
 

An mRNA Display Approach for Covalent Targeting of a Staphylococcus aureus Virulence 

Factor 

Sijie Wang1, Emily C. Woods1, Jeyun Jo1, Jiyun Zhu1, Althea Hansel-Harris2, Matthew Holcomb2, 

Nichole J. Pedowitz1, Tulsi Upadhyay1, John Bennett1, Matthias Fellner3, Ki Wan Park4, Anna 

Zhang1, Tulio A. Valdez4, Stefano Forli2, Alix I Chan5,*, Christian N. Cunningham5,*, and Matthew 

Bogyo1,6,* 

 
 

Department of Pathology, Stanford University School of Medicine, Stanford, California 94305, 

United States1 

Department of Integrative Structural and Computational Biology, Scripps Research, La Jolla, CA 

92037, United States2 

Biochemistry Department, School of Biomedical Sciences, University of Otago, Dunedin 9054, 

New Zealand3 

Department of Otolaryngology−Head & Neck Surgery Divisions, Stanford University School of 

Medicine, Stanford, California 94305, United States4 

Department of Peptide Therapeutics, Genentech, South San Francisco, California 94080, United 

States5 

Department of Microbiology and Immunology, Stanford University School of Medicine, Stanford, 

California 94305, United States6 

Correspondence: Matthew Bogyo (mbogyo@stanford.edu); Christian N. Cunningham 

(christian.cunningham@gmail.com); Alix I Chan (chan.alix@gene.com) 

 

 

 

 

 

 

 

.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(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.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 8, 2024. ; https://doi.org/10.1101/2024.11.06.622387doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622387
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

ABSTRACT 

Staphylococcus aureus (S. aureus) is an opportunistic human pathogen that causes over one million 

deaths around the world each year. We recently identified a family of serine hydrolases termed 

fluorophosphonate binding hydrolases (Fphs) that play important roles in lipid metabolism and 

colonization of a host. Because many of these enzymes are only expressed in Staphylococcus 

bacteria, they are valuable targets for diagnostics and therapeutics. Here we developed and screened 

highly diverse cyclic peptide libraries using mRNA display with a genetically encoded 

oxadiazolone (Ox) electrophile that was previously shown to potently and covalently inhibit 

multiple Fph enzymes. By performing multiple rounds of counter selections with WT and catalytic 

dead FphB, we were able to tune the selectivity of the resulting selected cyclic peptides containing 

the Ox residue towards the desired target. From our mRNA display hits, we developed potent and 

selective fluorescent probes that label the active site of FphB at single digit nanomolar 

concentrations in live S. aureus bacteria. Taken together, this work demonstrates the potential of 

using direct genetically encoded electrophiles for mRNA display of covalent binding ligands and 

identifies potent new probes for FphB that have the potential to be used for diagnostic and 

therapeutic applications.    
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INTRODUCTION 

Covalent inhibitors have become indispensable in probe development and drug discovery due to 

their unique mechanism of action.1,2 Unlike traditional non-covalent inhibitors, covalent inhibitors 

function through a two-step process that includes an initial reversible binding to their target protein 

followed by the formation of a covalent bond between an electrophilic moiety, known as the 

“warhead,” and a specific amino acid residue on the protein.3,4 This formation of a durable covalent 

bond not only enhances overall drug efficacy by providing a prolonged effect, but can also drive 

high specificity while potentially reducing the likelihood of drug resistance.2,4-6 

The rational design of covalent inhibitors often relies heavily on structural information of the 

target protein to position a warhead on an existing high affinity ligand and yield a potent and 

irreversible binding molecule.2,7,8 However, in cases where structural information is lacking, 

alternative approaches are necessary for de novo development of covalent inhibitors. High-

throughput screening strategies, including the use of fragment-based electrophilic libraries9–12 and 

genetically encoded libraries (GELs)13–19 with high diversity, are effective methods for this purpose. 

Structurally diverse electrophilic libraries have proven to be highly valuable for discovering,20 

profiling,21,22 and screening of disease-associated biomarkers.9–11,23 GELs, such as those based on 

phage display,24 mRNA display,25 or DNA-encoded libraries,26 offer even greater diversity (109–

1015) and are emerging as powerful tools for covalent drug discovery. Particularly, mRNA and 

phage display, which can incorporate warheads during or after translation of peptides or 

proteins,18,19,27 are exceptionally powerful tools for covalent ligand discovery. The dual-function 

roles of the genetic template, serving as both a barcode for hit deconvolution and template for 

library resynthesis in display methods, allow progressive rounds of covalent probe screening.  In 

addition, for mRNA display methods, it is possible to use genetic code reprogramming with 

flexizymes, a method known as FIT (flexible in vitro translation),28–30 to expand the chemical space 

from natural amino acids to a broad range of non-natural amino acids. This overall method of  

mRNA display using non-natural amino acids is termed RaPID (random nonstandard peptide 

integrated discovery).31,32   

The ability to introduce non-natural amino acids into ribosomally synthesized peptides enables 

the in situ generation of macrocyclic peptides using a thiol-reactive N-terminal capping group. 

