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Abstract

Metabolic glycan probes have emerged as an excellent tool to investigate vital questions in 

biology. Recently, methodology to incorporate metabolic bacterial glycan probes into the cell 

wall of a variety of bacterial species has been developed. In order to improve this method, 

a scalable synthesis of the peptidoglycan precursors is developed here allowing for access to 

essential peptidoglycan immunological fragments and cell wall building blocks. The question 

was asked if masking polar groups of the glycan probe would increase overall incorporation, a 

common strategy exploited in mammalian glycobiology. Here, we show through cellular assays 

that E. coli do not utilize peracetylated peptidoglycan substrates yet do employ methyl esters. The 

10-fold improvement of probe utilization indicates that masking the carboxylic acid is favorable 

for transport and that bacterial esterases are capable of removing the methyl ester for use in 

peptidoglycan biosynthesis. This investigation advances bacterial cell wall biology, offering a 

prescription on how to best deliver and utilize bacterial metabolic glycan-probes.
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Cell walls are vital components for bacteria, providing them protection against 

environmental insults such as changes in osmotic pressure or small molecule threats.1 A 

major component of the bacterial cell wall envelope is the bacterial peptidoglycan (PG), 

an essential mesh-like polymer that bacteria assemble with units of N-acetylglucosamine 

(NAG) and N-acetyl muramic acid (NAM) around their cytosolic membrane.2 This 

carbohydrate backbone is connected through β-1,4-linkages and further crosslinked through 

complex D- and L-amino acid-containing peptide chains from the 3-position of NAM (Figure 

1).2 This architecture along with modifications around the muropeptide scaffold render the 

dynamic and protective properties of this essential microbial macromolecule against turgor, 

the host immune system, and antibiotics.3, 4 To gain insight into the causative mechanism 

of bacterial-related diseases, inflammatory disorders, and in turn to design novel antibiotics 

capable of targeting this polymer,5 it is imperative to understand how fragments naturally 

generated from this molecule interact at the molecular level with the immune system.6 

Therefore, the development of labeling strategies for PG on the carbohydrate backbone are 

invaluable, enabling the study of the PG biosynthetic process and the identification of key 

structural features via fluorescent imaging and spectrometric techniques.7
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We previously reported methodology for metabolic PG labeling by utilizing glycan-probes 

bearing a bioorthogonal handle at the 2-amino position of the NAM (7 and 9a, Figure 1).8-10 

We found that derivatization at this position of the NAM was an acceptable modification 

for the biosynthetic and recycling enzymes, permitting NAM containing bioorthogonal 

tags to be displayed on the surface of both Gram-positive and Gram-negative bacteria 

(Figure 1). It is worth highlighting that the method uses the enzymes NAM/NAG anomeric 

kinase (AmgK) and NAM α-1-phosphate uridylyltransferase (MurU) first identified by the 

Mayer group in Pseudomonas putida.11 These recycling enzymes circumvent the difficult 

synthetic preparation of uridine diphosphate (UDP)-NAM sugars, which are challenging to 

isolate and carry two negative charges at physiological pH, making it difficult to cross the 

bacterial membrane(s) (Figure 1). It is also noteworthy that these glycan probes complement 

strategies labeling PG via the D-amino acids of the peptide.12-20 E. coli have multiple 

pathways to uptake PG fragements.21 For example, some bacteria use the AmpG permease 

to bring anhydro-muropeptides through the membrane while others can take up NAM (10, 

Figure 1) via MurP, which simultaneously phosphorylates the compound at the 6-position 

and ultimately produces UDP-MurNAc. Subsequently, MurNAc 6-phosphate is converted to 

GlcNAc 6-phosphate by MurQ etherase. From here the GlcNAc can be rerouted into PG 

biosynthesis or channeled into glycolysis. The recombinant E. coli (EQKU) cells utilized 

here lack the MurQ etherase, which permits processing of the probe solely through the 

inserted recycling enzymes AmgK and MurU (Figure 1) for incorporation into mature PG.

The previously reported NAM probes (7 and 9a, Figure 1) have been used in a series of 

biological experiments to illuminate the recently identified bacterial glycosyltransferase, 

FtsW,22, 23 and define zones of enhanced cell wall synthesis in Helicobacter pylori.24 

However, we wondered if the method could be improved by simplifying the synthesis of 

the critical 2-amino precursor (6, Scheme 1) and enhancing the probe delivery (Figure 1). 

