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Abstract

In analogy to biosynthetic pathways leading to bioactive natural products, synthetic
fermentation generates mixtures of molecules from simple building blocks under aqueous,
biocompatible conditions, allowing for the resulting cultures to be directly screened for
biological activity. In this work, a novel B-peptide antibiotic was successfully identified using
the synthetic fermentation platform. Phenotypic screening was carried out in an initially
random fashion, allowing for simple identification of active cultures. Subsequent
deconvolution, focused screening and structure-activity relationship studies led to the
identification of a potent antimicrobial peptide, showing strong selectivity for our model
system Bacillus subtilis over human HEK293 cells. To determine the antibacterial
mechanism of action, a peptide probe bearing a photoaffinity tag was readily synthesized
through the use of appropriate synthetic fermentation building blocks and utilized for target
identification using a quantitative mass spectrometry-based strategy. The chemoproteomic
approach led to the identification of a number of bacterial membrane proteins as prospective

targets. These findings were validated through binding affinity studies with penicillin-binding
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protein 4 using microscale thermophoresis, with the bioactive peptide showing a dissociation
constant (Ky) in the nanomolar range. Through these efforts, we provide a proof of concept
for the synthetic fermentation approach presented here as a new strategy for the phenotypic

discovery of novel bioactive compounds.

Introduction

Synthetic fermentation allows for the rapid, operationally simple preparation of libraries of
bioactive molecules by covalent bond forming reactions that occur simply upon mixing the
constituent building blocks in aqueous buffer. This process is based on chemoselective
couplings that do not require reagents or produce toxic byproducts, allowing the resulting
mixtures to be screened directly in a biological assay.! ? The active components can be
identified by straightforward deconvolution strategies and — in analogy to natural products
isolation 3 — the most potent compounds purified by chromatographic methods and
characterized. In contrast to most other library-based approaches, synthetic fermentation hits
can be rapidly resynthesized from the constituent building blocks without the need for
traditional multi-step organic synthesis. By adjustment of building block selection, hit
optimization and structure activity relationship studies can be initiated even before the active
component is conclusively identified. 2 The potential of synthetic fermentation using the a-
ketoacid—hydroxylamine (KAHA) amide formation as a platform for the identification of
bioactive molecules was first demonstrated with the discovery of a B-peptide HCV NS3/4A

protease inhibitor with an I1C5, of 1.0 uM (Figure 1).
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Figure 1: Identification of bioactive compounds through screening with the synthetic fermentation
platform. 1

Although synthetic fermentation produces mixtures of compounds that must eventually be

deconvoluted, it has the advantage of being ideally suited for phenotypic screening. The

Page 2 of 22

ACS Paragon Plus Environment

K4 (PBPD): 364 (£19.1) nM

-Q
'J\H/OH -t ‘\O\O : K))'N HO,C R A t N [
" 0 o RT N\ 2 W N Y \W ~ \j( ~7 \N/ SN NS3/4A HCV protease inhibitor

H
m N \//\f NN~ N"'\/ N Antibacterial peptide
0 T o \'"5 o MIC (Bacillus subtilis) = 5.7 ng/mL
/\M/ A\ /\/’/



Page 3 of 23

oNOYTULT D WN =

ACS Chemical Biology

leading display technologies, including DNA-encoded libraries 4 > and mRNA-display é 7, can
produce far larger numbers of molecules but the minuscule amounts employed and large
tags present preclude screening on living systems. As alternatives medium-throughput
approaches including diversity-oriented synthesis & ° multicomponent reactions forming
sequence-controlled peptides '°, sequence-defined cation oligomers ' 12 synthetic
macrocycles '3 14 and even entirely random peptide cocktails '® have been employed for the
discovery of new pharmaceutical lead structures to great success. With synthetic
fermentation, the quantities of compounds produced, the approximate numbers of distinct
molecules, and their general sequences can be controlled by the initial setup. Upon
completion of the assembly, the aqueous mixtures are diluted and used directly for screening
in cell-based or other phenotypic assays. With fifty initiators, monomers and terminators, a
prospective fermentation library of up to 300 million chemically distinct products is

