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SUMMARY
Spread of antimicrobial resistances urges a need for new drugs against Mycobacterium tuberculosis (Mtb)
with mechanisms differing from current antibiotics. Previously, callyaerins were identified as promising
anti-tubercular agents, representing a class of hydrophobic cyclopeptides with an unusual (Z)-2,3-di-amino-
acrylamide unit. Here, we investigated the molecular mechanisms underlying their antimycobacterial prop-
erties. Structure-activity relationship studies enabled the identification of structural determinants relevant
for antibacterial activity. Callyaerins are bacteriostatics selectively active against Mtb, including extensively
drug-resistant strains, with minimal cytotoxicity against human cells and promising intracellular activity. By
combining mutant screens and various chemical proteomics approaches, we showed that callyaerins target
the non-essential, Mtb-specific membrane protein Rv2113, triggering a complex dysregulation of the prote-
ome, characterized by global downregulation of lipid biosynthesis, cell division, DNA repair, and replication.
Our study thus identifiesRv2113 as a previously undescribedMtb-specific drug target and demonstrates that
also non-essential proteins may represent efficacious targets for antimycobacterial drugs.
INTRODUCTION

Tuberculosis, an ancient infectious disease caused byMycobac-

terium tuberculosis, remains a global health threat responsible

for 1.6 million deaths in 2021.1 Despite recent advances in tuber-

culosis chemotherapy with addition of bedaquiline, pretomanid,

and delamanid to the antimicrobial arsenal, lack of success in

combating tuberculosis lingers.2 This is partly due to the inability

of drugs to accumulate in compartments harboring sequestered

bacilli, as well as the length and complexity of drug regimens.3 A

standard tuberculosis treatment, for instance, requires a cocktail

of antibiotics, usually starting with a 2-month combination

therapy of isoniazid, rifampicin, pyrazinamide, and ethambutol,

followed by a 4-month combination of rifampicin and isoniazid.

This prolonged course of treatment often results in poor compli-

ance, which consequently drives emergence of drug resis-

tance.4,5 As a matter of fact, in 2021, there was an estimated

3.1% global increase in the number of multidrug-resistant and

rifampicin-resistant tuberculosis (MDR/RR-TB) cases compared

to the previous year and about 191,000 deaths associated with
Cell Chemical Biology 31, 1755–1771, Octo
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MDR/RR-TB.1 Due to the broad-spectrum activity of some

of the antibiotics included in this 6-month regimen for tubercu-

losis, resistance development can additionally extend from

M. tuberculosis to off-target pathogens. Especially rifampicin,

which has substantial activity against gram-positive bacteria,

can drive the development of such off-resistance.6 Furthermore,

long-term use of these broad-spectrum antibiotics causes major

distress to the host microbiome, which can significantly impair

the host’s immune system as a result of dysbiosis, thereby

contributing to several ill health conditions in treated patients.7

Thus, there remains a persistent need for new therapeutic op-

tions that are active against resistant strains in the ongoing fight

against tuberculosis, particularly for anti-tubercular agents with

a weaker resistance development in off-target pathogens and

less harm to the microbiome.

Similar to many other clinically used antibiotics, many anti-TB

drugs are natural product derivatives.8 Even today, promising

starting points for anti-tubercular drug discovery can therefore

be identified by screening microbial organisms for anti-tuber-

cular natural products, particularly if less-investigated habitats
ber 17, 2024 ª 2024 The Author(s). Published by Elsevier Ltd. 1755
CC BY license (http://creativecommons.org/licenses/by/4.0/).

mailto:markus.kaiser@uni-due.de
mailto:rainer.kalscheuer@hhu.de
https://doi.org/10.1016/j.chembiol.2024.06.002
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chembiol.2024.06.002&domain=pdf
http://creativecommons.org/licenses/by/4.0/


(legend on next page)

ll
OPEN ACCESS Article

1756 Cell Chemical Biology 31, 1755–1771, October 17, 2024



ll
OPEN ACCESSArticle
and ecological niches such as marine environments are

explored, as this lowers the risk for simple rediscovery of known

antibiotics.9,10 Such an approach led to the discovery of the

callyaerins, an anti-tubercular proline-rich cyclopeptide family

from Callyspongia aerizusa, a marine sponge of Indonesian

origin.11–13 Structurally, these cyclic peptides are composed of

a ring system of eight to nine amino acids including an unusual

(Z)-2,3-diaminoacrylamide unit (DAA, Figure 1A) that is further-

more C-terminally linked to an exocyclic side chain of two to

five amino acids. Among them, particularly callyaerin A and B

(CalA and CalB, Figure 1A) were found as promising anti-tuber-

cular natural products as they possess potent antimycobacterial

activity with an encouraging cytotoxic profile.11

However, an in-depth characterization including structure-ac-

tivity-relationships (SAR) and mode-of-action (MOA) studies of

these anti-tubercular natural products has so far not been pur-

sued. Here, we report the development of a solid phase synthe-

sis protocol based on a modification of a previously published

solid phase synthesis of CalA14 that enabled a straightforward

and flexible synthesis of various callyaerin derivatives, some

with improved anti-tubercular activities, for SAR and MOA

studies. By a combination of these resources with various

genetic and chemical proteomic approaches, we then identified

and validated the mycobacterial-specific protein Rv2113 as the

direct antimycobacterial target of callyaerins in M. tuberculosis

H37Rv. Of particular note, Rv2113 is fully dispensable for

growth and viability of M. tuberculosis, demonstrating that

non-essential proteins can represent efficacious targets of anti-

bacterial drugs.

RESULTS

Callyaerin A and B display the highest anti-tubercular
activity within the callyaerin natural product family
CalA and CalB have previously been identified as promising anti-

tubercular agents (Figure 1A).11 However, only five of the

currently fourteen known callyaerins—due to high structural sim-

ilarities, we count callynormine A15 as a further callyaerin deriva-

tive—have until now been evaluated for their antimycobacterial

properties. It therefore remained unclear whether other mem-

bers of the callyaerin natural product members might represent

more promising starting points for further anti-tubercular drug

development.

To address this current limitation and to broaden the evalua-

tion of the anti-tubercular potential of the callyaerins, we there-

fore aimed to establish a straightforward and flexible synthesis

route to diverse members of the callyaerin natural product family

as it may also be later used to generate customized derivatives

for structure-activity relationship (SAR) studies. The first solid

phase peptide synthesis of the callyaerin CalA has been reported
Figure 1. Callyaerin A and B are promising anti-tubercular agents

(A) Generic structure scheme for the callyaerin natural product family (adapted from

(Z)-2,3-diaminoacrylic acid (DAA) unit, and chemical structure of callyaerin A (C

indicated in orange, the DAA residue is depicted in blue.

(B) Scheme for the developed solid-phase peptide synthesis for callyaerins, here

(C) Overview on the growth inhibition properties (measured as MIC90 values us

Mycobacterium tuberculosisH37Rv. Data represent a single experiment with n = 2

individual samples. See also Figure S1.
by the Brimble group.14 This synthesis relied on the incorporation

of a suitably protected, specifically synthesized a-formyl glycine

building block during solid phase peptide assembly,16 which,

after deprotection, allowed the efficient installation of the DAA

unit through initial imino linkage and concomitant double-bond

migration. Recently, an alternative approach utilizing an acetal-

protected 4-hydroxy-L-threonine building block for the introduc-

tion of a-formyl glycine was introduced by Yates et al.16 Based

on these findings, we developed a slightly modified, more

straightforward callyaerin synthesis that consists of a solid-

phase synthesis of a precursor peptide featuring a standard

serine residue at the future DAA position, followed by a one-

pot selective Dess-Martin oxidation of the hydroxyl residue of

serine and concomitant cyclization (Figure 1B). This protocol

allowed a flexible synthesis of diverse callyaerins typically at a

1–5 mmol scale. Notably, this approach exploits the unique

chemical properties of the cyclized callyaerins that differ signifi-

cantly from all other open-chain analogs (oxidized as well as

non-oxidized), thereby enabling an efficient and easy purification

of the final products by reversed-phase high-performance liquid

chromatography (RP-HPLC).

With such a feasible synthesis route at hand, we subsequently

synthesized thirteen of the so far fourteen known natural call-

yaerins (Figure S1, Supporting Information) and tested their

in vitro anti-tubercular activity vs. the virulent M. tuberculosis

strain H37Rv. Synthetic CalA and CalBwere themost active call-

yaerins, showing potent minimum inhibitory concentrations for

impairing at least 90% of growth compared to solvent controls

(MIC90) of 1.56–3.13 mM, which are in agreement with previously

published data for natural callyaerins (Figure 1C).11 In contrast,

all other tested callyaerins were significantly less active or even

inactive (i.e., MIC90 > 100 mM), indicating that the macrocyclic

ring size of eight amino acids plus the DAA residue in CalA and

CalB, the overall fold of CalA and CalB with their distinct (hydrox-

yl)proline pattern as well as the presence of hydrophobic amino

acids may be decisive for their anti-tubercular potential (Fig-

ure 1C). We therefore decided to focus our following investiga-

tions on the hydrophobic ‘‘CalA/B-type callyaerins’’ as they

seem to represent the most promising anti-tubercular com-

pounds from the callyaerin natural product family.

CalA/B-type callyaerins are M. tuberculosis-selective,
intracellularly acting bacteriostatics
We continued our investigations by characterizing the antibacte-

rial and cytotoxicity profile of CalA/B-type callyaerins (Figures 2A

and S2). Interestingly, we found that extensively drug-resistant

(XDR) forms of M. tuberculosis were also susceptible to CalA

and CalB with MIC90 ranging from 3.13–12.5 mM, indicating

that these callyaerins do not share similar targets with clinical

drugs to which these XDR forms ofM. tuberculosis are resistant.
Daletos G.11), (hydroxy)proline rich hydrophobic cyclopeptides with a central

alA) and B (CalB). Residues that are different between both compounds are

exemplarily presented for CalB.

ing resazurin dye reduction assay) of chemically synthesized callyaerins vs.

–3. A range is shown when variations in MIC90 values were observed between

Cell Chemical Biology 31, 1755–1771, October 17, 2024 1757



Figure 2. Callyaerins are M. tuberculosis selective anti-tubercular agents with intracellular growth inhibition properties

(A) MIC90 values (measured using resazurin dye reduction assay, n = 2–3) for CalB treatment of variousM. tuberculosis strains including clinical XDR isolates and

further mycobacterial, gram-positive and gram-negative strains as well as human cell lines. Media used for cultivation of the respective cells are indicated by

brown superscripted letters. A range is shown when variations in MIC90 values were observed between samples.

(B) Fluorescence micrographs of intracellular activity of CalA and CalB in a macrophage infection assay. THP-1 cells were differentiated into macrophage-like

cells using PMA. Cells were infected with a mCherry expressing reporter strain of H37Rv (multiplicity of infection MOI = 3) for 3 h and subsequently treated as

indicated with 15.6 mMCalA, 1 mM rifampicin or 20 mM streptomycin (each corresponding to 5-fold MIC90) or 1.95 mMCalB (corresponding to ca. 1-fold MIC90).

Intracellular growth was evaluated five days post infection. Scale bar represents 150 mm. See also Figures S2–S6.
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In contrast, only limited growth inhibition was found for other

slow- and fast-growing mycobacteria species, including Myco-

bacterium bovis BCG Pasteur, Mycobacterium smegmatis, and

Mycobacterium marinum. CalA and CalB were also inactive

against other tested gram-positive (Bacillus subtilis and Staphy-

lococcus aureus) or gram-negative (Escherichia coli) bacteria,

demonstrating a very narrow and specific activity against

M. tuberculosis strains. Importantly, both natural products dis-

played a rather low cytotoxicity with IC50 values (i.e., concentra-

tions required to inhibit 50%of growth relative to the solvent con-

trols) R 50 mM against a panel of human cell lines resulting in a

promising selectivity index of 16–32.

We then performed a killing kinetic study by quantifying viable

cell counts following different treatment intervals to determine

how CalA/B-type callyaerins exert their growth inhibition effect

on M. tuberculosis cells. We found that CalB displayed a bacte-

riostatic effect against cells of M. tuberculosis strain mc26230

that was stable for two weeks (Figure S3).
1758 Cell Chemical Biology 31, 1755–1771, October 17, 2024
Current TB treatment relies on a combination therapy to mini-

mize the emergence of resistance that rapidly arises during

monotherapy.3 However, the effect of a drug combination is

not predictable but could potentially result in neutral, additive,

synergistic, or even antagonistic interactions. We therefore eval-

uated the in vitro efficacy of CalB in combination with other, clin-

ically used anti-tubercular drugs. Although addition of CalB to

isoniazid and rifampicin did not enhance their bactericidal ef-

fects, the emergence of resistant mutants observed in mono-

treatment was effectively prevented, whereas combination with

bedaquiline showed little additional effects under the tested con-

ditions (Figure S4). We also determined fractional inhibitory con-

centration indices (FICI) for the interaction of CalB with either

isoniazid, rifampicin, bedaquiline, delamanid, or ethambutol in

the M. tuberculosis strains H37Rv and mc26230 via a checker-

board assay (Figure S5). The resulting FICI values of 1–1.5 for

all co-treatments suggested that CalB acts additive to these

drugs, which in the case of isoniazid and rifampicin is consistent



Figure 3. Overview on the structure-activity relationships of CalA/B-type callyaerins
(A) An alanine scan of the different amino acids of CalA gives a first insight into structural determinants underlying bioactivity.

(B) Overview on single amino acid substitutions performed to study structure-activity-relationships. Further evaluated derivatives are reported in Figure S7.MIC90

values in (A) and (B) represent mean values (n = 2–3) obtained from single experiments.

(C) Concentration-dependent growth inhibition curve for CalB, the slightly more active derivatives 31 and 34 as well as of compound 77 harboring both structural

modifications. Data shown as means of duplicates with SD depicted as error bars. Each data point represents one replicate (n = 2–3) and the solid line connects

the respective mean values. The horizontal gray dashed line represents the MIC90 threshold corresponding to a remaining growth of 10%. All MIC90 values and

dose-response curves were determined relative to untreated DMSO control (corresponding to 100% growth) and sterile medium control (0% growth) using

resazurin dye reduction assay.

(D) Chemical structure of compound 77 with a cyclohexylglycine (Chg, dark blue) modification in R3 and an octahydroindole-2-carboxylic acid (Oic, light blue)

modification in R2. This rationally designed compound is ten-timesmore active than the parent compoundCalB, displaying aMIC90 of 0.39 mMvs.M. tuberculosis

H37Rv. See also Figure S7.
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with the killing kinetic experiment that showed no enhancement

of bactericidal effects but avoidance of resistance emergence by

the combination with CalB.

M. tuberculosis is an intracellular pathogen that mostly resides

and replicates in phagolysosomes of macrophages.17,18 For

evaluating the intracellular growth inhibition properties of CalA

and CalB, we therefore employed a THP-1 human macrophage

infection model system that relies on quantifying cell growth of

a mCherry-expressing fluorescent M. tuberculosis reporter

strain.19 To this end, macrophages were treated 3 h after infec-

tion with either DMSO, 15.6 mM CalA, 1.95 mM CalB, or with

the clinically used anti-TB drugs rifampicin (1 mM) or strepto-

mycin (20 mM). Growth inhibition efficiency was then evaluated

five days post-infection using fluorescence microscopy (Fig-

ure 2B, see Figure S6 for quantification). While macrophages

treated with the solvent control DMSO exhibited a heavy intra-

cellular bacterial burden, appeared clumpy and started to

detach from the surface, CalA and CalB both substantially in-

hibited intracellular proliferation of M. tuberculosis and resulted

in a healthy morphology of the treatedmacrophages. The effects

were comparable to that of the first-line anti-TB drug rifampicin.

Remarkably, despite the usage of lower compound concentra-

tions, the intracellular growth inhibition activity of CalA and

CalB was superior to streptomycin, which could reduce myco-

bacterial growth only to about 20% of the DMSO-treated control

compared to ca. 1% for CalA and CalB.

In summary, CalA/B-type callyaerins exhibit a bacteriostatic

effect in vitro, show additive effects in combination with clinical

anti-TB drugs, and can penetrate human macrophages for

reachingM. tuberculosis cells in their phagosomal compartment,

resulting in strong inhibition of intracellular growth.

Structure-anti-tubercular activity determinants of CalA/
B-type callyaerins
CalA and CalB as the founding members of the CalA/B-type call-

yaerin class are highly hydrophobic peptides that share most of

their amino acid composition. Both are characterized by a 9

amino acids-membered ring system cyclized via a DAA moiety

and the conserved site-specific presence of (hydroxyl)proline

residues, resulting in a unique and stable peptide fold.14 They

are structurally highly similar, differing only in their R3 and C3 po-

sition as well as by the presence of a C4 residue in CalA that is

lacking in CalB (Figure 1A). However, despite these structural dif-

ferences, both cyclic peptides have a similar potency against

M. tuberculosis H37Rv (MIC90 = 3.13 mM, Figure 1C), indicating

that at least certain positions tolerate structural modifications.

Taking advantage of our flexible chemical synthesis route, we

therefore next performed a structure-activity relationship for

studying their structural anti-tubercular determinants. We

started with a CalA ‘‘alanine scan’’, i.e., we replaced succes-

sively each amino acid of CalA with alanine and determined

the resulting antimycobacterial activity for these derivatives (Fig-

ure 3A). For most positions, introduction of an alanine residue re-

sulted in a lower bioactivity, although in some cases (e.g., posi-

tion R5, R7; see compound 18 and 20, respectively), these

effects were only moderate, while in other positions complete

loss of bioactivity was observed (e.g., position R3, C2, and C3;

see compound 16, 23, and 24, respectively). A notable exception

is R4 (compound 17); here, the substitution of the parent isoleu-
1760 Cell Chemical Biology 31, 1755–1771, October 17, 2024
cine residue by alanine was well tolerated and resulted in the

same MIC90 values as observed for CalA and CalB. Also, an

extension of CalA’s exocyclic chain with a further C5 alanine res-

idue (26) had no impact on the bioactivity, suggesting that the

‘‘end region’’ of the exocyclic chain may allow attachment of

additional chemical tags without significant bioactivity loss.

We then performed single amino acid substitutions at selected

positionswithin CalB to better test position-dependent structural

determinants (Figure 3B, see Figures S7A and S7B for further

CalA derivatives). We mainly focused on conservative substitu-

tions, i.e., we replaced hydrophobic and/or cyclic amino acids

with chemically similar amino acids; these substitutions also

included the change of the (hydroxy)proline residues with other

cyclic amino acids. These studies revealed that the hydroxypro-

line residue at R2 is not essential for bioactivity and can also be

replaced by a ‘‘standard’’ proline residue (63). Indeed, (hydrox-

yl)proline substitutions by other cyclic amino acids such as dehy-

droproline (dPro) or azetidine carboxylic acid (Aze) were often

well tolerated. The incorporation of b-amino acids, in particular

nipecotic acid (Nip), however, led mostly to fewer active com-

pounds, with the exception of the incorporation of b-hIle at C2

(56) that resulted in a derivative with CalA/CalB-similar bioactiv-

ities, again highlighting the exocyclic chain end as a region

amenable formodification.Most tested amino acid substitutions,

however, resulted in derivatives with equal or, more frequently,

lower bioactivities compared to the parent compound CalB.

Only three substitutions led to moderate, 2-fold more active de-

rivatives: (i) a substitution of hydroxyproline atR2byoctahydroin-

dole-2-carboxylic acid (Oic, 31) and the substitution of isoleucine

atR3by either (ii) homoleucine (hLeu, 32) or (iii) cyclohexyl glycine

(Chg, 34, Figures 3B and 3C). In the case of the amino acid Chg,

this effect was also confirmed in a corresponding CalA derivative

(65). Thesebioactivity improvementswere found tobeadditive as

the designed callyaerin derivative 77 containing theOic-substitu-

tion at R2 and the Chg-substitution at R3 was roughly 10-times

more active than the parent compound CalB (Figures 3C and

3D). Overall, structure-activity relationships seem particularly

driven by hydrophobicity; this notion is further substantiated by

thefinding that an incorporation of, for example, an aspartate res-

idue at the R5 position (69) or a tryptophane residue at the R8 po-

sition of CalA (70), completely abolishes activity (Figure S7A) and,

complementarily, callyaerin K (11) and callyaerin L (12), which

both belong to the CalA/B-callyaerin family but harbor acidic

amino acids in their structure (Figure 1C), exhibit no activity.

Altogether, CalA/B-type callyaerins display distinct structure-

activity relationships, asmost substitutions, even of hydrophobic

amino acids with similar chemical properties, strongly reduce

bioactivity, thereby indicating that their mode-of-action relies

on a defined interaction with one or more distinct target pro-

tein(s). The strong preference for hydrophobic amino acidsmight

be a consequence of their beneficial effect for supporting pas-

sage of the compound through themembrane; in addition, it sug-

gests that CalA/B-type callyaerins will bind to a highly hydropho-

bic binding site on their target protein.

Rv2113 mediates resistance and susceptibility to CalA
and CalB
In order to identify the direct target(s) of the anti-tubercular call-

yaerins, spontaneous single-step mutants of M. tuberculosis



Figure 4. Rv2113 mediates resistance and susceptibility to CalA and CalB

(A) Overview on the results from screening of spontaneous CalA- and CalB-resistantM. tuberculosisH37Rvmutants. Spontaneous single-step resistant mutants

emerged at a frequency of 10�6 on 7H10 agar containing concentrations corresponding to a 5-fold MIC of CalA or CalB, respectively, after 4-week incubation.

The correspondingmutations found in H37Rvweremapped via whole-genome sequencing.Mutations resulting in premature termination of translation due to the

introduction of a stop codon are indicated by an asterisk.

(B) Dose-response curves for CalB concentration-dependent growth inhibition of H37Rv strains. The assay included the wild type, the Drv2113 gene deletion

mutant, the complemented strain Drv2113 pMV361::rv2113 and the overexpressing strain pMV361::rv2113.

(C) Overview on the sequence variations found in Rv2113 homologs in other mycobacterial strains tested for callyaerin susceptibility in the scope of this work.

(D) Dose-response curves for CalB concentration-dependent growth inhibition of H37Rv strains. The assay included the wild type, the Drv2113 gene deletion

mutant, the pMV361::BCG_2130 complemented mutant strain Drv2113 and a BCG_2130 overexpressing strain pMV361::BCG_2130.

(E) Dose-response curves for CalB concentration-dependent growth inhibition of M. bovis BCG Pasteur strains. The assay included the wild type, the empty

vector control pMV361 EV and the overexpressing strains pMV361::rv2113 and pMV361::BCG_2130. In case of (B), (D), and (E) growth was quantified relative to

untreated DMSO control (corresponding to 100%) and sterile medium control (0%) using resazurin dye reduction assay. Each data point represents one replicate

(n = 2–3) and the solid line connects the respective mean values. The horizontal gray dashed line represents the MIC90 threshold corresponding to a remaining

growth of 10%. See also Figures S8–S16.
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H37Rv were isolated after four weeks from 7H10 medium con-

taining a 5-fold MIC of either CalA or CalB, respectively, at a fre-

quency of 10�6. In contrast to the wild type, the obtained mu-

tants were highly resistant to CalA or CalB treatment with

MIC90 values above 50 mM (Figures S8A and S8B) and also

showed cross-resistance to the respective other callyaerin (Fig-

ure S8C), suggesting a common target for both compounds.