The latter is commonly addressed in mammalian glycobiology through acetylation of the 

carbohydrate probe to mask polar groups; these groups are then deprotected by cellular 

esterases/deacetylases in the cytoplasm.25, 26 Recently, Dube and coworkers, have shown 

that acetylated glycan probes could be used to assess the glycosylation patterns of secreted 

colonization factors in H. pylori,27 suggesting that this could be a strategy to improve uptake 

and subsequent incorporation of the N-acetyl-muramic acid probes. Here, a multigram 

synthesis of the N-acetyl-muramic acid probe precursor is reported and a detailed study 

exploring the permissibility of acetylated PG probes is presented. Ultimately, the data show 

that bacteria have a limited set of esterases/deacetylases and one must be careful about 

which groups are masked on the glycan, as esterases/deacetylases are not universal across 

mammalian and bacterial biology. For the N-acetyl-muramic acid probes, it is found that 

acetate protecting groups on the hydroxyl groups are not tolerated whereas the negative 

charge on the carboxylic acid can be masked with an ester (Figure 1). Through microscopy 

and mass spectrometry assays, we established that E. coli and other species do not utilize 

peracetylated derivatives of N-acetyl-muramic acid, suggesting that the specific cellular 

esterases/deacetylases are not able to unmask the precursors. Yet, the data show methyl 

esters are tolerated by the system and removed by an esterase. By simply masking the 

negative charge on the carboxylic acid on the substrate, similar levels of cell wall labeling 

Brown et al. Page 3

ACS Chem Biol. Author manuscript; available in PMC 2022 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



were achieved using significantly less probe. In optimizing these critical steps, the best 

production and delivery strategies for the peptidoglycan probes were realized.

Results and Discussion:

Modular synthesis of 2-amino-NAM probes

Herein an updated synthetic method that allows modular, scalable production of the 2-amino 

precursor to the azide and alkyne NAM probes is reported. Previously, an azido transfer 

reaction was the initial step of the synthesis to access 6 (Scheme 1).8-10 However, the 

pyrophoric nature of the reactants and intermediates therein limits the scale of this step 

to 5 grams in the academic setting, which is not adequate for downstream biological 

applications.28-30 This problem was circumvented by employing a carboxybenzyl (Cbz) 

protecting group that is labile under palladium catalyzed hydrogenation conditions (Scheme 

1). Although others have explored this route of using the Cbz protecting group in 

combination with a benzyl and benzylidene acetal groups to prepare NAM and muramyl 

dipeptide (MDP) fragments,31, 32 final products were never isolated nor reported. The route 

shown in Scheme 1 is an accessible method to produce the Cbz-protected NAM (supporting 

Information, NMR and high-resolution spectra), with 25% overall yield (all intermediates 

reported in the Supporting Information).

In this route 2-amino muramic acid, 6, is obtained over five steps. First, commercially 

available D-(+)-glucosamine hydrochloride (1) and N-(benzyloxycarbonyloxy)succinimide 

(Cbz-OSu) are used in the initial step to obtain 2. Subsequently, the benzyl ether protecting 

group is installed (3, Scheme S3) via a Fischer glycosylation where HCl is generated in 
situ. This is followed by benzylidene acetal protection of the 4,6-diol catalyzed by pTSA (4, 
Scheme 1). It should be noted that in the lactic acid coupling step, the reaction temperature 

is essential to acquire 5. If the reaction is carried out at room temperature utilizing sodium 

hydride, partial removal of the Cbz protecting group is observed. This suggests that the 

hydride can act as a base and attack the carbonyl carbon of the Cbz on 4, resulting in the 

removal of the 2-amino protecting group.33 However, by reducing the temperature to −20°C, 

Cbz removal was prevented and the corresponding lactic acid containing intermediate 5 
was obtained in 69% yield. With the lactic acid moiety installed, palladium catalyzed 

hydrogenation yields the critical intermediate, 2-amino muramic acid, 6, in 77 % yield. 6 
can be subsequently derivatized at the 2-amino position using mild acylating conditions. In 

order to show the utility of the synthesis in preparing PG building blocks/fragments, we 

pivoted this synthesis at intermediate 5 to prepare muramyl dipeptide (MDP) (19, Scheme 

