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Abstract 14 

Antibiotic tolerance, the widespread ability of diverse pathogenic bacteria to sustain 15 

viability in the presence of typically bactericidal antibiotics for extended time periods, is 16 

an understudied steppingstone towards antibiotic resistance. The Gram-negative 17 

pathogen Vibrio cholerae, the causative agent of cholera, is highly tolerant to β-lactam 18 

antibiotics. We previously found that the disruption of glycolysis, via deletion of pgi 19 

(vc0374, glucose-6-phosphate isomerase), resulted in significant cell wall damage and 20 

increased sensitivity towards β-lactam antibiotics. Here, we uncover the mechanism of 21 

this resulting damage. We find that glucose causes growth inhibition, partial lysis, and a 22 

damaged cell envelope in ∆pgi. Supplementation with N-acetylglucosamine, but not other 23 

carbon sources (either from upper glycolysis, TCA cycle intermediates, or cell wall 24 
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precursors) restored growth, re-established antibiotic resistance towards β-lactams, and 25 

recovered cellular morphology of a pgi mutant exposed to glucose. Targeted 26 

metabolomics revealed the cell wall precursor synthetase enzyme GlmU (vc2762, coding 27 

for the bifunctional enzyme that converts glucosamine-1P to UDP-GlcNAc) as a critical 28 

bottleneck and mediator of glucose toxicity in ∆pgi. In vitro assays of GlmU revealed that 29 

sugar phosphates (primarily glucose-1-phosphate) inhibit the acetyltransferase activity of 30 

GlmU (likely competitively), resulting in compromised PG and LPS biosynthesis. These 31 

findings identify GlmU as a critical branchpoint enzyme between central metabolism and 32 

cell envelope integrity and reveal the molecular mechanism of Δpgi glucose toxicity in 33 

Vibrio cholerae.  34 

 35 

Importance 36 

Sugar-phosphate toxicity is a well characterized phenomenon that is seen within diverse 37 

bacterial species, and yet the molecular underpinnings remain elusive. We previously 38 

discovered that disrupting Vibrio cholerae’s ability to eat glucose (by disrupting the pgi 39 

gene), also resulted in a damaged cell envelope. Upon deletion of pgi, glucose-phosphate 40 

levels rapidly build and inhibit the enzymatic activity of GlmU, a key step of bacterial 41 

peptidoglycan precursor synthesis. GlmU inhibition causes enhanced killing by antibiotics 42 

and a pronounced cell envelope defect. Thus, GlmU serves as a prime target for novel 43 

drug development. This research opens new routes through which central metabolism 44 

and sugar-phosphate toxicity modulate antibiotic susceptibility. 45 

 46 

Introduction 47 
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The antibiotic susceptibility spectrum, including resistance, tolerance, and persistence, 48 

continues to be a massive clinical threat (1, 2). Ranging from outright resistance, i.e. 49 

growth in the presence of antibiotics, to bacterial languishing (surviving and tolerating 50 

exposure antibiotics for a prolonged time), to having only a subset of the bacterial 51 

population persist and able to survive antibiotic exposure, there are many ways in which 52 

bacteria can respond to antibiotics (3–5). Furthermore, there has been an increase in 53 

studies finding that tolerance and persistence are steppingstones towards full resistance 54 

(6, 7). Discovering and understanding these midway points is needed to find novel 55 

potential antibiotic development routes, in order to solve this pressing issue facing our 56 

health care system. 57 

 58 

With many common antibiotic development routes already being explored with varying 59 

degrees of success, interest in processes long overlooked (like tolerance) has recently 60 

surged. Particularly the contribution of central metabolic pathways to antibiotic 61 

susceptibility and infection outcomes have received considerable attention (8–13). 62 

Central carbon metabolism, for example, consists of interconnected pathways that 63 

ultimately produce energy for life as well as crucial precursors for biosynthesis of key 64 

macromolecules; most of these pathways are almost universally conserved (14–16). 65 

Glycolysis (more specifically, the Embden-Meyerhof-Parnas (EMP) pathway), the TCA 66 

cycle, and the pentose phosphate pathway are all vital carbon utilization networks found 67 

in virtually all extant species (17). Their interaction with many other cellular pathways 68 

(including cell envelope homeostasis) makes central carbon metabolism a potential 69 
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central hub for determining antibiotic susceptibility, and consequently for developing novel 70 

forms of therapeutic intervention. 71 

 72 

In a previous study, we discovered that deletion of pgi, a key enzyme in central carbon 73 

metabolism (EMP pathway) involved in the bidirectional conversion of glucose-6P to 74 

fructose-6P, causes cell wall damage and an increase in susceptibility to cell wall-acting 75 

antibiotics in the hypertolerant Gram-negative pathogen Vibrio cholerae (10). We found 76 

that these defects were associated with the intracellular accumulation of sugar 77 

phosphates and could be relieved by addition of the external cell wall precursor, N-78 

acetylglucosamine (GlcNAc). Here, we sought to determine the molecular mechanism 79 

underlying sugar toxicity in the Δpgi mutant.  Genetic, metabolomic, and biochemical 80 

evidence suggest that glucose-1-phosphate inhibits GlmU function, thereby 81 

compromising the formation of UDP-GlcNAc, which results in inhibition of both 82 

peptidoglycan and potentially LPS biosynthesis. Our data thus identifies a new potential 83 

antibiotic target in V. cholerae, supporting the idea that metabolic disruptions could be 84 

weaponized to combat antibiotic tolerance and resistance.  85 

 86 

Results 87 

Glucose toxicity in a Δpgi mutant manifests as morphological and functional 88 

damage to the cell envelope. To understand the negative effects caused by the addition 89 

of glucose in a Δpgi mutant, we measured cellular morphology as well as survival in 90 

response to increasing glucose concentrations. WT, ∆pgi, and its complemented 91 

derivative were grown to exponential phase in M9 (minimal medium) supplemented with 92 
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0.2% casamino acids, followed by addition of increasing concentrations of glucose (0%, 93 

