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Abstract

The prevalence of antibiotic resistance has been increasing globally, and new antimicrobial agents 

are needed to address this growing problem. We previously reported that a stilbene dimer from 

Photorhabdus gammaproteobacteria exhibits strong activity relative to its monomer against the 

multidrug-resistant Gram-positive pathogens methicillin-resistant Staphylococcus aureus (MRSA) 

and vancomycin-resistant Enterococcus faecalis (VRE). Here, we show that related dietary plant 

stilbene-derived dimers also have activity against these pathogens, and MRSA is unable to develop 

substantial resistance even after daily non-lethal exposure of the lead compound for a duration 

of three months. Through a systematic deduction process, we established the mode of action of 

the lead dimer, which targets the bacterial cell wall. Genome sequencing of modest resistance 

mutants, mass spectrometry analysis of cell wall precursors, and exogenous lipid II chemical 

complementation studies support the target as being lipid II itself or lipid II trafficking processes. 

Given the broad distribution of stilbenes in plants, including dietary plants, we anticipate that our 

mode of action studies here could be more broadly applicable to multipartite host-bacteria-plant 

interactions.
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Antibiotics, beginning with the clinical development of penicillin, have had a significant 

impact on medicine and global health.1, 2 However, bacteria evolve relatively quickly and 

can develop resistance to most antibiotics.3 The incidence of antibiotic-resistant bacteria 

is increasing, and multidrug-resistant organisms have become prevalent around the world, 

representing a growing health concern.4 New antibiotics, particularly new structural classes 

that do not lead to rapid development of resistant bacteria, are needed to combat this issue. 

Approximately 69% of antibiotics are natural products or natural product derivatives, and 

97% of these have been discovered from bacterial or fungal sources, which likely have 

evolved as inter-microbial competition strategies.5–7

Stilbenes are a class of phenylpropanoid polyketides that are widespread in plants, including 

dietary plants such as peanuts, grapes, and blueberries.8 They are also produced by all 

known species of the gammaproteobacterial genus Photorhabdus.9–11 In Photorhabdus, the 

most abundant stilbene is an isopropyl-functionalized analog known as tapinarof (1), which 

has been approved for the treatment of psoriasis and atopic dermatitis.12–15 In addition 

to immunomodulatory activities, stilbenes (including tapinarof) are known to harbor only 

moderate antimicrobial activities.14

We previously reported the discovery and structural characterization of two new 

stilbene dimer scaffolds derived from tapinarof in Photorhabdus.16 One of these dimers, 

termed duotap-520, exhibits strong antibiotic activity against multidrug resistant Gram-

positive pathogens, including methicillin-resistant Staphylococcus aureus (MRSA; minimal 

inhibitory concentration [MIC] 4 μM or 2 μg/ml) and vancomycin-resistant Enterococcus 
faecalis (VRE; MIC 6 μM or 3 μg/ml); no activity against selected Gram-negative pathogens 

was observed.16 We also reported that select plant stilbenes can undergo similar structural 

transformations.16 Here, we show that the structural transformations of dietary plant 

stilbenes also lead to functional transformations, endowing these dimeric scaffolds with 

antibiotic activity. We further establish the mode of action of the lead dimer, duotap-520, 

which targets the bacterial cell wall and does so without the development of considerable 

antibiotic resistance in antibiotic challenge studies.

Photorhabdus stilbene 1 can be transformed into dimers 2 (duotap-520) and 7 
(carbocyclinone-534) through spontaneous oxidation chemistry; however, we previously 

showed that a cupin enzyme Plu1886 enhances duotap-520 formation in vitro and 
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in micro-aerobic cell culture studies.16 Indeed, Plu1886 converted the related plant 

stilbenes pinosylvin (3) and resveratrol (5) into their respective duotap-436 (4) 

and carbocyclinone-482 (8) products with negligible spontaneous background rates 

of formation.16 Hence,these types of molecules can be formed spontaneously or 

biocatalytically. While Plu1886 transformed resveratrol into carbocyclinone-482, we could 

access its duotap-468 (6) scaffold here through spontaneous chemistry when incubated 

in the presence of copper, as determined by high-resolution liquid chromatography mass 

spectrometry (LC/MS; [M+H]+ 469.1297, 1). We isolated this dimerization product and 

confirmed that it was the resveratrol-derived 6 by 1D and 2D NMR (Figures S2–6). These 

efforts have established a small panel of stilbene monomers and dimers featuring common 

stilbene functionalizations for antimicrobial analysis (Figure 1).

We examined the antibiotic activities of the dimeric stilbene molecules (2, 4, and 6) against 

MRSA (Figure S7A–C) and VRE (Figure S7D–F). Similar to the functional transformation 

observed between 1 and 2, 4 displays significantly enhanced antibiotic activity compared 

to 3, particularly against VRE (~14 μM). However, 6 showed no enhancement of activity 

against these pathogens in comparison to 5. Assessment of the relative potencies of 

these compounds provided some structure activity relationships for the duotap family of 

antibiotics. Elimination of the aliphatic side chain (analogous to isoprene-functionalization 

in the arachidins found in peanuts)17 resulted in a slight decrease in antibiotic activity, while 

substitution of polar hydroxyl groups on the aromatic rings abolished activity against these 

bacteria at concentrations up to 100 μM (Table S1). Overall, increasing the polarity of the 

duotap molecules appears to result in diminished activity.

