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Abstract

Nucleoside derivatives, in particular those featuring uridine, are familiar components of the 

nucleoside family of bioactive natural products. The structural complexity and biological activities 

of these compounds have inspired research from organic chemistry and chemical biology 

communities seeking to develop novel approaches to assemble the challenging molecular targets, 

to gain inspiration for enzyme inhibitor development and to fuel antibiotic discovery efforts. This 

review will present recent case studies describing the total synthesis and biosynthesis of uridine 

natural products, and de novo synthetic efforts exploiting features of the natural products to 

produce simplified scaffolds. This research has culminated in the development of complementary 

strategies that can lead to effective uridine-based inhibitors and antibiotics. The strengths and 

challenges of the juxtaposing methods will be illustrated by examining select uridine natural 

products. Moreover, structure-activity relationships (SAR) for each natural product-inspired 

scaffold will be discussed, highlighting the impact on inhibitor development, with the aim of 

future uridine-based small molecule expansion.
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1. Introduction

Uridine consists of uracil, a member of the pyrimidine family of nitrogenous bases, and a 

ribose. Of all the characterized and isolated pyrimidine natural products and natural product-

derived compounds, uridine is the most abundant.1 Additionally, uridine appears to be a 

privileged scaffold for many purposes due to favorable cellular uptake. Specifically, uridine 

natural products have shown antibiotic activity by targeting intracellular processes, such as 

glycan assembly (Figure 1). These representative natural products have diverse structures 

with a common uridine core. A-94964 (1) is a natural product featuring a phosphodiester 

linking monosaccharides, a long chain acyl tail, and a uridinyl moiety.2,3 The 

stereochemistry has not yet been defined, making it an important target for future studies. In 

addition to a uridinyl moiety, tunicamycin (2) consists of a pseudodisaccharide with a long 

chain acyl tail.4 Tunicamycin has been the focus of many reviews and the scaffold has been 

extensively targeted as a model for inhibitor development. Recently, total chemical and 

biochemical syntheses of tunicamycin have been highlighted.5,6 Unlike A-94964 and 

tunicamycin, muraymycin (3) lacks a long chain acyl moiety and instead contains a pseudo 

peptide.7,8 Significantly, the aforementioned natural products are just a selection of scaffolds 

that are currently available for inhibitor development and new uridine-containing 

compounds are continually being isolated, producing new targets for future studies.9

Some uridine-based antibiotics show inhibition of bacterial cell well peptidoglycan 

biosynthesis.10 For example, muraymycin has been extensively studied due to inhibition of 
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the E. coli phospho-MurNAc-peptapeptide translocase, an integral membrane protein, that 

catalyzes the first step in the peptidoglycan assembly or the peptidoglycan assembly 

pathway (Figure 1B).11, 12 It is not surprising that uridine-based natural products inhibit this 

process as uridine diphosphate (UDP)-linked substrates are involved in the construction of 

the cell wall. Two examples of UDP-sugar donors (4) involved in this type of transformation 

are illustrated in Figure 1C, UDP-MurNAc-pentapeptide (4a, Park’s nucleotide) and UDP-

diNAc-bacillosamine (4b, UDP-diNAcBac). These UDP-sugars (4) donate a glycosyl-

phosphate to a membrane-bound polyprenol phosphate (6), producing uridine 

monophosphate (UMP, 5) and the glycan-linked polyprenol diphosphate (7). In addition to 

uridine natural products, uridine nucleotide derivatives have therapeutic applications.13 

Although nucleotides are not within the purview of this review, major synthetic efforts have 

focused on these compounds due to their prominence as antiviral agents.14

Isolation of these valuable uridine-linked natural products at native levels from natural 

sources can pose a challenge for production, and often only small quantities are isolated.15 

Furthermore, spectroscopic methods do not always provide unambiguous structural 

characterization, which makes total chemical synthesis the only viable avenue.16–19 

However, total synthesis of such complex natural products is labor-intensive and, similar to 

isolation from natural sources, typically only produces small quantities.

This review will discuss selected initiatives towards 1) total chemical synthesis, 2) 

biosynthesis, and 3) de novo synthesis, culminating in the development of complementary 

strategies that can lead to effective uridine-based inhibitors and antibiotics. The contrasting 

approaches will be compared to illustrate strengths and challenges of each approach through 

examination of select natural products. Furthermore, inhibitor development for each natural 

product will be discussed, probing structure-activity relationships (SAR), with the goal of 

inspiring future opportunities for uridine-based small molecule elaboration.