0.02%, 0.2%, and 2%). Phase contrast microscopy after 3 hours of growth at 37°C 94 

revealed a notable morphology defect in Δpgi (Fig. 1A), in essence recapitulating our 95 

previous observations in a more defined medium (10). An increase in glucose 96 

concentrations correlated with enhanced apparent cell death (visible as cell debris) and 97 

morphological defects, a typical response to inhibition of cell wall synthesis (18–21). To 98 

visualize cellular lysis further, we plated stationary phase cells on an LB agar plate with 99 

0.2% glucose and 20 μg/mL of the cell impermeable β-galactosidase (LacZ) substrate 100 

CPRG (chlorophenol red-β-D-galactopyranoside) and incubated the plate overnight. 101 

Lysed cells will leak cytoplasmic LacZ into the medium and CPRG is hydrolyzed, resulting 102 

in a deep-red color change (22). While the Δpgi mutant was able to form colonies on this 103 

plate, it demonstrated markedly enhanced cell lysis in the presence of glucose (Fig. S1). 104 

The combination of morphological defects and lysis suggests that both lipopolysaccharide 105 

(LPS) and peptidoglycan (PG) synthesis are at least partially affected in glucose-treated 106 

pgi mutants, as ordinarily PG synthesis inhibition results in spheroplast formation and little 107 

lysis in V. cholerae. 108 

 109 

We next sought to assess the viability of Δpgi cells in increasing glucose concentrations 110 

to determine the extent of glucose toxicity. Following the same experimental setup as 111 

described previously, increasing glucose concentrations were added to medium 112 

containing M9 + 0.2% casamino acids. Cells were incubated for 3 hours with defined 113 

glucose addition and then were serially diluted and plated on M9 agar containing 0.2% 114 

casamino acids. After an overnight incubation at 37°C, CFU/mL were counted. We noticed 115 
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a slight but significant decrease in cell viability in a Δpgi mutant that worsened with 116 

increasing glucose concentrations, reaching 10-fold at 2% glucose, while the WT remain 117 

unaffected (Fig. 1B). Collectively, these data indicate that glucose toxicity in a Δpgi 118 

mutant results in a damaged cellular envelope. 119 

 120 

External N-Acetylglucosamine is sole carbon source to complement Δpgi in 121 

glucose. We previously found that exogenous N-acetylglucosamine (GlcNAc) rescues 122 

∆pgi defects in LB (10). However, since these experiments were done in LB (which 123 

produces a messy, poorly characterized physiology (23)), we sought to utilize a more 124 

chemically defined growth medium. In principle, the observed growth defect of Δpgi in 125 

glucose could be due to either a decrease in cell wall precursor synthesis (which branches 126 

from glycolysis at fructose-6-phosphate, the product Pgi generates), or reduced flux into 127 

lower glycolysis, causing energy imbalance. Indeed, glucose phosphate toxicity (albeit in 128 

response to the glucose phosphate analog alpha-MG) in E. coli can be overcome by 129 

adding glycolytic intermediates, including fructose-6-phosphate (24). To test these ideas, 130 

we supplemented Δpgi grown on M9 + 0.2% glucose with a panel of carbon sources, 131 

covering the spectrum of glycolysis and cell wall synthesis (Fig. 2A). After confirming cells 132 

could import and utilize these different carbon sources using a growth assay (Fig. S2A), 133 

we then plated serial dilutions of overnight cultures grown in M9 + 0.2% casamino acids, 134 

on M9 agar plates with glucose and the described carbon sources to assess rescue 135 

effects on the pgi mutant. 136 

 137 
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Interestingly, only GlcNAc could rescue Δpgi growth and morphology in the presence of 138 

glucose (Fig. 2A-B). Neither fructose (which, upon import, gets converted to fructose-6-139 

phosphate), pyruvate, nor succinate or glycerol rescued the ∆pgi growth defect on 140 

glucose, suggesting that ∆pgi glucose susceptibility is not primarily due to energy 141 

imbalance caused by disruption of glycolysis.  We previously reported that a Δpgi mutant 142 

was more sensitive to cell-wall targeting antibiotics (10). Therefore, we also sought to 143 

investigate the effect of GlcNAc on antibiotic susceptibility. Here, we added 0.2% GlcNAc 144 

to LB agar plates and measured the zone of inhibition in response to two β-lactam 145 

antibiotics (penicillin G and carbenicillin) (Fig. 2C). Addition of GlcNAc increased 146 

resistance to the ∆pgi mutant (though not to the WT). Thus, GlcNAc supplementation 147 

restores all characterized defects of a Δpgi mutant. 148 

 149 

Interestingly, MurNAc, another cell wall fragment, did not restore growth (Fig. 2A). This 150 

was curious, as both MurNAc and GlcNAc are cell wall precursors. MurNAc import occurs 151 

more upstream of pgi activity than GlcNAc and requires more steps to convert it into the 152 

common cell wall precursor glucosamine-6P. It is possible that the enzyme responsible 153 

for converting MurNAc-6P to GlcNAc-6P, MurQ, or the MurNAc transporter, MurP, are too 154 

inefficient for restoring optimal carbon flux, or not expressed under our growth conditions. 155 