S18), a synthetic immunostimulatory fragment ubiquitous in PG from most bacterial 

species34, as well as N-glycolyl-MDP (20, Scheme S19), a fragment derived from the PG of 

the pathogen Mycobacterium tuberculosis.35, 36 These fragments are standard compounds 

when assessing bacterial activation of immune pathways. Recent studies from our lab 

have shown that it is essential to look beyond the commercially available fragments, as 

different PG fragments induce the expression of genes distinctively.37 Therefore, the ease of 

preparing compounds 19 and 20 (Scheme S18 and S19) and the modularity-- deprotection 

at the 4- and 6-positions for further diversification around the whole sugar scaffold--38 

of the synthesis emphasizes the accessibility of preparing an array of bacterial cell wall 
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fragments/subunits, both synthetic and biologically inspired, that are more complex mono- 

and potentially disaccharides.

While other groups have reported different protecting group strategies at the 2-amino 

position such as tert-butyloxylcarbonyl (BOC),39 the Cbz offers greater stability and 

utility in preparation of the NAM (and other PG fragment probes). Moreover, the added 

hydrophobicity of the Cbz group reduces the number of flash chromatography columns 

in the purification steps, instead taking advantage of recrystallization and precipitation 

techniques which allows the 2-amino muramic acid derivative to be produced in an overall 

25% yield when starting from 15 grams of D-(+)-glucosamine over 5 steps.

Optimization of NAM probe delivery, utilization and incorporation into bacterial 
peptidoglycans

With a robust synthetic route to the NAM probe derivatives in hand, we then sought to 

improve the metabolic labeling efficiency of the NAM probes in E. coli. In considering 

mammalian systems (and select bacterial systems) that use glycan metabolic incorporation, 

the carbohydrate probe’s hydroxyl groups are masked via acetylation to increase membrane 

permeability.40-42 The polar nature of the hydroxyl containing compounds limits cell uptake 

across the bilayer in the absence of dedicated transporters. Acetylation and esterification 

permits the probes to be more readily transported into the cytosol for utilization by 

biosynthetic enzymes or at least improves metabolic flux of these compounds. Once in 

the cell, endogenous, cytosolic carboxylic esterases/deacetylases would reveal the hydroxyl 

groups. We reasoned that this strategy would be useful in reducing the concentration of 

NAM probe to sufficiently label the PG core structure of bacteria. Previous protocols8 for 

metabolic labeling of PG utilized 6 mM of glycan probe (azide/alkyne (7 and 9a) though 

only a fraction of these molecules was incorporated, implying that probe uptake is limiting 

overall incorporation. The polarity of the N-acetyl-muramic acid probe should be considered 

in regards to access to the cytoplasm. The probe has three hydroxyl groups and a carboxylic 

acid group (Figure 1), which at physiological pH will carry a substantial negative charge. 

In addition, the outer membrane of E. coli adds another barrier through which exogenous 

probe must traverse. In order to quickly assess if this approach would be useful in E. 
coli PG remodeling strategies, the peracetylated probe (12, Scheme 2) was prepared. We 

note that when 10 was subjected to acid catalyzed esterification conditions and then global 

acetylation with acetic anhydride, a bicyclic ring system formed between the 3-carboxylic 

acid group and 4-OH (12a, Scheme S13).43 As a result, 10 was converted to an ester at the 

3- position and subsequently subjected to acetylating conditions (12, Scheme 2) to avoid 

obtaining 12a. These compounds were then assessed in a bacterial growth assay using the 

E. coli ΔMurQ- KU (EQKU cells) model system in which recycling enzymes AmgK and 

MurU are expressed and can recycle NAM when natural PG biosynthesis is inhibited with 

the antibiotic fosfomycin (Figure 1);8, 11 in the presence of fosfomycin, bacteria cannot 

generate de novo NAM (10, Figure 1) and must rely on the exogenous NAM for PG 

biosynthesis. Previous work shows that the EQKU cell line can rescue growth with 7 and 