Subsequent whole-genome sequencing of randomly selected

mutants consistently revealed non-synonymous mutations in

the gene rv2113 (Figure 4A). In the majority of the analyzed

clones, rv2113 mutations were accompanied by further muta-

tions; these mutations, however, occurred in diverse genes,

strongly suggesting that mutations in rv2113 are indeed the mo-

lecular cause for callyaerin resistance. In agreement with this,

complementation of the spontaneous CalA-resistant mutant

clone 8, which harbors a H885P mutation in ppsA in addition
to a T185A mutation in rv2113 (Figures S9A–S9C), and of the

spontaneous CalB-resistant mutant clone 7, which harbors mu-

tations in ppsA (W1294*), rv1929c (P200L), and TB15.3 (V128A)

in addition to a frameshift mutation in rv2113 (Figures S9D–

S9F), with a wild-type copy of rv2113 constitutively expressed

from a single-copy integrative plasmid (pMV361::rv2113), was

sufficient to fully restore susceptibility toward CalB. The muta-

tions observed in rv2113 included non-synonymous SNPs

resulting in diverse amino acid substitutions (T185A, L28P,

L341P, and C58R) as well as single nucleotide +c insertions or

-c deletions in a 6c homopolymer region 20 nucleotides down-

stream of the start of the rv2113 gene resulting in frame shifts.

The bandwidth of identified mutations suggests a loss-of-func-

tion-based resistance mechanism.

To prove the relevance of rv2113 for CalA and CalB resistance,

we next generated a site-specific rv2113 gene deletion mutant in
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M. tuberculosis H37Rv, using specialized transduction (Fig-

ure S10). As expected, the generated independent clones of

the M. tuberculosis Drv2113 gene deletion mutant were found

to be resistant to both CalA (Figure S11) and CalB treatment (Fig-

ure 4B), with MIC90 values >100 mM. Upon complementation

of the deletion mutant with a wild-type copy of rv2113

(Drv2113 pMV361::rv2113), sensitivity to CalB was restored,

thus unambiguously linking the resistance phenotype exclu-

sively to absence of Rv2113. Finally, when the same plasmid

pMV361::rv2113 was used to generate a merodiploid strain of

M. tuberculosis H37Rv that overexpresses Rv2113, this led to

enhanced susceptibility (2-fold decrease in MIC) to CalB.

Although rv2113 is not essential for viability, these results sug-

gest that both resistance and susceptibility of M. tuberculosis

to CalA/B-type callyaerins are intimately linked to Rv2113.

To confirm these findings, we also raised spontaneous CalB-

resistant mutants in the generated merodiploid M. tuberculosis

H37Rv strain harboring pMV361::rv2113, reasoning that the

presence of a second copy of rv2113might force the occurrence

of further mutations in other genes. However, we again found

relevant non-synonymous SNPs only in rv2113 located either

in the endogenous or in the merodiploid gene copy, causing

A217V and L338P amino acid substitutions, respectively (Fig-

ure S12). Importantly, the spontaneous CalB-resistant mutants

raised in the Rv2113-merodiploid strain exhibited the same

MIC as theM. tuberculosis wild type when screened against be-

daquiline and rifampicin, indicating that the mutations in rv2113

do not cause broad-spectrum resistance but specifically only

affect susceptibility toward callyaerins (Figures S13A and

S13B). In agreement with this, lack of Rv2113 did not influence

susceptibility of the M. tuberculosis H37Rv Drv2113 gene dele-

tion mutant toward a panel of anti-tubercular first- and second-

line drugs (Figures S13C–S13H). Interestingly, four of the six

mutated amino acids (T185, A217, L338, and L341) found in

Rv2113 in spontaneous resistant mutants cluster within a partic-

ular region of the corresponding AlphaFold-predicted protein

structure,20 highlighting the potential significance of this site in

mediating resistance to the callyaerins (Figure S14). These find-

ings emphasize the crucial role of the non-essential protein

Rv2113 in resistance and susceptibility of M. tuberculosis to

CalA/B-type callyaerins, while no other relevant mutations

located in other genes could be identified.

To understand the basis for the selectivity of callyaerins

against M. tuberculosis, we searched for Rv2113 homologs in

the UniProtKB proteome via BLAST.21 Notably, we found homo-

logs (sequence identityR95%) of Rv2113 only in a small number

of organisms including M. tuberculosis, M. bovis, M. orygis,

M. canettii, and M. shinjukuense. Except these mycobacterial

strains, the search revealed no further organisms with Rv2113

homologs with more than 70% sequence identity. Rv2113 is an-

notated as a ‘‘conserved probable membrane protein’’ that, ac-

cording to sequence analysis and Alphafold prediction,20 har-

bors eight transmembrane helixes. We previously tested CalA

and CalB vs. various (myco)bacterial strains (Figure 2A). An anal-

ysis on the presence of Rv2113 homologs in these strains re-

vealed that apart from the susceptible M. tuberculosis strains,

Rv2113 homologs are only present in the virulent M. bovis

AF122/97 (with ‘‘Mb2137’’ corresponding to Rv2113) and non-

virulentM. bovis BCGPasteur (with ‘‘BCG_2130’’ corresponding
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to Rv2113) strains (Figure 4C). In these strains, however,

CalA and CalB were much less active. Although Mb2137

and BCG_2130 show high sequence identities to Rv2113,

BCG_2130 harbors one (T207P) and Mb2137 two amino acid

substitutions (T207P and S278L). Owing to the fact that the

amino acid substitution T207P is common to both M. bovis

strains, we reasoned that this mutation might account for the

low susceptibility (MIC90 = 50 mM) of M. bovis BCG Pasteur to

CalA/B-type callyaerins. We thus heterologously expressed

BCG_2130 in the M. tuberculosis Drv2113 mutant (Drv2113

pMV361::BCG_2130) and observed that this fully restored sensi-

tivity to CalB (Figure 4D). Further, when BCG_2130 or rv2113

were overexpressed inM. bovisBCGPasteur via a strong consti-

tutive promoter from the single-copy integrative plasmids

pMV361::BCG_2130 and pMV361::rv2113, respectively, this

strongly sensitized M. bovis BCG Pasteur toward CalB, with a

reduction in MIC90 from 50 mM to 6.25 mM or 1.56 mM, respec-

tively (Figure 4E). These findings together suggest that the basis

of the poor sensitivity of M. bovis BCG Pasteur toward CalA/B-

type callyaerins is likely tied to a low expression level of endog-

enous BCG_2130, whereas the single amino acid exchange in

BCG_2130 compared to Rv2113 itself does not substantially

impair interaction with CalB. Quantitative real-time PCR indeed

demonstrated that the expression level of BCG_2130 is more

than four times lower in wild-type M. bovis BCG Pasteur

than native rv2113 expression in M. tuberculosis H37Rv (Fig-

ure S15A). Additionally, utilizing pMV361:rv2113 in M. bovis

BCG Pasteur results in at least triple the expression level of

rv2113 compared to the native variant BCG_2130 (Figure S15B).

However, while the expression level of rv2113 or its homolog

BCG_2130 determines sensitivity toward callyaerins in

M. tuberculosis and M. bovis BCG Pasteur, heterologous

expression of BCG_2130 or rv2113 did not or only slightly

increased susceptibility ofM. smegmatis toward callyaerins (Fig-

ure S16). This suggests that the interaction of CalA/B-type call-

yaerins with Rv2113 is necessary, but alone not sufficient to

establish an antibacterial effect; instead, additional factors that

are present inM. tuberculosis andM. bovisBCGPasteur, but ab-

sent in other bacteria, are required for anti-tubercular activity.

CalB directly targets Rv2113
The genetic studies showed that Rv2113 mediates CalB resis-

tance and susceptibility. It is however not clear if this phenotype

is caused by a direct interaction with Rv2113 or is amore indirect

effect. To prove direct target engagement of CalB in mycobacte-

ria, we therefore devised a chemical proteomics strategy in

which suitably modified CalB derivatives were used for direct

target identification (Figure 5A). In this approach, two C4-alkyne

tagged CalB derivatives, one with a native leucine residue (82,

Figure 5B) and the other with an additional diaziridine-based

‘‘photoleucine’’ residue in R5 (85), were used in a (photo)affinity

enrichment-LC-MS/MS-based target identification. To this end,

a two-step labeling procedure was used in which the alkyne tag

was modified with a biotin residue via click chemistry after in situ

labeling. Accordingly, while 82 could be employed to identify

proteins that are targeted by a potential covalent mechanism,

e.g., via the DAA unit of the callyaerins by a so far unclear mech-

anism, 85 could be used to elucidate non-covalent target pro-

teins via an additional photoaffinity labeling step (Figure 5A).



Figure 5. Photoaffinity labeling reveals Rv2113 as a direct target of CalA/B-type callyaerins

(A) Overview of the workflow for (photoaffinity) labeling of M. tuberculosis H37Rv cultures.

(B) Chemical structures of the probes 82 and 85 and their respective MIC90 values againstM. tuberculosis H37Rv. Probe 85 is a photoaffinity probe that besides

the alkyne tag for click chemistry also harbors an aziridine-based photoleucine at position R5.

(C) Significant enriched proteins (p% 0.05 after Student’s t test using permutation-based FDRwith 250 randomizations and FDR= 0.01) resulting from an affinity-

based protein-profiling experiment with 10 mM probe 85 in M. tuberculosis H37Rv sorted by their log2 FC.

(D) Results from a combined photoaffinity labeling with 12.5 mM 85 (log2 FC plotted on x axis) and competitive photoaffinity labeling approach with application of

30 mMCalB prior to photoaffinity labeling (log2 FC plotted on y axis). Dashed lines indicate the log2 FC > 1 threshold. To identifying statistically significant hits from

the analysis (marked in blue or red), p % 0.05 (Student’s t test; Permutation-based FDR with 250 randomizations and FDR = 0.01) was applied.

(E) Boxplot representation of Rv2113 quantification data from the (photoaffinity) labeling experiments. Cells of exponentially growing cultures ofM. tuberculosis

H37Rv were pooled and aliquoted into 2-mL centrifugation tubes in a total volume of 1 mL PBS containing 0.05% tyloxapol. Samples (n = 5 replicates per

condition) were subsequently treated, processed and measured independently without further pooling. Asterisks indicate significant differences between

indicated samples (**p % 0.01, *p % 0.05, unpaired t test with Welch’s correction). See also Figures S17–S20.
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The design of the corresponding probes was deduced from the

previous structure-activity relationship studies (Figure S7C),

suggesting the R5 position as a suitable site for the incorporation

of the photoleucine residue (Figure S17). Indeed, 82 as well as 85

both efficiently inhibitedmycobacterial growth withMIC90 values

of 6.25 and 12.5 mM, respectively, thus being only slightly less

active than the parent compound CalB.

To investigate whether CalA/B-type callyaerins exert their

bioactivity via a potential covalent interaction mechanism, we

first performed a pulldown with 82 but were only able to identify

a small number of enriched proteins with this approach (Fig-

ure S18A). The majority of these proteins are however most

probable false-positive hits due to large variations within each

treatment group (Figure S18B) or the generation of statistical ar-

tifacts frommissing data point imputations during data process-

ing (Figure S18C). This suggests that CalA and CalB most prob-

ably interact via a non-covalent mechanism.

Accordingly, we repeated the experiment with the photoaffin-

ity-tagged probe 85. Application of 10 mM of the probe to an

M. tuberculosis H37Rv culture for 3 h, followed by 20 min UV ra-

diation at 365 nm, cell lysis, click reaction with biotin azide, and

finally an avidin-based affinity enrichment and LC-MS/MS anal-

ysis indeed revealed several significantly enriched targets, with

log2 fold changes (FC) > 1 as a threshold, among them Rv2113

as one of the top hits (Figure 5C). For further validation of these

initial hits, a second photoaffinity labeling approach was per-

formed at a 12.5 mM probe concentration that was combined

with a second, competitive labeling approach that relied on a

preincubation with 30 mM CalB (corresponding to a more than

2-fold excess of the competitor) prior to application of the photo-

affinity probe 85 (Figures 5D and S19). Importantly, this combi-

nation of both experiments revealed Rv2113 as the only signifi-

cantly enriched direct target with log2 FC > 1 in both

experimental setups (Figures 5D and 5E). Consistent with our

previous data, probe 85 showed a significant reduction of activ-

ity against our Drv2113 gene deletion mutant (Figure S20A).

However, labeling of the Drv2113mutant showed similar enrich-

ment results apart from Rv2113 (Figure S20B). This non-specific

labeling might be caused by the highly active carbene species

generated during photoactivation of diazirine.

Altogether, these chemical proteomics experiments provide

strong evidence that Rv2113 acts as a mediator of the anti-

tubercular activity of CalA/B-type callyaerins. In addition, they

suggest a direct molecular interaction between this membrane

protein and the compounds.

Rv2113 does notmediate intracellular uptake of CalA/B-
type callyaerins
Our results so far point toward a central role of Rv2113 in the

antibacterial mechanism of CalA/B-type callyaerins. However,

whereas most anti-tubercular antibiotics typically work by inhib-

iting the function of an essential protein, this cannot straightfor-

wardly explain the molecular mode of action of CalA/B-type call-

yaerins in M. tuberculosis as the Drv2113 mutant is fully viable

and shows no growth defects. We therefore first asked if the

membrane protein Rv2113 acts as a molecular transporter of

CalA and CalB, thereby mediating intracellular uptake of these

compounds, which would allow the compounds to subsequently

bind to the ‘‘real’’ targets inside the mycobacterial cell.
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To investigate this potential mechanism, we synthesized fluo-

rescent CalB derivatives by conjugating the azide-tagged fluo-

rescent dyes Cy3 or rhodamine via a click reaction to a propar-

gylglycine residue in the C4 position of CalB (compound 82,

Figures 6A and S21). While the rhodamine derivative 88 was

found to be inactive (MIC90 > 100 mM), the Cy3 derivative 87 (Fig-

ure 6A) was found to bemore than 30-foldmore potent than CalB

(MIC90 = 0.05 mM, Figure 6B). This improvement in anti-tuber-

cular activity was a result of the appropriate covalent modifica-

tion of CalB with Cy3 as neither application of a respective Cy3

control (89) alone nor of a 1:1 molar mixture of CalB and Cy3 re-

sulted in comparable MIC90 values (Figure 6B). This improved

anti-tubercular activity furthermore seems to be a specific effect

as analogous incorporation of a Cy3 residue at the R3 (90) or R4

(91) position of CalB again led to less active compounds (Fig-

ure S22). Importantly, the Cy3-CalB derivative 87 still inhibited

the growth of M. tuberculosis in an Rv2113-dependent manner,

since the Drv2113 mutant exhibited resistance (Figure 6C),

demonstrating that the dye conjugate most likely relies on the

same mechanism as the parent CalB. 87 also maintained its

low cytotoxicity to the human cell lines THP-1 and HEK293, re-

sulting in an impressive selectivity index (IC50/MIC90) of >125.

With this highly active and fluorescent derivative in hands, we

next used fluorescence microscopy to measure compound up-

take in M. tuberculosis H37Rv cells as well as in the Drv2113

strain (Figures 6D and 6E). Intriguingly, 87 was rapidly internal-

ized both by cells of M. tuberculosis wild type and the Drv2113

mutant, with intracellular staining clearly visible as early as after

30 min of incubation. Thus, CalA/B-type callyaerins likely enter

M. tuberculosis cells independently of Rv2113, ruling out an

uptake-dependent mechanism of susceptibility and resistance.

As a negative control experiment, we also performed uptake

studies with the inactive rhodamine-conjugated derivative (Fig-

ure S23). We were not able to detect rhodamine-mediated fluo-

rescence in any of both strains, thus demonstrating that the

observed fluorescence signal from 87 correlates with uptake

and not unspecific cell surface binding.

In summary, these experiments demonstrate that Rv2113

does not act as a membrane transporter mediating uptake of

CalA or CalB, but as a functional target that is modulated upon

binding of these compounds.

CalB binding to Rv2113 modulates multiple major
cellular processes in M. tuberculosis

While all experiments so far illustrate the relevance of Rv2113 for

the anti-tubercular activities of CalA/B-type callyaerins, it re-

mains unclear how this interaction translates into a growth inhib-

itory effect.

Having ruled out an uptake-related role of Rv2113, our first hy-

pothesis was that the interaction of CalA or CalB with Rv2113

might deregulate structure and function of this membrane pro-

tein, finally resulting in a loss of membrane integrity; such a

mechanism is often observed for ‘‘membrane active’’ antibiotics

that trigger an efflux of metabolites and a collapse of the mem-

brane potential. To address this hypothesis, we performed a pro-

pidium iodide internalization experiment, which however failed to

detect relevant membrane permeabilization in CalB-treated

M. tuberculosis cells (Figure 7A). A lowering of intracellular ATP

levels upon CalB treatment as a result from an impairment of



Figure 6. Rv2113 is no molecular transporter for CalB

(A) Chemical structure of themost active Cy3-CalB conjugate 87. In this derivative, the Cy3 residue has been conjugated to the C4 position via a Click reaction on

a propargyl glycine residue.

(B) Dose-response curves for concentration-dependent growth inhibition of H37Rv strains by the Cy3-CalB derivative 87, CalB, a Cy3 control (89), and a 1:1

mixture of CalB and Cy3.

(C) Dose-response curves for the 87-mediated concentration-dependent growth inhibition of cells ofM. tuberculosisH37Rvwild type and theDrv2113mutant as

well as of the human cell lines THP-1 and HEK293. Growth in (B) and (C) was quantified relative to untreated DMSO control (corresponding to 100%) and sterile

medium control (0%) using resazurin dye reduction assay. Each data point represents a single experiment (n = 2), and the solid line connects the respectivemean

values. The horizontal gray dashed line represents the MIC90 threshold corresponding to a remaining growth of 10%. This experiment has been repeated once

with similar results.

(D and E) Fluorescence microscopy images of cells ofM. tuberculosisH37Rv wild type (D) and the Drv2113mutant (E) treated with 0.2 mM of 87 for the indicated

time intervals. After incubation, treated cells were counterstained with DAPI to label all cells. Scale bar represents 3 mm. Images are presentative of one

experiment. This experiment has been repeated once with similar results. See also Figures S21–S23.
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energy metabolism of M. tuberculosis cells or a reduced ATP

production due to a collapse of the membrane potential was

also not observed (Figure 7B). These findings are corroborated

by the fact that compounds affecting bacterial membrane integ-

rity typically exert a strong bactericidal effect,22 while the effect

of CalA and CalB on M. tuberculosis cells is bacteriostatic.

Finally, we also measured the expression of the genes iniA and

iniB from the iniBAC gene operon as markers for cell wall stress

in mycobacteria after CalB application.23 While these genes

were found to be strongly upregulated by the positive control

isoniazid, a known inhibitor of cell wall mycolic acid biosynthesis,

CalB treatment led to the downregulation of both marker genes,

similar to the negative control rifampicin, an RNA polymerase in-

hibitor with no direct effect on cell wall structure (Figure 7C). In

conclusion, our experiments did not suggest that CalA/B-type

callyaerins substantially impair the integrity of the cell membrane

or cell wall in M. tuberculosis.

We therefore concluded that CalA/B-type callyaerins act

by modulating the molecular function of Rv2113, raising the

question as to what is the molecular function of Rv2113 in

M. tuberculosis. However, our bioinformatic analyses including

BLAST homology search or structure-based functional predic-

tions using homology structure search via PDBeFold24 employ-

ing the Alphafold structure of Rv2113 or self-generated Alpha-

fold 2-derived Rv2113-homooligomer structures failed to

reveal any homolog with assigned function. Thus, the function

of Rv2113 remains elusive.

To obtain insights into the cellular processes that are specif-

ically affected by CalB treatment in an Rv2113-dependent

manner, cells of M. tuberculosis H37Rv wild type (Figures 7D

and S24A) and of the CalA and CalB-resistant Drv2113 mutant

(Figure S24B) were challenged with a 10-fold MIC90 of CalB for

48 h. Subsequently, whole protein cell lysates were prepared

to perform global proteome analysis and comparison of the eli-

cited responses. Overall, as expected, treatment of wild-type

cells with CalB led to more profound dysregulations of protein

expression than treatment of the resistant Drv2113 mutant,

which are unambiguously linked to the anti-tubercular nature of

CalB, as the inactive compound 36 does not show a similar

response at the proteome level (Figure S25). In wild type, the

by far most predominant response was reduced abundance of

diverse proteins. A GO analysis revealed that the affected pro-

cesses were mainly cellular lipid metabolic processes and, to a

lesser number, processes associated with DNA repair and repli-

cation. Among the underrepresented lipid biosynthesis-related

proteins were, for example, Fas (Rv2524c), AccD6 (Rv2247),

FadD22 (Rv2948c), FbpC (Rv0129c), FabD (Rv2243), Mas

(Rv2940c), Pks15 (Rv2947c), FadD29 (Rv2950c), and Rv2949c,

while the methylcitrate cycle pathway enzymes PrpC and

PrpD were found to be two of the rare overrepresented proteins.

However, impairment of lipid biosynthesis did not affect the

integrity of the cell envelope in a way that would trigger the cell

wall stress marker iniBAC (Figure 7C). Rv2525c was previously

found to be upregulated in cells of M. tuberculosis that were

exposed to agents (isoniazid and ethionamide) primarily inhibit-

ing mycolic acid biosynthesis.25 This suggests that upregulation

of Rv2525c might represent an adaptive response to com-

pounds impairing lipid biosynthesis, including callyaerins.

Recently, accumulation of methylcitrate cycle intermediates
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has been linked to tolerance toward first- and second-

line TB drugs such as isoniazid and bedaquiline.26 Therefore,

upregulation of PrpC and PrpD might represent a specific

response aiming at increasing tolerance to CalB. Furthermore,

the virulence-associated methyltransferase Rv1405c, among

others, has been reported to be responsible for acclimatizing

M. tuberculosisCDC1551 to acid stress inmacrophages,27 while

the sigma factor SigB was reported to control a regulon involved

in general stress resistance in M. tuberculosis.28 This suggests

that upregulation of Rv1405c and SigB may represent additional

general stress adaptions in CalB-treated cells.

In summary, CalB treatment elicited a complex protein dysre-

gulation characterized by lower abundance of proteins involved

in lipid biosynthesis, DNA repair, replication, and cell division. On

the other hand, the cells responded by induction of several

known stress adaptions, including Rv2525c, Rv1405c, PrpC-

PrpD, and SigB. This complex stress profile is unique and differs

from that of other natural anti-tubercular cyclic peptides such as

teixobactin,29 evybactin,30 lassomycin,31 acyldepsipeptide,32

and cyclomarin,33 implying that callyaerins embark on a distinct

mechanism of action that presumably involves simultaneous

impairment of several pathways.

DISCUSSION

We have elucidated structural determinants of CalA/B-type call-

yaerins, a family of potent anti-tubercular natural products, and

demonstrated a direct targeting of the non-essential membrane

protein Rv2113. As Rv2113 is M. tuberculosis specific, this

mode-of-action may allow the generation of bacteriostatics

with less side effects to the microbiome as well as the spread

of off-target pathogen antibacterial resistance. The callyaerins

are therefore another promising example of the growing number

of cyclo(depsi)peptide-based anti-tubercular natural products

with unique mode-of-actions.34

The binding of CalA/B-type callyaerins modulates the non-

essential function of Rv2113 in a yet-elusive molecular way

that elicits pleiotropic effects by simultaneous impairment of

several intracellular pathways including downregulation of lipid

biosynthesis, DNA repair, replication, and cell division. This

mode-of-action is thus distinct from other antibiotics that typi-

cally either target single critical steps in pathways that are

essential for growth or viability of bacterial cells, such as DNA

replication, cell wall formation, or protein, RNA, or ATP biosyn-

thesis, among others, or interact with membrane structures, re-

sulting in pore formation and collapse of membrane potential.