Consistent with an inefficiency of MurNAc utilization, growth on MurNAc as sole carbon 156 

source resulted in much poorer yield than growth on GlcNAc (Fig. S2). 157 

 158 

Genetic manipulation of biosynthesis pathways reveals PG precursor demand in 159 

Δpgi. We then began to genetically explore the GlcNAc import pathway and its 160 
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connections between pgi and cell wall synthesis (summarized in Fig. 3A). We previously 161 

reported that glucose-6-phosphate accumulates in a pgi mutant; however, our untargeted 162 

metabolomics approach could not distinguish between glucose-6-phosphate (G6P) and 163 

glucose-1-phosphate (G1P). To dissect these two sugar phosphate species further, we 164 

constructed gene deletion and overexpression strains of the enzyme that converts G6P 165 

into G1P, pgcA, (vc2095), also known as pgm in E. coli, in a Δpgi background. We 166 

hypothesized that reducing or boosting glucose-phosphate levels might mitigate or 167 

exacerbate pgi mutant phenotypes. We were additionally interested in the branch point 168 

enzymes NagB (vca1025) and GlmS (vc0487) for their role in regulating flux between 169 

glycolysis and cell-wall synthesis. We reasoned that by siphoning away early PG 170 

precursor metabolites (i.e. Glucosamine-6P) into glycolysis (via NagB), a pgi mutant 171 

would experience more defects, while GlmS overexpression should have the opposite 172 

effect. We thus tested these strains for their ability to modulate Δpgi phenotypes. First, 173 

we tested PenG antibiotic susceptibility by measuring the zone of inhibition (Fig. 3B). 174 

glmS overexpression significantly reduced Δpgi PenG sensitivity, suggesting that 175 

directing metabolic flux towards PG precursors and away from glycolysis was beneficial.  176 

Conversely, overexpression of nagB and pgcA tendentially enhanced PenG sensitivity, 177 

though this was not statistically significant (Fig. 3A). 178 

 179 

Next, we turned to another phenotype, i.e. ∆pgi’s reduced survival in the presence of 180 

glucose. We thus treated the strains with either 0.2% or 2% glucose for 3 hours and then 181 

plated on M9 + 0.2% casamino acids (Fig. 3C). In both glucose concentrations, 182 

overexpressing nagB in a Δpgi background resulted in significantly lower cell viability. At 183 
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higher glucose levels, overexpression of pgcA in Δpgi also became statistically significant 184 

in reducing cell viability. Collectively, these data point to a contribution of G1P in sugar 185 

phosphate toxicity of ∆pgi and suggest that carbon flux away from glycolysis helps this 186 

mutant, while flux away from cell wall precursor synthesis exacerbates its growth defect. 187 

 188 

Targeted metabolomics suggest a metabolite bottleneck around GlmU in glucose- 189 

treated pgi mutant cells. To further characterize the metabolic disruptions observed in 190 

a Δpgi mutant and how the addition of GlcNAc could shift these metabolites, we 191 

conducted targeted metabolomics upon glucose exposure in M9 medium + CAA. Three 192 

hours after addition of either 0.2% glucose or a combination of 0.2% glucose and 0.2% 193 

GlcNAc, cells were pelleted, and metabolites were extracted using methanol. Samples 194 

were analyzed using LC-MS (see Methods and Materials), and peaks were compared to 195 

pure chemical standards. Upon normalizing the data to the casamino acid conditions, we 196 

noted a sharp increase in glucose-1P and glucose-6P, consistent with the pgi mutant’s 197 

inability to metabolize glucose through the EMP glycolysis pathway. The WT, but not ∆pgi, 198 

experienced an increase in pyruvate levels upon glucose addition. The combination of 199 

increased pyruvate and reduced G6P/G1P levels (and indeed very low F6P levels) in the 200 

WT perhaps indicates highly efficient upper glycolysis, which encounters a bottleneck at 201 

pyruvate processing. The relative lack of increase in pyruvate upon glucose addition in 202 

∆pgi suggests that non-EMP pathways for glucose utilization (e.g., pentose phosphate 203 

pathway), and/or gluconeogenesis, may be inefficient in V. cholerae, at least under the 204 

conditions tested here.  We also observed a sharp rise in glucosamine-1P levels (16-fold 205 

change), and a sharp, 36-fold decrease in UDP-GlcNAc, when Δpgi was grown in medium 206 
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containing glucose, compared to WT (Fig. 4A). Thus, the described sugar toxicity likely 207 

results from the inhibition of the enzyme converting glucosamine-1P to UDP-GlcNAc, 208 

which is GlmU (Fig. 4B). This bottleneck was slightly improved upon the addition of 209 

GlcNAc to the growth medium, suggesting GlcNAc-mediated relief of this inhibition. As 210 

expected from the pathway metabolizing external GlcNAc (Fig. 3B), the addition 211 

correlated with a slight increase in glucosamine-6P (into which external GlcNAc is 212 

converted by V. cholerae through the action of the NagE transporter and NagA 213 

deacetylase) (25). 214 

 215 

Plausibly, the accumulation of glucose-1P and/or glucose-6P in the Δpgi mutant 216 

competitively inhibits GlmU, downregulating cell wall synthesis. There is evidence of a 217 

similar effect in Mycobacterium tuberculosis, where at least glucose-1P competitively 218 

inhibits GlmU in vitro (26). Glucose-1P levels did not change (Fig. 4A) upon addition of 219 

GlcNAc, which may indicate that GlcNAc addition does not stop sugar phosphate 220 

accumulation, but rather circumvents PG precursor synthesis inhibition by supplying more 221 

substrate (which would suggest competitive inhibition). Fructose-6P levels in both WT 222 

and Δpgi cells were significantly lower in glucose-containing medium. It is possible that 223 

flux into the TCA cycle and downstream respiration is faster in the presence of glucose, 224 

which causes a net relative decrease in F6P levels relative to growth in casamino acids 225 

(gluconeogenic conditions).  226 

 227 

If GlmU is competitively inhibited by glucose phosphates, it should be possible to 228 

circumvent this inhibition by increasing the abundance of GlmU. Therefore, we next 229 
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sought to genetically explore the role of GlmU by creating an overexpression construct in 230 

a Δpgi background. Overexpression of glmU from a high copy number plasmid (see 231 

Methods and Materials), caused a significant increase in cell viability in the presence of 232 

glucose in comparison to Δpgi alone (Fig. 4C). While there still was a decrease in overall 233 

survival, even when expressing glmU excessively, this can be explained by the glucose 234 

phosphate inhibition logic. We previously measured an over 200x increase in G1P/G6P 235 

in Δpgi when grown in LB (10); adding a few more GlmU molecules is likely not sufficient 236 

to compensate for the intracellular flooding of G1P/G6P, especially when grown in 237 

medium with high glucose concentrations. We also overexpressed glmU from an 238 

overnight culture and plated serial dilutions on M9 + 0.2% CAA supplemented with either 239 