9a. However, in this work, when the acetylated derivative 12 was used, E. coli growth was 

stymied (Figure S2); whereas the positive control with non-acetylated NAM 10, E. coli 
survived under fosfomycin growth conditions (Figure S3). The observed cell death could be 
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attributed to the generated acetate ions as it is known that acetate inhibits bacterial growth 

at high concentrations. In order to determine if high concentration of acetate ions killed 

the bacteria, growth curve analyses were performed in the presence of acetate ions. Growth 

curves were obtained at 2.4, 24 and 240 mM, (the concentration of acetate equivalent to 

what would be released in the cytosol if all of the acetates were removed at 6 mM of probe 

and then also at concentrations 10-fold above and 10-fold below). The assay demonstrated 

that the growth of E. coli was comparable to that of the control at 2.4 and 24 mM, while 

240 mM showed a steep decline in growth rate which was expected. Nevertheless, complete 

death was not observed as was the case with the acetylated probe 12 (Figure S1). It should 

be noted that the expression of amgk/murU in the E. coli model system (Figure 1) is 

maintained by chloramphenicol, which is cited to inhibit bacterial esterase function.44 In 

order to assess if chloramphenicol was inhibiting deacetylation of the probe, P. putida, which 

harbor amgK and murU in their genomes, were treated with peracetylated compounds. The 

P. putida cultures did not rebound when incubated overnight with fully acetylated probe (12, 

Scheme 2). Finally, Helicobacter pylori (an organism that in previous work was amenable 

to muramic acid probes (7 and 9a) and acetylated NAG probes)27, 45 was assessed for the 

ability to use the acetylated probe 12; these bacteria also failed to incorporate (data not 

shown). This led us to propose that the endogenous (cytosolic) carboxylic esterases are able 

to deacetylate the N-acetyl-glucosamine derivatives but not probe 12. Or if the peracetylated 

probe is processed, it is unmasked at a rate that is not compliant with the rate of PG turnover. 

Previous work by Tippmann and coworkers suggested that E. coli do not contain sufficient 

endogenous esterases to deprotect carbohydrates, supporting the findings that acetylated 

NAM probes are not utilized in the system.46 To assess if this in the case with acetylated 

muramic acid, 12 was incubated with E. coli lysates and analyzed via mass spectrometry 

experiments; in all the experiments only the ester was removed and not the acetate protecting 

groups (Supporting Information, Table S1, Figures S13-S19). The data suggest that an acetyl 

protection strategy would not be useful with the N-acetyl-muramic acid PG remodeling 

method.

Next, a strategy was developed to solely transform the carboxylic acid moiety, which 

presents as a carboxylate in vivo, to an ester. We have previously shown using a 3-azido 

muramic ester probe that the system is able to incorporate this substrate into the PG of 

E. coli.9, 10 Therefore, it appears that there are esterases present within the bacterial cell 

capable of hydrolyzing the methyl ester functionality from the lactic acid position of NAM. 

The NAM methyl ester possessing the alkyne functionality at the 2-position was synthesized 

using ethylcarbodiimide hydrochloride (EDC-HCl) rather than the N-hydroxysuccinimide 

(NHS) ester, which had been used in the preparation of 9.8 During purification, the residual 

NHS proved difficult to separate from the final compound, 9; this is evidenced by a singlet 

peak at ~2.7 ppm in the 1H NMR. Late-stage methylation of 7 and 10 yielded the azide 

NAM methyl ester, 8, and the peracetylated N-acetyl methyl ester, 12, respectively. These 

reactions were catalyzed by IRA H+ resin at room temperature. It is essential to carefully 

monitor the methylation process; addition to the anomeric hemiacetal is also possible if 

the reaction proceeds for long periods, converting the C1 hydroxyl to a methyl ether. 

Conversely, the alkyne NAM methyl ester was prepared by refluxing intermediate 5 in 

methanol with IRA H+ resin at 60 °C, simultaneously removing the benzylidene acetal 
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and installing a methyl group. 5a was subsequently hydrogenated and derivatized with the 

alkynyl functionality. This strategy was required for the alkyne NAM probe, because the 

acetal swiftly formed when the anomeric position was unprotected in the presence of IRA 

H+ resin. The presence of multiple functional groups around the NAM sugar ring makes 

these simple transformations challenging.

With the two probes in hand, these compounds were then assessed for utilization by the 

recycling machinery in the E. coli model system. We implemented a 96-well growth curve 

plate assay to quickly monitor incorporation of probe (Figure 2). Briefly, each probe was 

monitored using a concentration range from 60 μM to 6 mM for a course of 6 hours. 