accessible. 1

As a first demonstration of synthetic fermentation for the phenotypic screening of readily
prepared compound libraries, we sought to identify new antibiotics simply by combining a
small set of monomeric building blocks with basic liquid handling techniques. In this report,
we document the successful identification of a peptide targeting penicillin-binding proteins
using synthetic fermentation for hit identification and optimization, target identification, and
initial binding studies. The entire process can be conducted in a safe and reproducible
manner without any technical knowledge or practical experience in organic chemistry. Using
just 50 building blocks, we successfully identified a B-peptide a-ketoamide that exhibits
excellent antibacterial activity against an indicator strain, prepared a derivative for a chemical
proteomics approach to identify the molecular target, and confirmed nanomolar binding to a
penicillin binding protein. This work therefore not only establishes a practical approach to
preparing and screening thousands of molecules on a live organism, but also uncovers a

new antibiotic and its protein target.

RESULTS AND DISCUSSION

Library Design: At the outset of our studies, we sought to employ our robust conditions for
the formation of B-peptide oligomers with KAHA ligation ¢ toward the preparation of short
sequences that inhibit the growth of a microbial target. Based on our success in identifying
protease inhibitors in our first report ' and previous reports from Gellman and others
showcasing B-peptides as antimicrobal agents, 71819 we elected to maintain the basic

approach of combining a-ketoacid initiators, isoxazolidine monomers, and terminators. The
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greatest diversity and increase in compound numbers arises from the elongation monomers,
and for this project we sought to complement our established library with new monomer

building blocks containing a variety of side chain structures.
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Figure 2. Elongation monomer building blocks for synthetic fermentation. (a) Synthetic route to
isoxazolidine elongation monomers. (b) Monomer side-chains synthesized for phenotypic screening
against Bacillus subtilis.

Using our previously developed unified route to isoxazolidine elongation monomers (Figure
2a), " 20. 21 we prepared the compounds shown in Figure 2b by nitrone cycloadditions of
aldehydes with gulose-derived hydroxylamine 1. Following crystallization to afford
diastereomerically pure material and auxiliary removal with HCIO,, the isoxazolidine
monomers were converted into hydrochloride salts for long-term storage and ease of use.
The resulting salts are bench-stable solids, and are typically stored at -20 °C; the vast
majority of these compounds remain stable for years under these conditions, without any
significant precautions required. This two step protocol is suitable for both aliphatic and
aromatic aldehydes; the enantiomeric monomers can be produced simply by using the

readily available (L)-gulose derived auxiliary. 22
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Figure 3: Synthetic fermentation of pB-peptide oligomers by KAHA ligation. (a) The coupling of the
initiator and elongation monomer unveils another a-ketoacid, which can react with further monomer
units or a hydroxylamine terminator. (b) Reaction conditions and sample products generated in a
typical three-monomer synthetic fermentation used in this study. 1 equivalent of initiator and each
monomer was used, while terminators were added in slight excess (1.5 equiv) to ensure complete

capping. 20

We began by preparing a modest number of compounds by using one initiator, one
terminator, and three elongation monomers per well, in a 96-well plate format (see Figure 3
for a representative example). Initiators were selected from the large range of commercially
available a-ketoacids. Monomers incorporating natural and non-natural alkyl and aryl amino
acid side-chains were included, as were monomers bearing side-chain esters, amines, and
aromatic and saturated heterocycles. Terminators capable of generating a-ketoamides — well
known pharmacophores for enzyme inhibitors 2* 24 — as well as a-ketoesters, aldehydes and
carboxylic acid functionalities in the final products were utilized. We hypothesized that the
modular nature of the synthetic fermentation process would allow for facile modification and
optimization of any prospective leads, aiding in the identification of pharmacophore regions