0.02% glucose or 0.2% glucose (Fig. 4D). GlmU overexpression significantly improved 240 

∆pgi plating efficiency on glucose, particularly at the lower glucose concentration, again 241 

supporting the idea of GlmU being the target of glucose toxicity in the ∆pgi mutant. 242 

 243 

In vitro biochemical validation of GlmU inhibition by glucose-1P. We next conducted 244 

an in vitro biochemistry assay using purified V. cholerae GlmU, to test whether G1P/G6P 245 

inhibition was direct. To this end, we tested a panel of G1P and G6P concentrations 246 

designed to mimic the glucose concentrations previously measured in Δpgi (10) in a 247 

biochemical assay containing purified GlmU, as well as the reactants Acetyl-CoA, 248 

glucosamine-1-phosphate and UTP. After 30 min at 30°C, the reaction was stopped and 249 

analyzed for the emergence of the product of the GlmU reaction, UDP-GlcNAc, using LC-250 

MS. Upon addition of increasing concentrations of G1P, but not G6P (Fig. S3A) to the 251 

reaction mix, we observed a significant decrease in UDP-GlcNAc abundance starting at 252 
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31.25mM of G1P, and near complete inhibition at 250mM (Fig. 5C). We also measured 253 

the intermediate product of GlmU’s bifunctional reaction, GlcNAc-1P. We found that at 254 

higher concentrations of G1P, GlcNAc-1P was also significantly reduced, suggesting that 255 

it is the acetyl-transferase activity of GlmU that is primarily affected by G1P inhibition.  256 

 257 

Molecular modeling reveals putative target site for glucose phosphate inhibition. 258 

We next sought to model the observed inhibition of glucose-1P against GlmU. While 259 

Alphafold3 is a powerful and accessible tool for modeling protein-ligand interactions, it is 260 

not well suited for our study as it is unable to model glucose-1P (27). Instead, we turned 261 

to Chai Discovery, a new online modeling program that predicts both protein multimers 262 

and protein-ligand binding (28). We obtained multiple models of predicted binding sites 263 

for both GlmU’s natural substrate, glucosamine-1P, but also its presumed inhibitor, 264 

glucose-1P, within the trimeric form of GlmU. Visualization of these molecular models 265 

revealed that glucosamine-1-P engages in polar interactions with Arg330, Lys348, 266 

Tyr363, Asn374, Asn383, and Lys389 (Fig. 6A). This model returned pTM and ipTM 267 

scores of 0.9556 and 0.9388, respectively; pTM scores > 0.5 and ipTM scores > 0.8 are 268 

considered confident predictions (29). Sequence alignments with GlmUEC and GlmUMtb, 269 

which have well characterized active sites (26, 30), indicate that the modeled residues 270 

likely form the acetyltransferase active site in GlmUVC (Fig. S5A-C). Additionally, 271 

structural alignments of GlmUVC to GlmUEC and GlmUMtb indicate that the structure of 272 

GlmU is highly conserved across diverse organisms. Molecular modeling of the putative 273 

interaction between GlmU and glucose-1-P revealed a binding site at the same location 274 

as the natural substrate, indicating that glucose-1-P may competitively inhibit GlmU (Fig. 275 
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6A). This model returned similarly high pTM and ipTM scores (0.9549 and 0.9376 276 

respectively). While there were some predictions that modeled G1P within the 277 

uridyltransferase pocket, the strength of the polar interactions were not as robust as the 278 

models that predicted G1P to bind within the acetyltransferase pocket (Fig. S4B). We 279 

additionally examined the predicted binding with glucose-6P, and found while it does bind 280 

in a similar fashion as glucose-1P, the pTM and ipTM scores were lower (Fig.S4C-D). 281 

How the phosphate location on the glucose molecule elicits such a drastically different 282 

inhibition response and binding affinity, remains to be explored. Together, this strongly 283 

suggests that G1P accumulation competitively inhibits the acetyltransferase activity of 284 

GlmU. 285 

 286 

Discussion 287 

Sugar-phosphate stress and its associated cellular defects remain underexplored in the 288 

context of antibiotic susceptibility. Here, we present data that elucidate the mechanism of 289 

glucose poisoning in Vibrio cholerae. We previously found that pgi mutation results in 290 

pronounced cell wall damage and concomitant increase in susceptibility to β-lactam 291 

antibiotics (10). In this study, we show that glucose toxicity in ∆pgi is due to (likely 292 

competitive) inhibition of GlmU (a key step in PG precursor synthesis) by sugar phosphate 293 

species. Sugar-phosphate toxicity has been studied for the past 7 decades (31–36), yet 294 

the mechanisms for glucose-related toxicity appear to be diverse, species-dependent, 295 

and poorly-understood (37, 38). In B. subtilis, a mutant defective in both glycolysis and 296 

pentose phosphate pathway builds up excessive G1P, which was suggested to inhibit an 297 

early PG precursor step, resulting in cell lysis (34). However, this observation was never 298 
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followed up mechanistically.  E. coli strains with a defective pgi experience significant 299 

sugar-phosphate stress, resulting in post-transcriptional regulation of ptsG to reduce 300 

sugar intake (38). While G6P levels are elevated in Δpgi backgrounds in E. coli, there is 301 

no observable cell-wall damage, and toxicity appears to be due to diversion of resources 302 

from glycolysis, rewiring of metabolism and possibly redox imbalance stress (35, 36, 39–303 

41). The reduced glucose phosphate toxicity in E. coli may be due to a more enhanced 304 

flux into the pentose-phosphate pathway in this species, which could in principle efficiently 305 

remove G6P (41). Additionally, E. coli is known to have a robust glucose-phosphate stress 306 

response system regulated by small RNA molecule SgrS and its activator protein, SgrR 307 