Because of their robust activity against clinically important pathogens, we proceeded to 

investigate the antibiotic mechanism of action of the lead duotap, 2. We first attempted 

to develop duotap-resistant MRSA mutants by sub-culturing two independent cultures of 

bacteria continuously in the presence of sub-lethal concentrations of 2. After 90 days, 

mutants with only 2-fold (culture 1) and 4-fold (culture 2) changes in MIC relative to 

wild-type were obtained (Figure 2A, Figure S8). In contrast, attempts to develop resistance 

to ciprofloxacin under identical conditions led to resistance mutants with an increase in MIC 

of approximately 37-fold after only 30 days as anticipated (Figure S9). To determine the 

mutations responsible for the marginal increase in MIC over 90 days, we analyzed MRSA 

colonies from cultures at 30, 60, and 90 days by whole genome sequencing. Analysis of 

the sequencing results primarily revealed mutations in genes previously associated with 

vancomycin-intermediate S. aureus (VISA) that allow bacteria to synthesize a thicker cell 

wall (Tables S2–S8).20 Relatively few mutations had accumulated through the 90-day 

subculture process. Of note, frameshifting indels in vraE, vraF, and accessory gene regulator 

C (agrC, involved in quorum sensing and biofilm formation), as well as a V266F mutation 

in oligopeptide-binding protein (oppA1, a transmembrane transporter) were observed in 

populations from both cultures (Figure 2B).20,21 All four genes have previously been 

implicated in promoting antibiotic resistance.20, 21 The mutants vraF, oppA1, and agrC 
gradually increased in frequency among the analyzed cells (Figure 2C), whereas vraE 
mutants were initially enriched at 60 days but fell out of the observed population by 90 days.
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While we failed to establish robust resistance mutants to support a mode of action for 

duotap, the genome sequencing data did suggest that the antibiotic may target the bacterial 

cell wall or cell wall biosynthesis in some way (Figure 3A). This is also consistent with the 

lack of resistance development observed, as it is more difficult for bacteria to mutate crucial 

cell wall components compared to other antibiotic targets, such as proteins. For example, 

teixobactin and malacidin bind to the cell wall precursor lipid II and do not develop 

resistance under similar experimental conditions.22, 23 A recently reported class of synthetic 

retinoid derivatives kill Gram-positive bacteria by permeabilizing the cell membrane and 

also do not select for resistance.24 Finally, the broad-spectrum antibiotic halicin disrupts 

the electrochemical transmembrane gradient across the bacterial cell wall by dissipating the 

proton motive force without developing resistance.24 Combined with this precedence and 

our genome sequencing data, we moved to assess the effects of duotap-520 on the bacterial 

cell wall. We first looked for an increase in membrane permeability in MRSA treated with 

SYTOX Green and found that duotap did not appear to alter the integrity of the bacterial 

membrane (Figure 3B). However, MRSA treated with positive control daptomycin displayed 

an increase in membrane permeability, indicating that daptomycin and duotap have distinct 

mechanisms of action. We next assessed the effects of duotap on cell wall biosynthesis by 

measuring the accumulation of the cell wall precursor molecule UDP-MurNAc-pentapeptide 

(Figure 3C). Similar to vancomycin, we observed a significant increase in the level of 

this precursor in cells treated with duotap, suggesting that the target is downstream of this 

intermediate in cell wall biosynthesis.

Lipid II is a crucial peptidoglycan building block downstream of UDP-MurNAc-

pentapeptide and is the target of several antibiotics, including vancomycin (MIC 1.6 μM or 

2.3 μg/ml, Figure S10).26 We next grew bacteria in the presence of lethal concentrations 

of antibiotics with and without supplementation of lipid II in the medium. Chemical 

complementation of functional lipid II in the presence of duotap and vancomycin restored 

MRSA growth to antibiotic-free levels (Figure 3D). In contrast, addition of lipid II was 

not able to rescue bacterial growth in the presence of control antibiotic ciprofloxacin, 

which is a DNA gyrase inhibitor and does not target the cell wall. Based on these 

results, the target of duotap-520 lies between UDP-MurNAc-pentapeptide and lipid II in 

cell wall biosynthesis. We considered the possibility that duotap could bind directly to 

precursors in the pathway, namely lipid II itself or its precursors undecaprenyl phosphate 

(C55-P) and undecaprenyl pyrophosphate (C55-PP). These lipids are the targets of numerous 

antibiotics.26, 27 Compounds that bind to lipid II are known to result in its accumulation 

in cells, while compounds that bind to C55-P or C55-PP result in a reduction in lipid II 

levels.28 We therefore looked at the effects of duotap-520 on lipid II pools in bacteria. 