2. Total chemical synthesis

Total chemical synthesis, involving the chemical construction of natural products from 

simple building blocks, contributes to methodology development, positively impacting the 

field of synthetic organic chemistry as a whole.20 Additionally, total synthesis aids in the 

unambiguous determination of structure and absolute stereochemistry.15 A recent synthesis 

of a macrocyclic peptide exemplifies the role of total synthesis in determining natural 

product stereochemistry.21, 22 However, limited overall yields from multistep syntheses often 

only provides small quantities of the natural product,23 and the optimization of regio- and 

stereoselective transformations requires specialized expertise. Critically, extensive SAR 

studies are challenging to develop for natural products using total synthesis due to difficulty 

of modifying the scaffold.15 Furthermore, if a compound exhibits poor bioavailability, 

chemical modifications must be made to improve uptake and efficacy, which may ultimately 

be more readily achieved through de novo synthesis of natural product mimetics with 

simpler structures.24, 25 Here, a synthetic achievement providing access to a uridine natural 

product from the caprazamycin family, caprazamycin A, will be highlighted, followed by an 

illustration of the utilization of semisynthesis to access a panel of caprazamycin-based 

inhibitors.
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2.1 Caprazamycin

Caprazamycin was first isolated from fermentation of Streptomyces sp. MK730–6272 by 

Igarashi and co-workers in 2003.26 This natural product exhibits antibacterial activity 

against Mycobacterium tuberculosis by inhibition of MraY (translocase I), a key enzyme in 

peptidoglycan biosynthesis. The gene cluster encoding the enzymes for the biosynthesis of 

caprazamycin, represented the first gene cluster of a translocase I inhibitor to be identified 

and cloned. Prior to the synthesis presented, attempts had been made to access 

liponucleoside natural products and researchers successfully accessed the core of 

caprazamycin.27–29 However, until recently, the final complex compound of a caprazamycin 

family member, caprazamycin A (19, Scheme 1), including the unstable long chain acyl tail 

modification, had proven synthetically inaccessible. The first total synthesis of (−)-

caprazamycin A was performed by Takemoto and co-workers in 2015,30 and the synthesis 

was further developed in 2019.31

2.1.1 A recent total chemical synthesis of a complex uridine natural product
—Challenges from previous efforts towards caprazamycin natural products (19) involved 

construction of the syn-b-hydroxyamino acid moiety, formation of the 1,4-diazepanone core, 

and the introduction of the fatty acid side chain (Scheme 1). Therefore, these synthetic 

achievements within the total synthesis will be highlighted. Within this approach, the fatty 

acyl side chain was introduced later in the synthesis due to its instability under acidic and 

basic conditions; presumably due to the presence of the β-acyloxyester and acyloxy acetal 

functional groups. This structural feature emphasizes the downside of some natural products 

and is hypothesized to pose a metabolic liability,32, 33 which can be avoided through 

redesign to more structurally robust targets.34

Starting from the aldehyde-protected uridine (8), an organocatalyzed, diastereoselective 

aldol was performed with chiral-catalyst 9 to yield the oxooxazolidine 10 (Scheme 1). Then 

selective hydrolysis, decarboxylation, and transesterification produced the methyl ester 11. 

The oxazolidinone (11) underwent a ring opening via hydrolysis to produce the syn-β-

hydroxyamino acid 12. The next challenge in the total synthesis was to form the 1,4-

diazepanone core. After several steps, including a β-selective glycosylation, the carboxylic 

acid 13 was produced, which was coupled to the pseudo-amino acid. A selective tert-
butyldimethylsilyl (TBS) deprotection poised 14 for cyclization via an intramolecular 

Mitsunobu reaction (15). The final obstacle was the introduction of the fatty acid side chain. 

After formation of the ring and protecting group manipulations, the long chain acyl tail 17 
was attached to 16 via an esterification followed by trichloroethoxycarbonyl (Troc) removal 

to afford amine 18. Alkylation of the diazepanone secondary amine, Yamaguchi 

esterification, and global deprotection yielded the natural product caprazamycin A (19). This 

total synthesis highlights the complexity of these nucleoside natural products. Although 

these molecules can only be accessed through lengthy and challenging total chemical 

syntheses, the scaffolds can certainly be utilized as blueprints for future inhibitor design and 

development.