(24, 42, 43). SgrS controls the excessive import of glucose through the PTS system by 308 

modulating ptsG. While V. cholerae encodes an SgrR homolog, the small RNA SgrS has 309 

not been identified.  310 

 311 

Our data clearly show that sugar phosphate toxicity can directly contribute to cell 312 

envelope defects. While we do not have direct evidence of the specific mode of inhibition, 313 

our genetic, biochemical and modeling data point to competitive inhibition of GlmU by 314 

G1P, which could be explained by the similarity in structure between G1P and GlmU’s 315 

natural substrate GlcN-1P (Fig. 7). Additionally, if G1P is targeting the acetyltransferase 316 

domain, the alleviation experienced by addition of GlcNAc makes sense, as the external 317 

GlcNAc would readily be converted to first GlcN6-P and then GlcN-1P. More GlcN-1P 318 

would outcompete the G1P and restore GlmU functionality. 319 

 320 
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These findings more broadly shed light on the importance of central metabolism as a 321 

potential source of novel antibiotic targets. GlmU is a well conserved protein among highly 322 

relevant pathogens, most notably Mycobacterium tuberculosis. There have been 323 

extensive studies exploring the potential for GlmU as an anti-TB drug target, but little has 324 

been explored in other bacteria. Some studies have identified high throughput methods 325 

and computational models for drug screening against GlmU (44–49), while others have 326 

investigated the effect of depleting GlmU in infection models, mimicking the potential 327 

effects an inhibitor might have (50–55). In principle, UDP-GlcNAc biosynthesis serves as 328 

an ideal drug target, as it is required for not only PG, but also LPS biosynthesis. By 329 

designing targets for novel antibiotics that disrupt more than one biochemical pathway, 330 

resistance and mutations leading to reduced efficiency are less likely to occur.  331 

 332 

Methods and Materials 333 

Bacterial Strains and Growth Conditions 334 

All V. cholerae strains used in this study are derivatives of V. cholerae El Tor strain N16961 335 

and summarized in Table S1. V. cholerae was grown on Luria-Bertani (lysogeny broth) 336 

(LB) medium (for a 1 L bottle, 10 g Casein peptone, 5 g yeast extract, 10 g NaCl, and 12 337 

g agar, all from Fischer Bioreagents) at 30°C or in M9 minimal medium (for a 1 L bottle, 338 

15 g agar, 200 mL 5x M9 salts (for a 1 L bottle, 35 g Na 2 HPO 4 •7H 2 O, 15 g KH 2 PO 339 

4 , 2.5 g NaCl, 5 g NH 4 Cl), 0.5 mL 1M MgSO 4, 0.1 mL 1M CaCl 2, and 1 mL FeCl 3 340 

/citric acid) at 37°C; 200 μg/mL of streptomycin was also added (N16961 is streptomycin 341 

resistant). Where applicable, growth media were supplemented with 0.2% glucose (w/v), 342 
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0.2% casamino acids (w/v), or 0.2% GlcNAc (w/v). All other carbon sources were also 343 

0.2% (w/v). 344 

 345 

For growth dynamic experiments, overnight cultures were diluted 100-fold into 1 mL 346 

growth media + streptomycin. 200μL of this seed stock were added to wells in a 100-well 347 

honeycomb and incubated in a Bioscreen growth plate reader (Growth Curves America) 348 

at 37°C with random shaking at maximum amplitude, and OD 600 recorded at 10 min 349 

intervals.  350 

 351 

Plasmid and strain construction. 352 

Oligonucleotides used in this study are summarized in Table S2. E. coli MFDλpir (a 353 

diaminopimelic acid [DAP] auxotroph) or SM10 λpir was used for conjugation into V. 354 

cholerae, for gene deletions and overexpression plasmids respectively (56). 355 

Overexpression strains were created using the chromosomal integration plasmid 356 

pTD101, a derivative of pJL1 containing lacIq and a multiple-cloning site under the control 357 

of the IPTG (isopropyl-β-d-thiogalactopyranoside)-inducible Ptac promoter, or 358 

pHL100mob, a non-integrative high copy number plasmid also inducible through 359 

IPTG(57). pTD101 integrates into the native V. cholerae lacZ (vc2338) locus. Genes for 360 

complementation experiments were amplified from N16961 genomic DNA (58), 361 

introducing a strong consensus ribosome-binding site (RBS) (AGGAGA), and cloned 362 

using Gibson assembly. Plasmids were colony PCR verified using primers 1 and 2 363 

(pTD101) or 5 and 6 (pHL100mob). Gene deletions were constructed using the pTOX5 364 

cmR/msqR allelic exchange system (59). In short, 500-bp regions flanking the gene to be 365 
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deleted were amplified from N16961 genomic DNA by PCR and cloned into the suicide 366 

vector using Gibson assembly (60). Plasmids were colony PCR verified using primers 3 367 

and 4. All plasmids were Sanger sequence verified before conjugation. 368 

 369 

Conjugation into V. cholerae was performed by mixing overnight cultures 1:1 (100 μL 370 

donor plus 100 μL recipient) in 800 μL fresh LB, followed by pelleting (7,000 rpm, 2 min) 371 

and resuspending in 100 μL LB. The mixture was then spotted onto LB agar (with 600 μM 372 

DAP for E. coli MFDλpir growth) and incubated for 4 hr (overnight for pTOX5 deletions) 373 

at 37°C. Selection for single-crossover mutants was then achieved by streaking the 374 

mating mixture on either streptomycin (200 μg/mL) plus carbenicillin (100 μg/mL) 375 

(pTD101), streptomycin (200 μg/mL) plus kanamycin (50 μg/mL) (pHL100mob), or 376 

streptomycin (200 μg/mL) plus chloramphenicol (100 μg/mL) and 600 μM DAP for pTOX5 377 

and incubating overnight at 37°C.  378 

 379 

For pTD101 insertion, carbenicillin-resistant mutants were counterselected on salt-free 380 