Macrocycles are therapeutically attractive moieties due to their enhanced proteolytic stability,33 

bioavailability,34 increased cell membrane permeability,35 and conformational restrictions that 
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reduce the entropic cost of binding protein surfaces.36 Therefore, macrocycles are becoming a core 

scaffold for drug development efforts targeting an ever increasing scope of proteins (cell surface 

receptors,37–39 enzymes,40–44and PPI45–50). Furthermore, recently approved macrocyclic drugs 

suggest that cyclic peptides will continue to find broad applications in antibacterial, antiviral, and 

oncology drug develoment.33 However, despite the advantages of display methods, there remain 

only limited examples of screening campaigns using covalent binding peptide libraries,19,27 and yet 

fewer examples where the covalent electrophile is directly encoded into the peptides.51  

Here we describe the use of a genetically encoded non-canonical analog of phenylalanine 

containing a reactive oxadiazolone electrophile to screen for potent covalent cyclic probes for a 

Staphylococcus aureus serine hydrolase, FphB.52 Staphylococcus aureus is a highly versatile and 

virulent bacterium, causing a range of infections from mild skin conditions to severe diseases like 

infective endocarditis (IE) or life-threatening bacteremia.53,54 The emergence of antibiotic-resistant 

strains, such as methicillin-resistant S. aureus (MRSA) and vancomycin-resistant S. aureus 

(VRSA), has significantly increased morbidity and mortality rates and effective treatments for these 

resistant strains are urgently needed.54 We previously used activity-based protein profiling (ABPP) 

with a fluorophosphonate (FP) probe to identify a family of serine hydrolases, termed Fph 

(fluorophosphonate binding) proteins.52 For this study, we chose to focus on FphB, because it is 

confirmed to be a membrane protein that is important for effective bacterial colonization of specific 

tissues inside a host.52,55 In addition, while we have reported on small molecule inhibitors of this 

target and used these molecules to label FphB on live bacteria, these compounds lack stability and 

showed cross reactivity when used at high concentrations.52,56 Recently, our group55 and others57 

reported that the oxadiazolone (Ox) electrophile potently and irreversibly labels multiple Fph 

proteins in live S. aureus, making it a potentially ideal functional group for use in imaging and 

therapeutic agents targeting the Fph proteins with high sequence homology (Figure S1). However, 

this electrophile showed reactivity towards other enzymes including the lipid biosynthesis enzyme 

FabH by targeting a catalytic cysteine residue. In addition, the use of the Ox electrophile attached to 

a long lipid tail resulted in a highly FphE-specific probe.55 Therefore, we reasoned that further 

efforts would be required to direct the reactivity of the Ox electrophile away from FphE and FabH 

and towards FphB. 

   To accomplish this goal, we leveraged a modified oxadiazolone derivative for genetic 

encoding into large libraries of cyclic peptides using the flexible in vitro translation mRNA display 
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approach. Using multiple rounds of positive selection for covalent FphB binding and counter 

selections using catalytically dead FphB, we identified potent covalent inhibitors of FphB targeting 

serine at the active site. These molecules show highly selective cellular labeling of FphB in live S. 

aureus with effective target modification at concentrations as low as single digit nanomolar. This 

study showcases the power of employing a genetic encoding strategy to incorporate covalent 

warheads into mRNA display, which enabled tuning of the reactivity of the covalent electrophile 

towards a specific enzyme target, even when the starting electrophile is highly potent for related off 

targets. The success of covalent cyclic probe development to this bacterial enzyme target highlights 

the potential of this mRNA display approach. We believe this approach can be more generally 

applied to enable the discovery of covalent probes for the treatment, diagnosis, and profiling of 

diverse disease-associated biomarkers. 

 

RESULTS AND DISCUSSION 

Design, Synthesis and Selections of mRNA Display Libraries to FphB  

Warhead selection and design for mRNA display libraries 

In a previous study,55 we determined that the oxadiazolone-based molecule JJ-OX-004 is a potent 

and highly selective probe for targeting FphE in the cytosol of live S. aureus bacteria, making it a 

potentially ideal electrophile for further development. Furthermore, this probe demonstrated 

moderately potent binding to FphB (IC50 = 0.7 µM; Figure S2) suggesting that it could potentially 

be used and modified for a selection approach to target FphB with increased potency and selectivity. 

We therefore designed an oxadiazolone-based warhead fragment, JJ-OX-009 (Ox; Figure 1A), that 

could be easily incorporated into a modified amino acid containing a ketone through oxime 

formation for encoding into peptides using mRNA display methods. The parent electrophile, JJ-OX-

009, showed significantly reduced potency (IC50 > 20 µM) for FphB compared to the original JJ-

OX-004 containing the lipid backbone (Figure S2). This same fragment that lost two orders of 

magnitude potency for FphB showed a 10-fold drop in potency for the related FphE enzyme (30 nM 

to 300 nM; Figure S2). Therefore, our starting Ox electrophile has high potency and selectivity for 

the off target FphE. We therefore wanted to determine if mRNA selections with this electrophile 

would allow targeting of the electrophile towards FphB. 
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Figure 1. Design strategy of covalent mRNA display libraries by genetic encoding of the oxadiazolone electrophile. (A) 

Synthesis of 4-acetyl-phenylalanine cyanomethyl ester (OxF-CME).  The parent oxadiazolone electrophile fragment 

containing a hydroxylamine was conjugated to the cyanomethyl ester of 4-acyl-phenylalanine (4AcF-CME) using oxime 

chemistry to obtain the final oxadiazolone phenylalanine cyanomethyl ester (OxF-CME) used for flexizyme-mediated 

acylation of tRNA. The synthesis of this compound is described in the Supporting Information. (B) Schematic of the 

NanoBiT luminescence-based assay to evaluate the in vitro translation (IVT) efficiency of non-natural amino acid 

oxadiazolone phenylalanine (OxF). The modified OxF-CME was used to acylate a tRNA using the flexizyme system 

followed by in vitro translation of a peptide containing the OxF amino acid and a luminescent peptide tag. Addition of 

luminescence reagents allows real-time monitoring of peptide translation. Plot shows the resulting translation rates for the 

natural Phe (phenylalanine; blue), compared to 4Acetyl phenylalanine (4AcF-CME; red), and the oxadiazolone modified 

phenylalanine (OxF-CME; purple).  