Our data however confirm that both resistance and susceptibil-

ity of M. tuberculosis toward CalA/B-type callyaerins are strictly

linked to the non-essential membrane protein Rv2113. Rv2113

is fully dispensable for normal in vitro growth of M. tuberculosis

under the tested culture conditions and, thus, has not been

considered a potential drug target so far. Non-essential pro-

teins, which are connected to the mechanism of antibacterial

compounds with phenotypes similar to Rv2113 (i.e., their dele-

tion mediates resistance, while overexpression mediates hy-

persensitivity), have so far been reported to be associated

with only three different processes1: compound uptake,2 acti-

vation of pro-drugs,3 or deregulation and over-activation of

proteases.



Figure 7. Rv2113-dependent proteomic dysregulation profile suggests that CalB simultaneous impairs multiple pathways

(A) Effect of CalB treatment on membrane integrity ofM. tuberculosis as assessed by propidium iodide (PI) uptake assay. Cells ofM. tuberculosismc26230 were

preincubated with PI to establish baseline fluorescence and then treated with 15.7 mM CalB (5-fold MIC90, blue). Fluorescence intensity (excitation: 535 nm;

emission: 617 nm) was measured over time. Addition of 0.5 mM rifampicin (RIF, 5-fold MIC90, brown) and Triton X-100 (0.5% as light red, 2.5% as dark read)

served as negative and positive controls, respectively. Data shown as means of triplicates with SD depicted as error bars.

(B) Effect of CalB on mycobacterial energy metabolism. The amount of intracellular ATP in compound-treated cells was measured as a correlate of interference

with energy metabolism.Washed cell pellets ofM. tuberculosismc26230 treated with 31.4 mMCalB (10-fold MIC90, blue) were suspended in phosphate-buffered

saline and incubated with Bactiter Glo reagent. Luminescence was measured at shown intervals. DMSO (gray) and 1 mM RIF (10-fold MIC90, brown) served as

negative controls, while 3.9 mM bedaquiline (BDQ, 10-fold MIC90, purple) served as a positive control. Data shown as means of triplicates with SD depicted as

error bars.

(C) Expression of iniA and iniB of the iniBAC gene operon in compound-treated cells of M. tuberculosis. Quantification of iniA (plain) and iniB (patterned)

expression by RT-qPCR in cells of M. tuberculosis H37Rv treated with 15.7 mM CalB (5-fold MIC90) for 24 h. Log2 fold change was determined by the DDCT

method, normalized to 16SrRNA with DMSO-treated cells as control (corresponding to a fold change of 0). RIF (0.5 mM, 5-fold MIC90) and isoniazid (INH,

1.95 mM, 5-fold MIC90) served as negative and positive controls, respectively. Data shown as means of triplicates with SD depicted as error bars.

(D) Network visualization of proteins which comply the chosen threshold (log2 FCR 0.5 or%�0.5, q value%0.05; Student’s t test; Permutation-based FDRwith

250 randomizations and FDR = 0.05) from a full proteome profiling of wild typeM. tuberculosisH37Rv cells treated for 48 h with 31.3 mMCalB (corresponding to a

10-fold MIC90) vs. DMSO treatment after STRING (v11.5) analysis.41 Node color represents the log2-FC in protein abundance (increase showed in blue, decrease

in red) and node size corresponds to significance (P). Thickness of connection lines indicated the confidence of STRING protein-protein association. Proteins

assigned to the GO cluster ‘‘cellular lipid metabolic process’’ [GO: 0044255] or related to DNA repair and replication are shown with a turquoise or green border,

respectively. Proteins marked with an asterisk could not be distinguished from each other at the MS level. See also Figures S24 and S25.
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An uptake dependent role of non-essential membrane pro-

teins is known, for example, for bacterial multi-solute trans-

porters of the SbmA/BacA family that mediate incorporation of

aminoglycoside antibiotics and antimicrobial peptides among
other structurally diverse hydrophilic molecules.35 Inactivation

of these transporters cf. resistance by preventing uptake of anti-

bacterial compounds. However, our findings with a fluorescent

Cy3-CalB derivative showed that CalA/B-type callyaerins enter
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M. tuberculosis cells independently of Rv2113, ruling out an up-

take-related role of Rv2113.

Several antibiotics used to treatM. tuberculosis such as isoni-

azid, pyrazinamide, and ethionamide are prodrugs that require

intracellular activation by enzymes including catalase/peroxi-

dase KatG,36 the pyrazinamidase/nicotinamidase PncA,37 or

the Baeyer-Villiger monooxygenases EthA andMymA,38 respec-

tively. Loss of these non-essential enzymes cf. resistance by

preventing pro-drug activation. However, we have no evidence

that CalA/B-type callyaerins are pro-drugs that need direct acti-

vation by Rv2113. Rv2113 is a membrane protein comprising

387 amino acids, which harbors eight transmembrane helixes

according to Alphafold prediction but does not contain any

known catalytic domain.

Acyldepsipeptides (ADEPs) are a class of antibacterial natural

compounds that kill gram-positive bacteria by over-activation of

the cytosolic ClpP protease.39 Similarly, synthetic tripodal pep-

tidyl compounds can inhibit bacterial growth by allosteric over-

activation of the non-essential protease DegP.40 Loss of these

non-essential proteases cf. resistance by preventing disturbed

proteostasis that would otherwise occur by deregulated over-

activation. However, a similar mechanism is highly unlikely for

CalA/B-type callyaerins for several reasons. First, according to

sequence analysis, Rv2113 does not contain any known proteo-

lytic domain nor is it predicted to possess any other catalytic ac-

tivity. Second, in contrast to other gram-positive bacteria, the

ClpP protease is essential in mycobacteria, and ADEPs were re-

ported to impair growth of mycobacteria by inhibition of the

essential ClpP function, not by over-activation.32 Third, the pro-

teomic dysregulation profile elicited by CalB treatment is distinct

and differs from that of cyclic peptidic compounds that cause

disturbance of proteostasis inM. tuberculosis by either inhibiting

or deregulating ClpP function, such as cylcomarins or homoBac-

PROTACs, respectively.33

Finally, we also found no evidence that CalA/B-type callyaerins

impair structure or function of the mycobacterial membrane or

cell wall that could potentially occur if binding of callyaerins to

Rv2113 would lead to pore formation. While our findings do not

suggest impairment of membrane potential, we acknowledge

that it cannot be excluded that binding of Rv2113 by CalA/B-

type callyaerins may increase the flux of ions other than protons

or other metabolites that could cause a stress response.

In summary, we can rule out all known mechanisms of how a

non-essential protein could mediate resistance and susceptibil-

ity toward an antibacterial compound similar to Rv2113, with

deletion conferring resistance and overexpression mediating hy-

persensitivity. Thus, we conclude that the anti-tubercular activity

of CalA/B-type callyaerins very likely relies on an unprecedented

mechanism. This mechanism not only depends on presence of

Rv2113 but also requires additional yet-unknown factors that

are unique for M. tuberculosis and M. bovis BCG but are obvi-

ously either lacking or at least differ substantially in other myco-

bacteria. One could speculate that this mechanismmight rely on

the unspecific recruitment of essential proteins to Rv2113

following binding of CalA/B-type callyaerins, thereby impairing

their function. However, further investigations are necessary to

prove or disprove this and other hypotheses concerning the mo-

lecular processes that occur following binding of these natural

products to Rv2113 in M. tuberculosis.
1768 Cell Chemical Biology 31, 1755–1771, October 17, 2024
Altogether, all our findings indicate that Rv2113 is a highly inter-

esting protein—it is not only specific forM. tuberculosis, its struc-

ture is also unique, preventing any function predictions. Our inves-

tigation on the role of Rv2113 in the anti-tubercular mechanism of

the CalA/B-type callyaerins strongly suggests that compound

binding modulates function of this non-essential protein in a way

that derails several metabolic pathways. This mechanism is un-

precedented, diametrically differing from typical antibiotics that

work by inhibiting essential targets. Further investigations on the

functional role of Rv2113 in M. tuberculosis will be pursued in

the future to shed light on the underlying molecular details of

this uniquemechanism. Finally, furthermedicinal chemical optimi-

zation of CalA/B-type callyaerins and development of callyaerin

conjugates might pave the way for development of urgently

needed M. tuberculosis-specific anti-TB drugs.

Limitations of the study
This study has several limitations that warrant attention. The lack

of knowledge on the exact biochemical function of Rv2113 cur-

tails our possibilities to conduct functional studies on how CalA/

CalB-type callyaerins interfere with this function or lead to a

possible gain of function. While photoaffinity labeling strongly

suggests interaction of CalB with Rv2113, our study does not

provide direct physical evidence of binding. Further, no crystal

structure of Rv2113 is available to assess where CalA/CalB-

type callyaerins exactly bind to the protein. Moreover, although

our investigation highlights the anti-tubercular effects of CalA/

CalB-type callyaerins in vitro, their in vivo efficacy remains to

be tested to reveal the clinical relevance of our findings. Addi-

tionally, as resistance-mediating mutations in a non-essential

gene might not result in any fitness cost, therapeutic targeting

of a non-essential protein might lead to rapid resistance devel-

opment in vivo.

SIGNIFICANCE

The unabated spread of drug resistance in the human path-

ogen Mycobacterium tuberculosis causes the urgent need

to identify new drugs employing antibacterial mechanisms

and addressing cellular targets that differ from those of cur-

rent antibiotics used for treatment of tuberculosis. Natural

compounds continue to be a promising source of new anti-

biotic scaffolds but often suffer from limited supply from

natural sources. Here, we describe the optimized chemical

synthesis and derivatization of callyaerins, a class of natural

cyclopeptides comprising an unusual (Z)-2,3-di-aminoacry-

lamide unit that has been isolated from a marine sponge.

The most efficient callyaerins are bacteriostatics that

potently inhibit growth of M. tuberculosis in liquid culture

and in infected macrophages while showing negligible cyto-

toxicity against human cells. Antibiotics typically restrict mi-

crobial growth by inhibiting cellular targets or pathways that

are essential for viability of the bacteria. In contrast, we

found that the antibacterial bioactivity of callyaerins is

strictly linked to a direct interaction with a non-essential

target, the previously uncharacterized and M. tuberculosis-

specific membrane protein Rv2113. While further research

is needed to resolve how callyaerins exactly interact with

Rv2113 and how this interaction triggers the perturbation
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of several cellular processes resulting in growth inhibition of

M. tuberculosis, this study exemplifies that non-essential

proteins can represent valuable non-canonical target struc-

tures. These results can have important implications for the

design of anti-tubercular drug development.
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Bacterial and virus strains

Mycobacterium tuberculosis H37Rv Ioerger et al.,48 gift of William R. Jacobs Jr.,

Albert Einstein College of Medicine

N/A

Mycobacterium tuberculosis mc26230 William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium tuberculosis Erdman William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium tuberculosis KZN06,

KZN07, KZN13, KZN14, KZN15,

KZN16, KZN17

William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium tuberculosis

Beijing-HN878

William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium tuberculosis CDC 1551 William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium bovis AF2122/97 William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium bovis BCG Pasteur William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium smegmatis mc2 155 William R. Jacobs Jr., Albert Einstein

College of Medicine

N/A

Mycobacterium marinum ATCC 927 DSMZ-German Collection of

Microorganisms and Cell Cultures GmbH

DSM 44344

Staphylococcus aureus ATCC 700699 Doenitz Prolab Cat#0158P

Escherichia coli ATCC BAA-2469 Doenitz Prolab Cat#01113P

Bacillus subtilis 168 DSMZ-German Collection of

Microorganisms and Cell Cultures GmbH

DSM 402

Mycobacterium tuberculosis H37Rv

pBEN::mCherry (Hsp60)/GFP (Atc)

Martin et al.,58 gift of Sarah Fortune,

Harvard T.H. Chan School of Public Health

N/A

Mycobacterium tuberculosis H37Rv CalA

resistant mutants

This paper N/A

Mycobacterium tuberculosis H37Rv CalB

resistant mutants

This paper N/A

Mycobacterium tuberculosis H37Rv

Drv2113

This paper N/A

Mycobacterium tuberculosis H37Rv

Drv2113 pMV361::rv2113

This paper N/A

Mycobacterium tuberculosis H37Rv

pMV361::rv2113

This paper N/A

Mycobacterium tuberculosis H37Rv

pMV361::rv2113 CalB resistant mutants

This paper N/A

Mycobacterium tuberculosis H37Rv

pMV361::BCG_2130

This paper N/A

Mycobacterium tuberculosis H37Rv

Drv2113 pMV361::BCG_2130

This paper N/A

Mycobacterium tuberculosis H37Rv CalA

resistant mutant #8 pMV361::rv2113

This paper N/A

Mycobacterium tuberculosis H37Rv CalB

resistant mutant #7 pMV361::rv2113

This paper N/A

Mycobacterium tuberculosis H37Rv CalB

resistant mutant #7 pMV361 EV

This paper N/A
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Mycobacterium bovis BCG Pasteur

pMV361 EV

This paper N/A

Mycobacterium bovis BCG Pasteur

pMV361::rv2113

This paper N/A

Mycobacterium bovis BCG Pasteur

pMV361::BCG_2130

This paper N/A

Mycobacterium smegmatis mc2 155

pMV361::rv2113

This paper N/A

Mycobacterium smegmatis mc2 155

pMV361 EV

This paper N/A

Mycobacterium smegmatis mc2 155

pMV361::BCG_2130

This paper N/A

VphAE159 Jain et al.,46 gift of William R. Jacobs Jr.,

Albert Einstein College of Medicine

N/A

Chemicals, peptides, and recombinant proteins

Tyloxapol Sigma-Aldrich Cat#T8761-50G;

Cas: 25301-02-4

NaCl Sigma-Aldrich Cat#31434-1KG-M;

Cas: 7647-14-5

Glycerol Carl Roth Cat#3783.1;

Cas: 56-81-5

a-D-Glucose Sigma-Aldrich Cat#158968-500G;

Cas: 492-62-6

Albumin (BSA) Fraction V PanReac AppliChem ITW reagents Cat#A1391

Cas: 9048-46-8

BD Difco� Middlebrook 7H10 Agar Becton Dickinson BD 262710

BD Difco� Middlebrook 7H9 Broth Becton Dickinson BD 271310

BD Difco� Agar Becton Dickinson BD 214030

BD DIFCO� Mueller Hinton Agar Becton Dickinson BD 225250

LB Broth (Lennox) Carl Roth Cat#X964.3

RPMI 1640 PAN-Biotech Cat#P04-18500

DMEM PAN-Biotech Cat#P04-04510

MEM biowest Cat#L0416

Ham’s F12 PAN-Biotech Cat#P04-15500

Fetal Bovine Serum gibco Cat#A5256801

Trypsin/EDTA PAN-Biotech Cat#P10-0231SP

MEM Non-Essential Amino Acids (100x) gibco Cat#11140-035

Sodium pyruvate PAN-Biotech Cat#P04-43100

DPBS (10x) PAN-Biotech Cat#P04-53500

Hygromycin B Carl Roth Cat#CP12.2

Cas: 31282-04-9

Apramycin sulfate salt Sigma-Aldrich Cat#A2024-5G

Cas: 65710-07-8

Kanamycin sulfate Carl Roth Cat#T832.2

Cas: 25389-94-0

Resazurin sodium salt Sigma-Aldrich Cat#R7017-1G

Cas: 62758-13-8

ROTI� Histofix 10% Formaldehyd Carl Roth Cat#A146.5

Isoniazid Supelco Cat#I3377-5G

Cas: 54-85-3

Rifampicin Sigma-Aldrich Cat#R3501-250MG

Cas: 13292-46-1
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Bedaquiline MedChemExpress Cat#HY-14881

Cas: 843663-66-1

Ethambutol dihydrochloride Sigma-Aldrich Cat#E4630-25G

Cas: 1070-11-7

Delamanid BLDpharm Cat#BD300949

Cas: 681492-22-8

Moxifloxacin BLDpharm Cat#BD32396

Cas: 186826-86-8

Ethionamide BLDpharm Cat#BD10649

Cas#536-33-4

D-cycloserine TCI Cat#C1189

Cas#68-41-7

Propidium iodide Thermo Scientific Chemicals Cat#440300250

Cas: 25535-16-4

Streptomycin sulfate AMRESCO Cat#0382-EU-50G

Cas: 3810-74-0

40,6-Diamidino-2-phenylindole

dihydrochloride (DAPI)

Carl Roth Cat#6843.1

Cas: 28718-90-3

Triton X100 PanReac AppliChem ITW reagents Cat#A4975,0500

Cas: 9036-19-5

Phorbol-12-myristate-13-acetate (PMA) Sigma-Aldrich Cat#P8139

Cas: 6561-29-8

RNAprotect Bacteria Reagent Qiagen Cat#76506

DNase I, RNase-free Thermo Scientific Cat#EN0521

Hexadecyltrimethylammonium

bromide (CTAB)

Sigma-Aldrich Cat#H5882-500G

Cas: 57-09-0

Lysozyme Thermo Scientific Cat#89833

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat#D8418;

Cas: 67-68-5

DMSO-d6 Sigma-Aldrich Cat#151874;

Cas: 2206-27-1

Methanol Fisher Chemical Cat#M/4056/17;

Cas: 67-56-1

Na2HPO4 Sigma-Aldrich Cat#71636;

7558-79-4

HEPES Carl Roth Cat#HN77;

Cas: 7365-45-9

Sodium dodecyl sulfate (SDS) Carl Roth Cat#2326.2;

CAS: 151-21-3

Fmoc-Abu-OH Carbolution Cat# CC05074;

CAS: 135112-27-5

Fmoc-Aib-OH Fluorochem Cat#045381;

CAS: 94744-50-0

Fmoc-Aze-OH Bachem Cat#4019052;

CAS: 136552-06-2

Fmoc-Chg-OH Carbolution Cat#CC05170;

CAS: 161321-36-4

Fmoc-Cpg-OH Carbolution Cat#CC05169;

CAS: 220494-61-0

Fmoc-cPrGly-OH Iris Biotech Cat#FAA3410;

CAS: 1212257-18-5

Fmoc-dPro-OH Bachem Cat#4013705;

CAS: 135837-63-7

Fmoc-Hyp-OH Carbolution Cat#CC05041;

CAS: 122996-47-8
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Fmoc-hLeu-OH Sigma-Aldrich Cat#8.52327;

CAS: 180414-94-2

Fmoc-Nip-OH Fluorochem Cat#041311;

CAS: 193693-68-4

Fmoc-Oic-OH BLDpharm Cat#BD131378;

CAS: 130309-37-4

Fmoc-Pip-OH Carbolution Cat#CC05038;

CAS: 86069-86-5

Fmoc-Pra-OH Carbolution Cat#CC05047;

CAS: 198561-07-8

Fmoc-b-hIle-OH Sigma-Aldrich Cat#03671;

CAS: 193954-27-7

Fmoc-Phe-OH Carbolution Cat#CC05020;

Cas: 35661-40-6

Fmoc-Tle-OH TCI Cat#F1251;

Cas: 132684-60-7

Fmoc-Bpa-OH Carbolution Cat#CC05105;

Cas: 117666-96-3

Fmoc-Aha-OH Iris Biotech Cat#FAA6620;

Cas: 942518-20-9

Fmoc-AEEAc-OH Carbolution Cat#CC05196;

Cas: 166108-71-0

Fmoc-Pro-OH Biosolve Cat#276-250-0;

Cas: 71989-31-6

Fmoc-Leu-OH Iris Biotech Cat#FAA1120;

Cas: 35661-60-0

Fmoc-Ile-OH Sigma-Aldrich Cat#47628;

Cas: 71989-23-6

Fmoc-Val-OH Carbolution Cat#CC05028;

Cas: 68858-20-8

Fmoc-Gly-OH Carbolution Cat#CC05014;

Cas: 29022-11-5

Fmoc-His(Trt)-OH Nova Biochem Cat#8.52032;

Cas: 109425-51-6

Fmoc-Asn(Trt)-OH Carbolution Cat#CC05007;

Cas: 132388-59-1

Fmoc-Ala-OH Nova Biochem Cat#8.52003;

Cas: 35661-89-3

Fmoc-Asp(OtBu)-OH Carbolution Cat#CC05008;

Cas: 71989-14-5

Fmoc-Glu(OtBu)-OH Iris Biotech Cat#FAA1045;

Cas: 71989-18-9

CuSO4 Sigma-Aldrich Cat#C1297;

CAS: 7758-98-7

Azide-PEG3-Biotin Jena Bioscience Cat#AZ104;

CAS: 875770-34-6

Tris[(1-Benzyl-1H-1,2,3-Triazol-4-yl)

methyl]amine (TBTA)

Sigma-Aldrich Cat#678937;

CAS: 510758-28-8

Tris(2-carboxyethyl)phosphine

-hydrochloride (TCEP)

Sigma-Aldrich Cat#C4706;

CAS: 51805-45-9

Urea GE Healthcare Cat#GE17-1319-01;

CAS: 17-1319-01

NH4HCO3 (ABC) Sigma-Aldrich Cat#11213;

CAS: 1066-33-7
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CHROMASOLV� Acetonitrile Honeywell Cat#14261;

CAS: 75-05-8

CHROMASOLV� H2O Honeywell Cat#14263;

CAS: 7732-18-5

Acetonitrile (ACN) VWR Cat#20060;

Cas: 75-05-8

DL-Dithiothreitol (DTT) Sigma-Aldrich Cat#43815;

CAS: 3483-12-3

Iodoacetamide (IAM) Sigma-Aldrich Cat#A3221;

CAS: 144-48-9

Chloroacetamide (CAM) Sigma-Aldrich Cat#C0267;

CAS: 79-07-2

Formic acid (FA) Fisher Chemical Cat#A11705AMP;

CAS: 64-18-6

N,N0-Diisopropylcarbodiimide (DIC) Carbolution Cat#CC01002;

CAS: 693-13-0

Ethyl cyano-hydroxyiminoacetate (Oxyma) Carbolution Cat#CC01024;

CAS: 3849-21-6

Dimethylformamide (DMF) Fisher Chemical Cat#D/3841/17;

CAS: 68-12-2

Piperidine Sigma-Aldrich Cat#104094;

CAS: 110-89-4

Rink-amide resin Iris Biotech Cat#BR-1330

Diethyl ether Fisher Chemical Cat#D/2450/17;

CAS: 60-29-7

N,N-diisopropylethylamine (DIPEA) TCI Cat#D1599;

CAS: 7087-68-5

Dichloromethane (DCM) Fisher Chemical Cat#D/1852/17;

CAS: 75-09-2

Acetic anhydride (Ac2O) Sigma-Aldrich Cat#A6404;

CAS: 108-24-7

2-chlorotrityl chloride (2-CTC) resin Sigma-Aldrich Cat#8.55017

Triisopropyl silane (TIS) TCI Cat#T1533;

CAS: 6485-79-6

Trifluoroacetic acid (TFA) Alfa Aesar Cat#A12198;

CAS: 76-05-1

Dess-Martin-Periodinane (DMP) Carbolution Cat#CC03024;