LB supplemented with 10% sucrose and X-Gal (5-bromo-4-chloro-3-indolyl-β-d-381 

galactopyranoside) (120μg/mL) and grown at ambient temperature for two days. White 382 

colonies (indicating a disrupted lacZ) were isolated, and PCR-verified using primers 23 383 

and 24. For pTox-mediated recombination, chloramphenicol-resistant colonies were 384 

counter selected on M9 minimal medium containing 2% (vol/vol) rhamnose at 30°C for 18 385 

hr. Deletions were verified by PCR using flanking and internal primers and verified with 386 

whole-genome sequencing. 387 

 388 
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Cell Viability Assay and Glucose Time-dependent Killing Assay 389 

To test cell viability, overnight cultures were added to sterile 1X PBS for serial dilution 390 

from 1:10 to 1:107. 5 μL of overnight cultures and diluted cultures were spotted for 391 

CFU/mL on different media plates, as described in the figure legend. Dried plates were 392 

then incubated at 37°C (M9 agar) overnight and counted the next day. For glucose 393 

concentration-dependent experiments, strains were grown overnight in M9 + 0.2% 394 

casamino acids at 37°C. The following day, the cultures were diluted 1:1000 into fresh M9 395 

+ 0.2% casamino acids and incubated at 37°C for 3 hours. Then various concentrations 396 

of glucose were added to the media and incubated for another 3 hours at 37°C, then 397 

serially diluted onto M9 agar + 0.2% casamino acids and left overnight at 37°C. CFU/mL 398 

were counted the next day. For microscopy, strains were grown as previously described 399 

then imaged without fixation on M9 + 0.8% agarose pads using a Leica DMi8 inverted 400 

microscope. 401 

 402 

Antibiotic Sensitivity Assay 403 

For zone of inhibition assays, a lawn of overnight cultures (100 μL) was spread on an LB 404 

agar plate with or without 0.2% GlcNAc and allowed to dry for 15 min. 10 μL of antibiotic 405 

solutions (100 mg/mL PenG or 100mg/mL carbenicillin) were placed on Thermo Scientific 406 

Oxoid Antimicrobial Susceptibility Test filter disks (6 mm, product code: 10609174) onto 407 

the agar surface and incubated at 30°C overnight before measurements. 408 

 409 

Metabolomics 410 
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Three biological replicates were grown in M9 + 0.2% casamino acids overnight at 37°C. 411 

1mL of culture was pelleted (2 min, 7000 rpm) and washed with M9 media. The cultures 412 

were then added 1:50 into 5mL of M9 + 0.2% casamino acids and incubated at 37°C for 413 

3 hours. Following incubation, either 0.2% glucose or 0.2% glucose and 0.2% GlcNAc 414 

were added to the tubes and incubated for an additional hour at 37°C. After treatment, 415 

2 mL of sample were taken per condition and pelleted at 7000 rpm for 2 min. The 416 

supernatant was removed, and the cell material pellet was flash frozen with liquid 417 

nitrogen. 200 μL of cold 80% methanol was then added to the pellets. Pellets were 418 

stored at -80°C. These pellets were lysed and 3 µl samples were analyzed using Agilent 419 

InfinityLab Poroshell 120 HILIC-Z (Agilent 683775-924). The chromatographic 420 

separation employed two solvent phases: Solvent A (water + 10 mM NH4OAc + 5 mM 421 

InfinityLab Deactivator Additive, pH 9, adjusted with NH4OH) and Solvent B (85% ACN 422 

+ 10 mM NH4OAc + 5 mM InfinityLab Deactivator Additive, pH 9, adjusted with NH4OH). 423 

The gradient program consisted of 0-2 min (96% B), 5.5-8.5 min (88% B), 9-14 min 424 

(86% B), 17 min (82% B), 23-24 min (65% B), 24.5-26 min (96% B), and a 10-minute 425 

end-run at 96% B. Mass spectrometry was performed using an Agilent 6230 Time of 426 

Flight (TOF) mass spectrometer with an Agilent Jet Stream electrospray ionization (ESI) 427 

source in negative mode. Data analysis involved peak visualization and confirmation 428 

using Profinder 8.0 (Agilent) software and a pathway-specific, manually curated 429 

database. Standard metabolites were included in each run for retention time matching 430 

and verification. Heatmaps were generated using Prism, with averaged peak heights 431 

normalized to the control casamino acids condition. 432 

 433 
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Protein Purification 434 

V. cholerae’s GlmU gene was amplified from N16961 gDNA and cloned into pET28a 435 

downstream of 6xHis-SUMO Tag (61). Plasmids were verified by Sanger sequencing. E. 436 

coli BL21 (DE3) (Novagen) was transformed with the resulting recombinant plasmid 437 

(pET28a-GlmU). Overnight cultures (10 mL) were used to inoculate 1L of LB with 438 

kanamycin (50 μg/mL) and incubated at 37°C with vigorous shaking (220 RPM) until they 439 

reached an OD600 between 0.6 and 0.8. Cultures were induced with 1mM IPTG at 18°C 440 

and 180 RPM overnight. Harvested cells were pelleted and resuspended in 15 mL of cold 441 

purification buffer (20mM Tris pH 7.5, 150 mM NaCl), and lysed by sonication. Lysates 442 

were cleared by centrifugation at 31,000g for 40 minutes at 4°C, and loaded onto a HisPur 443 

cobalt column (Thermo Scientific; Catalog No. 89964) and washed multiple times with 444 

purification buffer until protein was undetectable in the flowthrough by the Bradford 445 

reagent. The bead slurry was then transferred to a 5 mL microtube with 60 μL of ULP1 446 

Sumo protease and digested overnight at 4°C rotating. Protein was eluted the next day 447 

with 20 mL of purification buffer. Samples were analyzed by SDS-page with Coomassie 448 

blue stain and then Concentrated with a 30KD Amicon concentrator (Millipore) to 5 mL. 449 

Concentrated samples were then measured using Nanodrop.  450 

 451 

In vitro GlmU biochemistry 452 

Reaction design was taken from (50). In summary, GlmU reaction substrates included 453 

GlcN-1P (5mM), UTP (5mM), and Acetyl-CoA (5mM). substrates were added to a 454 

1.5mL Eppendorf tube with 5μL of 10x Reaction Buffer (50mM Tris–HCl, pH 7.5, 5 and 455 