In addition to testing the modified NAM methyl ester probes, the parent compounds (7 
(Scheme 2) and 9a (Figure 1)) were assayed for comparison. In both cases, it was found 

that the methyl ester derivatives incorporated at a lower concentration than the free acid 

derivatives. The azide NAM (AzNAM) methyl ester (8) showed incorporation at 150 μM, 

whereas no incorporation at this concentration was observed in the AzNAM (7) probe 

(Figure 2b, Figure S4). The alkyne NAM (AlkNAM) methyl ester probe (9) incorporated 

at a lower concentration compared to the parent compound (9a, Scheme S3a) (600 μM vs 

1500 μM) but at four-fold higher concentration than the AzNAM (7) (Figure 2C, FigureS5). 

These data suggest that masking the carboxylic acid is an effective strategy to dampen the 

negative charge on the NAM and improve uptake, allowing the concentration of probes 

used in downstream biological experiments to be reduced by up to four-fold. Nonetheless, 

the bioorthogonal NAM probes are incorporated less efficiently than the natural substrate 

N-acetyl muramic acid, which can rescue fosfomycin treatment at a concentration as low as 

60 μM, suggesting that even the small alkyne and azide modifications hinder utilization by 

the PG recycling and biosynthetic machinery (Figure 1, Figure S3).

After growth curve analysis, the incorporation of the methyl ester probes was confirmed 

with a series of experiments. First, mass spectrometry was used to verify the presence of 

“bioorthogonal” PG products. Briefly, cells were grown and remodeled with the methyl ester 

probes. Following incorporation, cells were treated with lysozyme to digest and generate 

the corresponding peptidoglycan fragments. Cells were filtered and mass spectrometry 

analysis confirmed incorporation into the bacterial PG (Figure S9-S12), as the data show 

the presence of the major disaccharide compounds as either azide or alkyne modified.

Next, the labeling efficiency of the bioorthogonal containing probes was assessed with 

flow cytometry by copper (I) catalyzed azide-alkyne cycloaddition (CuAAC) utilizing 

either an Alk488 or Az488 to the azide and alkyne NAM probes, respectively. In 

looking at the AzNAM methyl ester (8) data, the median fluorescence intensity was 

found to be statistically higher than the AzNAM (7) (Figure 2B). For 6 mM of probe, 

8 had a median fluorescence intensity value of 22964.5±1639.8 compared to 7’s median 

fluorescence intensity of 6985±2271 (****p<0.0001). For 600 μM of probe, 8 had a median 

fluorescence intensity value of 14310±636.40 compared to 7’s median fluorescence intensity 

of 8037.5±53.0 (**p<0.01). For 60 μM of probe, 8 had a median fluorescence intensity 

value of 7718.5±593.3 compared to 7’s median fluorescence intensity of 2965.5±92.6 

(*p<0.05). This trend was also followed by the AlkNAM methyl ester, 9, probe compared 

with AlkNAM (9a). For 6 mM of probe, 9 had a median fluorescence intensity value of 
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3308±48 compared to 9a’s median fluorescence intensity of 2885±23 (**p<0.01). For 600 

μM of probe, 9 had a median fluorescence intensity value of 3785±130 compared to 9a’s 

median fluorescence intensity of 2429.33±418.60 (*p<0.05). For 60 μM of probe, 9 had a 

median fluorescence intensity value of 2426.5±54.5 compared to 9a’s median fluorescence 

intensity of 1570±65 (**p<0.01). It should be noted that overall the median fluorescence 

intensity of the azide modifications is higher than the alkyne modifications, suggesting that 

the promiscuity of the PG biosynthetic pathway is more amenable to the azide modification 

than the alkyne modification, specifically at lower concentrations. It also confirms that the 

use of the methyl ester modification on the lactic acid at the 3-position of the NAM allows 

the probe to be incorporated at a higher degree when concentration is decreased.

Confocal microscopy was also performed on the samples showing incorporation of the 

probe into the cell wall. However, we note the quality of fluorescence imaging decreases 

significantly following a decrease in probe concentration (Figure S6). This could potentially 

be due to the decreased efficiency of the click reaction or due to incomplete reaction, as 

the incorporation of the probe is still high as shown by the flow cytometry data. This result 

suggests that higher concentrations of probe are needed for imaging purposes but lower can 

be used to remodel for other applications such as utilizing the probe as an affinity handle for 

mass-spectrometric enrichment studies.