 

Design and synthesis of highly diverse mRNA display libraries  

To incorporate the covalent warhead into ribosomally synthesized peptides, we coupled the Ox fragment 

JJ-OX-009 to 4-acetyl-phenylalanine cyanomethyl ester (4AcF-CME) to yield the OxF-CME amino 

acid ester (Figure 1A). We tested acylation and translation of this amino acid using the NanoBiT 

luminescence assay58 and found that the amino acid was incorporated into peptides with nearly 50% 

translation efficiency, compared with benchmark control phenylalanine (Figure 1B). We also confirmed 
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that the resulting peptides contained the OxF non-natural amino acid using mass spectrometry (Figure 

S3).58To screen for specific and potent binders of FphB, we used a genetically reprogrammed in vitro 

translation (IVT) system and mRNA display methods (Figure 2A). Our highly diverse libraries were 

comprised of 6-10 amino acids in each peptide macrocycle (Figure 2A), with each peptide initiated by 

an N-chloroacetylated amino acid which cyclizes with a downstream cysteine sulfhydryl group (Figure 

2B), encoded by the initiator (Ini) AUG and UGG codons, respectively. In addition, each peptide 

displayed a single oxadiazolone warhead which is varied through each of the positions in the 

macrocycle (Figure 2B), encoded by the CAG codon for the OxF electrophile amino acid (Figure 2B, 

Figure S4). To ensure only one OxF electrophile per peptide, we used the NNU degenerate codon for all 

variable positions.  OxF-CME was acylated onto the corresponding tRNAAsn CUG for translation of the 

electrophile OxF (Figure 2B). 

 

Positive/Negative selections to screen for hits targeting the active site pocket 

For each round of positive selection, we incubated biotinylated recombinantly expressed FphB protein 

(rFphB) with in vitro translated macrocyclic peptide mRNA display libraries at room temperature. To 

avoid bias in selections that favors larger ring sizes, we used cyclic peptides with 6-8 or 9-10 residues in 

the cycle in separate selections. Binders were isolated by affinity purification of the biotinylated rFphB 

along with bound library members using magnetic neutravidin beads. To increase the selection 

stringency and bias our hits for covalent binders, we elevated the selection stringency over subsequent 

rounds. Beginning in round two, we increased the wash time (kinetic wash) to disfavor binders with 

faster off-rates, as well as performed negative selections against neutravidin beads alone to remove non-

specific bead binders (Figure 2A). In addition, from round three onwards, we performed denaturing 

washes in 5M guanidine-HCl after library incubation, to remove any non-covalent binding molecules. 

Finally, in our last round of selection, we performed parallel selections against rFphB and a catalytically 

inactive S169A rFphB mutant (Figure 2A). After each round of selection, we performed qPCR to 

quantify the total amount of recovered mRNA and then used PCR to amplify the selected sequences for 

the next round of screening. We performed deep sequencing of the PCR amplified DNA for each round 

of selection to calculate the peptide frequency and then used the complete data set to cluster hits, 

remove non-specific binding sequences and identify the most enriched sequences. 

 

Selection of top hit sequences using informatic analysis  

The results from NGS of all of the selection rounds indicated predominant enrichment of small-ring 

peptides (6-mers) rather than larger rings. This could be due to the fact that our target enzyme favors 
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short chain lipid substrates52,55 and therefore may lack sufficient space near the active site for larger 

cyclic peptide, which is also indicated by the Alphafold predicted structure of FphB (data not shown). It 

may also reflect the fact that the covalent binding mechanism drives the association and therefore only 

limited interactions with the peptide scaffold are required or the fact that small ring libraries have 

overall lower diversity and therefore more copies of each sequence in the initial round of screening. 

Figure 2. Synthesis and selections of highly diverse mRNA display libraries with a genetically encoded oxadiazolone 

warhead to FphB (A) The mRNA libraries were prepared following five main steps (1) DNA transcription to mRNA (2) 

mRNA templates hybridized to a puromycin linked cDNA (3) flexible in vitro translation and cyclization of peptides from 

mRNA template (4) reverse transcription of mRNA to generate a cDNA strand. After library synthesis, highly diverse 

libraries (6-10mer ring sizes with warhead randomized at all positions) were selected against WT rFphB as positive 

selection, and catalytic dead mutant rFphB (S169A) and beads as negative selections. Different washing stringencies (kinetic 

long-time washes and 5M guanidine washes) were applied at various rounds of selections. DNA elutes after each round of 

selection were reamplified and prepared for the next round of selection. (B) Each peptide in the library is composed of N 

.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 8, 2024. ; https://doi.org/10.1101/2024.11.06.622387doi: bioRxiv preprint 

https://doi.org/10.1101/2024.11.06.622387
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

terminal initiator ClAc-R (R=F/f/A; blue) encoded by ATG, variable region (green) and C-terminal cysteine (orange) flanked 

with a six-glycine linker (grey). In the variable regions, a single warhead OxF encode by CAG was used at all positions. 

Other canonical amino acids (CAA) and non-canonical amino acids (NCAA) were fully randomized at all other positions 

using the NNT codon. Peptides were automatically cyclized post translationally through the reaction of the N-terminal 

chloroacetylated amino acid with the single cysteine side chain thiol in each peptide. 