CAS: 87413-09-0

Trypsin Promega Cat#V5111

Pierce� Avidin Agarose Thermo Scientific Cat#20225

Callyaerin A (CalA) This paper; Ibrahim et al.12 1

Callyaerin B (CalB) This paper; Proksch et al.12 2

Callyaerin C This paper 3

Callyaerin D This paper 4

Callyaerin E This paper 5

Callyaerin F This paper 6

Callyaerin G This paper 7

Callyaerin H This paper 8

Callyaerin I This paper 9

Callyaerin J This paper 10

Callyaerin K This paper 11

Callyaerin L This paper 12

Callynormine A This paper 13
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REAGENT or RESOURCE SOURCE IDENTIFIER

CalA_R1A This paper 14

CalA_R2A This paper 15

CalA_R3A This paper 16

CalA_R4A This paper 17

CalA_R5A This paper 18

CalA_R6A This paper 19

CalA_R7A This paper 20

CalA_R8A This paper 21

CalA_C1A This paper 22

CalA_C2A This paper 23

CalA_C3A This paper 24

CalA_C4A This paper 25

CalA_C5A This paper 26

CalB_R2dPro This paper 27

CalB_R2Aze This paper 28

CalB_R2Pip This paper 29

CalB_R2Nip This paper 30

CalB_R2Oic This paper 31

CalB_R3hLeu This paper 32

CalB_R3Aib This paper 33

CalB_R3Chg This paper 34

CalB_R3F This paper 35

CalB_R3b-hIle This paper 36

CalB_R4b-hIle This paper 37

CalB_R5hLeu This paper 38

CalB_R6dPro This paper 39

CalB_R6Aze This paper 40

CalB_R6Pip This paper 41

CalB_R6Nip This paper 42

CalB_R6Oic This paper 43

CalB_R7dPro This paper 44

CalB_R7Aze This paper 45

CalB_R7Pip This paper 46

CalB_R7Nip This paper 47

CalB_R7Oic This paper 48

CalB_R8hLeu This paper 49

CalB_R8Aib This paper 50

CalB_C1dPro This paper 51

CalB_C1Aze This paper 52

CalB_C1Pip This paper 53

CalB_C1Nip This paper 54

CalB_C1Oic This paper 55

CalB_C2b-hIle This paper 56

CalB_C2Aib This paper 57

CalB_C3F This paper 58

CalB_C3Aib This paper 59

CalB_C3cPrGly This paper 60

CalB_C3Tle This paper 61

CalB_C3Bpa This paper 62

CalA_R2P This paper 63
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CalA_R3Abu This paper 64

CalA_R3Chg This paper 65

CalA_R3Cpg This paper 66

CalA_R3L This paper 67

CalA_R3F This paper 68

CalA_R5D This paper 69

CalA_R8W This paper 70

CalA_R8V This paper 71

CalA_C3L This paper 72

CalA_C3I This paper 73

CalA_C3X This paper 74

CalA_C4Aha This paper 75

CalA_C4X This paper 76

CalB_R2Oic_R3Chg This paper 77

CalB_R3Pra This paper 78

CalB_R4Pra This paper 79

CalB_R7Pra This paper 80

CalB_C3Pra This paper 81

CalB_C4Pra This paper 82

CalB_C5Pra This paper 83

CalB_R3phLeu This paper 84

CalB_R5phLeu This paper 85

CalB_R8phLeu This paper 86

CalB_C4Pra(Cy3) This paper 87

CalB_C4Pra(Rhodamine) This paper 88

Cy3-Control This paper 89

2-(Acetylamino)-4-pentynamide This paper 89a

CalB_R3Pra(Cy3) This paper 90

CalB_R4Pra(Cy3) This paper 91

Benzonase EMD Milipore Cat#71206

Critical commercial assays

660 nm Protein Assay Thermo Fisher Scientific Cat#22660

Ionic Detergent Compatibility Reagent Thermo Fisher Scientific Cat#22663

BacTiter-Glo� Microbial Cell

Viability Assay

Promega Cat#G8230

RNeasy Mini Kit Qiagen Cat#74104

SuperScript� III First-Strand Synthesis

SuperMix

Invitrogen Cat#18080400

GoTaq� qPCR Master Mix Promega Cat# A6001

Deposited data

ABPP and (competitive) AfBPP approach

using Callyaerin probes (82 or 85,

respectively) in M. tuberculosis H37Rv.

This paper PRIDE: PXD050770

Comparative AfBPP experiment using a

Callyaerin probe (85) in M. tuberculosis

H37Rv WT and Rv2113 gene deletion

mutant (Drv2113)

This paper PRIDE: PXD050770

Callyaerin B-induced proteomic

dysregulation profile in M. tuberculosis

H37Rv WT and Rv2113 gene deletion

mutant (Drv2113)

This paper PRIDE: PXD050763
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REAGENT or RESOURCE SOURCE IDENTIFIER

Proteomic dysregulation profile of

M. tuberculosis H37Rv cells treated with an

inactive Callyaerin B derivative (36)

This paper PRIDE: PXD050763

Figure 2B image data This paper https://doi.org/10.6084/m9.figshare.

25569462

Figure 6D+E image data This paper https://doi.org/10.6084/m9.figshare.

25586964

Figure S23 image data This paper https://doi.org/10.6084/m9.figshare.

25587975

Genome sequencing data of spontaneous

resistant M. tuberculosis mutants

This paper https://www.ncbi.nlm.nih.gov/sra/

PRJNA1098701

M. tuberculosis H37Rv reference proteome UniProt59 UP000001584

STRING database Szklarczyk et al.41 N/A

Experimental models: Cell lines

Homo sapiens HEK293 CLS Cell Lines Service GmbH, Germany Cat# 300192

Homo sapiens THP-1 Deutsche Sammlung von Mikroorganismen

und Zellkulturen GmbH, Germany

Cat# ACC 16

Homo sapiens HepG2 CLS Cell Lines Service GmbH, Germany Cat# 300198

Homo sapiens MRC-5 CLS Cell Lines Service GmbH, Germany ATCC� CCL171

Oligonucleotides

Oligonucleotides used for RT-qPCR, see

Table S1

Custom synthesis, Microsynth AG N/A

Oligonucleotides employed for the

generation of allelic exchange substrates

for site-specific gene deletion of rv2113,

see Table S2

Custom synthesis, Microsynth AG N/A

Oligonucleotides used for cloning rv2113

and BCG_2130 into mycobacterial

expression plasmid pMV361, see Table S3

Custom synthesis, Microsynth AG N/A

Forward primer for qPCR validation of

Rv2113/BCG_2130 expression

50-ATCGTGCTACTGACGGCATTG-3’

Custom synthesis, Microsynth AG N/A

Reverse primer for qPCR validation of

Rv2113/BCG_2130 expression

50-GCGATGGCGAGCAGAAAAAC-3’

Custom synthesis, Microsynth AG N/A

Recombinant DNA

p0004S Jain et al.,46 gift of William R. Jacobs Jr.,

Albert Einstein College of Medicine

N/A

pMV361 Stover et al.,60 gift of William R. Jacobs Jr.,

Albert Einstein College of Medicine

N/A

pMV361::rv2113 This paper N/A

pMV361::BCG_2130 This paper N/A

Software and algorithms

Proteome Discoverer (v2.5) Thermo Fisher Scientific Cat#OPTON-31040

Perseus (v2.0.7.0) Tyanova et al.50 https://maxquant.net/perseus/

MaxQuant (v2.3.0.1) Cox & Mann52 https://maxquant.net/maxquant/

MaxLFQ Cox et al.53 N/A

Minora LFQ Thermo Fisher Scientific N/A

BLAST protein alignment algorithm Altschul et al.21 https://blast.ncbi.nlm.nih.gov/Blast.cgi

ChemDraw (v20.0) PerkinElmer N/A

MestReNova (v14.2) Mestrelab Research N/A

(Continued on next page)
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Prism (v8.0) Graphpad N/A

Xcalibur (v4.1) Thermo Fisher Scientific N/A

Casava (v1.8) Illumina N/A

ImageJ Schneider et al.61 https://imagej.nih.gov/ij/

Tecan i-control (v1.1) Tecan group N/A

MxPro – Mx3005P (v4.10) Stratagene N/A

NIS-Elements Nikon N/A

PrimerQuest Integrated DNA Technologies N/A

VisionWorks (v8.16090.9066) Analytik Jena N/A

Clone Manager 9 (v9.5.0.0) Sci Ed Software N/A

Cytoscape (v3.9.1) Shannon et al.57 https://cytoscape.org/index.html

Other

UV lamp Analytik Jena Cat#UVP 3UV�
Tough micro-organism lysing VK05 0.5mm

glass beads – 2 mL

Bertin Technologies Cat#P000913-LYSK0-A

Micro-organism lysing VK01 0.1mm glass

beads – 2 mL

Bertin Technologies Cat#P000914-LYSK0-A

0.2 mm cellulose acetate syringe filter Starstedt Cat#83.1826.001

GF/C Glass Fiber Filter Paper GE Healtcare Cat#1822-024

Empty self-pack nanoLC columns CoAnn Technologies Cat#ICT36007515F-50

Kinetex� XB-C18 column material Phenomenex Cat#4498

ReproSil-Pur C18-AQ column material Dr. Maisch Cat#r119.aq

Empore� SPE Disks C18 3M Cat#66883-U

Protein LoBind Tube 2 mL Eppendorf Cat#0030 108.132

Protein LoBind Tube 1.5 mL Eppendorf Cat#0030 108.116

Conical Tubes 15 mL Eppendorf Cat#0030 122.151

Sera-Mag hydrophilic SpeedBeads Cytiva Cat#45152105050250

Sera-Mag hydrophobic SpeedBeads Cytiva Cat#65152105050250

Luna 5 mm C18(2) column (21.2 3 100 mm) Phenomenex Cat#00D-4252-P0-AX

Nucleodur 5 mm C18 Pyramid column

(4 3 250 mm)

Macherey-Nagel Cat#760202.40

Nucleodur 5 mm C18 Pyramid column

(10 3 250 mm)

Macherey-Nagel Cat#762272.100

Nucleodur 5 mm C18 Pyramid column

(32 3 250 mm)

Macherey-Nagel Cat#762272.320

Cell culture plate, 6 well, surface:

suspension, flat base

Sarstedt Cat#83.3920.500

Micro test plate, 96 well, slip-on lid, round

base, PS, transparent

Sarstedt Cat#82.1582.001

Cell culture plate, 96 well, surface:

suspension, flat base

Sarstedt Cat#83.3924.500

Cell culture plate, 96 well, surface:

standard, flat base

Sarstedt Cat#83.3924

Nunc� F96 MicroWell� White

Polystyrene Plate

Thermo Scientific Cat#236105

Nunc� F96 MicroWell� Black

Polystyrene Plate

Thermo Scientific Cat#237105

Nalgene� Square PETGMedia Bottles with

Closure: Sterile, Shrink-Wrapped Trays

Thermo Scientific Cat#342020
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RESOURCE AVAILABILITY

Lead contact
Requests for additional information on data, resources, and reagents should be directed to and will be fulfilled by the lead contact,

Rainer Kalscheuer (rainer.kalscheuer@hhu.de).

Materials availability
The reagents and mutant strains generated in this study will be made available subject to a completed Materials Transfer Agreement

and proof of required BSL3 and import permits.

Data and code availability
d Proteomic data have been deposited at PRIDE. Microscopy data have been deposited at (https://figshare.com). Genome

sequencing data have been deposited at Sequence Read Archive (SRA). All data are publicly available as of the date of pub-

lication, and accession numbers are listed in the key resources table.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacterial strains and culture conditions
M. tuberculosis strains including H37Rv,mc26230 (DpanCDDRD1) and several XDR-TB clinical isolates originating fromSouth Africa,

M. bovis BCG Pasteur as well asM. smegmatismc2155 used in this study were obtained from the laboratory of William R. Jacobs Jr.

(Albert Einstein College of Medicine, Bronx, NY). Cells of mycobacteria were grown at 37�C and 80 rpm in liquid Middlebrook 7H9

medium supplemented with 10% ADS enrichment (5% bovine serum albumin fraction, 2% glucose and 0.85% sodium chloride),

0.5% glycerol and 0.05% tyloxapol, or solid Middlebrook 7H10 agar supplemented with 10% ADS enrichment and 0.5% glycerol.

Selective media were supplemented as required with hygromycin (50 mg/mL), apramycin (30 mg/mL) or kanamycin (20 mg/mL). Cul-

tures of non-mycobacterial species such as Staphylococcus aureus, Escherichia coli, Bacillus subtilis, Enterococcus faecalis,

E. faecium, Pseudomonas aeruginosa and Acinetobacter baumannii were grown at 37�C and 180 rpm in lysogeny broth (LB) or on

solid LB medium.

Cell lines and culture conditions
The human THP-1 monocytic cell line (isolated from the peripheral blood of a 1-year old male patient suffering from acute monocytic

leukemia)42 andMRC-5 lung fibroblasts (isolated from the lung tissue of a 14-week-oldmale fetus)43 weremaintained in Roswell Park

Memorial Institute (RPMI) 1640 medium and Dulbeccós modified Eagle medium (DMEM), respectively, both media supplemented

with 10% fetal bovine serum (FBS). HEK293 kidney cells (isolated from a human female embryo)44 were grown in Eagle’s minimum

essential medium (EMEM) supplemented with 2 mM L-glutamine, 1 mM sodium pyruvate, 1% non-essential amino acids and 10%

FBS, while HepG2 cells (isolated from liver tissue of a 15-year-old Caucasianmale with a hepatocellular carcinoma)45 were cultivated

in Ham’s F12medium supplementedwith 2mML-glutamine and 10%FBS. All cells were cultured at 37�C in a humidified atmosphere

of 5% CO2.

METHOD DETAILS

General information about the chemical synthesis of callyaerins
All chemicals were purchased from abcr, Acros Organics, Alpha Aesar, Bachem, BLD pharm, Carbolution, Fluorochem, Iris Biotech,

Lumiprobe, Merck, TCI Chemicals, or Thermo scientific and used without further purification.

Purification of peptide precursors or compounds via reversed-phase preparative high performance liquid chromatography (prep.

HPLC) was performed either on a Prominence ultra fast liquid chromatography (UFLC) system from Shimadzu (System A) with peak

detection through an UV detector at l = 210 nm equipped with a Phenomenex C18 column (Luna 5 mm C18(2), 100 mm length,

21.2 mm ID) or a Nexera Prep HPLC system from Shimadzu (System B) with peak detection through a photodiode array detector

at l = 210 nm equipped with Macherey-Nagel C18 columns (Nucleodur 5 mm C18 Pyramid, 250 mm length) with either 10 mm or

32mm ID. In both systems, the mobile phase was generated by passive mixture of solvent B (Acetonitrile (ACN) either with or without

0.1% trifluoracetic acid (TFA)) in solvent A (H2O either with or without 0.1% TFA) in a linear gradient. Purified peptide precursors or

compounds were freeze-dried using an ALPHA 2-4 LD plus lyophilizer from Christ.

Liquid chromatography analysis was carried out on a ThermoFisher Scientific Ultimate 3000 UHPLC system (UV peak detection at

l = 254 nm) equipped with a Macherey-Nagel C18 column (Nucleodur 5 mm C18 Pyramid, 250 mm length, 4 mm ID). The mobile

phase was generated by passive mixture of solvent B (ACN with 0.1% formic acid (FA)) in solvent A (H2O with 0.1% FA) in a linear

gradient (hold at 10% solvent B within the first 0.5 min, rise from 10-60% in the next minute, rise to 100% in the next 4.5 min,

hold for 3.2 min, decrease to 10% within 0.3 min and hold for 2.5 min). In some cases, the length of the 100% solvent B plateau
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had to be increased for elution of the compounds. All compounds were analyzed from a 10 mM DMSO stock diluted 1:50 with 50%

ACN in H2O (200 mM analyte, 2% DMSO). This leads to the presence of a DMSO peak in the chromatogram of the compounds

(as shown in Data S2).

High-resolutionmass spectrometry (HRMS) spectra of compoundswere recorded on a ThermoFisher ScientificExactive Plus EMR

mass spectrometer with a TriVersa NanoMate nanoESI system from Advion equipped with 5 mm diameter nozzle spray chips. A total

sample volume of 5 mL were picked out of 96-well plates and the ESI spray was generated using 0.8 psi nitrogen backpressure com-

bined with a positive nozzle chip voltage of 1.7 kV. The given m/z values represent the average of at least 200 scans.

Nuclear magnetic resonance (NMR) spectra were recorded at 25�Con a Bruker 400MHz Avance II NMR spectrometer with a 5mm

PABBI broad band probe (400 MHz for 1H and 101 MHz for 13C NMR) or a 700 MHz Avance II NMR spectrometer with a 5 mm TCI

cryoprobe (700 MHz for 1H and 176 MHz for 13C NMR) spectrometer. 1H NMR spectra were reported in the following manner: chem-

ical shifts (d) in parts per million (ppm) refer to the residual non-deuterated solvent signals, multiplicities (s: singlet, d: doublet, t: triplet,

dd: doublet of doublets, dt: doublet of triplets; td: triplet of doublets, m: multiplet), coupling constants (J) in Hertz (Hz) and number of

protons (H). 1H and 13C NMR spectra of synthesized callyaerin derivatives are shown in Data S1.

Solid phase peptide synthesis
Peptide precursors for the synthesis of Callyaerin derivatives were synthesized using microwave-assisted automated solid phase

peptide synthesis (SPPS) using functionalized polystyrene (PS) resin in a Liberty Blue HT12 Peptide Synthesizer from CEM. For

this purpose, the respective resin was swollen in dimethylformamide (DMF). The peptide synthesizer was equipped with stock so-

lutions of the corresponding fluorenylmethyloxycarbonyl (Fmoc)-protected amino acids at a concentration of 0.2 M in DMF. Further-

more, stock solutions of the activator reagent N,N0-Diisopropylcarbodiimide (DIC, 0.5 M) and the activator base ethyl cyano-hydrox-

yiminoacetate (Oxyma, 1 M) in DMF as well as a 20% piperidine in DMF solution for Fmoc-deprotection were also generated. If

synthesis on Rink amide resin were performed, additional stocks of N,N-diisopropylethylamine (DIPEA, 1 M) and acetic anhydrate

(Ac2O, 0.5 M) for capping of unreacted binding positions on the resin and optional acetylation of the peptide N-terminus were

also added to the device. For the capping of 2-chlorotrityl chloride (2-CTC) resin, a DCM:MeOH:DIPEA (17:2:1) mixture was used

instead.

Microwave-assisted SPPS with Rink-amide resin

Loading of Rink-amide resin with the first amino acid of the sequence was done by starting with an initial deprotection step with 20%

piperidine in DMF using microwave heating to 90�C for 120 seconds. Once the reactor was drained, the deprotection was repeated

again for another 65 s. After washing of the resin, the first amino acid was linked to the resin by using 5 equivalents each (compared to

initial resin loading capacity) of the respective amino acid, activator and activator base at microwave heating to 90�C for 240 s. A

second double-coupling step was performed, followed by a capping step by using 10 eq. of DIPEA and 5 eq. of Ac2OH at microwave

heating to 50�C for 360 s to deactivate non-reacted binding positions on the resin. After loading, the next amino acids were coupled

by an iterative protocol consisting of piperidine-mediated deprotection (90�C, 65 s) and double amino acid coupling (5 eq., 90�C, 240
s) cycles. The synthesis was closed by a final Fmoc deprotection step (90�C, 65 s), thereby delivering the resin-bound precursor

peptide.

Microwave-assisted SPPS with 2-CTC resin

Loading of 2-CTC resin with the first amino acid of the sequence was performed by using 10 eq. of the initial Fmoc-protected amino

acid in combination with 20 eq. of DIPEA atmicrowave heating to 50�C for 10minutes. Once the reactor was drained, the loading step

was repeated, followed by capping of unreacted binding positions using DCM:MeOH:DIPEA (17:2:1) at microwave heating to 50�C
for 10 min. After this loading procedure, an iterative protocol of deprotection with 20% piperidine in DMF (50�C, 5 min) and double

amino acid coupling using 5 equivalents each of the respective amino acid, activator and activator base atmicrowave heating to 50�C
for 10 min was used for elongation of the peptide sequence. The synthesis was closed by a final Fmoc deprotection step (50�C,
5 min), thereby delivering the resin-bound precursor peptide.

Cleavage of the SPPS-synthesized peptides from the resin

Peptides were cleaved from the resin by adding a mixture of 2.5% H2O and 2.5% triisopropyl silane (TIS) in trifluoroacetic acid (TFA)

to the peptide-loaded resin for 3 to 5 hours at room temperature. The resin was separated from the cleavage solution which

was poured into ice-cold diethyl ether. The occurring peptide precipitation was supported by overnight cooling of this solution

at -20�C. The peptides were separated from the solution via centrifugation at 4�C and 4200 g for 30 min, the supernatant was dis-

carded and the peptide-pellet was air-dried for further purification via prep. HPLC.

Determination of minimal inhibitory concentration (MIC)
The MIC was determined for all bacteria using broth microdilution method. For all mycobacteria species, cultures obtained from

exponentially growing cells cultured in supplemented 7H9 medium were diluted and seeded at 1 3 105 CFU/well in 96-well round

bottom microplates, in a total volume of 100 mL of supplemented 7H9 medium containing two-fold serially diluted test compounds

with a starting concentration of 100 mM. The plates were incubated at 37�C for 5 days (M. tuberculosis strains and M. bovis BCG

Pasteur) or 24 h (M. smegmatis). 10 mL of a 100 mg/mL resazurin solution was subsequently added to each well and further incubated

for 16-24 h. To fix the cells for MIC determination, 100 mL of 10% formalin was added to each well (5% final concentration) for at least
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30 min. Using a microplate reader (excitation, 540 nm; emission, 590 nm), fluorescence was quantified. Percentage of growth was

calculated relative to sterile medium by subtraction of background fluorescence (0%growth) andmaximum growth in untreated cells

in the DMSO solvent control (100% growth).

For nosocomial pathogens and B. subtilis, cultures obtained from exponentially growing bacteria in Mueller Hinton broth (MHB)

were diluted and seeded at 5 3 104 CFU/well in 96-well round bottom microplates, in a total volume of 100 mL MHB containing

two-fold serially diluted test compounds with a starting concentration of 100 mM. Microplates were incubated for 24 h at 37�C.
MIC was determined macroscopically by identifying the lowest concentration that resulted in inhibition of visible bacterial growth.

Cytotoxicity determination
The cytotoxicity of callyaerins was determined using the human THP-1 monocytic, MRC-5 lung fibroblast, HepG2 liver and HEK293

kidney cell lines. Cells were diluted and seeded at 53 104 cells/well in tissue culture-treated 96-well flat bottommicroplates, in a total

volume of 100 mL of respective media containing two-fold serially diluted test compounds with a starting concentration of 100 mM.

10 mL of a 100 mg/mL resazurin dye dilution was added to each well following 48 h incubation of microplates at 37�C and 5% CO2.

After 3 h incubation with resazurin, fluorescence was quantified in a microplate reader (excitation, 540 nm; emission, 590 nm). Per-

centage of growth was calculated relative to sterile medium (0% growth) and DMSO solvent control (100% growth). Selectivity index

of test-compounds was determined as the quotient of the cytotoxic concentration inhibiting 50% growth of human cells and the MIC

resulting in 90% inhibition of mycobacterial growth (IC50/MIC90).

Mycobacterial killing kinetic
Killing kinetic studies were done by quantifying viable cell counts following different treatment intervals to assess bactericidal or

bacteriostatic activity of compounds. For this, a mid-exponentially growing culture of M. tuberculosis mc26230 was adjusted to

2 3 106 CFU/mL and challenged with 5-fold MIC of CalB alone or in combination with clinical anti-TB drugs (isoniazid, rifampicin

and bedaquiline) and incubated for 5 weeks at 37�C and 80 rpm. At various time intervals, 200 mL aliquots were taken and 10-fold

serially diluted. Serial dilutionswere plated onMiddlebrook 7H10 agar plates and incubated at 37�C for 3weeks to count colony form-

ing units (CFU).