2.1.2 Semi-synthesis—Harnessing a combination of bioprocesses and chemical 

syntheses to access complex small molecules is defined as semi-synthesis. Prior to the total 
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chemical synthesis of caprazamycin A, a mixture of caprazamycins (Scheme 2, 20) from 

fermentation were exploited for inhibitor development.29,35 In these efforts, the 

caprazamycins were treated with aqueous acetic acid, to afford caprazene (21), a core 

scaffold amenable to diversification by chemical synthetic methods (Scheme 2).36 The free 

amine was Boc-protected (22) and the carboxylic acid was coupled with either an amine or 

alcohol to produce a series of amides (23) and esters (24), respectively. The compounds 

were tested for antibacterial activity after global deprotection with trifluoroacetic acid. The 

derivatives were classified as alkylamides, anilides, and esters, which allowed for SAR 

studies of caprazamycin-derived compounds. Only the M. tuberculosis (Mtb) H37Rv 

antibacterial activity is shown in Scheme 2, because the inhibitors exhibited the most 

promising antibacterial activity with this strain; however, one additional strain of Mtb and 

seven other bacterial species were treated with each inhibitor. For the alkylamides, a 

significant increase in antibacterial activity was observed when the length of the lipidic tail 

was larger than six carbons (MIC: 12.5 → 3.13 μg/mL; ≈ 19.9 → 4.89 μM) and further 

enhancement of antibacterial activity was observed when the length ranged between 9 and 

21 carbons (MIC: 0.78–1.56 μg/mL; ≈ 0.98–2.03 μM), with C11–15 representing the optimal 

range. Overall anilides had excellent antibacterial activity, however activity decreased with 

the presence of an alkoxy substituent, comparing para-substituted anisole and phenyl 

inhibitors. Interestingly, derivatives 4-butylanilide, 4-cyclohexylanilide, and 4-butoxyanilide, 

all with MIC values of 1.56 μg/mL (≈ 2.27 μM) were more potent than caprazamycin B 

(3.13 μg/mL; ≈ 2.73 μM) with antimycobacterial activity in vitro against M. tuberculosis 
H37Rv. Lastly, carboxyl derivatives were tested and compared to the free carboxylic acid, 

which displayed no antibacterial activity (deprotected 22). When a lipophilic side chain was 

installed, recovery of antibacterial activity was observed. Overall, carboxyl derivatives 

demonstrated inferior activity compared to amine/amide derivatives. Given the results of the 

structure-based investigation, the authors hypothesize that the amide proton adjacent to the 

carbonyl group is required for antibacterial activity.

3. Biosynthesis

In a second strategic approach, uridine analogs can be accessed via biosynthesis using 

natural product biosynthetic enzymes. Biosynthetic pathways for uridine natural products 

have been extensively studied,1 and an in-depth review of biosynthetic strategies to access 

nucleoside antibiotics was recently published by Shiraishi and Kuzuyama.37 Enzymes for 

converting simple building blocks into complex natural products have evolved in nature, and 

some transformations that cannot be readily achieved via chemical synthesis can be 

accomplished efficiently by bioprocess steps.

The identification of the biosynthetic gene clusters involved in the production of 

pacidamycin (39), a uridine-peptide natural product, was concurrently investigated by two 

research groups (Scheme 3).38–40 Pacidamycin and similar compounds include an N-methyl-

diaminobutyric acid (DABA) within the peptide fragment. The N-terminal amine of DABA 

is connected to a pseudo dipeptide consisting of alanine and a urea-linked amino acid, a site 

of variability. The pathway starts with L-threonine (25), which is converted to (2S,3S)-2,3-

diaminobutanoic acid (26) by three enzymes: Pac19, a bidomain protein including pyridoxal 

phosphate (PLP)-dependent DABA synthase and ATP-grasp domains, Pac17, a putative 
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argininosuccinate lyase, and Pac20, a threonine aldolase (Scheme 3). The acid 26 is in 

equilibrium with the corresponding thioester 27 covalently attached to the thiolation domain 