 

Using a previously reported chemoinformatic method,59 we clustered enriched hits from FphB 

screening based on peptide atomic similarity (Figure 3A). The screening results showed several 

enriched peptide family clusters grouped by their shared conserved peptide motifs, with the top two 

families depicted in Figure 3B. The most enriched binder in family 1, fOYNYC, with 2.2% enrichment 

in round five selection elutes, exhibited a conserved binding motif, "fOYXYC" (where f = D-Phe, O = 

Oxadiazolone, X = variable residue), along with other enriched members. The second family displayed 

the motif "FFDOXC," with the most abundant binder, FFDOIC, showing a 0.34% enrichment post-

selection. The third family contained motifs "FOXYXC" or "FONXXC." We ultimately selected twenty-

one hits (Figure S5, named as FphB-1 to FphB-21, highlighted in the cluster in Figure 3A), including 

two hits fOYNYC (FphB-14) and FFDOIC (FphB-5) from the top two enriched family clusters (Figure 

3B), based on their representation in cluster analysis, high enrichment, sequencing profile in counter 

selections, and scaffold diversity. 

 

Synthesis and Direct Assay of High-yield Crude Hits at Nanomole Scale 

To test the selected top twenty-one cyclic peptide hits, we first synthesized linear peptides using solid-

phase peptide synthesis, followed by “N-terminus-to-side-chain” cyclization using base.60 Following 

cyclization, we conjugated the JJ-OX-009 warhead to the cyclic peptides through an oxime bond using 

optimized acidic conditions (Figure S6). The resulting products exhibited high purity, with yields 

ranging from 80% to 90%. Given the high purity and yield of the final products, we opted to scale down 

the synthesis for the initial round of test screening and use crude compounds for the enzymatic assays to 

confirm inhibition of the target. We synthesized each cyclic peptide on a nanomole scale (approximately 

20-50 nmols of peptide based on resin load) and prepared the crude samples by removal of the acetic 

acid used for the oxime reaction by lyophilization. We then resuspended the resulting crude compounds 

in DMSO to achieve a ~1 mM stock for each compound (based on resin load, product yield and purified 

benchmark peptides) that could be used in enzymatic assays. To evaluate the impact of impurities in the 

crude samples, we tested negative controls that contained residual reagents such as DIPEA (for 

cyclization) and acetic acid as well as positive controls (JJ-OX-004 and JJ-OX-009) prepared in a 

DIPEA/AcOH/DMSO alongside the hit compounds (Figure S7). The negative controls showed minimal 
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inhibition (less than 10%), while the positive control, JJ-OX-009 and JJ-OX-004, exhibited medium-to-

high activity, similar to the pure compound activities (Figure S7, Figure S2).  

 
Figure 3. Family cluster profiling and hits from mRNA display screening to FphB. (A) Cluster analysis based on atomic 

similarity of enriched peptide hits. The top 21 hits selected for validation studies are circled in black in the cluster, with 

FphB-OX-5 and FphB-OX-14 highlighted. S5-12 represents different libraries with different codon tables (see Figure S3 for 

codon use). S5: 6-8mers, codon table 1; S6: 9-10mers, codon table 1; S7: 6-8mers, codon table 2; S8: 9-10mers, codon table 

2; S9: 6-8mers, codon table 3; S10: 9-10mers, codon table 3; S11: 6-8mers, codon table 4; S12: 9-10mers, codon table 4. (B) 

Table showing sequences and enrichment of two clusters (O=OxF warhead, lowercase letters are d-amino acids, first reside 

is N-chloroacetyl amino acid). The percentage (Perc. (%)) of DNA copy numbers of each unique macrocycle in total reads of 

the NGS pool is shown. (C) Structures of the top two lead molecules and their enrichment profile in positive and negative 

selections in all five rounds. Round 1 uses only positive selection, rounds 2-4, beads were used as negative selections 
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(annotated as N), round 5, S169A catalytic dead mutant rFphB was used for counter selection (annotated as C). (D) IC50 

quantifications of JJ-OX-009, FphB-OX-5 and FphB-OX-14 for rFphB (100 nM), measured by the cleavage of the 4-MUB 

substrate (20 µM). The activity was normalized to a DMSO control, with points and bars representing means ± standard 

deviation (n=4). (E) Intact rFphB labeling with FphB-OX-5 and FphB-OX-14, validated by deconvoluted mass spectra of 

rFphB before (green) and after (OX-5: red, OX-14: orange) treatment. MS deconvolution analysis confirmed a single 

covalent modification of the protein. 

 

To further assess the robustness and feasibility of using crude compounds for initial screening, we 

purified several hits and compared the inhibition results with crude samples (Figure S8). The IC50 values 

of the purified and crude forms of the hits were comparable, confirming overall high yield and purity of 

the crude products. Because the JJ-OX-009 electrophile fragment has only weak activity for the target 

and constitutes less than 5% of the crude mixture (Figure S6) after oxime chemistry, this residual 

starting material does not create a significant background signal for the activity screens. We screened all 

21 crude hits in full-dose enzymatic assays, with the majority of peptides showing promising high 

nanomolar to low micromolar activities (Figure S7).  

 

Biochemical Validations of Lead Molecules 

FphB-OX-14 and FphB-OX-5 are Potent, Irreversible Covalent Probes, Targeting the Serine in the 

Active Site of FphB 

We synthesized and purified several hits on a larger scale based on their diversity in cluster analysis, 

potency and selectivity in activity assays, and diversity of structural scaffolds. We chose the top two 

enriched hits from two family clusters (Figure 3A), FphB-OX-14 and FphB-OX-5 (Figure 3C), as lead 

compounds for further characterization. Both compounds demonstrated progressive enrichment through 

five rounds of positive selections over negative selections (Figure 3C), especially at round 5 with the 

catalytic dead mutant as counter selection. To validate the activity of the two purified hits, we conducted 

full-dose-dependent rFphB inhibition assays. FphB-OX-14 exhibited an IC50 value of 1.3 ± 0.2 µM, and 

FphB-OX-5 showed an IC50 of 1.8 ± 0.1 µM (Figure 3D). In comparison, the weakly active warhead 

molecule JJ-OX-009 had a IC50 of 36 ± 7 (or >20) µM. The compounds without warhead of (FphB-14 

and FphB-5) had only weak inhibition activities (IC50 >20 µM; Figure S9). 