and enabling rapid and efficient structure-activity relationship studies.
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Lead Identification: The first culture prepared in this study (Culture 1) consisted of a
randomized, broad-ranging screen of three initiators, 24 monomers and four terminators
(Figure 4a). The monomers were divided into three general categories — aliphatic, aromatic,
and hydrophilic — based on the chemical properties of their side chains; one from each group
was added to each well (please see the Supporting Information for specific plate design).
Each well therefore contained one initiator, three monomers and one terminator. If only
products of type I-M,-T (where n = 0-3) are considered, mixtures of this composition
generate around 40 compounds per well. A 96-well plate prepared in this manner from less
than 50 milligrams of total starting material allows for screening of around 4000 compounds
for biological activity — the total time required for the synthetic fermentation and anti-bacterial

assay is less than 48 hours.

The fermentation reactions were conducted by the addition of 5 uL each of initiator and
monomer stock solutions (‘BuOH/H,0, 5:1, 0.1 M) to the desired wells of a 96-well plate. The
plate was sealed and heated to 45 °C for two hours in a PCR thermal cycler. Termination
was achieved by the addition of 7.5 uL of a 0.1 M terminator stock solution to each well and
heating the plate to 45 °C for a further 16 h. The gram-positive bacterium Bacillus subtilis
was chosen as our model system at the outset of our study due to its ease of handling, fast
growth and recognized utility as an indicator strain for antibiotic screening. 2° To determine
antibacterial activity, aliquots from each well were transferred to an assay plate containing a
sample of Bacillus subtilis in bacterial growth medium, and the assay plates were incubated
at 37 °C for 24 hours. Bacterial growth inhibition was determined by optical density
measurements at 600 nm using a plate reader. % In this initial screen, wells which were
visibly clear and showed an optical density of < 0.2 were considered to be active. Positive
controls were provided by 2.5 yL and 5 pyL of a 10 ug/mL tetracycline solution, while a
negative control was provided by 2.5 pyL BuOH/H,O (5:1). A blank well containing no
additional material was also measured for reference (see Supporting Information for full

assay setup).
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Figure 4. Design of Culture 1 and Culture 2 and results of the coupled antibacterial assays. (a)
Synthetic fermentation building blocks utilized in Culture 1 (See Figure 2b for monomer side-chains).
Three initiators, 24 monomers and four terminators were used. (b) Well design of Culture 1. The
building blocks were distributed throughout the plate; one initiator, three monomers, and one
terminator were used per well. Two active wells (ODgg < 0.2) were identified (highlighted in yellow). (c)
Typical synthetic fermentation workflow. Building block stock solutions were transferred to a 96-well
plate using standard liquid handling procedures, and the reaction mixtures were incubated at 45 °C to
induce elongation. Terminators were added using the same procedure. The synthetic fermentation
cultures can be directly assayed after dilution to appropriate concentration. (d) Well design of Culture
2. Building blocks found in biologically active well F4 from Culture 1 (Figure 4b) were identified and
distributed in every logical permutation. The effects of varying stoichiometries were also tested. Each
monomer listed corresponds to one equivalent of building block. Wells showing growth inhibition
(ODggg < 0.35) are highlighted in yellow. (e) Synthetic fermentation building blocks utilized in Culture 2.
One initiator, three monomers and one terminator were used. (f) Milligram scale production and
biological properties of lead molecule 2.

From this initial screen of 96 wells, two cultures showing significant growth inhibition on
Bacillus subtilis were identified: one containing I', M7, M2, M?8 and T* and one containing 1",
M* M8, M?6, and T# (Figure 4 a, b, c). A second round of screening was carried out on the
constituents of these wells to determine the active components. These deconvolution
cultures were designed so that each new well would contain a fraction of the possible
products from the active mother well (Figure 4d, €). This was achieved by oligomerization

using each monomer individually, as well as all possible two-monomers-per-well
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permutations. Monomer stoichiometry was also varied to probe the effect of peptide length
on biological activity — for example, when three equivalents of elongation monomers are

used, products containing two to four monomer units will be most prominently observed.