(T domain) of Pac22, a putative S-adenosyl methionine (SAM)-dependent methyltransferase 

during non-ribosomal peptide synthesis (NRPS)-mediated assembly. This enzyme is 

responsible for N-methylation of the side chain of DABA (28). Next the pseudo dipeptide is 

made with L-Ala on the T domain of Pac14 (29) and an aromatic amino acid on the T 

domain of Pac12 (30). The condensation domain of Pac12 is hypothesized to be sufficient to 

catalyze the acetylation with sodium bicarbonate, the carbonyl source of the carbamide 

linkage, to produce 31.40, 41 Then transthioesterification occurs and Pac4 catalyzes the 

amide bond formation of 28 and 31 with 32 to produce the final peptide fragment 33. The 

uridine modifications are initiated by oxidation of uridine (34) with Pac11 to the aldehyde 

(35). There are two possible mechanistic pathways to the dehydrated enamine uridine 

derivative (37) from 35. The first mechanism involves a reductive amination to the amine 

(36) catalyzed by Pac5 in the presence of PLP and alanine followed by dehydration and 

tautomerization (37). The second possible mechanism consists of a dehydration of the ribose 

catalyzed by Pac13 (38) followed by Pac5 installing an amine and tautomerization to the 

enamine (37). After the modified uridine is formed (37), the thioester peptide undergoes a 

coupling catalyzed by Pac9 with 33. All analogs of pacidamycin are shown with R1 and R2 

representing alkyl and aromatic modifications, respectively. For their work on precursor-

directed biosynthesis, Goss and co-workers isolated pacidamycin tryptophan analogs from 

cultures of Streptomyces coeruleorubidus in yields ranging from 2–5 mg/L. Additional 

biosynthetic investigations of uridine natural products, caprazamycin (20) and A-94964 (1), 

have been recently studied.42, 43

Both pacidamycin and sansanmycin, a structurally similar antibiotic to pacidamycin, are 

assembled by NRPS and a re-examination of the sansanmycin biosynthetic gene cluster also 

led to the discovery of another analog.44 Prior to the study, analogs had been made through 

biosynthesis, semi-synthesis, and chemical synthesis approaches.34, 45–48 However, to more 

effectively assess SAR Payne and co-workers synthesized a library of sansanmycin analogs 

(A, 40 and B, 41) with antibacterial activity against M. tuberculosis (Figure 2). Previous 

studies demonstrated that the enamide linkage was not necessary for activity and, due to its 

lability,48 was eliminated for this work. First (42) and second (43) generation libraries were 

synthesized using a partial solid phase synthetic approach. The peptide fragment was made 

on 2-chlorotrityl chloride (CTC) resin and, after cleavage from the resin, subsequently 

coupled to the 4’-deoxy-5’-aminouridine in solution. After global deprotection, the 

molecules were tested and the MIC50 against Mtb H37Rv for each modification was 

determined. The difference between the first and second sets are the substitutions at R1 and 

R2 of the peptide fragment. The two series of inhibitors established that 1) the substitution of 

meta-tyrosine, found naturally in sansanmycin, on DABA and 2) cyclohexyl-Ala of the 

linear pseudo peptide, were the most promising substitutions, displaying the most potent 

antibacterial activity. The culminating results of the aforementioned studies was 

implemented into the design of a new inhibitor to test additive effects. This strategy 

produced the most potent inhibitor (44), which displayed an MIC50 of 37 nM against Mtb.
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4. De novo synthesis

Since 2010, over half of approved drugs have been inspired by natural products.49–52 

Strategically, the de novo approach produces simplified structures, making the chemical 

synthesis of target small molecule inhibitors more straightforward. Additionally, some 

natural products have undesired side effects and it is easier to control structural 

modifications to minimize these properties through de novo synthesis. For example, salicin, 

a natural product used for pain treatment, exhibited undesired side effects, which led to the 

chemical synthesis of aspirin, an analog of salicin.20 Aspirin exhibited the same desired 

outcomes for pain treatment without the undesired side effects. This is an example of 

function-oriented synthesis (FOS), where comparable activity to a natural product can be 

achieved, further emphasizing that natural products can be utilized as a blueprint to probe 

SAR.

