chain A and chain B with the top scoring docked poses of ADP, Gln-Pi, and TβL-
Pi shown as sticks with nitrogens in blue, oxygens in red, phosphorous in orange, and carbon 

in green (ADP) or teal (Gln-Pi and TβL-Pi). The two active site Mn2+ metals are shown as 

spheres colored sea green. The GS cartoon structure is shown in grey with selected amino 

acid side chains shown as navy blue line structures. The P–N through-space distance for 

Gln-Pi (2.9 A) and TβL-Pi (4.2 A) are highlighted as yellow dashed lines. Panels C and D 
show the 2D-interaction network between glutamine synthetase amino acid side chains and 

Gln-Pi or TβL-Pi for the top scoring docked poses. The images in panels A and B were 

generated using PyMOL v1.7.
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