Wells showing bacterial growth inhibition in this focused library were analyzed by LC/MS,
revealing that the two most active mixtures prominently featured peptide 1'-M8-T* (2). As
peptide 2 was also observed in the active mother well in Culture 1, we postulated that this
was the active compound. Synthesis of 2 on milligram scale was achieved simply by mixing
phenylpyruvic acid (I') and M8 in ‘BuOH / H,O (5:1) and heating to 45 °C for 2 h, followed by
addition of T4 and allowing the reaction to stand at 45 °C for 16 h; 3 mg of the desired
peptide was successfully isolated after purification by HPLC (16 % vyield, Figure 4f). The
ability to rapidly prepare adequate quantities of the hit compound simply by mixing the
components is a key feature of synthetic fermentation. Quantitative testing of 2 for bacterial
growth inhibition against Bacillus subtilis using optical density measurement revealed a
minimum inhibitory concentration (MIC) of 23-35 ug/mL. However, cytotoxicity tests carried
out against human HEK293 cells showed an 1C5, of 16-32 pg/mL, indicating a lack of
selectivity for bacterial cells. Nonetheless, 2 was considered as a promising lead compound

for further investigation.

Using hit compound 2 as a starting point, we carried out a broader screening of monomer
and terminator building blocks. A terminator screen (Culture 3) was prepared in which each
well contained I', M8, and one of 16 different terminators, including several that had not been
previously employed (Figure 5a, c). The assay results obtained from this screen showed that
while some of these new terminator types displayed some inhibitory activity, the well

containing T4 remained the most active.
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Cultures 3and 4
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Figure 5. Design of Culture 3 and Culture 4 and results of the antibacterial assays. (a) Well design of
Culture 3. I' and M8 were kept constant and tested alongside 16 different terminators. The most active
well is highlighted in yellow. (b) Well design of Culture 4. |I' and T* were kept constant and tested
alongside 24 monomers. The most active well is highlighted in yellow. (c) New terminator structures
utilized in Culture 3. (d) Milligram scale production and biological properties of lead molecule 3. (e)
Preparative HPLC trace from the synthetic fermentation of 3.

A conceptually analogous monomer screen (Culture 4, Figure 5a, b) was also carried out, in
which 24 monomer types were tested in the presence of I and T4. The previously untested
monomer M?° stood out as a promising candidate, and |I'-M?°-T# (3) was quickly synthesized
by the same method described for 2 (Figure 5d, e). The preparative HPLC trace shown in
Figure 5e highlights the clean nature of these scale-up processes. Desired I-M-T peptide 3
was easily isolated as the major peak; the only other significant product observed was the
analogous |-M-M-T peptide incorporating two monomer units. Encouragingly, peptide 3
displayed antibacterial properties (MIC = 53 pg/mL) as well as lowered cytotoxicity against
HEK293 cells (ICso = 64 pg/mL). However, this peptide showed reduced inhibition of Bacillus

subtilis compared to lead compound 2 (Figure 5d).

Structure-Activity Relationship Studies: With these preliminary results in hand, we

embarked upon structure-activity relationship (SAR) studies. These efforts had two goals: to
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identify a potent antibiotic peptide with improved selectivity for Bacillus subtilis over human
HEK293 cells, and to elucidate the relationship between the structure of lead compound 2
and its biological function. The compounds investigated were synthesized by scaled up
synthetic fermentation procedures and isolated in milligram quantities after purification by
HPLC.
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Figure 6. Chemical structure and biological properties of peptides synthesized in structure-activity
relationship studies. (a) A tight SAR profile was observed when modulating building blocks and
peptide length. The most active peptide identified (4) is highlighted in grey. (b) Synthesis and isolation
of active peptide 4. Preparative HPLC trace and mass spectrum of the purified compound shown.