Checkerboard assay
The interaction between CalB and clinical anti-TB drugs were quantified by determining the fractional inhibitory concentration indices

(FICI) of CalB with these drugs in 96-well round bottommicroplates. Compounds tested in combination were two-fold serially diluted

in a two-dimensional fashion. Cultures ofM. tuberculosisH37Rv andmc26230 were diluted and added to themicroplates at a density

of 13 105 CFU/well in a total volume of 100 mL. After 5-day incubation at 37�C, 10 mL of a100 mg/mL resazurin solution was added to

each well and further incubated for 16- 24 h. Mycobacterial growth was quantified as a function of fluorescence intensity measured

by a microplate reader (excitation, 540 nm; emission, 590 nm). Subsequently, the FICI was calculated as the sum of the quotients of

the MICs of each bioactive agent when tested in combination (A and B) and the MIC when tested alone:

FICI ðA + BÞ =
A

MICðAÞ+
B

MICðBÞ
Synergism or antagonism between CalB and clinical anti-TB drugs were represented as FICI % 0.5 or > 2, respectively. Partial

synergism was denoted by 0.5 < FICI % 0.75, while 0.75 < FICI % 2 indicates an additive effect.22

Intracellular ATP measurement
Exponentially growing culture of M. tuberculosis mc26230 was adjusted to OD (optical density) 0.5 at 600 nm and challenged with

5- or 10-fold MIC of CalB and relevant controls at 37�C and 80 rpm. At various time intervals, 1 mL culture aliquots were taken, pel-

leted by centrifugation at 10,000 g for 5 min, and supernatants were discarded to remove extracellular ATP. Cell pellets were resus-

pended in PBS and dispensed in a white opaque 96-well microplate containing BacTiter-Glo reagent (Promega, Madison, WI, USA).

The resulting 1:1 mixture was incubated for 5 min and luminescence was measured as a function of ATP content using a microplate

reader.

Propidium iodide internalization assay
A culture of M. tuberculosis mc26230 taken from exponential growth phase was adjusted to OD600 nm = 0.5, harvested by centrifu-

gation at 4,500 g, 4�S for 10 min, washed and resuspended in an equal volume of PBS supplemented with 1% glucose. Cells were

then incubated with 15 mg/mL propidium iodide (PI). Cells were dispensed into a black opaque 96-well microplate upon incubation of

cells with PI at 37�C for 30 min to establish a baseline PI fluorescence measurement (excitation, 535 nm; emission, 617 nm) using a

microplate reader. Cells were then challenged with 5-fold MIC (final concentration) of CalB or appropriate controls and immediately

returned to the microplate reader to quantify uptake of PI by measuring red fluorescence in a kinetic fashion for at least 4 h.

RNA extraction and real-time quantitative PCR
Cells of an exponentially growing culture ofM. tuberculosiswere adjusted toOD600 nm = 1.5, incubatedwith 5-foldMIC of compounds

and harvested after 24 h by centrifugation at 4,500 g, 4�S for 10 min for RNA extraction. Harvested cells were fixed overnight in 5 mL
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RNA Protect reagent (Qiagen) after incubation with compounds. Fixed cells were pelleted, resuspended in 1 mL RLT buffer, and then

transferred into Precellys� tubes containing amixture of 0.5 mm and 0.1 mm silica beads. Cells were lysed by bead beating at 50 Hz,

and RNA was extracted using the RNeasy Mini kit (Qiagen). Residual genomic DNA was removed by DNase treatment. After RNA

integrity was checked using RNA 6000 Nano Chip, 2 mg RNA per sample was reverse transcribed into complementary DNA using

the SuperScript� III First-Strand Synthesis kit (Thermo Fisher). Gene expression was quantified by performing quantitative real-

time PCR (qPCR) in a Mx3005P qPCR system (Agilent Technologies) using GoTaq� qPCR Master Mix (Promega). Analyses were

performed following the manufacture�rs protocol using gene-specific qPCR primers. Expression values were determined by the

DDCT method, normalized to 16SrRNA using DMSO-treated cells as the control. All qPCR primers (Table S1) were designed using

the PrimerQuest tool.

Generation of a targeted M. tuberculosis Drv2113 gene deletion mutant
Site-specific gene deletion in M. tuberculosis H37Rv was achieved by specialized phage transduction as described elsewhere.46

Briefly, the rv2113 genewas replacedwith a gd-sacB-hyg-gd cassette comprising a hygromycin resistance gene and a sacB counter-

selectable marker flanked by res-sites of the gd-resolvase. For construction of the required allelic exchange substrate, upstream and

downstream flanking regions of rv2113 were amplified by PCR using primers listed in Table S2. Subsequently, the flanking regions

were digested with the indicated restriction enzymes and ligated with the Van91I-digested p0004S vector. The resulting allelic ex-

change plasmid was then linearized with PacI, cloned, and packaged into the temperature-sensitive phage VphAE159, yielding

knock-out phages that were propagated in M. smegmatis at 30�C. Allelic exchange in M. tuberculosis was achieved by specialized

transduction at the non-permissive temperature of 37�C, using hygromycin for selection, resulting in gene deletion and replacement

by gdres-sacB-hyg-gdres cassette. Obtained hygromycin-resistant transductants were obtained after 3 weeks of incubation and

were screened for correct gene disruption by diagnostic PCR.

Heterologous gene expression in mycobacteria
For genetic complementation and overexpression purposes, the genes rv2113 and BCG_2130were amplified from genomic DNA of

M. tuberculosis H37Rv or M. bovis BCG Pasteur, respectively, by PCR using the primer pairs listed in Table S3, and cloned into the

integrative single-copy plasmid pMV361 containing an apramycin resistance marker providing constitutive heterologous gene

expression from the HSP60 promoter. The plasmids were transformed into mycobacterial cells via electroporation (1000 U,

25 mF, 2500 V). Transformants were selected on Middlebrook 7H10 agar plates containing apramycin (40 mg/l).

Spontaneous resistant mutant generation
Spontaneous mutants ofM. tuberculosis H37Rv resistant to callyaerins were generated by plating 500 mL culture aliquots containing

� 3 3 107 CFU on 120 mm square agar plates supplemented with 5-fold MIC of CalA or CalB, respectively. After 3-4 weeks of in-

cubation at 37�C, independent colonies were picked for further analyses. Spontaneous mutants raised in the rv2113 merodiploid

strain of M. tuberculosis H37Rv were generated on agar additionally containing 30 mg/mL apramycin to select for presence of the

integrative plasmid carrying the merodiploid copy of rv2113.

Whole-genome sequencing
Genomic DNA of independent resistant mutants was extracted using the CTAB-lysozyme method as described elsewhere.47 Ge-

nomes of resistant mutants were sequenced with an Illumina HiSeq 2500 next generation sequencer (at Texas A&M University, Col-

lege Station, TX, USA & Biological and Medical Research Center, Heinrich Heine University D€usseldorf, Germany) after preparing

sequencing libraries using standard paired-end genomic DNA sample prep kit from Illumina. Genome sequences were compared

with that of the parentM. tuberculosisH37RvMA (GenBank accession GCA_000751615.1). Paired-end sequence data was collected

with a read length of 106 bp. Base-calling was performed with Casava software, v1.8. The reads were assembled using a compar-

ative genome assembly method, with M. tuberculosis H37RvMA as a reference sequence.48

Intracellular activity in infected macrophages
For differentiation intomacrophage-like cells, human THP-1 cells were seeded at a density of 13 105 cells per well in a total volume of

100 mL RPMI 1640medium supplemented with 10% FBS and 50 nM phorbol-12-myristate-13-acetate (PMA) in a 96-well flat-bottom

microtiter plate. Cells were incubated overnight in a humidified atmosphere at 37�C and 5% CO2. The next day, cells were washed

with PBS twice, and medium was replaced with fresh RPMI 1640 medium supplemented with 10% FBS containing 33 105 cells per

well of a preculturedM. tuberculosis H37Rv reporter strain constitutively expressing mCherry resulting in a multiplicity of infection of

three (MOI = 3). After three hours of infection, cells were washed with PBS twice, and medium was replaced with fresh RPMI 1640

medium supplemented with 10% FBS containing either 15.6 mM of CalA or 1.95 mM of CalB, respectively. DMSO and standard an-

tibiotics (1 mM rifampicin or 20 mM streptomycin) were used as negative and positive controls, respectively. After five days of culti-

vation at 37�C and 5%CO2, cells were fixed with a final concentration of 5% formalin and incubated for 30 min at room temperature.

Fluorescence was quantified using a Nikon Eclipse TS100 andNIS-Elements (100 xmagnification, 500ms exposure time). Integrated

density of red fluorescence was calculated using Fiji (ImageJ).
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Confocal microscopy
Cells of an exponentially growing culture ofM. tuberculosisH37Rv were adjusted to OD600 nm = 0.4 in Middlebrook 7H9medium sup-

plemented with 10% ADS enrichment, 0.5% glycerol and 0.05% tyloxapol and were treated with 0.2 mMof either 87 or Cy3 for 0.5, 3

or 6 h. Subsequently, cells were harvested by centrifugation at 5,000 g for 5 min and washed once with PBS containing 0.05% ty-

loxapol. Next, cells were stained with 40,6-diamidino- 2-phenylindole (DAPI) for 30min at 4�C. Uponwashing stained cells three times

with PBS containing 0.05% tyloxapol, cells were fixed with 10% formaldehyde for 1 h at RT before removal from BSL-3 confinement.

Fixed samples were then washed once, resuspended in PBS containing 0.05% tyloxapol and centrifuged at 800 rpm for 10 min to

remove cell aggregates. Samples were imaged using Zeiss LSM710 Confocal Laser ScanningMicroscope after spreading single-cell

suspensions on soft agarose pad. Captured images were subsequently analyzed using ImageJ.

Photoaffinity enrichment LC-MS/MS-based target identification
Cells of an exponentially growing culture of M. tuberculosis H37Rv were harvested by centrifugation at 4000 g, 4�C for 10 min and

washed thrice with PBS supplemented with 0.05% tyloxapol. The cells were resuspended in PBS (containing 0.05% tyloxapol) and

divided equally into 2-mL centrifuge tubes, with each tube containing 1 mL of the suspension. In the competition approach, some

samples were pretreated with 30 mM CalB for 30 minutes at 37�C, whereas the remaining samples were supplemented with 0.3%

DMSO in total. Cells were subsequently treated with the corresponding probes by adding 250 mL of a 5x stock (in PBS; 0.63%

DMSO in total per sample) and incubating for 180 min while shaking at 37�C. The samples were then transferred to 6-well plates

and exposed to irradiation with UV light (365 nm) for 20 minutes at room temperature. The cells were transferred back to 2-mL centri-

fuge tubes, pelleted by centrifugation for 5 min at room temperature and 4500 g, and washed three times with 1.5 mL of 50 mM

Na2HPO4 (pH 8; Sigma-Aldrich, D8418). Pellets were resuspended in 1,050 mL of 50 mM Na2HPO4 and cells were lysed by bead-

beating using 100 mm silica zirconium beads (50 Hz; 15 min). Subsequently, 350 mL of 4% sodium dodecyl sulfate (SDS; Carl

Roth, 2326.2) in 50 mM Na2HPO4 were added and samples were incubated at 95�C for 5 min. After cooling down the samples for

15 min while shaking continuously, lysates were cleared by centrifugation at 13,000 g for 5 min at room temperature. Supernatants

were collected for the use as protein solutions and sterile-filtered twice through a bacteria-tight 0.2 mmcellulose acetate syringe filter

to remove viable bacteria.

To apply a two-step enrichment protocol for labeled proteins, a volume corresponding to 250 mg protein (Quantification: 660 nm

Protein Assay with ionic detergent compatibility reagent; Thermo Scientific, 22660 & 22663) was transferred to 15 mL centrifuge

tubes and filled up with 1% SDS in 50 mM Na2HPO4 to a total volume of 920 mL. For SDS concentration reduction and benzonase

treatment, 920 mL benzonase-containing buffer (150 u per sample; EMD Millipore, 71206) was added and the samples were incu-

bated with shaking at 37�C for 30 min. The subsequent Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) was performed

by transferring 120 mL reagent-mixture containing 167 mM Biotin-Azide (Jena Bioscience, CLK-AZ104P4), 1.67 mM TBTA (Sigma-

Aldrich, 678937) and 33.3 mM TCEP (Sigma-Aldrich, C4706) to the samples and the click reaction was started by addition of

40 mL 100 mM CuSO4 (Sigma-Aldrich, C1297). The mixture was incubated under continuous rotation for 150 min at room tempera-

ture. Proteinswere then precipitated by the addition of a fourfold excess of ice-coldmethanol (Fisher Chemical, M/4056/17) and sam-

ples were stored overnight at -20�C. Subsequently, the proteins were sedimented by centrifugation (4�C, 3220 g, 20 min), the super-

natants were discarded, and the pellets were washed with 1 mL of ice-cold methanol. After an additional centrifugation step, protein

pellets were taken up in 850 mL of 2%SDS in PBS and incubated at 37�C for several minutes. The total volumewas increased to a final

volume of 3mL by further addition of PBS and the remaining pellet debris were disrupted by sonication. Insoluble particles were sedi-

mented by centrifugation (1400 g, 5 min), the supernatant was transferred to a fresh 15 mL centrifuge tube, and the SDS concentra-

tion was reduced to 0.2% by adding PBS to a total volume of 8.5 mL. For enrichment, avidin-agarose (Thermo Scientific, 20225) was

equilibrated to 0.2% SDS in PBS and thereafter 100 mL of the slurry suspension was added to each sample (approx. 50 mL bead vol-

ume). The suspension was incubated under continuous rotation for 60 min at room temperature. The beads were sedimented by

centrifugation (5 min, 400 g), the supernatant was discarded and the beads were washed four times with 10 mL 1% SDS in H2O

by using an iterative wash procedure consisting of incubation (5 min), centrifugation (3 min, 400 g) and supernatant removal steps.

After an additional washing step with 10mL H2O, the beads were transferred to a 1.5 mL centrifuge tube and washed twomore times

with 1 mL H2O (centrifugation 1 min, 3000 g) to remove residual SDS. For on-bead digestion, the beads were taken up in 100 mL of

0.8 M urea (GE Healthcare, GE17-1319-01) in 50 mM ammonium bicarbonate (ABC; Sigma-Aldrich, 11213) containing 10mM dithio-

threitol (DTT; Sigma-Aldrich, 43815) and incubated for 60 min with continuous shaking (1500 rpm) at room temperature. Proteins

were then alkylated (1500 rpm shaking, 75 min) by adding 20 mM iodoacetamide (IAM; Sigma-Aldrich, A3221). Excess IAM was

quenched by increasing the DTT concentration to 25 mM (1500 rpm, 15 min) and digestion was started by the addition of 500 ng

trypsin (Promega, V5111) per sample. The digest was incubated with continuous shaking (1250 rpm) for 18 h at 37�C and stopped

by the addition of 5% formic acid (FA; Fisher Chemical, A117-50). After sedimentation of the beads (5 min, 600 g), the supernatant

was transferred to a fresh centrifuge tube and the beads were washed with 50 mL of 1% FA. The supernatants were combined and

passed through equilibrated glassmicrofiber tips (pore size: 1.2 mm, thickness: 0.26mm, two disks per tip; GE Healthcare, 1822-024)

to remove any residual beads. The resulting peptide solution was desalted on home-made C18 StageTips (two discs per tip; 3M,

66883-U) as described before,49 and dry peptides were dissolved in 16 mL 0.1% FA (15 min, 1500 rpm; Fisher Chemical,

A11705AMP). For analysis, 4 mL of sample was loaded on a self-packed fused silica capillary tube with evacuated-frit tip (75 mm

ID x 50 cm, 15 mm orifice; CoAnn Technologies, ICT36007515F-50) filled with either Kinetex XB-C18 (particle size 1.7 mm, Pore

Size 100 Å; Phenomenex, 4498) or ReproSil-Pur 120 C18-AQ (particle size 1.9 mm, Pore Size 120 Å; Dr. Maisch, r119.aq.) material.
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Peptides were separated using a 140min gradient generated by an EASY-nLC 1200 liquid chromatography (Thermo Fisher Scientific)

heated to 50�C by a PRSO-V1 column oven (Sonation). In case of Kinetex material, a rising proportion of 80% acetonitrile (ACN; Hon-

eywell, 14261) in H2O (Honeywell, 14263) with 0.2% FA (solvent B1) in 2% ACN in H2O with 0.2% FA (solvent A1) was used for

gradient preparation (3-7% B1 in A1 within the first 8 min, 7-27% in the next 84 min, 27-44% in the next 32 min, rise to 100% in

the following 6 min, hold for 10 min) at a flow rate of 300 nL/min. In case of ReproSil-Pur material, a rising proportion of 80% aceto-

nitrile (ACN) in H2O with 0.1% FA (solvent B2) in H2O with 0.1% FA (solvent A2) was used to prepare the gradient (6-32% B2 in A2

within the first 95 min, 32-42% in the next 20 min, rise to 100% in the following 10 min, hold for 15 min) at a flow rate of 250 nL/min.

Peptides were ionized using a Nanospray Flex ion source (Thermo Fisher Scientific) with 2300-2500 V spray voltage and MS acqui-

sition was performed in an Orbitrap Fusion Lumosmass spectrometer (Thermo Fisher Scientific). MS1 data acquisition was done in a

m/z range of 375 to 1800 at a 120000-240000 orbitrap resolution with amaximal injection time of 50 ns. Data dependent MS2 spectra

were recorded using a loop cycle of 3 seconds with a dynamic exclusion duration of 20-25 seconds. For precursor isolation a 1.2m/z

quadrupole isolation window was used with subsequent stepped HCD fragmentation (20, 30, 40%) and data acquisition at rapid ion

trap scan rate with 300% of normalized AGC target. Data processing was done with Proteome Discoverer 2.5 (Thermo Fisher Sci-

entific) using SequestHT protein search and subsequent statistical analysis was done using Perseus 2.0.7.0.50

LC-MS/MS-based whole proteome comparison
Cells of exponentially growing cultures ofM. tuberculosisH37Rv were adjusted to an OD600 nm = 0.75 in a total volume of 20 mLMid-

dlebrook 7H9 medium supplemented with 10% ADS enrichment and 0.05% tyloxapol. For treatment response analysis, cells were

subjected to treatment with compound or a corresponding volume of DMSO as solvent control for 48 h at 37�C with shaking at

80 rpm. Subsequently, cells were harvested by centrifugation at 4,500 g, 4 �S for 10 min and washed thrice with PBS. Pellets

were resuspended in 750 mL of PBS and cells were lysed by bead-beating using 100 mm silica zirconium beads (50 Hz; 15 min). After

addition of 250 mL 43 lysis buffer (4% SDS, 40 mM TCEP, 160 mM chloroacetamide (CAM; Sigma-Aldrich, C0267), 200 mM HEPES

(pH 8)), samples were incubated for 10 min at 95�C. Lysates were then cleared by centrifugation at 13,000 g and 4 �S for 5 min. Su-

pernatants were collected to be used as protein solutions and were filter-sterilized twice through a bacteria-tight 0.2 mm cellulose

acetate syringe filter to remove viable bacteria. For the digestion of proteins, a modified SP3 protocol was used.51 For this purpose,

a total volume equivalent to 15 mg protein was transferred from each sample to a fresh vessel (quantification: 660 nm protein assay

with ionic detergent compatibility reagent; Thermo Scientific, 22660 & 22663) and the volume was equalized between samples by

addition of 13 lysis buffer (1% SDS, 10 mM TCEP, 40 mM CAM, 50 mM HEPES). Benzonase-treatment was started by the addition

of 7 u benzonase (37�C, 1200 rpm, 15-20min) and subsequent cysteine alkylation was done using 5-10mM IAM (37�C, 1200 rpm, 30-

60 min). Hydrophilic (Cytiva, #45152105050250) and hydrophobic Sera-Mag SpeedBeads (Cytiva, #65152105050250) were mixed

equally and afterwards equilibrated to water. To each sample 150 mg of particles were added and protein binding was induced by

adding an equal volume of ethanol (Fisher Chemical, E/0650DF/17) to the samples (1250 rpm, 15-30 min). The particles were settled

on amagnetic rack and further processed as already described.33 For analysis, a volume equivalent to 500 ng of peptides was loaded

on a self-packed fused silica capillary tube with evacuated-frit tip (75 mm ID x 50 cm, 15 mm orifice; CoAnn Technologies,

ICT36007515F-50) filledwith Reprosil-Pur 120C18-AQ (particle size 1.9 mm, Pore Size 120 Å; Dr.Maisch, r119.aq.) material. Peptides

were separated using a 140 min gradient generated by an EASY-nLC 1200 liquid chromatography (Thermo Fisher Scientific) heated

to 50�C by a PRSO-V1 column oven (Sonation). For gradient generation, a rising proportion of 80% acetonitrile in H2O with 0.1% FA

(solvent B) in H2O with 0.1% FA (solvent A) was used (8-33%B in A within the first 95 min, 33-42% in the next 20 min, rise to 100% in

the following 10 min, hold for 15 min) at a flow rate of 250 nL/min, respectively. Peptides were ionized using a Nanospray Flex ion

source (Thermo Fisher Scientific) with 2300 V spray voltage and MS acquisition was performed in an Orbitrap Fusion Lumos

mass spectrometer (Thermo Fisher Scientific). MS1 data acquisition was done in a m/z range of 375 to 1750 at a 120000-240000

orbitrap resolution with a maximal injection time of 50 ns. Data dependent MS2 spectra were recorded using a loop cycle of 3 sec-

onds with a dynamic exclusion duration of 25-30 seconds. For precursor isolation a 1.2 m/z quadrupole isolation window was used

with subsequent stepped HCD fragmentation (20, 30, 40%) and data acquisition at rapid ion trap scan rate with 300% of normalized

AGC target. Data processingwas donewithMaxQuant 2.3.0.152 using Andromeda protein search and subsequent statistical analysis

was done using Perseus 2.0.7.0.50
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Synthetic procedures and characterization of Callyaerin derivatives
Callyaerin A (1)

The linear precursor peptide of 1was prepared via microwave-assisted solid-phase peptide synthesis (SPPS) using Rink amide PS

resin at a scale of 0.1 mmol initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN,

acidified with 0.1% TFA), 38 mg (27 mmol, 27%) of the peptide precursor was obtained as a white powder. For the oxidation of the

serine residue and concomitant cyclization, the peptidewas dissolved in 10mL of ACNand 3 equivalents of Dess-Martin-Periodinane

(DMP)were added. The resulting suspensionwas shaken for 2 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent

B: ACN) to give 6.1 mg (4.5 mmol, 16.4%) of 1 in a total yield of 4.5% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (700 MHz, DMSO-d6) d 9.02 (s, 1H), 8.81 (s, 1H), 8.28 (s, 1H), 8.15 (t, J = 6.1 Hz, 1H), 7.47 (d, J = 8.7 Hz, 1H), 7.44 (d, J =

7.0 Hz, 1H), 7.35 (d, J = 13.2 Hz, 1H), 7.26 (d, J = 8.6 Hz, 1H), 7.24 (s, 1H), 7.19-7.11 (m, 5H), 6.97 (s, 1H), 6.72 (d, J = 10.0 Hz, 1H), 5.87

(t, J = 11.7 Hz, 1H), 5.36 (d, J = 3.1 Hz, 1H), 4.61 (m, 2H), 4.40 (m, 1H), 4.30-4.22 (m, 4H), 4.09 (t, J = 10.2 Hz, 1H), 4.05 (t, J = 9.0 Hz,

1H), 3.90 (dd, J = 16.6, 7.1 Hz, 1H), 3.79 (d, J = 8.5 Hz, 2H), 3.77 (d, J = 11.6 Hz, 1H), 3.70 (dd, J = 11.5, 3.6 Hz, 1H), 3.64-3.57 (m, 2H),

3.52-3.49 (m, 2H), 3.48 (dd, J = 16.0, 4.6 Hz, 1H), 3.30 (m, 1H), 3.21 (td, J = 11.1, 5.8 Hz, 1H), 3.09 (m, 1H), 2.98 (m, 1H), 2.65 (m, 1H),

2.61 (m, 1H), 2.30 (m, 1H), 2.26 (m, 1H), 2.23 (m, 1H), 2.08 (m, 1H), 1.99 (m, 1H), 1.95-1.81 (m, 7H), 1.77 (m, 1H), 1.71 (m, 1H), 1.68-1.54

(m, 6H), 1.49 (m, 1H), 1.44-1.36 (m, 3H), 1.24 (m, 1H), 1.19-1.09 (m, 2H), 1.04 (m, 1H), 0.95 (d, J = 6.6 Hz, 3H), 0.88-0.86 (m, 6H), 0.85

(d, J = 6.6 Hz, 3H), 0.83-0.80 (m, 9H), 0.80-0.76 (m, 7H), 0.70 (t, J = 7.4 Hz, 3H), 0.42 (t, J = 7.3 Hz, 3H), 0.38 (d, J = 6.8 :Hz, 3H); 13C

NMR (176 MHz, DMSO-d6) d 173.4, 172.7, 172.4, 172.3, 172.0, 172.0, 171.5, 171.5, 171.5, 171.2, 171.1, 170.8, 167.8, 143.4, 138.1,

129.0, 129.0, 127.8, 127.8 126.1, 98.8, 68.7, 66.1, 64.4, 64.0, 62.5, 62.0, 59.8, 59.3, 58.6, 56.8, 55.7, 50.1, 49.2, 48.8, 47.0, 46.1, 42.0,

41.2, 40.6, 40.0, 37.9, 37.8, 36.2, 35.0, 29.5, 28.6, 27.2, 26.2, 25.9, 25.6, 25.1, 24.9, 24.9, 24.7, 24.6, 24.1, 23.3, 22.9, 21.9, 21.1, 19.6,

19.2, 15.2, 14.9, 14.3, 11.0, 10.6, 10.3; LC main peak retention time: 7.89 min; HRMS (ESI): m/z calculated for [M+H]+: 1357.8242,

found: 1357.8235 (–0.5 ppm); calculated for [M+2H]2+: 679.4158, found: 679.4153 (–0.7 ppm); MS2 HRMS (ESI, HCD):m/z calculated

for ring fragment [Mring+H]
+: 926.5710, found: 926.5695 (–1.6 ppm).