Solution-phase synthesis of uridine-based inhibitors was previously performed; however, the 

study was limited by technical issues with the synthesis and purification of the various 

inhibitors.53 In general, switching to a solid phase synthesis approach is advantageous for 

multiple reasons. The solid support allows for reagents to be easily rinsed away after each 

manipulation while the product of interest remains on the resin, reducing technical issues 

and improving yields. Meanwhile, it promotes a modular approach to analog or library 

development; one resin can act as the basis for an entire inhibitor library for SAR 

investigations. Attachments of uridine to solid supports have been previously explored. A 

series of linkages through the nitrogenous base have been studied. One approach attached a 

hydroxyalkyl linker to uracil of uridine via a Mitsunobu reaction.54 Specifically, the amide 

of uracil displaces the hydroxyl linkage of the solid support. An additional nitrogenous base-

linked approach attached a thiol-tethered solid support to the C2-carbonyl of uracil through a 

carbamimidothioate linkage.55 In addition to base attachments, uridine can be attached to the 

solid support through the 2’ and 3’ hydroxyl groups of the ribose moiety via an acetal or 

hydroxysilane linkage.56–59 An additional advantage of switching to a solid phase system is 

that a key intermediate can be synthesized on resin in a single large batch and diversified 

with ease. Recently, Ducho and co-workers have been developing muraymycin (3)-based 

inhibitors for SAR investigation with MraY.60, 61 They developed a solid phase approach to 

access the peptidic component on resin (Scheme 4A). The key functionalized linker 48, 

ultimately serving to join the peptidic and nucleoside components, was obtained from the 

amine 45 after N-fluorenylmethyloxycarbonyl (N-Fmoc) protection, acetal deprotection 

(46), acetal protection (47), followed by TEMPO-catalyzed oxidation (48). The carboxylic 

acid linker 48 was attached to CTC resin (49), followed by solid phase peptide synthesis 

(SPPS) to produce the elongated tripeptide on resin (50). After SPPS, the peptide fragment 

was cleaved from the resin and the acetal was deprotected to generate the C-terminal 

aldehyde (51). The resulting aldehyde underwent a reductive amination with the modified 

uridine (52) to produce the final inhibitor scaffold (53). The scaffold that most closely 

mimics muraymycin 54d includes Val-Lys-Leu and exhibited the most potent inhibition of 

MraY. An alanine screen was then implemented with the peptide fragment to determine if a 

specific amino acid side chain is vital for bioactivity (Scheme 4B). When any of the 

positions in that fragment were replaced with alanine, loss of activity was observed (54a-c). 
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For that reason, future modifications were made with the Val-Lys-Leu peptide fragment. The 

effects of the base and ribose substitutions were next tested (Scheme 4C). Substitution at the 

5-position of the uracil caused a significant loss in inhibitory activity compared to the uracil 

with no substitution, whether unsaturated (55b,e) or not (55d).

In parallel to the previously mentioned efforts, the Imperiali laboratory developed a solid 

phase approach to minimize in-solution manipulations of the uridine analogs (Scheme 5).62 

This approach was inspired by a previously designed uridine linker, attaching uridinyl ribose 

through a similar acetal linkage.59 Starting from the anisole with a para-substituted ketone 

(56), the hydroxyl group was alkylated with methyl 5-bromovalerate. The resulting ketone 

(57) was converted to the uridine acetal and subsequent hydrolysis produced the free 

carboxylic acid 58. Then 58 was coupled to H-Ala-Wang resin, which anchored the uridine 

to the solid support (59). To install the C5’ amine on the ribose (61), a Mitsunobu reaction 

was performed with pentachlorophthalimide (60), followed by deprotection. Deprotection 

poised the compound (61) for further solid phase-based manipulations to access a uridine 

library on solid phase (62). The final compounds (63 to 68a-e) were isolated after resin 

cleavage, global deprotection, and HPLC purification. The inhibitors that were produced in 

this study were designed to mimic UDP-sugars, as these compounds are accepted by many 

bacterial enzymes of interest. Specifically, these inhibitors were tested with a 

phosphoglycosyl transferase (PGT) involved in N-linked protein glycosylation from 

Campylobacter concisus, PglC, which is responsible for catalyzing the transfer of phosphor-

N,N'-diacetylbacillosamine onto polyprenol phosphate (Figure 1B). Additionally, TcdB-

GTD, a glycosyltransferase (GT) from Clostridium difficile was tested, which is an enzyme 

that transfers glucose from UDP-glucose onto a glycosyl acceptor protein. Lastly, an 

acetyltransferase from Campylobacter jejuni, PglD, was tested and this specific enzyme is 

responsible for acetylating an amino group on the sugar portion of UDP-4-amino from an 

acetyl source, such as acetylcoenzyme A. All of which validated the selectivity of the small 

molecules towards specific enzymes. SAR of the inhibitor was investigated by installing a 

series of terminal aryl groups (a-e) to mimic the sugar portion of UDP-sugars. Specifically 

taking advantage of the target enzyme sugar-binding sites, as carbohydrate-binding sites 

often contain aromatic amino acids that engage in favorable CH-π interactions.63 The key 

results and lead inhibitors for future development are shown with the respective IC50 values, 

which were determined with various assays.64 Of the glutamic acid series, 65b and 65e 
exhibited the most promising activity against the phosphoglycosyl transferase PglC, with 