We initiated a systematic study of lead compound 2 through the sequential modification of
each region of the peptide (Figure 6a). Replacement of the benzyl subunit of the initiator with
either its phenol analogue or an alkyl carboxylic acid was not found to improve inhibition of
Bacillus subtilis growth. A tight structure-activity relationship was also seen in the terminator
region of the molecule, with the biological activity proving sensitive to even minor modulation
of the tertiary amine. Substitution of the pyrrolidine tail with other saturated N-heterocycles
significantly impaired the biological activity, as did replacement of the benzyl side-chain with

phenyl or n-propyl groups. We therefore concluded that the use of terminator T4 was
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important for the activity of the lead peptide. Interestingly, these observations echo the
findings of Hergenrother, who proposed that amphiphilic small molecules bearing basic
amines are best suited to penetrate bacterial cell membranes and serve as broad-spectrum

antibiotics. 27

Further SAR studies were carried out investigating the effect of peptide elongation on
biological activity (Figure 6). For this study, peptides of type I-M-M-T and I-M-M-M-T were
synthesized. Our initial studies in this area focused on the impact of peptide elongation
through the incorporation of additional M8 subunits. While these compounds retained some
biological activity, no significant improvement in comparison to lead compound 2 was
observed. Exploration of longer peptides containing M?° units proved more effective. Peptides
[-M?2°9-M29-T4 and 1'-M2°-M2°-M2°-T* exhibited a clear increase in inhibition compared to the
lead compound, as did mixed monomer compound |'-M8-M?2°-T4 Moreover, peptides of this
type showed significantly lowered cytotoxicity against the human HEK293 cell line. The most
potent of these, 1'-M?2°- M?°-T4 (4), showed an almost tenfold increase in bacterial growth
inhibition (MIC = 5.7 pg/mL) while displaying no measurable toxicity against HEK293 cells
(ICs0 > 100 pg/mL, see Supporting Information for details) (Figure 6b).

These studies identified a tight SAR profile in many areas of the molecule, supporting our
confidence in synthetic fermentation as an effective medium-throughput screening technique.
Our goals for the investigation were further met by the discovery of 4, a potent inhibitor of
Bacillus subtilis growth bearing no apparent toxicity towards our human HEK293 cell model

system.

Target Identification: Although we initially anticipated that the antimicrobial activity might be
due to simple membrane disruption, the tight structure-activity relationships observed in 4
implied a discrete molecular target in bacteria. To investigate the mechanism of action, we
prepared a variant 5 suitable for photoaffinity labeling of receptor proteins and their
subsequent identification by a quantitative mass spectrometry (MS)-based strategy (Figure
7a). 28 29 30 For the synthetic fermentation of probe 5, an initiator (I1*) was employed
containing both a diazirine as a photolabile group and an alkyne for the enrichment of target
proteins (Figure 7b), where the small size of these groups should ensure minimal
interference with target binding. 3' The ability to quickly prepare a molecule for target

identification is another advantage of this approach.
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Following on-bead tryptic digestion and purification of resulting peptides, proteins were

identified and quantified relative to the competition control by MS-analysis.

Using stringent cut-offs for statistical significance and enrichment over the control, we
identified four high confidence protein candidates for binding partners, all of which are
located in the plasma membrane of the bacterial cell (Figure 7¢c, d). Among these candidates,
penicillin binding protein 4 (pbp4) seemed a promising molecular target to mediate the
antibiotic activity of 4, as it is involved in the essential biosynthesis of the bacterial cell wall,

and a known target of B-lactam antibiotics such as penicillin. 32
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Figure 8: Dose-response curve and dissociation constant obtained from binding studies between
peptide conjugate 6 and penicillin-binding protein 4 in three independent measurements using
microscale thermophoresis.