To confirm the irreversible covalent binding mechanism of the two top hits, we performed both 

intact protein labeling using mass spectrometry and a jump dilution assay in which protein and inhibitor 

are pre-incubated and then diluted before measuring residual activity. Mass spectrometry analysis of the 

labeled protein confirmed the expected mass shift upon covalent bond formation with the Ox 

electrophile at the active site serine-169 (Figure 3E). Furthermore, the results of the jump dilution assay 
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confirmed sustained irreversible inhibition of the enzyme even after dilution (Figure S10). Finally, 

incubation of the probes with the catalytically dead mutant rFphB in which the active site serine was 

replaced by alanine (rFphB S169A) confirmed that the labeling was activity-dependent and site specific.  

 

Identified cyclic peptide scaffolds tune activity and selectivity of the Ox electrophile for FphB  

To determine how effectively the selected cyclic peptides targeted the Ox electrophile towards rFphB, 

we evaluated the full-dose inhibitory potencies of FphB-OX-14 and FphB-OX-5 for rFphE (Figure 4A) 

and compared FphB/FphE selectivity ratios with the OX linker JJ-OX-009 and our previously reported 

FphE probe JJ-OX-004 (Figure S11). Notably, FphB-OX-5, demonstrated a 7-fold improvement in 

FphB/FphE selectivity compared to JJ-OX-004, and nearly a 50-fold improvement compared to the OX 

linker JJ-OX-009 (Figure S11). To assess selectivity using protein labeling, we incubated a 1:1 mixture 

of rFphB and rFphE proteins with FphB-OX-5, alongside control molecules JJ-OX-009 and JJ-OX-004 

(Figure S12). This competition labeling was performed using the broad-spectrum serine hydrolase 

activity probe FP-TAMRA. All tested compounds demonstrated dose-dependent competition for rFphB 

and rFphE labeling, consistent with the enzymatic assays. In contrast, JJ-OX-009 and JJ-OX-004 

exhibited a preference for binding to rFphE, while FphB-OX-5 comparably compete rFphB and rFphE, 

consistent with its improved FphB/FphE selectivity index.  

 

Sequence dependent activity of the cyclic peptide FphB inhibitors 

To confirm that the selected cyclic peptides direct binding to the FphB target through specific 

interactions between the peptide and protein, we performed a mutational scan. Instead of using the 

standard alanine residue, we chose to use the non-natural propargylglycine which has an alkyne 

sidechain. We chose this residue as it allows direct labeling studies of all the resulting mutants and the 

alkyne side chain has similar overall properties to alanine but can be used for labeling by CLICK 

chemistry. We synthesized the FphB-OX-14 (FphB-OX-14 M1-M4) and FphB-OX-5 (FphB-OX-5 M1-

M4) alkyne mutants and evaluated their inhibition activities against rFphB (Figure 4A). The alkyne 

variant, FphB-OX-14 M3 showed a modest increase in activity (IC50 = 0.5 µM) while FphB-OX-14 M1 

and FphB-OX-14 M4 exhibited significantly improved activities (~100 nM IC50), with a nearly 10-fold 

increase in potency compared to the parental compound. This indicates the M1/M4 positions can be 

used for further chemical derivatizations and perhaps for increasing potency and selectivity for FphE. In 

contrast, FphB-OX-14 M2 demonstrated a 7-fold decrease in activity (IC50 = 9.1 µM), highlighting the 

importance of tyrosine at the M2 position for optimal activity. The overall large drop in potency for 

FphB-OX-14 M2 compared to FphB-OX-14 M4 (100-fold difference) for two macrocycles that are both 
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modified by a single tyrosine-to-alkyne mutation, highlights the structure-dependent activities of the 

inhibitors.  

 
Figure 4: Structure-dependent activity validations of hits. (A) Each amino acid (highlighted as M1/M2/M3/M4) of FphB-

OX-14 and FphB-OX-5 was individually replaced with propargylglycine to generate positional scanning alkyne mutants. 

Inhibitory activity of alkyne mutants with parental molecules to rFphB were quantified. (B) Time dependent enzymatic 

activities of OX-5 and OX-5 M3 to rFphB were quantified at six time points (0, 0.5, 1, 2, 3, and 4 hours). Second order rate 

constants kinact/Ki were determined using time-dependent IC50 values. (C) Structure-activity relationship (SAR) data for 

FphB-OX-5 at the M3 position. The indicated amino acids were used to individually replace the aspartic acid in the parental 

structure. The IC50 values of each compound in enzymatic assays against rFphB are listed for each compound. 

 

To further confirm that the sequence specific effects of the alkyne mutants were specific to target 

binding and not a general effect, we tested all of the alkyne mutants and parental compounds against the 

off target rFphE. We found that, with the exception of FphB-OX-14 M2, all of the mutants exhibited 

similar potencies towards rFphE (IC50=10-20 nM). This result confirms that the high potency of the Ox 

electrophile for rFphE drives the potency of the cyclic peptides, and explains why our top cyclic 

peptides containing the Ox electrophile still retain potent rFphE activity. 