IC50 values of 72 ± 7 μM and 116 ± 18 μM, respectively. To mimic the diphosphate section 

of UDP-sugars, squaric acid was used as it is a convenient phosphomimetic building block.
65 The squaramic acid series produced one inhibitor (66b) with an IC50 of 174 ± 21 μM 

against the glycosyl transferase TcdB-GTD.66, 67 The glycine inhibitor (68b) revealed an 

IC50 of 35 ± 7 units with the acetyltransferase PglD. Furthermore, pseudo uridinyl 

substitution of the uridinyl moiety for three inhibitors (68e, 65b, and 65e) exhibited 

comparable activity to the parent uracil derivatives. These inhibitors could in principle bind 

in a similar hydrogen-bonding pattern as uracil, allowing for minor modifications to uridine 

without sacrificing essential uridine binding pocket interactions.
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5. Conclusions

Natural products provide a rich source of inspiration that promote method development for 

chemical synthesis, biosynthesis, and the design of novel bioactive compounds. Herein, we 

have discussed recent approaches to access select examples of uridine-containing small 

molecules. Uridine-based natural products and small molecules are intriguing targets due to 

their potential inhibitory activities against a plethora of uridine-nucleotide utilizing enzymes 

and as leads for antiviral and antibiotic agents. However, the chemical complexity of many 

uridine nucleoside natural products may render chemical synthesis and the application of 

biosynthetic approaches extremely challenging. Furthermore, this complexity may limit 

access to the quantities of products and analogs needed for detailed biochemical and 

biological studies. Nevertheless, both chemical and biosynthetic approaches produce natural 

product scaffolds that can be utilized for the construction of selective, potent molecules. 

More recently, de novo synthesis has been implemented to access small molecule nucleoside 

analogs. Inspired by nature, these compounds have simplified scaffolds relative to the 

respective natural product. In this case, the ability to tailor small molecule scaffolds rapidly 

facilitates investigation of structure-activity relationships (SAR) with targets of interest. 

Overall the synergistic nature of these approaches will continue to contribute to inhibitor 

development, which will ultimately aid in the production of effective antibiotics.
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Figure 1. 
A) Representative uridine-based natural product, noting that the stereochemistry of A-94964 

(1) has not yet been determined; B) the first membrane-committed step of complex glycan 

assembly resulting in transfer of a phospho-sugar from a UDP-sugar to a membrane-bound 

polyprenol phosphate; and C) select uridine diphosphate (UDP)-linked glycan donors.
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Figure 2. 
First and second-generation inhibitors based on the scaffold of sansanmycin.
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Scheme 1. 
Highlighting key transformations from the total synthesis of caprazamycin A. Specifically, 

the A) installation of the syn-b-hydroxyamino acid, B) formation of the 1,4-diazepanone 

core, and C) introduction of the fatty acid side chain.
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Scheme 2. 
Structure-activity relationship of the caprazamycin core with selected antimicrobial activity 

against Mtb H37Rv. Conditions: a) 80% AcOH/H2O; b) Boc2O, triethylamine, 1,4-

dioxane(aq); c) R-NH2, bis(2-oxo-3-oxazolidinyl)phosphinic chloride (BOP-Cl), 

triethylamine, THF, or R-NH2, 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium 

chloride (DMT-MM), 2-propanol(aq); d) R-OH, BOP-Cl, pyridine; e) trifluoroacetic acid, 

MeOH.
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Scheme 3. 
The proposed biosynthetic pathway for pacidamycin.

Arbour and Imperiali Page 18

Bioorg Med Chem. Author manuscript; available in PMC 2021 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 4. 
A) Synthetic strategy to access muraymycin-inspired inhibitors and B)-C) biological 

evaluation of various modifications.

Arbour and Imperiali Page 19

Bioorg Med Chem. Author manuscript; available in PMC 2021 September 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 5. 
Implementing a solid phase synthesis approach to access uridine-containing inhibitors.
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