To validate these findings, we sought to determine the binding affinity of 4 with recombinant,
purified penicillin-binding protein 4. Initial binding studies using surface-based methods such
as surface plasmon resonance 3 and bio-layer interferometry 3* proved challenging due to a
high level of non-specific binding between the hydrophobic membrane protein and the
surface. However, solution-based microscale thermophoresis using peptide-dye conjugate 6
proved to be suitable. 3° A dose response curve for 6 was obtained, allowing determination of
a dissociation constant (K;) of 364 + 19.1 nM, while a negative control peptide also bearing a
cyanine-3 dye unit showed no binding (Figure 8, see Supporting Information for details). This
value compares favorably with members of the 4-quinolone family that have been shown to
bind PBPs but show no antibacterial activity against Bacillus subtilis. 3¢ Notably, penicillin
follows a two-step serine acylation mechanism with penicillin-binding proteins and has a
surprisingly low dissociation constant prior to the formation of the covalent bond,
independently delineated as 0.9 mM by Lu 37 and 20 mM by Chesnel 38 for PBP2x.

Conclusions
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The discovery of antibacterial peptide 4 provides a proof of concept of synthetic fermentation
as a platform for rapid and effective phenotypic screening. The robust synthesis of monomer
and terminator precursors has allowed the accumulation of a diverse building block library
capable of the efficient generation and screening of large numbers of compounds. Upon the
discovery of a hit, the modular nature of synthetic fermentation enables facile preparation
and modification of promising compounds, allowing for rapid investigation of pharmacophore
regions and structure-activity relationships. Probe materials — including fluorescent variants
and photoaffinity trapping reagents — for target identification studies are readily generated
through the use of bifunctional building blocks, faciliting the often tedious process of
preparing such derivatives. In this manner, we discovered that the peptide identified by rapid
molecular assembly and phenotypic screnning is a nanomolar binder of penicillin-binding

protein 4, a known target of beta-lactam antibiotics.

The appeal of synthetic fermentation is the ability to construct relatively complex, non-natural
molecules simply upon mixing the building blocks in aqueous media. The resulting mixtures
can be directly screened for biological activity in both biochemical and phenotypic assays.
Although small mixtures are produced — requiring some deconvolution steps and HPLC
isolation of the active compounds — the ease of preparing new, focused libraries and
synthesizing derivatives suitable for target identification simplifies the overall approach to
drug discovery. Using this technique, we envision that simple kits of the constituent building
blocks will allow researchers with little experience with synthetic organic chemistry to prepare

and screen new molecules for specific biological activities.

METHODS

Synthetic Fermentation: The syntheses of cultures were carried out in 96-well plates. 0.1
M stock solutions of initiators and monomers in ‘BuOH/H,O (5:1) were prepared, and the
required volumes were added to their respective wells using a micropipette. After addition of
initiators and monomers, the 96-well plate was capped, shaken and placed in a PCR thermal
cycler. The PCR machine (equipped with a heated lid to prevent solvent condensation on the
cap) was then heated to 45°C for 6 h. The plate was then removed and allowed to cool. 0.1
M stock solutions of terminators in ‘BuOH/H,O (5:1) were then added to each well using a

micropipette. The plate was capped, stirred and heated at 45°C for 16 h.

Bacillus subtilis preparation: Bacillus subtilis bacteria were stored at —80°C in a Luria-

Broth (LB) medium containing 15% glycerol. A trace amount of bacteria was placed into a
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Falcon tube using a toothpick and diluted with 10 mL LB media solution. LB media solution
was prepared from 25 g LB media in 1 L MQ-H,0O. The bacterial solution was incubated and
allowed to shake at 37 °C overnight, generating a bacterial preculture. 100 uL of this
preculture was transferred to a Falcon tube, diluted with 10 mL LB media, and incubated and
shaken at 37 °C. Bacterial growth was monitored by spectrophotometric optical density
determination. Once optical density at 600 nm had reached 0.6, the bacterial solution was
stored at 0°C and used in the assay within 1 h. All steps were carried out under sterile

conditions using pre-sterilized equipment.