Callyaerin B (2)
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The linear precursor peptide of 2 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of

0.1 mmol initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified

with 0.1% TFA), 63 mg (49 mmol, 49%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine

residue and concomitant cyclization, 72 mg of the peptide was dissolved in 15 mL of ACN and 3 equivalents of DMP were

added. The resulting suspension was shaken for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent

B: ACN) to give 16.7 mg (13 mmol, 24%) of 2 in a total yield of 11.8% (calculated in relation to initial resin capacity) as a white

powder.
1H NMR (700 MHz, DMSO-d6) d 9.00 (s, 1H), 8.86 (s, 1H), 8.28 (s, 1H), 7.59 (d, J = 10.3 Hz, 1H), 7.37 (d, J = 6.9 Hz, 1H), 7.23 (d, J =

9.6 Hz, 1H), 7.16 (s, 1H), 7.05 (d, J = 13.2 Hz, 1H), 6.97 (s, 1H), 6.64 (d, J = 10.0 Hz, 1H), 5.71 (dd, J = 13.3, 10.1 Hz, 1H), 5.41 (s, 1H),

4.62 (q, J = 6.8 Hz, 1H), 4.55 (td, J = 10.4, 3.8 Hz, 1H), 4.41 (s, 1H), 4.26-4.24 (m, 2H), 4.23 (t, J = 4.0 Hz, 1H), 4.15 (dd, J = 9.6, 5.2 Hz,

1H), 4.10 (dd, J = 10.0, 8.6 Hz, 1H), 4.04 (t, J = 8.9 Hz, 1H), 3.95 (t, J = 10.2 Hz, 1H), 3.82-3.76 (m, 2H), 3.65 (dd, J = 11.2, 3.7 Hz, 1H),

3.63-3.56 (m, 2H), 3.52-3.45 (m, 2H), 3.32-3.28 (m, 1H), 3.15 (td, J = 9.9, 4.6 Hz, 1H), 3.07 (dd, J = 11.1, 6.8 Hz, 1H), 2.55-2.51 (m, 1H),

2.32-2.25 (m, 2H), 2.24-2.20 (m, 1H), 2.10-2.05 (m, 1H), 2.01-1.96 (m, 1H), 1.93-1.87 (m, 5H), 1.87-1.82 (m, 2H), 1.80-1.77 (m, 1H),

1.75 (dd, J = 13.6, 7.1 Hz, 1H), 1.72-1.66 (m, 2H), 1.64-1.56 (m, 3H), 1.55-1.50 (m, 1H), 1.49-1.37 (m, 7H), 1.30-1.25 (m, 1H), 1.25-1.21

(m, 1H), 1.18-1.09 (m, 2H), 1.07-1.02 (m, 1H), 1.02-0.95 (m, 2H), 0.90-0.80 (m, 30H), 0.79-0.77 (m, 6H), 0.75 (t, J = 7.4 Hz, 3H), 0.72

(t, J = 7.4 Hz, 3H); 13C NMR (176MHz, DMSO-d6) d 173.5, 172.8, 172.7, 172.3, 172.1, 171.5, 171.4, 171.4, 171.3, 171.2, 167.2, 142.7,

98.0, 68.8, 64.6, 64.3, 64.0, 62.5, 61.4, 60.0, 59.3, 57.9, 57.5, 56.7, 50.1, 49.2, 48.7, 47.1, 46.2, 41.2, 40.5, 37.9, 37.5, 36.4, 36.2, 36.2,

32.4, 29.7, 28.5, 26.3, 25.8, 25.6, 25.1, 24.9, 24.9, 24.8, 24.6, 23.9, 23.5, 23.1, 22.7, 22.2, 20.9, 15.8, 15.7, 15.3, 15.3, 14.4, 11.5, 11.1,

10.8, 10.3, 9.9; LC main peak retention time: 8.07 min; HRMS (ESI): m/z calculated for [M+H]+: 1280.8341, found: 1280.8322 (–1.5

ppm); calculated for [M+2H]2+: 640.9207, found: 640.9195(–1.9 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment

[Mring+H]
+: 940.5866, found: 940.5832 (–3.6 ppm).

Callyaerin C (3)

The linear precursor peptide of 3was prepared via SPPS using Rink amide PS resin at a scale of 0.1 mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 8.7 mg (6.9 mmol) of 3 in a total yield of 6.9% (calculated in relation to

initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 12.03 (s, 1H), 9.84 (d, J = 7.7 Hz, 1H), 8.57 (s, 1H), 7.90 (d, J = 7.2 Hz, 1H), 7.80 (d, J = 9.3 Hz, 1H),

7.73 (dd, J = 7.1, 5.2 Hz, 1H), 7.65 (d, J = 13.8 Hz, 1H), 7.57 (d, J = 6.3 Hz, 1H), 7.39 (s, 1H), 7.37-7.34 (m, 2H), 7.32 (d, J = 10.4 Hz, 1H),

7.19 (s, 1H), 7.18-7.14 (m, 3H), 7.09 (s, 1H), 6.00 (s, 1H), 5.64 (dd, J = 13.8, 9.9 Hz, 1H), 5.09 (d, J = 3.7 Hz, 1H), 4.67 (dd, J = 10.2,

4.4 Hz, 1H), 4.52-4.45 (m, 1H), 4.45-4.37 (m, 2H), 4.35-4.27 (m, 2H), 4.27-4.20 (m, 1H), 4.19-4.10 (m, 2H), 4.07 (s, 1H), 3.95-3.83

(m, 2H), 3.71-3.62 (m, 1H), 3.60-3.45 (m, 6H), 3.30-3.25 (m, 1H), 3.23-3.14 (m, 1H), 2.99 (t, J = 12.6 Hz, 1H), 2.59-2.52 (m, 1H),

2.38-2.26 (m, 3H), 2.25-2.16 (m, 2H), 2.12-2.06 (m, 1H), 2.03-1.98 (m, 1H), 1.97-1.85 (m, 6H), 1.83-1.70 (m, 3H), 1.67-1.56 (m,

6H), 1.54-1.43 (m, 2H), 1.26-1.15 (m, 2H), 1.11 (d, J = 6.9 Hz, 3H), 0.97 (d, J = 6.9 Hz, 3H), 0.91-0.84 (m, 12H), 0.82 (d, J = 6.5 Hz,

3H), 0.75 (d, J = 6.4 Hz, 3H); LC main peak retention time: 6.98 min; HRMS (ESI): m/z calculated for [M+H]+: 1568.7150, found:

1268.7173 (1.8 ppm); calculated for [M+2H]2+: 634.8612, found: 634.8616 (0.6 ppm); MS2 HRMS (ESI, HCD): m/z calculated for

ring fragment [Mring+H]
+: 837.4618, found: 837.4627 (1.1 ppm).
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Callyaerin D (4)

The linear precursor peptide of 4was prepared via SPPS using Rink amide PS resin at a scale of 0.1 mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10mL of ACN and 4 equivalents of DMPwere added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 5.7 mg (4.1 mmol) of 4 in a total yield of 4.1% (calculated in relation to

initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.42 (s, 1H), 7.88 (d, J = 7.5 Hz, 1H), 7.76 (d, J = 6.8 Hz, 1H), 7.64 (d, J = 5.0 Hz, 1H), 7.56 (d, J =

7.1 Hz, 1H), 7.53 (d, J = 9.3 Hz, 1H), 7.50 (d, J = 6.0 Hz, 1H), 7.38 (d, J = 3.3 Hz, 1H), 7.35 (s, 1H), 7.32-7.22 (m, 6H), 7.10 (s, 1H), 7.02 (s,

1H), 6.92 (s, 1H), 5.29 (dd, J = 13.8, 10.1 Hz, 1H), 5.19 (d, J = 3.8 Hz, 1H), 4.65-4.59 (m, 1H), 4.55 (q, J = 7.0 Hz, 1H), 4.51-4.44 (m, 1H),

4.44-4.38 (m, 2H), 4.36-4.30 (m, 2H), 4.21-4.11 (m, 3H), 4.05 (dd J = 8.9, 6.8 Hz, 1H), 4.00 (dd, J = 5.0, 3.4 Hz, 1H), 3.96-3.90 (m, 2H),

3.68-3.60 (m, 2H), 3.56-3.49 (m, 1H), 3.40-3.35 (m, 1H), 3.28-3.23 (m, 1H), 3.06 (dd, J = 13.1, 9.5 Hz, 1H), 2.80-2.73 (m, 1H), 2.73-2.66

(m, 1H), 2.39-2.30 (m, 1H), 2.27-2.12 (m, 4H), 2.10-2.04 (m, 1H), 2.02-1.88 (m, 5H), 1.86-1.68 (m, 9H), 1.65-1.56 (m, 1H), 1.52-1.30 (m,

8H), 1.27 (d, J = 7.2 Hz, 3H), 1.23 (s, 1H), 1.17-1.06 (m, 1H), 0.98-0.91 (m, 1H), 0.89-0.79 (m, 30H); LC main peak retention time:

6.18 min; HRMS (ESI):m/z calculated for [M+H]+: 1386.8144, found: 1386.8153 (0.6 ppm); calculated for [M+2H]2+: 693.9109, found:

693.9108 (–0.1 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 861.4869, found: 861.4870 (0.1 ppm).

Callyaerin E (5)

The linear precursor peptide of 5 was prepared via SPPS using Rink amide PS resin at a scale of 0.23 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 130 mg (101 mmol,

44%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization,

the peptide was dissolved in 10mL of ACN and 4 equivalents of DMPwere added. The resulting suspension was shaken for one hour

at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 60.1 mg (47.6 mmol, 46.9%) of 5 in a total yield of

20.7% (calculated in relation to initial resin capacity) as a white powder.
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1H NMR (400 MHz, DMSO-d6) d 8.37 (s, 1H), 7.89 (t, J = 6.0 Hz, 1H), 7.72 (d, J = 6.7 Hz, 1H), 7.63 (d, J = 8.0 Hz, 1H), 7.37 (d, J =

8.2 Hz, 1H), 7.33-7.16 (m, 12H), 7.06-7.01 (m, 2H), 6.99-6.94 (m, 1H), 5.27 (dd, J = 13.5, 9.7 Hz, 1H), 4.68-4.60 (m, 1H), 4.56 (dd, J =

10.2, 3.9 Hz, 1H), 4.45-4.32 (m, 4H), 4.16 (dd, J = 9.9, 7.5 Hz, 1H), 4.09 (t, J = 7.7 Hz, 1H), 4.04-3.96 (m, 2H), 3.96-3.90 (m, 1H), 3.71

(dd, J = 16.6, 6.2 Hz, 1H), 3.63-3.54 (m, 3H), 3.53-3.46 (m, 1H), 3.46-3.37 (m, 1H), 3.33-3.29 (m, 1H), 3.26-3.16 (m, 1H), 3.04-2.95 (m,

3H), 2.71 (dd, J = 13.4, 4.8 Hz, 1H), 2.49-2.43 (m, 1H), 2.37-2.27 (m, 1H), 2.25-2.11 (m, 4H), 2.10-2.01 (m, 1H), 1.98-1.53 (m, 14H),

1.49-1.34 (m, 3H), 1.30-1.16 (m, 3H), 1.05 (d, J = 6.9 Hz, 3H), 0.96 (dd, J = 6.7, 3.3 Hz, 6H), 0.90 (d, J = 6.6 Hz, 3H), 0.88-0.82 (m,

9H), 0.79 (t, J = 7.3 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) d 173.5, 172.6, 172.1, 171.7, 171.5, 171.5, 171.3, 171.0, 171.0, 169.1,

167.7, 143.1, 138.1, 137.9, 129.0, 128.4, 128.2, 128.1, 126.5, 126.4, 98.5, 63.5, 63.1, 61.0, 58.4, 57.8, 56.6, 54.0, 53.0, 48.7, 46.6,

46.4, 42.3, 42.2, 36.1, 35.5, 35.4, 35.3, 29.9, 28.8, 28.7, 27.0, 25.7, 25.5, 24.8, 24.4, 24.2, 23.8, 20.8, 18.3, 17.7, 15.7, 15.5, 11.2,

10.6; LC main peak retention time: 7.42 min; HRMS (ESI):m/z calculated for [M+H]+: 1262.7296, found: 1262.7304 (0.6 ppm); calcu-

lated for [M+2H]2+: 631.8685, found: 631.8686 (0.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+:

865.4607, found: 865.4597 (–1.2 ppm).

Callyaerin F (6)

The linear precursor peptide of 6 was prepared via SPPS using Rink amide PS resin at a scale of 0.23 mmol initial resin

capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

116 mg (104 mmol, 45%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue

and concomitant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The re-

sulting suspension was shaken for one hour at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to

give 14.1 mg (12.9 mmol, 12.4%) of 6 in a total yield of 5.6% (calculated in relation to initial resin capacity) as a white

powder.
1H NMR (400MHz, DMSO-d6) d 8.25 (s, 1H), 7.66 (d, J = 9.6 Hz, 1H), 7.57-7.46 (m, 3H), 7.32-7.13 (m, 11H), 7.03 (s, 1H), 6.98 (s, 1H),

6.17 (d, J = 7.8 Hz, 1H), 5.14 (dd, J = 13.7, 10.0 Hz, 1H), 4.63 (td, J = 10.2, 3.9 Hz, 1H), 4.57-4.50 (m, 1H), 4.45-4.39 (m, 1H), 4.37 (d, J =

2.0 Hz, 1H), 4.31-4.23 (m, 2H), 4.01-3.92 (m, 2H), 3.89-3.82 (m, 2H), 3.77-3.68 (m, 1H), 3.59 (t, J = 8.3 Hz, 1H), 3.39-3.35 (m, 1H), 3.24

(t, J = 8.9 Hz, 1H), 3.01 (dd, J = 12.9, 9.6 Hz, 1H), 2.96-2.87 (m, 2H), 2.74 (dd, J = 12.9, 3.5 Hz, 1H), 2.35-2.26 (m, 2H), 2.22-2.00 (m, 5H),

1.97-1.88 (m, 2H), 1.88-1.77 (m, 4H), 1.77-1.63 (m, 4H), 1.50-1.38 (m, 2H), 1.33-1.21 (m, 1H), 1.16-1.03 (m, 1H), 0.93 (d, J = 4.7 Hz,

3H), 0.91 (d, J = 4.2 Hz, 3H), 0.88-0.84 (m, 6H), 0.82 (d, J = 6.3 Hz, 3H), 0.79-0.74 (m, 6H), 0.65 (d, J = 6.6 Hz, 3H); LC main peak

retention time: 7.14 min; HRMS (ESI): m/z calculated for [M+H]+: 1094.6397, found: 1094.6412 (1.4 ppm); calculated for [M+2H]2+:

547.8235, found: 547.8242(1.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 817.4607, found:

817.4609 (0.2 ppm).
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Callyaerin G (7)

The linear precursor peptide of 7 was prepared via SPPS using Rink amide PS resin at a scale of 0.23 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 83 mg (63 mmol, 27%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for one

hour at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 35 mg (27 mmol, 42.9%) of 7 in a total yield

of 11.7% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.24 (s, 1H), 7.98 (dd, J = 7.9, 4.8 Hz, 1H), 7.75-7.66 (m, 2H), 7.52 (d, J = 9.7 Hz, 1H), 7.47 (d, J =

13.5Hz, 1H), 7.38-7.34 (m, 2H), 7.30-7.10 (m, 16H), 5.33 (dd, J= 13.5, 9.9 Hz, 1H), 4.64 (q, J = 7.0 Hz, 1H), 4.53-4.40 (m, 2H), 4.38-4.20

(m, 5H), 4.11 (dd, J = 8.4, 6.6 Hz, 1H), 3.99-3.81 (m, 5H), 3.54-3.44 (m, 2H), 3.43-3.35 (m, 4H), 3.25 (dd, J = 13.2, 3.7 Hz, 1H), 3.04-2.94

(m, 2H), 2.93-2.84 (m, 2H), 2.79-2.72 (m, 1H), 2.68 (dd, J = 13.2, 6.3 Hz, 1H), 2.34-2.23 (m, 1H), 2.20-2.07 (m, 3H), 2.06-1.93 (m, 3H),

1.93-1.82 (m, 7H), 1.82-1.73 (m, 4H), 1.72-1.58 (m, 5H), 1.55-1.43 (m, 1H), 1.41-1.29 (m, 1H), 1.15-1.01 (m, 2H), 0.88 (d, J = 6.3 Hz,

3H), 0.84 (d, J = 6.2 Hz, 3H), 0.54 (d, J = 6.6 Hz, 3H), 0.38 (d, J = 6.3 Hz, 3H); 13C NMR (101 MHz, DMSO-d6) d 173.3, 172.1, 171.9,

171.6, 171.4, 171.0, 171.0, 170.9, 170.7, 169.6, 168.1, 145.6, 138.2, 138.2, 137.7, 129.9, 129.2, 128.4, 128.2, 128.1, 128.0, 126.5,

126.3, 125.9, 98.0, 63.7, 63.0, 62.8, 61.7, 57.6, 54.6, 54.1, 52.5, 50.3, 47.7, 46.7, 46.3, 42.2, 36.9, 36.7, 35.2, 28.7, 27.9, 26.8,

25.6, 25.0, 24.4, 23.3, 22.9, 20.8, 20.2; LC main peak retention time: 6.60 min; HRMS (ESI): m/z calculated for [M+H]+:

1294.6983, found: 1294.7013 (2.3 ppm); calculated for [M+2H]2+: 647.8528, found: 847.8531 (0.5 ppm); MS2 HRMS (ESI, HCD):

m/z calculated for ring fragment [Mring+H]
+: 879.4763, found: 879.4742 (–2.4 ppm).

Callyaerin H (8)

The linear precursor peptide of 8 was prepared via SPPS using Rink amide PS resin at a scale of 0.23 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 98 mg (92 mmol, 40%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the
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peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for one hour at

RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 4.7 mg (4.5 mmol, 4.9%) of 8 in a total yield of 2.0%

(calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.47 (s, 1H), 7.59 0(d, J = 5.1 Hz, 1H), 7.55 (d, J = 9.6 Hz, 1H), 7.52 (s, 1H), 7.50 (d, J = 5.5 Hz, 1H),

7.31-7.20 (m, 6H), 6.97 (s, 1H), 6.89 (s, 1H), 5.26 (dd, J = 13.9, 9.9 Hz, 1H), 4.61-4.48 (m, 3H), 4.43 (d, J = 1.9 Hz, 1H), 4.37-4.31 (m, 2H),

4.17 (dd, J = 9.6, 7.7 Hz, 1H), 4.05-4.00 (m, 1H), 4.00-3.94 (m, 1H), 3.86 (t, J = 4.7 Hz, 1H), 3.84-3.79 (m, 1H), 3.79-3.71 (m, 1H),

3.65-3.58 (m, 1H), 3.39-3.32 (m, 1H), 3.30-3.22 (m, 2H), 3.04 (dd, J = 13.0, 9.5 Hz, 1H), 2.77 (dd, J = 13.0, 3.6 Hz, 1H), 2.40-2.30

(m, 1H), 2.28-2.15 (m, 4H), 2.14-2.07 (m, 2H), 2.07-2.02 (m, 1H), 1.99-1.89 (m, 2H), 1.89-1.81 (m, 4H), 1.80-1.65 (m, 5H),

1.60-1.36 (m, 4H), 1.24 (s, 1H), 1.22-1.13 (m, 1H), 0.93 (d, J = 6.9 Hz, 3H), 0.90-0.80 (m, 18H), 0.68 (d, J = 6.6 Hz, 3H); LC main

peak retention time: 6.21 min; HRMS (ESI): m/z calculated for [M+H]+: 1044.6241, found: 1044.6243 (0.2 ppm); calculated for

[M+2H]2+: 522.8157, found: 522.8137 (–3.8 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 817.4607,

found: 817.4602 (–0.6 ppm).