It has previously been reported that the lipid tail of lipid II can be removed by boiling 

in acidic conditions, allowing quantification by LC-MS.18 Following this protocol, we 

observed an accumulation of a mass matching de-lipidated lipid II when bacteria were 

treated with either duotap or vancomycin (Figure 4E). The identity of this molecule was 

confirmed by tandem mass spectrometry and comparison to published fragmentation data 

(Figure S11).18 Because chemical complementation of exogenously supplied lipid II rescues 

bacterial growth in the presence of duotap and duotap also results in the accumulation of 

lipid II, the antibiotic target cannot be before or after lipid II in the biosynthesis of the 
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cell wall. When taken together, these results support that duotap likely targets the bacterial 

cell wall by binding to lipid II itself and preventing its subsequent polymerization and 

cross-linking into peptidoglycan, or deleteriously affecting the trafficking of lipid II (e.g., 
flippase MurJ involved in transport of lipid II from the cytoplasm to the periplasm).

The bacterial cell wall is an important target of many antibiotics, and our results here add 

stilbene dimers to this growing list.26 However, the emergence of drug resistance to cell 

wall-targeting compounds is a major problem.20, 29 Strikingly, duotap targets the bacterial 

cell wall without selecting for considerable antibiotic resistance even after 90-days of sub-

lethal treatments, although some cytotoxicity in human cells treated with the compound at 

concentrations above the MIC was observed (Figure S12). While other cell wall-targeting 

antibiotics like vancomycin bind directly to lipid II, duotap is active against VRE, in 

addition to MRSA. How duotap engages the structure or trafficking of lipid II remains an 

open question, but it likely occupies a different binding site than vancomycin, maintaining 

efficacy against vancomycin resistant strains with mutated D-Ala-D-Ala motifs in lipid II. 

It is notable that plant stilbenes can be converted into these dimeric scaffolds, suggesting 

that the structural and functional traits reported here may have been evolutionarily selected 

in stilbene-producing plants and bacteria. Furthermore, stilbenes are commonly consumed in 

the human diet or as dietary supplements, so it is conceivable that this class of antimicrobials 

could influence the composition of the gut microbiome.30, 31 While the specific dimers 

that we have identified have not yet been reported in plants to our knowledge, the well-

established plant precursors can form these dimers through spontaneous and enzymatic 

chemistries. The dietary impact of stilbenes is an active area of research, and spontaneous 

and/or biocatalytic conversion of these molecules into antibiotics could have interesting 

implications at the host-bacteria-plant interface.
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Figure 1. 
Structures of stilbene monomers (1, 3, and 5), duotap derivatives (2, 4, and 6), and 

carbocyclinone derivatives (7 and 8). Compound 6 is newly reported in this study.
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Figure 2. 
(A) Fold change in MIC for two independent cultures (Duotap-1 and Duotap-2) grown in the 

presence of sub-lethal levels of duotap-520 after 30, 60, and 90 days. Fold change in MIC 

for one culture grown in the presence of sub-lethal levels of ciprofloxacin for 30 days is 

shown as a positive control. Error bars represent the standard deviation of three independent 

MIC measurements of each strain. (B) Resistance mutations observed by whole genome 

sequencing for modestly duotap-resistant MRSA. (C) Mutant allele frequencies of candidate 

resistance genes (quantified as the percent of total whole genome sequencing reads at each 

position) observed after culturing strains for 30, 60, and 90 days in the presence of duotap.
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Figure 3. 
(A) MRSA cell wall biosynthesis. The intermediate lipid II is synthesized, flipped outside 

of the cell membrane, and polymerized into peptidoglycan by the penicillin binding 

proteins (PBPs).18, 19 (B) SYTOX Green fluorescence assay for antibiotic-induced bacterial 

membrane permeability. Vancomycin was used as a negative control, and daptomycin was 

used as a positive control. Error bars represent the standard error of the mean across 

three biological replicates. (C) Accumulation of the cell wall precursor UDP-MurNAc-

pentapeptide in MRSA treated with duotap-520 compared to cells treated with vehicle 
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DMSO. Vancomycin was used as a positive control. The UDP-MurNAc-pentapeptide was 

identified by mass spectrometry, with an [M+H]+ of 1150.3590. Error bars represent the 

standard deviation of three biological replicates. (D) Supplementation of lipid II in the 

growth medium can restore growth of MRSA exposed to duotap-520 and vancomycin 

(known to bind lipid II) to antibiotic-free levels. Lipid II cannot rescue bacteria grown 

in the presence of negative control ciprofloxacin (a DNA gyrase inhibitor). Data from 

three biological replicates are shown. (E) Accumulation of lipid II in MRSA treated with 

duotap-520 compared to cells treated with vehicle DMSO. Vancomycin was used as a 

positive control. Lipid II was boiled to remove the lipid tail, and de-lipidated lipid II was 

quantified by mass spectrometry, with an [M+H]+ of 1331.5362. Error bars represent the 

standard deviation of three biological replicates.
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