Growth inhibition assay: 66 pL of bacterial solution was transferred into a pre-sterilized
Falcon tube, and diluted with 10 mL LB media solution to generate a bacterial stock solution.
2.5 pL of crude mixture from each synthetic fermentation well was added to the respective
wells of an assay plate, and 150 uL of the bacterial stock solution was added to each well.
The assay plate was allowed to shake gently at 37 °C for 24 h. Positive controls were
provided by 2.5 yL and 5 pL of a 10 ug/mL tetracycline solution. Negative control was
provided by 2.5 uL BuOH/H,0 (5:1). Assay results were measured by inhibition of bacterial
growth using a plate reader, based on spectrophotometric optical density determination of
each well at 600 nm after 24 h incubation. This assay was always performed in triplicate, with

the final results given by the average value of the three measurements.

Minimum inhibitory concentration determination: Desired peptide was synthesized on a
milligram scale and purified by reverse phase HPLC. The peptide was dissolved in DMSO to
generate a 25 mM solution. 5 pL of this solution was added to 620 yL LB media, generating
a 200 pM stock solution. Different volumes of this solution were added to 50 uL Bacillus
subtilis solution in LB media, generating a gradient of final concentrations (e.g. 100, 75, 50,
37.5, 25, 10 and 5 yuM) for measurement. The assay plate was incubated at 37 °C for 24
hours and analyzed as described above. Assay results were converted into pg/mL units for

final publication.

Cytotoxicity determination: 3 40 Cytotoxicity tests were carried out on HEK293 cells using
the commercial product Cell Counting Kitmg8 (CCK-8), and experiments were performed
according to the manual provided. 100 pL of cell suspension (5000 cells/well) was dispensed
in a 96-well plate, which was incubated for 24 h at 37 °C. The media was then removed. 100
ML of seven different concentrations (200, 150, 100, 75, 50, 25, 10 pyM) of [1-M3g-Mzg-Tog in
DMSO were added to the plate, which was then incubated for a further 24 h at 37 °C. 10 yL

of CCK-8 solution was added to each well of the plate, which was incubated at 37 °C for a
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final 2 h. The absorbance was measured directly. Assay results were converted into ug/mL

units for final publication.

Target identification using quantitative mass spectrometry: Cultures of Bacillus subtilis
(in log phase) were harvested by centrifugation (6000 xg for 10 min at room temperature)
and washed in phosphate buffered saline (PBS, Gibco). 200 mg bacterial pellet per sample
was resuspended in 10 mL PBS in thin-walled glass tubes and treated with 100 pg of the
peptide-diazirine-alkyne construct (0.07% DMSO end concentration) for 20 min at room
temperature. In a competition control, cells were simultaneously treated with 100 yg of the
peptide-diazirine-alkyne conjugate and 500 pg of the unconjugated peptide. Experiments
were conducted in triplicates per condition (n=3). Samples were cooled on ice and irradiated
for 20 min at 350 nm using a Rayonet RPR-200 photoreactor with Hitachi FL8BL-B light
tubes. Cells were transferred to 15 ml Falcon tubes, collected by centrifugation and
resuspended in 2 ml PBS supplemented with protease inhibitors (cOmplete ULTRA Tablets,
EDTA-free, Roche) on ice. Cells were lysed by three rounds in a French pressure cell press
(SLM Aminco). For protein solubilisation, samples were sonicated in a VialTweeter
(Hielscher, 30 s at 80% amplitude and 80% cycle time) with 0.1% RapiGest surfactant
(Waters) at 4 °C, and cell debris were removed by centrifugation (16.000 xg for 10 min at 4
°C).

For enrichment of alkyne-labeled target proteins, lysates were incubated with 100 uL azide
beads (Jena Biosciences), 1 mM CuSOQO,, 5 mM THPTA, and 100 mM sodium ascorbate,
slowly rotating overnight at room temperature. Beads were washed in Biospin columns
(BioRad) connected to a Vac-Man Laboratory Vacuum Manifold (Promega) with 5 x 1 mL 1%
sodium dodecyl sulfate (SDS) in 100 mM Tris-base, pH 8, 5 x 1 mL 80% isopropanol, 5 x 1
mL 8M urea in 100 mM ammonium bicarbonate with 5 mM EDTA, 5 x 1 mL 5 M sodium
chloride and 5 x 1 mL 50 mM ammonium bicarbonate. Bead-bound proteins were reduced
for 30 min with 5§ mM Tris(2-carboxyethyl)phosphine (TCEP, Pierce) in 50 mM ammonium
bicarbonate, 0.1% RapiGest, alkylated for 30 min with 5 mM iodoacetamide in 50 mM
ammonium bicarbonate in the dark, and digested overnight, rotating at 37 °C, with 1 pg
trypsin (Sequence grade modified trypsin, Promega) in 500 pyL 50 mM ammonium
bicarbonate, 0.1% RapiGest. Supernatants were acidified to pH 2 by the addition of formic
acid, subjected to C18 purification using 3—30 pg UltraMicroSpin Columns (The Nest Group)