Previous methods to label the carbohydrate backbone of peptidoglycan take advantage of 

the promiscuity of both the bacterial cell wall recycling and PG biosynthetic machinery 

(Figure 1).8 While the method has proven illuminating in visualizing the cell wall on defined 

carbohydrate units, here the method was improved by increasing uptake of the carbohydrate 

building blocks. A common strategy in mammalian glycobiology is the utilization of 

acetates and here we asked if masking polar groups of the glycan core would increase 

overall probe incorporation. Through microscopy and mass spectrometry assays, it was 

established that E. coli and other species do not utilize acetylated NAM substrates on the 

alcohols of the carbohydrates, suggesting that the specific cellular esterases are not able to 

deacetylate the precursors. Alternatively, one could argue that the acetylated sugars might 

not be substrates for the specific PG sugar transporters, which can be utilized by bacteria to 

recycle PG.47 It could be reasoned that E. coli do have deacetylases and a N-acetyl-muramic 

acid transporter is the actually gatekeeper of this process (Figure 1). In order to quickly 

test this possibility, E. coli cell lysates were assessed for the ability to unmask both the 

acetate and methyl ester protecting group from 12. Mass spectrometry data revealed only the 

deprotected carboxylic acid muramic acid derivatives; deprotection of the acetates was not 

observed (Supporting Information, Table S1). These data support that bacteria are charged 

with a specific set of esterases: those capable of removing carboxylic acid ester masks 

from muramic acid but not the acetates from alcohol groups of these peptidoglycan building 

block. These data go along with a study by Tippmann and coworkers whose work with 

peracetylated N-acetyl-glucosamine suggested cellular deacetylases for this specific carbon 

source do not exist.46 Here, this work shows that this phenomenon extends beyond GlcNAc 

to critical peptidoglycan building blocks, suggesting E. coli lack deacetylases capable of 

unmasking NAM derivatives. However, Tippmann and coworkers’ data suggest that E. 
coli do not have methylesterases to deprotect masked carboxylic acid derivatives, which 
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is contrary to the data presented here in which esters of muramic acid derivatives are 

efficiently removed both in cell lysates and whole cell experiments. Therefore, it can be 

concluded that methyl ester NAM derivatives are tolerated by the PG labeling strategy (8 
and 9, Scheme 2). By simply masking the negative charge of carboxylic acid on the muramic 

acid, similar levels of cell wall labeling were achieved by using significantly less probe 

(Figure 2). In parallel, an improved synthesis of the peptidoglycan precursors was developed 

which allows scalable synthesis of essential building blocks. A new, improved route for the 

preparation of NAM probes for metabolic labeling as well as immunological privileged PG 

fragments is described. This rapid, tunable, and high yielding synthesis of PG derivatives 

allows the production of analogues to interrogate the PG biosynthesis and to develop 

inhibitors of this process. Moreover, the benefits of the methyl ester transformation extend 

permissibility to traditional coupling conditions, sometimes eliminating the use of NHS, 

which have proven difficult to remove from final carbohydrates. The findings presented 

here will greatly increase the utility of both production of muramic acid probe synthesis, as 

the improved 2-amino muramic acid synthesis will allow a variety of chemical biological 

probes to be produced. Additionally, immunostimulatory probes such as the canonical, 

muramyl dipeptide and more complex PG fragments, the standards used by immunologist 

when assessing immune activity of PG.48 The improved uptake mechanism will decrease the 

amount of probe necessary and permit for large scale tracking experiments to be performed 

to ultimately identify the biologically relevant PG fragments and which innate immune 

receptors are engaged with them.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

Ac2O Acetic anhydride

AcCl Acetyl chloride

PhCH(OMe)2 Benzaldehyde dimethyl acetal

AcOH Acetic acid

AlkNAM Alkyne N-acetylmuramic acid

AmgK NAM/NAG anomeric kinase

AzNAM Azide N-acetylmuramic acid
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BnOH Benzyl alcohol