5mM MgCl2). A dilution series of G1P inhibitors were added (0mM – 250mM) and then 456 
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purified GlmUVC was added at 2 µM, for a total volume of 50μL. The tubes were 457 

incubated at 30°C for 30min. Equal volumes of 40:40:20 (Acn: MeOH:H2O)  solution 458 

was added to stop the biochemical reaction. The tubes were then centrifuged for 10min 459 

at 15,000rpm. Half of the volume was added to a new tube and mixed with equal 460 

volumes of LC-MS Solution B. These tubes were centrifuged at 4°C, 8min, at 461 

15,000rpm. 25μL of supernatant was added to the LC-MS autosampler vials and 2 µl 462 

sample volume were resolved on a Diamond Hydride Column using a 1260 Infinity II 463 

high-performance liquid chromatography (LC) system (Agilent) coupled with an Agilent 464 

Accurate-Mass 6230 TOF-Mass Spectrometer (MS) operating in negative mode. Two 465 

liquid phases (i) solvent A: H2O + 0.2% formic acid and (ii) solvent B: Acetonitrile + 466 

0.2% formic acid were used at 0.4 ml/ min with the following gradients: 85% B, 0-2min; 467 

80% B, 3-5min; 75% B, 6-7 min; 70% B, 8-9 min; 50% B, 10-11 min; 20% B, 11-14 min; 468 

5% B, 14-24 min and 10 min of 85% B for the re-equilibration. Results were collected 469 

on Agilent 6230 TOF-MS with ESI source. Profinder 8.0 (Agilent) was used for the peak 470 

abundance measurement. Final metabolites were verified by comparing retention 471 

times and mass-to-charge (m/z) ratios with respective standards for each substrate 472 

and product. Absolute and relative counts were calculated and plotted on GraphPad 473 

Prism software. 474 

 475 

Molecular Modeling  476 

Interactions between GlmU, glucosamine-1-P, and glucose-1-P were modeled using Chai 477 

Discovery (https://www.chaidiscovery.com/blog/introducing-chai-1). We input the amino 478 

acid sequence code for VCH GlmU, from UniProt (Q9KNH7) as the protein input x3. We 479 
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then uploaded the SMILES for either glucosamine-1P or glucose-1P (PubChem). 480 

Confidence scores (pTM and ipTM) were automatically generated during this analysis. 481 

Each resulting model was visualized using PyMol. Polar interactions to adjacent amino 482 

acids were identified and measured in PyMol. Pairwise structural alignments were 483 

performed in PyMol and RMSD values were automatically generated during this analysis. 484 

Sequence alignments and analysis were performed using UniProt 485 

(https://www.uniprot.org/align). 486 

 487 
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 684 

Figures 685 

 686 

Figure 1: Glucose toxicity in Δpgi. A) Cells were imaged after 3 hours of growth in the 687 
indicated conditions. Scale bar = 5 μm. White circle indicates aberrant cell morphologies 688 
B) CFU measurements from serially diluted cultures plated on M9 + 0.2% casamino acids 689 
agar after 3 hours of exposure to the indicated glucose concentrations. Mean with SEM 690 
plotted with 7 independent biological replicates. **=p<0.01, *** = p<0.001, ****=p<0.0001 691 
(2-way ANOVA).  692 
 693 
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 694 

Figure 2: External GlcNAc is sole carbon source to complement Δpgi in glucose. 695 
A) Serial dilutions of the indicated strains were plated on M9 minimal media supplemented 696 
with the indicated carbon sources and grown overnight at 37°C. B) The indicated mutant 697 
strains were imaged after 3 hours of growth at 37°C. Bar = 5 μm. C) Zone of inhibition 698 
measurements from a disk diffusion experiment on LB agar with or without the addition 699 
of 0.2% GlcNAc. Concentrations of the noted antibiotics are listed in Methods and 700 
Materials. Data represent at least 3 independent biological replicates; raw data points are 701 
shown with bars depicting mean with SEM. *** = p<0.001, ****=p<0.0001 (2-way ANOVA). 702 
 703 

 704 
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 705 

Figure 3: Genetic manipulation of biosynthesis pathways reveals an essentiality of 706 
glucosamine-6P in Δpgi. A) A metabolic pathway diagram highlighting the PG recycling 707 
pathway, the conversion of glycolytic intermediates towards PG synthesis, and GlcNAc 708 
import. Glucose (Glu) can be imported through PtsG and readily converted to Glucose-709 
6P. PgcA can also convert glucose-1P and glucose-6P interchangeably. Fructose (Fru) 710 
can be imported through vc0270, a member of the PTS system. Pgi interconverts G6P 711 
and F6P.  Mannose-6P (Man6P) can be siphoned from central metabolism towards F6P. 712 
NagB and GlmS act as a bridge away from and towards PG synthesis, respectively. 713 
GlcNAc is imported through NagE and converted to Glucosamine-6P by NagA. GlmM and 714 
GlmU build the PG precursor UDP-GlcNAc, while MurA and MurB add some additional 715 
steps to create UDP-MurNAc. MurNAc can also be imported through MurP. As MurNAc-716 
6P, this molecule can either be funneled back towards PG synthesis directly, through 717 
MupP, MurU and an uncharacterized enzyme, or recycled back into GlcNAc-6P by 718 
MurQ/vc0206. AmpG, a periplasmic PG fragment importer, can also supply internal 719 
GlcNAc from degraded cell wall products. B) Zone of inhibition data from treatment with 720 
PenG with and without overexpression induction. Statistical significance was evaluated 721 
via 2-way ANOVA from at least 5 independent replicates (raw data points shown). *** = 722 
p<0.001, ****=p<0.0001 C) Colony formation after 3 hours of glucose exposure with the 723 
indicated strains were plated on M9 + 0.2% CAA. Data for WT, Δpgi, and complemented 724 
strain are reproduced from Fig.1 for comparison. Statistical significance was evaluated 725 
via log-transformed, 2-way ANOVA with 4 independent replicates (raw data points 726 
shown). *=p<0.1 **=p<0.01, *** = p<0.001, ****=p<0.0001. 727 
 728 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 17, 2024. ; https://doi.org/10.1101/2024.11.13.623475doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.13.623475
http://creativecommons.org/licenses/by-nc-nd/4.0/