according to the manufacturer's instructions and dried in a speed-vac (Thermo Scientific).
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Peptides resuspended in 5% MeCN in H,O with 0.1% formic acid (FA) were separated by
reversed-phase chromatography on a high-pressure liquid chromatography (HPLC) column
(75-um inner diameter, New Objective) that was packed in-house with a 15-cm stationary
phase (ReproSil-Pur C18-AQ, 1.9 ym) and connected to a nano-flow HPLC combined with
an autosampler (EASY-nLC Il, Proxeon). The HPLC was coupled to an Orbitrap Fusion mass
spectrometer (Thermo Scientific) equipped with a nano-electrospray ion source (Thermo
Scientific). Peptides were loaded onto the column with 100% buffer A (99.9% H,0, 0.1% FA)
and eluted at a constant flow rate of 300 nl/min with a 50 min linear gradient from 5-35%
buffer B (99.9% MeCN, 0.1% FA), 5 min 35-50% and 5 min 50-90% buffer B, with a
subsequent washing step with 90% buffer B. In between batches of runs, the column was
cleaned with two steep consecutive gradients of MeCN (10-98%). Mass spectra were
acquired in a data-dependent manner (TopSpeed, charge state 2-6, dynamic exclusion
duration 30 s). High-resolution MS1-spectra were acquired at 120,000 resolution (automatic
gain control target value 2.0*10e5) to monitor peptide ions in the mass range of 395-1,500
m/z, followed by HCD MS/MS-scans (Quadrupole isolation, HCD 30%, Detector lonTrap,
Scan rate turbo, automatic gain control target value 1.0*10e2, Maximum injection time 250

ms, centroid).

RAW data were analysed using the MaxQuant software (version 1.6.0.16). 4! Spectra were
searched against a Uniprot-based database of Bacillus subtilis proteins, and label-free
quantitation was performed using standard settings. Statistical analysis and data
visualization was done using the Perseus software (version 1.6.0.7). 42 Data were filtered for
contaminants, decoys (reverse sequences) and proteins that were only identified by a
modification site, and statistical significance was determined by a two-sample t-test (with at
least two valid values in at least one group). Proteins were considered candidates if they
showed statistical significance with a stringent false discovery rate cut-off of 0.01, and a

difference between log intensity values of at least 0.5.

Determination of protein binding affinity with microscale thermophoresis: A trace
amount of peptide-dye conjugate 6 or control conjugate 7 was dissolved in NanoTemper
MST buffer (200 ulL) and diluted fivefold until no visible colour was observed. A 11.5 uM
solution of recombinant Bacillus subtilus penicillin binding protein 4 (Biomatik) in
NanoTemper MST buffer (20 uL) was prepared, and used as the source for a 1:1 dilution
series of sixteen samples. To each resulting 10 uL sample was added 10 uL of peptide-dye
conjugate solution. Capillaries were used to take up a small amount of each solution, and

these were ordered sequentially by concentration and placed inside a NanoTemper Monolith
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NT.115. A cap scan was performed to determine optimal LED power, and the samples were
subjected to binding affinity testing by thermophoresis + T-Jump experiments. Experiments
were performed in triplicate, and Ky calculations were performed by NanoTemper NTAnalysis
software based on the resulting calibration curves. Error bars = standard deviation from three

independent measurements.
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