For the second hit molecule, FphB-OX-5, the M1, M2 and M4 alkyne mutants exhibited only 

slight increases in activities (2-4 fold) compared to the parental compound. However, the M3 mutant, 

with the alkyne replacing aspartic acid, showed a dramatic loss of activity (IC50 > 20 µM; Figure 4A, 

Figure S13A). This drop in activity was due to overall slow kinetics as was confirmed by measuring the 
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kinetic rate constant for this mutant (Figure 4B). Time-course protein labeling using in-gel fluorescence 

analysis and mass spec also confirmed the slower kinetics of the FphB-OX-5 M3 compound (Figure 

S13C, D).   

 
Figure 5. Covalent docking of FphB-OX-5 and FphB-OX-14 to FphB. (A) FphB-OX-5 simulated binding pose modeled in 

predicted FphB structure. Hydrogen bonds and reactive interaction with S176 shown as gold pseudobonds. (B) Interaction 

diagram for FphB-OX-5. Hydrogen bonds shown as cyan dashed lines. Van der Waals interactions shown by green arc. (C) 

FphB-OX-14 simulated binding pose modeled in predicted FphB structure. Hydrogen bonds and reactive interaction with 

S176 shown as gold pseudobonds. (D) Interaction diagram for FphB-OX-14. Hydrogen bonds shown as cyan dashed lines. 

Van der Waals interactions shown by green arc. T-stacking interaction shown as black dashed line. 

 

   Due to the significant role of this M3 position for inhibition activity against rFphB, we further 

made and tested a set of 10 compounds using diverse amino acids (Figure 4C). All small amino acids 

(G/A/T and propargylglycine) and tryptophan resulted in a substantial drop in activity (IC50>10 µM), 

while Amino acids with longer, flexible side chains that contain hydrogen bond donor/acceptors 

(H/Y/K) showed slightly improved activities compared to the parent hit. Interestingly, the E/Q analogs 

demonstrated a more than 10-fold increase in potency compared to the D/N analogs, indicating that the 

binding interaction between this residue and the target is likely dependent on both hydrogen bonding 
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and side chain length. Importantly, as observed for the FphB-OX-14 mutants, all of the FphB-OX-5 

alkyne mutants, including the M3 mutant, showed potencies for the off target rFphE that were virtually 

independent of the sequence mutations, again supporting the notion that the selected cyclic peptides 

form specific binding interactions with rFphB but not rFphE. We also tested the ability of all OX-14 and 

OX-05 alkyne mutants to label recombinant rFphB and rFphE (Figure S13A, B). These results were 

consistent with the activity data (Figure 4A). Overall, these results confirm the importance of specific 

residues on the cyclic peptide scaffold for binding to the target for which the molecules were selected.  

Finally, to better understand the interactions between our selected cyclic peptides and target 

proteins, we carried out X-ray structural studies. Unfortunately, we were unable to obtain a structure for 

the intended target FphB as this protein fails to form stable crystals. However, we solved the structure of 

FphE bound to the FphB-OX-5 cyclic peptide (Figure S14). This structure confirmed the formation of 

the covalent bond between the oxadiazolone warhead and the serine residue in the active site. However, 

the electron density quality for the ligand atoms dramatically decreases with distance from the serine 

residue. This data suggests that FphB-OX-5 is bound in multiple conformations to FphE, resulting in no 

clear structure of the peptide part. Therefore, only the oxadiazolone warhead part was modelled in the 

crystal structure omitting the remaining atoms. This result is consistent with the mutational analysis that 

suggested little involvement of the cyclic peptide backbone in binding and inhibition of the off target 

FphE. 

 

Covalent Docking of Cyclic Peptide Probes to FphB 

Because we were unable to obtain a structure for FphB we used the modeled structure from AlphaFold2 

for docking simulations. In the initial structure the active site was closed, and cosolvent molecular 

dynamics (MD) was performed with the oxadiazolone as the cosolvent, to represent the reactive 

warhead. This led to a conformation with a significantly more open pocket into which the covalent 

warhead could be docked. The macrocyclic peptide conformations were similarly pre-sampled by MD 

and a diverse set of states were extracted by clustering analysis. In the case of FphB-OX-14, the 

addition of ethanol as a co-solvent was necessary to produce diverse conformational states. These 

distinct states were docked, with the macrocycle kept rigid but side chains treated flexibly to the 

receptor using AutoDock-GPU following the reactive docking protocol. To further distinguish between 

states, these complexes were then subjected to further MD simulations, with the most stable by RMSD 

being selected as final poses. 

    Overall, both predicted complexes feature the catalytic pocket occupied solely by the covalent 

handle, up through the oxime which connects the warhead to the peptide, while the macrocyclic peptide 
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itself sits outside the entrance (Figure 5). For FphB-OX-05 (Figure 5A,B), the model suggests that the 

macrocycle conformation is stabilized by two major intramolecular hydrogen bonds: between the 

M1backbone carbonyl and M4 NH, and between the M2 backbone carbonyl and post-M4 NH. The M1 

phenylalanine sidechain packs against I117 and P306 with K116 also lying above the phenyl ring and 

possibly sampling a cation- p interaction. In this conformation, the M3 aspartate is solvent exposed, and 

is located near K29, potentially stabilized through long range electrostatics. The polar environment 

predicted around M3 is supported by the activity of derivatives at this site, which largely benefits from 

polar or charged residues and prohibits nonpolar residues. The M4 and M2 sidechains are mostly 

solvent exposed, with the M2 phenyl stacking against the sidechain of M1. 