Callyaerin I (9)

The linear precursor peptide of 9 was prepared via SPPS using Rink amide PS resin at a scale of 0.23 mmol initial resin

capacity. After purification by HPLC (solvent A: H2O, 0acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

117 mg (89 mmol, 39%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue

and concomitant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The re-

sulting suspension was shaken for one hour at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to

give 47.7 mg (36.8 mmol, 41.3%) of 9 in a total yield of 16% (calculated in relation to initial resin capacity) as a white

powder.
1H NMR (400 MHz, DMSO-d6) d 8.45 (s, 1H), 7.78 (d, J = 6.9 Hz, 1H), 7.68 (d, J = 9.7 Hz, 1H), 7.65 (d, J = 6.7 Hz, 1H), 7.53 (dd, J =

7.3, 5.1 Hz, 1H), 7.44 (d, J = 13.5 Hz, 1H), 7.32-7.22 (m, 11H), 7.21-7.18 (m, 1H), 7.16-7.11 (m, 6H), 7.03 (d, J = 10.1 Hz, 1H), 5.37

(dd, J = 13.6, 9.8 Hz, 1H), 4.68-4.59 (m, 2H), 4.47-4.35 (m, 3H), 4.30 (dd, J = 10.7, 7.2 Hz, 1H), 4.27-4.21 (m, 1H), 4.18 (dd, J = 10.0,

7.4 Hz, 1H), 4.01-3.94 (m, 2H), 3.89 (dd, J = 17.0, 7.4 Hz, 1H), 3.85-3.78 (m, 1H), 3.68-3.60 (m, 1H), 3.56-3.45 (m, 3H), 3.45-3.38 (m,

1H), 3.38-3.30 (m, 1H), 3.29-3.21 (m, 2H), 3.01-2.92 (m, 3H), 2.81-2.72 (m, 1H), 2.68 (dd, J = 13.3, 4.7 Hz, 1H), 2.48-2.43 (m, 1H),

2.34-2.27 (m, 1H), 2.26-2.19 (m, 1H), 2.18-2.10 (m, 2H), 2.07-1.99 (m, 1H), 1.96-1.82 (m, 4H), 1.81-1.68 (m, 4H), 1.67-1.49 (m, 6H),

1.48-1.36 (m, 1H), 1.26-1.22 (m, 1H), 1.20 (d, J = 6.9 Hz, 3H), 1.15-1.10 (m, 1H), 1.07 (d, J = 7.0 Hz, 3H), 1.04-0.98 (m, 1H), 0.87 (d,

J = 6.5 Hz, 3H), 0.74 (d, J = 6.5 Hz, 3H), 0.44 (d, J = 6.4 Hz, 3H), 0.32 (d, J = 6.6 Hz, 3H).; 13C NMR (101 MHz, DMSO-d6) d 174.2,

173.5, 172.1, 171.8, 171.7, 171.0, 170.7, 170.7, 169.1, 168.4, 143.5, 138.3, 138.1, 137.9, 129.8, 129.0, 128.4, 128.2, 128.1, 127.7,

126.5, 126.4, 126.0, 98.1, 63.5, 63.2, 63.0, 62.0, 57.6, 56.9, 53.8, 52.9, 48.8, 46.7, 46.4, 46.1, 42.2, 38.1, 37.7, 36.0, 35.2, 30.2,

29.4, 28.9, 28.7, 27.0, 26.0, 25.5, 24.9, 24.4, 24.2, 23.5, 23.1, 22.7, 20.8, 19.9, 18.2, 17.7; LC main peak retention time:

7.82 min; HRMS (ESI): m/z calculated for [M+H]+: 1296.7139, found: 1296.7161 (1.7 ppm); calculated for [M+2H]2+: 648.8606,

found: 648.8610 (0.6 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 865.4607, found: 865.4597

(–1.2 ppm).
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Callyaerin J (10)

The linear precursor peptide of 10was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 29mg (23 mmol) of 10 in a total yield of 23% (calculated in relation to

initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.21 (s, 1H), 7.84 (t, J = 6.0 Hz, 1H), 7.69 (d, J = 7.5 Hz, 1H), 7.44 (d, J = 6.2 Hz, 1H), 7.32 (d, J =

8.4 Hz, 1H), 7.29-7.16 (m, J = 7.2, 6.8 Hz, 10H), 7.14 (d, J = 6.7 Hz, 1H), 7.10 (d, J = 10.1 Hz, 1H), 7.07-7.01 (m, 3H), 5.44 (dd, J = 13.5,

9.6 Hz, 1H), 4.64-4.57 (m, 2H), 4.51 (dd, J = 10.2, 5.1 Hz, 1H), 4.36 (dd, J = 11.1, 7.7 Hz, 1H), 4.30 (t, J = 7.5 Hz, 1H), 4.15 (dd, J = 9.8,

7.5 Hz, 1H), 4.12-4.06 (m, 2H), 4.02 (dd, J = 10.1, 6.9 Hz, 1H), 3.98-3.92 (m, 2H), 3.89-3.80 (m, 1H), 3.70 (dd, J = 16.7, 6.5 Hz, 1H),

3.58-3.45 (m, 3H), 3.40-3.34 (m, 2H), 3.21-3.10 (m, 1H), 3.01 (dd, J = 13.5, 8.8 Hz, 1H), 2.73-2.61 (m, 2H), 2.56-2.52 (m, 1H), 2.33 (h, J=

6.7 Hz, 1H), 2.28-2.16 (m, 3H), 2.16-2.06 (m, 2H), 1.98-1.86 (m, 4H), 1.86-1.71 (m, 6H), 1.68-1.53 (m, 4H), 1.52-1.37 (m, 4H), 1.32-1.17

(m, 2H), 1.12-1.07 (m, 1H), 1.05 (d, J = 6.8 Hz, 3H), 1.01 (d, J = 6.8 Hz, 3H), 0.92 (d, J = 6.5 Hz, 3H), 0.89-0.84 (m, 6H), 0.82 (d, J =

6.5 Hz, 3H), 0.69 (d, J = 6.9 Hz, 3H), 0.65 (t, J = 7.7 Hz, 3H); 13C NMR (101MHz, DMSO-d6) d 172.9, 172.5, 172.1, 172.0, 171.6, 171.5,

171.2, 171.0, 170.9, 169.1, 167.4, 142.3, 138.0, 136.1, 129.2, 129.0, 128.4, 128.1, 126.7, 126.4, 99.3, 63.6, 63.4, 63.0, 61.4, 60.6,

58.6, 57.2, 56.9, 52.7, 52.1, 48.6, 46.6, 42.2, 36.4, 35.5, 35.3, 29.9, 29.2, 27.0, 25.7, 25.5, 25.0, 24.4, 24.2, 22.7, 21.3, 18.9, 18.5,

15.6, 11.3, 10.9; LC main peak retention time: 7.58 min; HRMS (ESI): m/z calculated for [M+H]+: 1262.7296, found: 1262.7307

(0.9 ppm); calculated for [M+2H]2+: 631.8685, found: 631.8688 (0.5 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment

[Mring+H]
+: 865.4607, found: 865.4595 (–1.4 ppm).

Callyaerin K (11)
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The linear precursor peptide of 11 was prepared via microwave-assisted SPPS using 2-CTC PS resin at a scale of 0.1 mmol initial

resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 44 mg

(30 mmol, 30%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant

cyclization, the peptide was dissolved in 10 mL of ACN and 3 equivalents of DMPwere added. The resulting suspension was shaken

for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 7.6mg (5.2 mmol, 13.5%) of 11 in a total

yield of 5.2% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.26 (d, J = 8.4 Hz, 1H), 8.94 (s, 1H), 8.33 (d, J = 7.5 Hz, 1H), 7.81 (d, J = 9.4 Hz, 1H), 7.47 (s, 1H),

7.41-7.34 (m, 4H), 7.30-7.23 (m, 8H), 7.23-7.16 (m, 6H), 7.12-7.08 (m, 2H), 7.07-7.03 (m, 2H), 6.98 (s, 1H), 5.64-5.48 (m, 1H), 5.18-5.07

(m, 1H), 4.61 (s, 1H), 4.53-4.45 (m, 1H), 4.32 (ddd, J = 12.7, 9.3, 3.6 Hz, 1H), 4.22-4.12 (m, 2H), 4.10-3.97 (m, 4H), 3.96-3.86 (m, 2H),

3.66 (s, 1H), 3.56-3.44 (m, 3H), 3.29-3.21 (m, 4H), 3.21-3.14 (m, 2H), 3.10-3.04 (m, 1H), 2.99-2.91 (m, 2H), 2.90-2.82 (m, 3H), 2.73-2.63

(m, 2H), 2.58 (dd, J = 16.4, 6.1 Hz, 1H), 2.21-2.11 (m, 1H), 2.07-1.99 (m, 1H), 1.97-1.73 (m, 6H), 1.68-1.52 (m, 4H), 1.50-1.27 (m, 8H),

1.23 (s, 1H), 1.14-1.05 (m, 1H), 0.88 (d, J = 6.5 Hz, 3H), 0.86-0.81 (m, 6H), 0.70 (t, J = 7.3 Hz, 3H), 0.65-0.53 (m, 1H); LC main peak

retention time: 6.29 min; HRMS (ESI): m/z calculated for [M+H]+: 1460.7249, found: 1460.7254 (0.3 ppm); calculated for [M+2H]2+:

730.8661, found: 730.8662 (0.1 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 970.4822, found:

940.4814 (–0.8 ppm).

Callyaerin L (12)

The linear precursor peptide of 12 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of

0.1 mmol initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acid-

ified with 0.1% TFA), 43 mg (32 mmol, 32%) of the peptide precursor was obtained as a white powder. For the oxidation of

the serine residue and concomitant cyclization, the peptide was dissolved in 8 mL of ACN and 3 equivalents of DMP were

added. The resulting suspension was shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent

B: ACN) to give 3.7 mg (2.8 mmol, 8.7%) of 12 in a total yield of 2.8% (calculated in relation to initial resin capacity) as a

white powder.
1H NMR (400 MHz, DMSO-d6) d 8.75 (s, 1H), 8.27 (s, 1H), 7.76 (d, J = 7.6 Hz, 1H), 7.59-7.51 (m, 2H), 7.37 (d, J =

7.4 Hz, 1H), 7.32-7.26 (m, 1H), 7.25-7.18 (m, 3H), 7.14-7.04 (m, 3H), 6.91 (d, J = 9.9 Hz, 1H), 6.78 (s, 1H), 5.45-5.36

(m, 1H), 5.36-5.32 (m, 1H), 4.61-4.52 (m, 2H), 4.40 (s, 1H), 4.30-4.23 (m, 2H), 4.22-4.03 (m, 4H), 3.99-3.90 (m, 2H),

3.88-3.77 (m, 2H), 3.75-3.66 (m, 2H), 3.63-3.48 (m, 4H), 3.22-3.10 (m, 2H), 2.74-2.66 (m, 1H), 2.33-2.23 (m, 3H),

2.22-2.17 (m, 2H), 2.15-2.02 (m, 6H), 1.98-1.80 (m, 7H), 1.77-1.57 (m, 5H), 1.56-1.46 (m, 3H), 1.42-1.30 (m, 3H), 1.23-

(s, 1H), 1.19-1.11 (m, 1H), 0.98 (d, J = 6.9 Hz, 3H), 0.96-0.91 (m, 6H), 0.88-0.79 (m, 9H), 0.76-0.68 (m, 9H), 0.15 (t,

J = 7.3 Hz, 3H); LC main peak retention time: 5.46 min; HRMS (ESI): m/z calculated for [M+H]+: 1316.7613, found:

1316.7621 (0.6 ppm); calculated for [M+2H]2+: 658.8843, found: 658.884 (0.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated

for ring fragment [Mring+H]
+: 942.5295, found: 942.5301 (0.6 ppm).
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Callynormine A (13)

The linear precursor peptide of 13 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

55 mg (46 mmol, 46%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 17.7 mg (14.9 mmol, 32.7%) of 13

in a total yield of 14.9% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.24 (s, 1H), 7.75 (d, J = 9.4 Hz, 1H), 7.56 (d, J = 3.8 Hz, 1H), 7.54 (s, 1H), 7.37-7.26 (m, 5H), 7.20

(d, J = 5.9 Hz, 1H), 7.19-7.17 (m, 1H), 7.05 (d, J = 13.7Hz, 1H), 5.24 (dd, J = 13.7, 9.4 Hz, 1H), 5.17 (d, J = 3.7 Hz, 1H), 4.72-4.63 (m, 1H),

4.54 (q, J = 6.9 Hz, 1H), 4.44-4.36 (m, 3H), 4.35-4.26 (m, 3H), 4.19-4.09 (m, 2H), 3.98-3.88 (m, 2H), 3.69-3.58 (m, 3H), 3.54-3.43 (m,

3H), 3.29-3.16 (m, 3H), 2.77 (t, J = 12.8 Hz, 1H), 2.35-2.26 (m, 1H), 2.23-2.10 (m, 2H), 2.09-1.95 (m, 5H), 1.94-1.79 (m, 6H), 1.74-1.57

(m, 4H), 1.56-1.43 (m, 6H), 1.41-1.33 (m, 1H), 1.19-1.08 (m, 1H), 0.96-0.75 (m, 30H); LC main peak retention time: 7.02 min; HRMS

(ESI):m/z calculated for [M+H]+: 1188.7027, found: 1188.7022 (–0.4 ppm); calculated for [M+2H]2+: 594.8550, found: 594.8534 (–2.7

ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 813.4870, found: 813.4849 (–2.6 ppm).

CalA_R1A (14)

The linear precursor peptide of 14 was prepared via SPPS using Rink amide PS resin at a scale of 0.23 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 102mg (77 mmol, 33%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for one

hour at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 8.0 mg (6.1 mmol, 7.9%) of 14 in a total yield

of 2.7% (calculated in relation to initial resin capacity) as a white powder.
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1H NMR (400 MHz, DMSO-d6) d 8.36 (s, 1H), 8.25 (t, J = 6.2 Hz, 1H), 7.74 (d, J = 6.6 Hz, 1H), 7.59 (d, J = 13.6 Hz, 1H), 7.56 (d, J =

9.1 Hz, 1H), 7.35 (d, J = 7.8 Hz, 1H), 7.28 (s, 1H), 7.25-7.18 (m, 1H), 7.18-7.11 (m, 6H), 6.96 (s, 1H), 6.87 (d, J = 10.0 Hz, 1H), 5.77-5.67

(m, 1H), 5.33 (d, J = 3.3 Hz, 1H), 4.72-4.65 (m, 1H), 4.63-4.53 (m, 2H), 4.39 (s, 1H), 4.30-4.23 (m, 3H), 4.12 (dd, J = 10.0, 7.2 Hz, 1H),

4.06-3.95 (m, 2H), 3.94-3.84 (m, 3H), 3.67 (d, J = 11.3 Hz, 1H), 3.63-3.52 (m, 3H), 3.51-3.39 (m, 3H), 3.29-3.17 (m, 2H), 3.11 (dd, J =

14.2, 3.4 Hz, 1H), 2.70-2.61 (m, 1H), 2.30-2.21 (m, 3H), 2.17-2.10 (m, 1H), 2.06-1.91 (m, 4H), 1.90-1.80 (m, 4H), 1.76-1.66 (m, 3H),

1.64-1.42 (m, 8H), 1.39-1.30 (m, 1H), 1.20-1.12 (m, 1H), 1.09-1.01 (m, 2H), 0.99 (d, J = 6.5 Hz, 3H), 0.94-0.90 (m, 6H), 0.89-0.87

(m, 3H), 0.86-0.82 (m, 9H), 0.79 (d, J = 6.8 Hz, 3H), 0.76 (t, J = 7.4 Hz, 3H), 0.69 (t, J = 7.4 Hz, 3H), 0.50 (d, J = 6.8 Hz, 3H); LC

main peak retention time: 6.57 min; HRMS (ESI): m/z calculated for [M+H]+: 1315.7773, found: 1315.7745 (–2.1 ppm); calculated

for [M+2H]2+: 658.3923, found: 658.3919 (–0.6 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+:

884.5241, found: 884.5244 (0.3 ppm).

CalA_R2A (15)

The linear precursor peptide of 15was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 3.2 mg (2.4 mmol) of 15 in a total yield of 2.4% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.77 (s, 1H), 8.47 (d, J = 6.7 Hz, 1H), 8.15 (s, 1H), 7.70 (d, J = 6.9 Hz, 1H), 7.64 (t, J = 6.2 Hz, 1H),

7.57-7.51 (m, 2H), 7.21-7.07 (m, 9H), 6.74 (d, J = 9.6 Hz, 1H), 5.82-5.71 (m, 1H), 4.63-4.55 (m, 1H), 4.54-4.47 (m, 1H), 4.31-4.22 (m,

3H), 3.94 (t, J = 8.8 Hz, 1H), 3.86-3.77 (m, 3H), 3.74 (t, J = 7.3 Hz, 1H), 3.63-3.55 (m, 3H), 3.54-3.45 (m, 1H), 3.43-3.38 (m, 1H),

3.30-3.22 (m, 3H), 3.01 (dd, J = 10.6, 6.9 Hz, 1H), 2.69-2.60 (m, 2H), 2.32-2.20 (m, 3H), 2.00-1.94 (m, 1H), 1.93-1.82 (m, 7H),

1.79-1.68 (m, 4H), 1.65-1.52 (m, 4H), 1.47-1.35 (m, 4H), 1.28 (d, J = 7.0 Hz, 3H), 1.23 (s, 1H), 1.16-1.12 (m, 1H), 1.11 (s, 2H), 0.95

(d, J = 6.4 Hz, 3H), 0.92-0.78 (m, 21H), 0.74-0.69 (m, 6H), 0.45 (d, J = 6.8 Hz, 3H), 0.43-0.38 (m, 3H); LC main peak retention time:

8.02 min; HRMS (ESI):m/z calculated for [M+H]+: 1315.8137, found: 1315.8145 (0.6 ppm); calculated for [M+2H]2+: 658.4105, found:

658.4105 (0 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 884.5605, found: 884.5591 (–1.6 ppm).
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CalA_R3A (16)

The linear precursor peptide of 16was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 8.3 mg (6.2 mmol) of 16 in a total yield of 6.2% (calculated in relation

to initial resin capacity) as a white powder.

LCmain peak retention time: 7.01 min; HRMS (ESI):m/z calculated for [M+H]+: 1329.7929, found: 1329.7947 (1.4 ppm); calculated

for [M+2H]2+: 665.4001, found: 665.4004 (0.5 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 898.5397,

found: 898.5389 (–0.9 ppm).

CalA_R4A (17)

The linear precursor peptide of 17was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 21.5 mg (16.3 mmol) of 17 in a total yield of 16.3% (calculated in

relation to initial resin capacity) as a white powder.
1H NMR (400MHz, DMSO-d6) d 8.91 (s, 1H), 8.68 (s, 1H), 8.30 (s, 1H), 8.20-8.12 (m, 1H), 7.50 (d, J = 6.9 Hz, 1H), 7.46 (d, J = 8.8 Hz,

1H), 7.36 (d, J = 13.4Hz, 1H), 7.28-7.09 (m, 7H), 6.99-6.94 (m, 1H), 6.74 (d, J = 10.0Hz, 1H), 5.84 (dd, J = 13.2, 10.2 Hz, 1H), 5.35 (d, J =

3.1 Hz, 1H), 4.65-4.57 (m, 1H), 4.57-4.52 (m, 1H), 4.41 (s, 1H), 4.31-4.21 (m, 4H), 4.12-4.02 (m, 2H), 3.97 (dd, J = 7.3, 5.8 Hz, 1H), 3.91

(dd, J = 16.5, 7.1 Hz, 1H), 3.79 (t, J = 8.5 Hz, 1H), 3.76-3.70 (m, 1H), 3.69-3.61 (m, 1H), 3.62-3.55 (m, 1H), 3.54-3.43 (m, 3H), 3.38-3.33

(m, 1H), 3.25-3.17 (m, 1H), 3.10 (dd, J = 13.9, 2.9 Hz, 1H), 3.04-2.97 (m, 1H), 2.68-2.55 (m, 2H), 2.33-2.20 (m, 3H), 2.11-2.05 (m, 1H),

2.02-1.95 (m, 1H), 1.94-1.80 (m, 7H), 1.78-1.63 (m, 5H), 1.63-1.51 (m, 4H), 1.50-1.35 (m, 4H), 1.31-1.22 (m, 1H), 1.14 (d, J = 7.3 Hz,
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3H), 1.08-0.99 (m, 1H), 0.95 (d, J = 6.5 Hz, 3H), 0.89-0.77 (m, 18H), 0.70 (t, J = 7.4 Hz, 3H), 0.44 (t, J = 7.4 Hz, 3H), 0.38 (d, J = 6.8 Hz,

3H); LC main peak retention time: 6.66 min; HRMS (ESI): m/z calculated for [M+H]+: 1315.7773, found: 1315.7780 (0.5 ppm); calcu-

lated for [M+2H]2+: 658.3923, found: 658.3925 (0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+:

884.5241, found: 884.5243 (0.2 ppm).

CalA_R5A (18)

The linear precursor peptide of 18was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 34.3 mg (26.1 mmol) of 18 in a total yield of 26.1% (calculated in

relation to initial resin capacity) as a white powder.
1HNMR (400MHz, DMSO-d6) d 9.02 (d, J = 7.0 Hz, 1H), 8.84 (s, 1H), 8.30 (s, 1H), 8.08 (t, J = 6.2 Hz, 1H), 7.54 (d, J = 8.4 Hz, 1H), 7.49

(d, J = 6.6 Hz, 1H), 7.32 (d, J = 13.4 Hz, 1H), 7.28 (d, J = 8.9 Hz, 1H), 7.25-7.10 (m, 6H), 7.01-6.94 (m, 2H), 5.85 (dd, J = 13.2, 10.2 Hz,

1H), 5.35 (d, J = 3.1 Hz, 1H), 4.69 (p, J = 6.4 Hz, 1H), 4.47-4.38 (m, 2H), 4.30-4.20 (m, 4H), 4.09-4.01 (m, 2H), 3.89 (dd, J = 16.5, 7.0 Hz,

1H), 3.83-3.75 (m, 1H), 3.74-3.62 (m, 4H), 3.57-3.49 (m, 2H), 3.48-3.42 (m, 2H), 3.31-3.21 (m, 1H), 3.11 (dd, J = 13.8, 3.0 Hz, 1H), 2.96

(dd, J = 10.9, 6.9 Hz, 1H), 2.69-2.57 (m, 2H), 2.31-2.16 (m, 3H), 2.13-2.05 (m, 1H), 2.04-1.98 (m, 1H), 1.96-1.81 (m, 6H), 1.80-1.59

(m, 6H), 1.54-1.42 (m, 2H), 1.42-1.30 (m, 3H), 1.28-1.19 (m, 1H), 1.16 (d, J = 6.2 Hz, 3H), 1.13-1.07 (m, 1H), 1.06-0.96 (m, 1H),

0.90 (d, J = 6.2 Hz, 3H), 0.85-0.70 (m, 23H), 0.38 (t, J = 7.3 Hz, 3H), 0.35 (d, J = 6.8 Hz, 3H); 13C NMR (101 MHz, DMSO-d6)

d 173.5, 173.0, 172.9, 172.1, 172.0, 171.8, 171.7, 171.5, 171.2, 171.2, 170.9, 167.8, 143.2, 138.1, 129.2, 127.9, 126.3, 98.4, 68.9,

64.1, 62.5, 61.9, 58.9, 56.7, 55.7, 50.7, 48.9, 47.2, 46.1, 42.1, 40.5, 38.4, 37.6, 36.2, 35.0, 29.5, 28.6, 27.2, 25.9, 25.6, 25.1, 24.2,

23.0, 20.7, 19.5, 19.2, 16.2, 15.1, 14.9, 14.3, 11.0, 10.7, 10.4; LC main peak retention time: 6.68 min; HRMS (ESI): m/z calculated

for [M+H]+: 1315.7773, found: 1315.7791 (1.4 ppm); calculated for [M+2H]2+: 658.3923, found: 658.3927 (0.6 ppm); MS2 HRMS

(ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 884.5241, found: 884.5246 (0.6 ppm).
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CalA_R6A (19)

The linear precursor peptide of 19was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 12.8mg (9.6 mmol) of 19 in a total yield of 9.6% (calculated in relation

to initial resin capacity) as a white powder.