 729 

Figure 4: Targeted metabolomics of Δpgi reveal bottleneck around GlmU activity. 730 
A) Heatmaps normalized to strain specific casamino acids conditions. The right column 731 
represents the change between strains in the indicated conditions. Log2 fold change is 732 
shown on the right side of the maps. B) The enzymatic reaction of GlmU. The 733 
acetyltransferase activity catalyzes N-acetylglucosamine-1P from glucosamine-1P and 734 
Acetyl-CoA. The second step is the uridyltransferase reaction which adds UDP onto 735 
GlcNAc, forming the end-product UDP-GlcNAc. C) Overnight cultures were serially 736 
diluted and spot-plated on MM agar with the indicated additions of percent glucose and 737 
200uM IPTG. At least 4 independent replicates are presented, with raw data points and 738 
SEM. *** = p<0.001, ****=p<0.0001 (2-way ANOVA). Δpgi was compared against WT 739 
values and Δpgi pHL100: glmU was compared against Δpgi. D) The indicated strains 740 
were grown overnight in M9 + casamino acids and the diluted and spot-plated on M9 agar 741 
plates containing CAA and the indicated glucose concentration.  742 
 743 
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 744 

Figure 5: Glucose-1P inhibits GlmU biochemical reaction in a concentration 745 
dependent manner. A) Schematic portraying the in vitro biochemistry experimental 746 
design. Biochemical reaction components, UTP, Acetyl-CoA, GlcN-1P and GlmU, mixed 747 
with buffer, were added to test tubes. After incubation, the reaction was stopped and ran 748 
on the LC-MS machine. Abundance peaks were measured for the stated molecules. B) 749 
Peak values for GlcNAc-1P product from reactions with increasing glucose-1P 750 
concentrations. SEM plotted with 3 replicates. * = p < 0.05 (unpaired t-tests). C) Peak 751 
values for UDP-GlcNAc product from reactions with increasing glucose-1P concentrations 752 
(in mM, X-axis). Averages and SEM plotted from 3 replicates. * = p < 0.02, ** = p < 0.002, 753 
*** = p < 0.0005 (unpaired t-test).  754 
 755 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted November 17, 2024. ; https://doi.org/10.1101/2024.11.13.623475doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.13.623475
http://creativecommons.org/licenses/by-nc-nd/4.0/


 756 

Figure 6: Molecular modeling reveals putative target site for glucose phosphate 757 
inhibition. A) Residues predicted to interact with glucosamine-1-P and glucose-1-P, 758 
Predicted Template Modeling (pTM) and Interface Predicted Template Modeling (ipTM). 759 
B) Molecular modeling of GlmU binding glucosamine-1-P (red) and the associated polar 760 
interactions. C) Molecular modeling of GlmU binding glucose-1-P (red) and the 761 
associated polar interactions.  762 
 763 

 764 

 765 

 766 

 767 

 768 

 769 
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Supporting Information 770 

 771 

Figure S1: Enhanced lysis of a pgi mutant. Overnight cultures of the indicated strains 772 
were plated on agar containing glucose and the lysis indicator CPRG (see text for details) 773 
and imaged after 18 hours of growth. 774 
 775 
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 778 

Figure S2: Ability of Δpgi to grow on various carbon sources. A) Growth curves with M9 779 
minimal media and the indicated sole carbon sources. SEM plotted. B) Serial dilutions of 780 
overnight cultures grown in M9 + 0.2%CAA plated on M9 agar supplemented with the 781 
indicated carbon sources and grown for 18 hours at 37°C. C) Growth curves with M9 782 
minimal media, designated carbon sources, and 0.2% glucose. SEM plotted. D) Serial 783 
dilutions of overnight cultures grown in M9 + 0.2%CAA plated on M9 agar supplemented 784 
with the designated carbon sources and 0.2% glucose. 785 
 786 
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 787 

Figure S3: In vitro biochemical abundance of specified metabolites. UDP-GlcNAc levels 788 
measured with 125mM G1P addition. SEM plotted with 3 replicates displayed.  789 
 790 
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 794 

Figure S4: Predicted molecular models of GlmU. A) Predicted models of VCH GlmU with 795 
glucosamine-1P with interacting residues denoted, length of bonds, pTM and ipTM 796 
scores. Model #3 was the model used above. B) Predicted models of VCH GlmU with 797 
glucose-1P with interacting residues denoted, length of bonds, pTM and ipTM scores. 798 
Model #4 was the model used above. Highlighted in green are the same interacting 799 
residues as the substrate GlcN-1P. C) Predicted models of VCH GlmU with glucose-6P 800 
with interacting residues denoted, length of bonds, pTM and ipTM scores. Model #1 was 801 
the model used above. Highlighted in green are the same interacting residues as the 802 
substrate GlcN-1P. D) Molecular modeling of GlmU binding glucose-6P (red) and the 803 
associated polar interactions. 804 
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 805 
 806 
Figure S5: Structural alignments of GlmU. A) Multiple amino-acid sequence alignments 807 
of M.Tb, E.coli, and V. cholerae with conserved residues denoted, using Clustal. B) GlmU 808 
monomer structural alignment. GlmUVC is blue, GlmUEC is depicted in orange, and 809 
GlmUMtb is in teal. RMSD, root mean squared deviation, is a measure of how closely two 810 
alignments match; RMSD < 2.5 is a reasonable alignment. C) Percent Identity Matrix, 811 
created by Clustal2.1 shows alignment similarity across species. 812 
 813 
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Table S1: Strain list used in this study.  * = checked via whole genome sequencing 815 
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Table S2: Oligos used in this study. 817 
 818 
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