For FphB-OX-14 (Figure 5C,D), the macrocycle backbone is stabilized by intramolecular 

hydrogen bonds between the pre-M1 carbonyl and the M2 NH, and a tridentate hydrogen bonding 

network between the M2 carbonyl and M4 NH, post-M4 NH, and terminal amide NH. The M1 

sidechain also tends to form a T-stacking interaction with the proximal phenyl ring of the covalent 

handle, while the M2 phenol sidechain has a water-bridged p-HOH-p interaction with that same phenyl 

ring, with the water being stabilized by hydrogen bonds from the covalent handle backbone NH and M2 

NH. The M2 sidechain hydroxyl also forms a hydrogen bond with the amide NH of the covalent handle. 

Among the interactions between the macrocycle and the protein, we observe a water-mediated hydrogen 

bond between the covalent handle backbone carbonyl and the S40 hydroxyl. The M2 sidechain, 

meanwhile, packs in the bottom of the pocket against I37, A42, and L115. M4 phenol is packed nearby 

that of M2, against L33, I117, F305, and P306. The M4 hydroxyl may also form an interaction with the 

M225 sulfur. 

For both macrocycles, we computed the root-mean-squared fluctuation (RMSF) of each atom over 

the whole simulation time as a metric of their stability. We found the atoms of the FphB-OX-5 M1 and 

M3 sidechains to be most stable (Figure S15), corroborating their roles as the most essential sidechains 

in the mutagenesis experiments (Figure 4A) and despite their predicted high level of solvent exposure. 

Likewise, we also found the FphB-OX-14 M2 sidechain to be the most stable in terms of RMSF (Figure 

S15) and most essential by mutagenesis (Figure 4A). In both cases, the electrophilic carbon of the 

oxadiazalone ring was proximal to the nucleophilic oxygen of Ser176, consistent with a near attack 

conformation competent for covalent ligation. 

 

Labeling of Native FphB in Live S. aureus Using Covalent Cyclic Peptide Probes 

The final test of the newly identified cyclic peptide probes was to assess their overall potential for 

imaging of live S. aureus bacteria. We therefore first performed direct labeling studies of live cells 
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followed by SDS-PAGE analysis of labeled proteins to measure overall potency and selectivity of the 

probes for the native expressed FphB.  For these studies, we added probes to bacterial cultures followed 

by washing of cells, lysis and click chemistry to attach a fluorescent tag and finally SDS-PAGE analysis 

to resolve labeled proteins. These initial labeling studies for the full set of alkyne mutants for FphB-OX-

14 and -05 demonstrated that all of the OX-14 mutants primarily labeled FphB at low probe 

concentrations but also showed labeling of FphE as probe concentrations were increased (Figure S16A). 

For the OX-05 alkyne series, only the M3 mutant showed labeling of the intact bacteria (Figure S16B). 

This was a surprising result given that the M3 mutant was the only mutant that showed significant loss 

of potency for FphB. Since this mutant replaced a negatively charged aspartate residue with the 

uncharged alkyne, we reasoned that perhaps the negative charge on all the other probes was preventing 

labeling due to repulsive interactions with the negatively charge cell membranes, which is primarily 

attributable to the negatively charged phosphates in the lipid bilayer.61,62 To test this hypothesis, we 

synthesized analogs of the M1, M2, M4 alkyne mutants in which the aspartate at the M3 position was 

mutated to asparagine to remove the negative change without impacting the in vitro enzymatic activities 

and overall properties (Figure S16C).  Labeling with this series of probes confirmed that elimination of 

the negative charge at the M3 position restored labeling of FphB by the probes in intact cells (Figure 

S16D) but had no effect on labeling in lysates, confirming our hypothesis. We therefore used the M1, 

M2, and M4 mutants of OX-05 with an asparagine in the M3 position (named M1(N), M2(N), M4(N)) 

going forward. For the resulting probes, we also confirmed that these compounds do not inhibit bacterial 

growth (Figure S17). 

 

Fluorescently Labeled Cyclic Peptides Can be Used to Image Live S. aureus Cells 

We next synthesized fluorescent versions of the OX-05 and OX-14 alkyne series molecules by 

conjugating Cy5-azide via the CuAAC click reaction. Dose-dependent labeling of live S. aureus cells 

with these Cy5 imaging probes demonstrated selective labeling of FphB, confirmed by the fphB 

transposon (Tn; Figure S18A, B). Notably, at concentrations of 10 nM, the probes exhibited highly 

selective labeling of FphB (Figure 6A) that contrasted the labeling by JJ-OX-012, a selective FphE 

probe derivatized from JJ-OX-00455, which selectively labeled FphE. From the set of 10 probes tested, 

we selected 5 with promising potency or selectivity: FphB-OX-14 M2 Cy5, FphB-OX-14 M3 Cy5, 

FphB-OX-14 M4 Cy5, FphB-OX-5 M1(N) Cy5, and FphB-OX-5 M4(N) Cy5. We further evaluated 

these probes for dose-dependency across a range of concentrations from 3-100 nM (Figure 6B). 

Compared to JJ-OX-012, these probes showed high dose dependent selectivity and potency for FphB. 
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Among these probes, FphB-OX-14 M4 Cy5 and FphB-OX-5 M4(N) Cy5 were identified as the most 

potent and selective based on their labeling efficiencies and potency (Figure S19A).  