BOC Tert-butyloxylcarbonyl

Cbz Carboxybenzyl

Cbz-OSu N-(benzyloxycarbonyloxy)succinimide

CuAAC Copper (I) catalyzed azide-alkyne cycloaddition

DMAP 4-Dimethylaminopyridine

DMF Dimethylformamide

EDC-HCl 1-Ethyl-3-(3′-dimethylaminopropyl)carbodiimide · HCl

GlcNAc N-acetylglucosamine

MDP Muramyl dipeptide

MeOH Methanol

MurU NAM α-1-phosphate uridylyltransferase

Na2CO3 Sodium carbonate

NAG N-acetylglucosamine

NaH Sodium Hydride

NaHCO3 Sodium bicarbonate

NAM N-acetyl muramic acid

NHS N-hydroxysuccinimide

Pd(OH)2 Palladium hydroxide

PG Peptidoglycan

pTSA p-Toluenesulfonic acid

THF Tetrahydrofuran

UDP Uridine diphosphate
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Figure 1: Metabolic and Recycling Pathways of N-acetyl-Muramic Acid Probes.
The NAM methyl ester (azide (8) and alkyne (9)) and peracetylated NAM methyl ester 

(12) compounds are proposed to incorporate more efficiently than NAM (alkyne (7) and 

azide (9a)) by masking the polar and negatively charged hydroxyls and carboxylic acid, 

respectively. Cellular esterases and deacetylases would then deprotect the probe in the 

cytoplasm. The unmasked NAM probe is converted to the requisite UDP-NAM PG building 

block. UDP-NAM is then incorporated in the bacterial PG by the biosynthetic enzymes. 

Bioorthogonal probes are presented within the NAM probe by providing handles such as 

azide or alkyne on the N-acetyl position of the carbohydrate. Created with BioRender.com
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Figure 2. Growth curve and flow cytometry analysis demonstrate that E. coli accept carboxylic 
acid protected muramic acid probes (8 and 9) and incorporate into cell wall.
A. Overall PG Remodeling Strategy. Fosfomycin treatment selects for bacteria that utilize 

the recycling and biosynthetic enzymes for the incorporation of bioorthogonal PG building 

blocks into mature PG. Click chemistry then affords fluorescence modification onto the 

NAM unit of PG. B. AzNAM methyl ester (8) recovers growth of E. coli cells at 

concentrations of 150 μM or above. Some incorporation of lower concentration probe is 

observed over the first hour of growth. Flow cytometry confirms incorporation of probe at 

6 mM , 600 μM, and 60 μM ), with a statically higher median fluorescence intensity than 

the AzNAM free acid probe lacking the methyl ester (7). C. AlkNAM methyl ester (9) 

recovers growth of E. coli cells at concentrations of 600 μM or above. Some incorporation 

of lower concentration probe is observed over the first hour of growth. Flow cytometry 

confirms incorporation of probe at 6 mM,600 μM,and 60 μM, with a statically higher 

median fluorescence intensity than the AzNAM free acid probe lacking the methyl ester 

(7). AzNAM (7), AlkNAM (9a) and NAM (10) growth curves and flow cytometry are in 

the supporting Information. Error bars represent the standard deviation of three biological 

replicates from one trial. The graphs are representative of the average of triplicates from one 

of the three biological experiment replicates. Statistical analysis was performed by ANOVA 

with Tukey’s test (*p < 0.05, **p<0.01, ***p<0.001, ****p<0.0001).
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Scheme 1. 
Synthetic Route for the Preparation of 2-amino Muramic Acid: Scalable synthesis of 

2-amino-muramic acid reported over 5 synthetic steps in 25% yield on a multigram 

scale. Reaction Conditions: (a) Cbz-OSu, NaHCO3, 1:1 THF:H2O (80%); (b) BnOH, 

AcCl, 80°C; (c) PhCH(OMe)2, pTSA, DMF (57% over 2 steps); (d) 60% NaH, (S)-(−)-2-

Bromopropionic Acid, THF, −20°C (69%); (e) IRA H+ resin, MeOH, 60°C (58%); (f) H2, 

Pd(OH)2, 14:5:1 THF:H2O:AcOH (77%)
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Scheme 2: 
Synthesis of Methyl Ester Azide (A) and Alkyne (B) NAM Probes and Preparation of 

Peracetylated NAM (C). Reagent conditions: (a) 2-azidoacetic acid NHS, Na2CO3, MeOH; 

(b) IRA H+ resin, MeOH (18%); (c) 4-pentynoic acid, EDC-HCl, 1:1 H2O:THF (26%); (d) 

IRA H+ resin, MeOH; (e) Ac2O, Cat. DMAP, pyridine (31% over 2 steps).
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