 
Figure 6. Live S. aureus labeling and microscope confocal imaging with fluorescent imaging probes.  (A) SDS-PAGE image 

of live USA300 S. aureus cells (both wild-type and fphB transposon (fphB::Tn) mutant strains)) labeled with 10 nM of JJ-

OX-012, as well as the FphB-OX-14 and FphB-OX-5 alkyne scanning mutants.  Cells were treated with probes at 37 °C for 1 

h before cell lysis, click chemistry labeling with Cy5-azide, SDS-PAGE and fluorescence imaging. (B) Dose-dependent 

labeling of USA300 S. aureus cells with the indicated probes at concentrations from 3 nM to 100 nM.  The location of the 

FphB protein is shown in red, FphE shown in beige. The fphB transposon mutant strain (fphB::Tn) and fphE transposon 

mutant strain (fphE::Tn) are shown at the 100 nM probe concentration. (C) Structures of the two fluorescent probes FphB-

OX-14 M4 Cy5 and FphB-OX-5 M4(N) Cy5. (D) Confocal micrographs of stationary phase S.aureus USA300-GFP cells 
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labeled with 100 nM JJ-OX-12, FphB-OX-5 M4(N) Cy5 and FphB-OX-14 M4 Cy5. Panel 1:bright-field (BF); panel 2:GFP 

imaging; panel 3:Cy5 imaging; panel 4:overlay of panels GFP and Cy5. Scale bar: 10 μm (E) Representative single-cell 

confocal images of WT S. aureus USA300 (left) and fphB transposon (fphB::Tn) mutant cells (right) treated with FphB-OX-

5-M4(N) Cy5 and FphB-OX-14 M4 Cy5. Scale bar: 1 μm. (F) Quantified average fluorescence intensity distribution across 

the cell for each probe in WT and transposon mutant cells. Microscopy images of cells were analyzed by implementing an 

agile script. The image was converted to a binary format, cells were identified, and the major axis length along with the mean 

intensity of each cell was calculated. The mean intensity was plotted against the major axis length for each identified cell in 

the images. Bars represent means ± standard deviation (n =6). 

 

   Based on specificity and potency, we selected the top two probes (FphB-OX-14 M4 Cy5 and 

FphB-OX-5 M4(N) Cy5 for imaging FphB in live cells using confocal microscopy (Figure 6C, Figure 

S19B). We labeled WT and fphB::Tn S. aureus cells expressing an intracellular GFP reporter with the 

two probes, and then imaged the cells (Figure 6D). Notably, the labeling pattern in the WT S. aureus 

strain showed the characteristic punctate staining that was enriched on the cell membrane and in the 

division septum consistent with FphB labeling52,55 (Figure 6D, E, F). For the fphB::Tn mutants lacking 

FphB expression, the probes showed broad and diffuse intracellular staining which overlapped with the 

GFP signal (Figure 6D, E, F), consistent with FphE labeling55 (Figure 6B). In support of this 

assessment, the selective FphE probe JJ-OX-12 showed the same broad and diffuse intracellular staining 

which overlapped with the GFP signal, in both WT and fphB::Tn S. aureus live cells (Figure 6D).  

To evaluate any potential off-target labeling of mammalian proteins by the optimal probes, we 

labeled cell lysates derived from human embryonic kidney 293T (HEK293T) cells (Figure S20). When 

rFphB was added back to the lysates (Figure S20),  it was the dominantly labeled protein. Even at probe 

concentrations of 1 μM, no significant, distinct proteins were labeled in HEK293T cells, with only the 

supplemented rFphB labeled (Figure S20). In addition, we tested the toxicity of probes in HEK293T 

cells and found that they were non-toxic at concentrations as high as 50 uM (Figure S21). These results 

demonstrate that the probes are selective for rFphB with few or no significant mammalian off-targets, 

highlighting their potential for future in vivo applications. 

 

CONCLUSIONS 

Covalent inhibitors are powerful pharmacological tools that require optimization to be potent and 

selective within a biological milieu. Here, we demonstrate that it is possible to tune a relatively potent 

but promiscuous oxadiazolone electrophile by using genetic code reprogramming to directly incorporate 

the warhead into diverse libraries of macrocyclic peptide scaffolds using mRNA display. We screened 

diverse Ox-cyclic peptide libraries against FphB, a previously identified virulence factor in S. aureus. 
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By leveraging affinity- and reactivity-driven positive and negative selections, we identified two 

macrocyclic hit molecules, FphB-OX-14 and FphB-OX-5, with potent covalent binding of the target 

enzyme and confirmed their on-target covalent binding using biochemical and cellular assays. We also 

used alkyne positional scanning to identify residues in both hit molecules that were critical for activity 

against the intended target, FphB. This enabled us to identify a suitable site for labeling with fluorescent 

tags for cellular labeling studies. Evaluations of optimal imaging probes in live S. aureus bacterial cells 

demonstrated that they exhibit dose-dependent covalent labeling of FphB with globally high selectivity 

and sensitivity. Compared with JJ-OX-12, a selective FphE imaging probe with the same oxadiazolone 

warhead, our macrocyclic peptide hits demonstrated dramatically increased targeting and labeling of 

FphB. In addition, while our hits retained activity against FphE in biochemical assays, the macrocyclic 

structures were able to direct binding towards FphB over FphE in live cells. In the future, counter 

selections against FphE could be employed to further improve the FphB/FphE selectivity ratio. 

Overall, our approach of combining non-selective covalent “fragments” with focused macrocyclic 

libraries provides a general blueprint for the rapid generation of irreversibly binding chemical probes. 

Given the overall potency and selectivity of our newly optimized FphB-targeting peptides, they will 

likely be valuable for S. aureus biofilm detection and other in vivo applications such as site-specific 

delivery of antibiotics or imaging dyes that enable phototherapy applications. Covalent macrocyclic 

probes are also uniquely suited for targeting membrane-localized proteins beyond FphB. Given the 

broad spectrum of enzymatic targets (i.e. proteases, hydrolases, kinases) involved in bacterial/viral 

infections, immune disease, and cancer, genetically encoded electrophile libraries have great potential to 

identify new classes of molecular tools for the study and treatment of diverse disease conditions. 
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