LCmain peak retention time: 7.43 min; HRMS (ESI):m/z calculated for [M+H]+: 1331.8086, found: 1331.8096 (0.8 ppm); calculated

for [M+2H]2+: 666.4079, found: 666.4066 (–2.0 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 900.5554,

found: 900.5546 (–0.9 ppm).

CalA_R7A (20)

The linear precursor peptide of 20was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 8.1 mg (6.1 mmol) of 20 in a total yield of 6.1% (calculated in relation

to initial resin capacity) as a white powder.

LCmain peak retention time: 7.42 min; HRMS (ESI):m/z calculated for [M+H]+: 1331.8086, found: 1331.8097 (0.8 ppm); calculated

for [M+2H]2+: 666.4079, found: 666.4081 (0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 900.5554,

found: 900.5558 (0.4 ppm).
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CalA_R8A (21)

The linear precursor peptide of 21was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 11.0mg (8.4 mmol) of 21 in a total yield of 8.4% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.99 (d, J = 6.6 Hz, 1H), 8.81 (s, 1H), 8.32 (s, 1H), 8.11 (dd, J = 7.0, 5.3 Hz, 1H), 7.48 (d, J = 8.5 Hz,

1H), 7.44 (d, J = 6.4 Hz, 1H), 7.35 (d, J = 13.4 Hz, 1H), 7.27-7.12 (m, 7H), 6.99-6.95 (m, 1H), 6.89 (d, J = 9.5 Hz, 1H), 5.82 (dd, J = 13.3,

10.1 Hz, 1H), 5.36 (s, 1H), 4.55-4.46 (m, 2H), 4.41 (s, 1H), 4.30-4.21 (m, 4H), 4.10-4.02 (m, 2H), 3.90 (dd, J = 16.6, 7.1 Hz, 1H), 3.79-3.68

(m, 4H), 3.65-3.57 (m, 2H), 3.55-3.46 (m, 2H), 3.30-3.21 (m, 2H), 3.10 (dd, J = 13.8, 3.0 Hz, 1H), 2.99 (dd, J = 10.8, 6.9 Hz, 1H),

2.68-2.59 (m, 2H), 2.33-2.17 (m, 3H), 2.12-2.04 (m, 1H), 2.03-1.97 (m, 1H), 1.96-1.79 (m, 7H), 1.75-1.62 (m, 3H), 1.57-1.48 (m,

3H), 1.45 (d, J = 7.4 Hz, 3H), 1.42-1.33 (m, 3H), 1.27-1.10 (m, 4H), 1.09-0.97 (m, 1H), 0.92 (d, J = 6.5 Hz, 3H), 0.89-0.85 (m, 1H),

0.84-0.75 (m, 18H), 0.72 (t, J = 7.4 Hz, 3H), 0.41 (t, J = 7.3 Hz, 3H), 0.36 (d, J = 6.7 Hz, 3H); LC main peak retention time:

6.83 min; HRMS (ESI):m/z calculated for [M+H]+: 1315.7773, found: 1315.7780 (0.5 ppm); calculated for [M+2H]2+: 658.3923, found:

658.3925 (0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 884.5241, found: 884.5244 (0.3 ppm).

CalA_C1A (22)

The linear precursor peptide of 22 was prepared via SPPS using Rink amide PS resin at a scale of 0.23 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 93 mg (69 mmol, 30%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the
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peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for one hour at

RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.4 mg (1.8 mmol, 2.6%) of 22 in a total yield of 0.8%

(calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.68 min; HRMS (ESI):m/z calculated for [M+H]+: 1331.8086, found: 1331.8094 (0.6 ppm); calculated

for [M+2H]2+: 666.4079, found: 666.4071 (–1.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 926.5710,

found: 926.5729 (2.1 ppm).

CalA_C2A (23)

The linear precursor peptide of 23was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 3.4 mg (2.6 mmol) of 23 in a total yield of 2.6% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400MHz, DMSO-d6) d 8.99 (s, 1H), 8.77 (s, 1H), 8.17 (s, 1H), 7.87 (dd, J = 7.1, 5.2 Hz, 1H), 7.81 (d, J = 7.4 Hz, 1H), 7.58 (d,

J = 9.2 Hz, 1H), 7.36 (d, J = 7.1 Hz, 1H), 7.27 (d, J = 13.3 Hz, 1H), 7.23-7.19 (m, 3H), 7.11-7.08 (m, 3H), 7.03 (s, 1H), 6.76 (d, J = 9.8 Hz,

1H), 5.84-5.73 (m, 1H), 4.63 (q, J = 6.6 Hz, 1H), 4.56 (dd, J = 10.0, 5.0 Hz, 1H), 4.40 (s, 1H), 4.29-4.21 (m, 4H), 4.08-4.01 (m, 1H),

3.97-3.91 (m, 2H), 3.87 (dd, J = 16.8, 7.2 Hz, 1H), 3.83-3.76 (m, 2H), 3.71-3.61 (m, 3H), 3.52-3.45 (m, 2H), 3.36-3.30 (m, 1H),

3.28-3.19 (m, 1H), 3.16-3.09 (m, 1H), 3.03-2.96 (m, 1H), 2.75 (t, J = 12.7 Hz, 1H), 2.69-2.59 (m, 1H), 2.34 – 2.18 (m, 3H), 2.13 –

2.05 (m, 1H), 2.02 – 1.96 (m, 1H), 1.95 – 1.81 (m, 8H), 1.78 – 1.67 (m, 3H), 1.66-1.52 (m, 4H), 1.50-1.43 (m, 1H), 1.42-1.31 (m, 2H),

1.30-1.25 (m, 1H), 1.23 (s, 1H), 1.17-1.10 (m, 1H), 1.08 (d, J = 7.4 Hz, 3H), 0.95 (d, J = 6.5 Hz, 3H), 0.90 (d, J = 6.4 Hz, 3H), 0.87

(d, J = 2.9 Hz, 3H), 0.86 (d, J = 3.0 Hz, 3H), 0.84-0.79 (m, 9H), 0.77 (t, J = 7.4 Hz, 3H), 0.74 (d, J = 7.2 Hz, 3H), 0.62-0.52 (m, 1H),

0.27 (t, J = 7.3 Hz, 3H); LC main peak retention time: 6.66 min; HRMS (ESI): m/z calculated for [M+H]+: 1315.7773, found:

1315.7785 (0.9 ppm); calculated for [M+2H]2+: 658.3923, found: 658.3925 (0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for

ring fragment [Mring+H]
+: 926.5710, found: 926.5726 (1.7 ppm).
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CalA_C3A (24)

The linear precursor peptide of 24was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.4 mg (1.1 mmol) of 24 in a total yield of 1.1% (calculated in relation

to initial resin capacity) as a white powder.

LC main peak retention time: 6.98 min; HRMS (ESI): m/z calculated for [M+H]+: 1281.7929, found: 1281.7929 (0.0 ppm).

CalA_C4A (25)

The linear precursor peptide of 25was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.6 mg (3.6 mmol) of 25 in a total yield of 3.6% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.98 (s, 1H), 8.77 (s, 1H), 8.13 (s, 1H), 7.72 (d, J = 7.3 Hz, 1H), 7.48 (d, J = 7.3 Hz, 1H), 7.42 (d, J =

8.5 Hz, 1H), 7.36 (d, J = 7.1 Hz, 1H), 7.26-7.20 (m, 2H), 7.18 (d, J = 13.3 Hz, 1H), 7.10-7.02 (m, 4H), 6.74 (d, J = 9.9 Hz, 1H), 6.68 (s, 1H),

5.78-5.66 (m, 1H), 4.64 (q, J = 6.8 Hz, 1H), 4.60-4.51 (m, 1H), 4.38 (s, 1H), 4.29-4.19 (m, 3H), 4.18-4.11 (m, 1H), 4.10-4.03 (m, 2H),

3.90-3.83 (m, 2H), 3.66-3.56 (m, 4H), 3.53-3.46 (m, 2H), 3.39-3.31 (m, 1H), 3.27-3.18 (m, 1H), 3.14-3.07 (m, 1H), 2.99 (t, J =

8.9 Hz, 1H), 2.81 (t, J = 12.7 Hz, 1H), 2.70-2.58 (m, 1H), 2.34-2.19 (m, 3H), 2.12-2.05 (m, 1H), 2.02-1.96 (m, 1H), 1.95-1.80 (m,

8H), 1.78-1.68 (m, 4H), 1.66-1.53 (m, 4H), 1.51-1.43 (m, 1H), 1.42-1.33 (m, 2H), 1.31 (d, J = 7.3 Hz, 3H), 1.28-1.25 (m, 1H), 1.23

(s, 1H), 1.20-1.06 (m, 3H), 0.96 (d, J = 6.5 Hz, 3H), 0.92 (d, J = 6.4 Hz, 3H), 0.88 (d, J = 2.2 Hz, 3H), 0.87 (d, J = 2.1 Hz, 3H),

0.84-0.79 (m, 9H), 0.77 (t, J = 7.5 Hz, 3H), 0.73 (d, J = 6.7 Hz, 3H), 0.70 (t, J = 7.4 Hz, 3H), 0.60-0.53 (m, 1H), 0.50 (d, J = 6.8 Hz,
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3H), 0.26 (t, J = 7.3 Hz, 3H); LC main peak retention time: 7.82 min; HRMS (ESI): m/z calculated for [M+H]+: 1371.8399, found:

1371.8411 (0.9 ppm); calculated for [M+2H]2+: 686.4236, found: 686.4234 (–0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for

ring fragment [Mring+H]
+: 926.5710, found: 926.5709 (–0.1 ppm).

CalA_C5A (26)

The linear precursor peptide of 26was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 3.0 mg (2.1 mmol) of 26 in a total yield of 2.1% (calculated in relation

to initial resin capacity) as a white powder.
1HNMR (400MHz,DMSO-d6) d 9.04 (d, J=6.9Hz, 1H), 8.83 (s, 1H), 8.49 (t, J=6.0Hz, 1H), 8.34 (s, 1H), 8.22 (d, J=7.8Hz, 1H), 7.54 (d,

J=13.3Hz, 1H), 7.47 (d, J=7.2Hz, 1H), 7.44 (d, J=9.4Hz, 1H), 7.27 (d,J=8.5Hz, 1H), 7.20-7.11 (m, 6H), 7.04 (s, 1H), 6.72 (d, J=10.1Hz,

1H), 5.96-5.87 (m, 1H), 5.36 (d, J=3.2Hz, 1H), 4.67-4.58 (m, 2H), 4.39 (s, 1H), 4.34-4.24 (m, 4H), 4.23-4.16 (m, 2H), 4.06 (t, J=9.4Hz, 1H),

4.00 (dd, J = 15.9, 6.5 Hz, 1H), 3.82-3.75 (m, 2H), 3.74-3.69 (m, 1H), 3.66-3.57 (m, 2H), 3.54-3.45 (m, 3H), 3.25-3.17 (m, 1H), 3.08 (d, J =

13.5Hz, 1H), 3.02-2.94 (m,1H),2.72-2.62 (m,1H),2.61-2.52 (m,1H),2.33-2.21 (m,3H), 2.13-2.05 (m,1H),2.02-1.97 (m,1H),1.96-1.83 (m,

7H), 1.82-1.72 (m, 3H), 1.62 (s, 6H), 1.52-1.37 (m, 6H), 1.24 (d, J=4.8Hz, 3H), 1.23-1.20 (m, 1H), 1.18-1.10 (m, 1H), 1.06-0.98 (m, 1H), 0.95

(d, J = 6.3 Hz, 3H), 0.88-0.76 (m, 24H), 0.73-0.67 (m, 4H), 0.45 (t, J = 7.2 Hz, 3H), 0.35 (d, J = 6.7 Hz, 3H); LC main peak retention time:

7.66 min; HRMS (ESI): m/z calculated for [M+H]+: 1428.8613, found: 1428.8625 (0.8 ppm); calculated for [M+2H]2+: 714.9343, found:

714.9346 (0.4 ppm); MS2 HRMS (ESI, HCD):m/z calculated for ring fragment [Mring+H]
+: 926.5710, found: 926.5725 (1.6 ppm).

CalB_R2dPro (27)
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The linear precursor peptide of 27 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

69 mg (54 mmol, 54%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 15 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 0.5 mg (0.4 mmol, 0.7%) of 27 in a

total yield of 0.4% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 8.67min; HRMS (ESI):m/z calculated for [M+H]+: 1262.8235, found: 1262.8218 (–1.3 ppm); calculated

for [M+2H]2+: 631.9154, found: 631.9143 (–1.7 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 922.5761,

found: 922.5724 (–4.0 ppm).

CalB_R2Aze (28)

The linear precursor peptide of 28 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

55 mg (43 mmol, 43%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 8.4mg (6.7 mmol, 15.5%) of 28 in a

total yield of 6.7% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.00 (d, J = 7.1 Hz, 1H), 8.50 (d, J = 6.6 Hz, 1H), 8.22 (s, 1H), 7.59 (d, J = 5.8 Hz, 1H), 7.57 (d, J =

3.0 Hz, 1H), 7.20 (d, J = 9.7 Hz, 1H), 7.12 (s, 1H), 7.02 (d, J = 13.2 Hz, 1H), 6.91 (s, 1H), 6.73 (d, J = 9.8 Hz, 1H), 5.55-5.45 (m, 1H),

4.66-4.59 (m, 2H), 4.55-4.46 (m, 1H), 4.39-4.31 (m, 1H), 4.28-4.18 (m, 3H), 4.12-4.04 (m, 2H), 3.99-3.92 (m, 1H), 3.86-3.80 (m,

1H), 3.67-3.61 (m, 1H), 3.60-3.53 (m, 2H), 3.51-3.44 (m, 2H), 3.35-3.26 (m, 1H), 3.23-3.13 (m, 2H), 2.61-2.53 (m, 1H), 2.46-2.38

(m, 1H), 2.30-2.16 (m, 3H), 2.01-1.94 (m, 1H), 1.93-1.76 (m, 8H), 1.74-1.65 (m, 3H), 1.65-1.56 (m, 3H), 1.52-1.36 (m, 8H),

1.35-1.22 (m, 2H), 1.21-1.11 (m, 2H), 1.08-0.96 (m, 3H), 0.92-0.74 (m, 42H); LC main peak retention time: 8.77 min; HRMS (ESI):

m/z calculated for [M+H]+: 1250.8235, found: 1250.8229 (–0.5 ppm); calculated for [M+2H]2+: 625.9154, found: 625.9148 (–1.0

ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 910.5761, found: 910.5733 (–3.1 ppm).
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CalB_R2Pip (29)

The linear precursor peptide of 29 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

38 mg (29 mmol, 29%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 8 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.0 mg (1.6 mmol, 5.3%) of

29 in a total yield of 1.6% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.85 (d, J = 7.2 Hz, 1H), 8.61 (d, J = 6.8 Hz, 1H), 8.24 (s, 1H), 7.57 (d, J = 10.2 Hz, 1H), 7.22 (d, J =

9.6 Hz, 1H), 7.16 (s, 1H), 7.09-7.00 (m, 2H), 6.90 (s, 1H), 6.67 (d, J = 10.1 Hz, 1H), 5.70 (dd, J = 13.2, 9.9 Hz, 1H), 4.64 (q, J = 6.7 Hz, 1H),

4.55 (td, J = 10.3, 3.6 Hz, 1H), 4.34-4.19 (m, 3H), 4.16-4.03 (m, 4H), 3.98-3.89 (m, 1H), 3.83-3.75 (m, 1H), 3.62-3.42 (m, 5H), 3.20-3.06

(m, 3H), 2.61-2.52 (m, 1H), 2.35-2.17 (m, 4H), 1.96-1.82 (m, 9H), 1.81-1.71 (m, 3H), 1.68-1.55 (m, 6H), 1.53-1.37 (m, 9H), 1.31-1.19 (m,

3H), 1.16-0.97 (m, 4H), 0.91-0.69 (m, 42H); LC main peak retention time: 10.36 min; HRMS (ESI): m/z calculated for [M+H]+:

1278.8548, found: 1278.8534 (–1.1 ppm); calculated for [M+2H]2+: 639.9311, found: 639.9300 (–1.7 ppm); MS2 HRMS (ESI, HCD):

m/z calculated for ring fragment [Mring+H]
+: 938.6074, found: 938.6056 (–1.9 ppm).

CalB_R2Nip (30)

The linear precursor peptide of 30 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

21 mg (16 mmol, 16%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.4 mg (1.1 mmol, 6.6%) of

30 in a total yield of 1.1% (calculated in relation to initial resin capacity) as a white powder.
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LCmain peak retention time: 7.11 min; HRMS (ESI):m/z calculated for [M+H]+: 1278.8548, found: 1278.8551 (0.2 ppm); calculated

for [M+2H]2+: 639.9311, found: 639.9309 (–0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 938.6074,

found: 938.6057 (–1.8 ppm).

CalB_R2Oic (31)

The linear precursor peptide of 31 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

61 mg (45 mmol, 45%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 15 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 26 mg (20 mmol, 44%) of 31 in a

total yield of 19.8% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.84 (d, J = 7.0 Hz, 1H), 8.59 (d, J = 6.6 Hz, 1H), 8.27 (s, 1H), 7.60 (d, J = 3.4 Hz, 1H), 7.58 (s, 1H),

7.29 (d, J = 9.6 Hz, 1H), 7.12 (d, J = 13.4 Hz, 1H), 7.04 (s, 1H), 7.02 (s, 1H), 6.67 (d, J = 9.9 Hz, 1H), 5.62-5.53 (m, 1H), 4.65-4.57 (m, 1H),

4.57-4.48 (m, 1H), 4.31-4.20 (m, 2H), 4.20-4.14 (m, 1H), 4.14-4.01 (m, 3H), 3.95 (t, J = 8.7 Hz, 1H), 3.81 (t, J = 10.1 Hz, 1H), 3.77-3.71

(m, 1H), 3.62-3.40 (m, 4H), 3.30-3.24 (m, 1H), 3.23-3.13 (m, 1H), 3.11-3.04 (m, 1H), 2.69-2.57 (m, 1H), 2.37-2.17 (m, 3H), 2.05-1.96 (m,

2H), 1.95-1.82 (m, 8H), 1.81-1.55 (m, 10H), 1.54-1.38 (m, 8H), 1.33-0.98 (m, 10H), 0.92-0.69 (m, 44H); LC main peak retention time:

14.35min; HRMS (ESI):m/z calculated for [M+H]+: 1318.8861, found: 1318.8862 (0.1 ppm); calculated for [M+2H]2+: 659.9467, found:

659.9461 (–0.9 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 978.6387, found: 978.6381 (–0.6 ppm).

CalB_R3hLeu (32)

The linear precursor peptide of 32 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),
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25mg (19 mmol, 19%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.1 mg (1.6 mmol, 8.5%) of

32 in a total yield of 1.6% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.87 (d, J = 6.8 Hz, 1H), 8.30 (s, 1H), 8.21 (d, J = 8.1 Hz, 1H), 7.60 (d, J = 10.0 Hz, 1H), 7.45 (d, J =

7.3 Hz, 1H), 7.23 (d, J = 9.6 Hz, 1H), 7.15 (s, 1H), 7.06 (d, J = 13.2 Hz, 1H), 6.97 (s, 1H), 6.67 (d, J = 9.9 Hz, 1H), 5.61 (dd, J = 13.2,

10.1 Hz, 1H), 4.66 (q, J = 6.8 Hz, 1H), 4.52 (td, J = 10.3, 3.6 Hz, 1H), 4.42 (s, 1H), 4.29-4.20 (m, 3H), 4.19-4.13 (m, 1H), 4.13-4.05

(m, 1H), 4.06-3.92 (m, 3H), 3.78-3.68 (m, 2H), 3.62-3.49 (m, 5H), 3.21-3.11 (m, 1H), 2.36-2.17 (m, 3H), 2.13-1.99 (m, 3H),

1.96-1.77 (m, 9H), 1.73-1.55 (m, 6H), 1.54-1.38 (m, 8H), 1.37-1.29 (m, 1H), 1.27-1.20 (m, 2H), 1.19-1.06 (m, 4H), 1.05-0.94 (m,

2H), 0.93-0.69 (m, 42H); LC main peak retention time: 8.00 min; HRMS (ESI): m/z calculated for [M+H]+: 1294.8497, found:

1294.8481 (–1.2 ppm); calculated for [M+2H]2+: 647.9285, found: 647.9274 (–1.7 ppm); MS2 HRMS (ESI, HCD): m/z calculated for

ring fragment [Mring+H]
+: 954.6023, found: 954.5990 (–3.5 ppm).

CalB_R3Aib (33)

The linear precursor peptide of 33 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

42 mg (33 mmol, 33%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.6 mg (2.1 mmol, 6.3%) of 33 in a

total yield of 2.1% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.16min; HRMS (ESI):m/z calculated for [M+H]+: 1252.8028, found: 1252.8015 (–1.0 ppm); calculated

for [M+2H]2+: 626.9050, found: 626.9044 (–1.0 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 912.5554,

found: 912.5514 (–4.4 ppm).
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CalB_R3Chg (34)

The linear precursor peptide of 34 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

40 mg (31 mmol, 31%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 5 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 6.8mg (5.1 mmol, 16.5%) of 34 in a

total yield of 5.1% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.02 (d, J = 7.0 Hz, 1H), 8.86 (d, J = 6.6 Hz, 1H), 8.29 (s, 1H), 7.59 (d, J = 10.1 Hz, 1H), 7.36 (d, J =

7.0 Hz, 1H), 7.24 (d, J = 9.7 Hz, 1H), 7.17 (s, 1H), 7.05 (d, J = 13.3 Hz, 1H), 6.97 (s, 1H), 6.65 (d, J = 10.0 Hz, 1H), 5.78-5.67 (m, 1H), 5.41

(s, 1H), 4.66-4.59 (m, 1H), 4.58-4.50 (m, 1H), 4.41 (s, 1H), 4.29-4.21 (m, 3H), 4.19-4.08 (m, 3H), 4.08-4.01 (m, 1H), 4.00-3.91 (m, 1H),

3.84-3.76 (m, 2H), 3.70-3.43 (m, 6H), 3.21-3.11 (m, 1H), 3.11-3.03 (m, 1H), 2.44-2.34 (m, 1H), 2.35-2.17 (m, 3H), 2.14-2.03 (m, 1H),

2.02-1.95 (m, 1H), 1.95-1.82 (m, 8H), 1.82-1.55 (m, 10H), 1.52-1.37 (m, 8H), 1.33-1.21 (m, 3H), 1.20-1.08 (m, 4H), 1.05-0.94 (m, 3H),

0.92-0.68 (m, 36H); LCmain peak retention time: 8.88min; HRMS (ESI):m/z calculated for [M+H]+: 1306.8497, found: 1306.8494 (–0.2

ppm); calculated for [M+2H]2+: 653.9285, found: 653.9279 (–0.9 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment

[Mring+H]
+: 966.6023, found: 966.5992 (–3.2 ppm).

CalB_R3F (35)

The linear precursor peptide of 35 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

37 mg (28 mmol, 28%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was
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shaken for 2 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 8.2mg (6.2 mmol, 22.4%) of 35 in a

total yield of 6.2% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.79 (d, J = 6.8 Hz, 1H), 8.27 (s, 1H), 8.24 (d, J = 8.4 Hz, 1H), 7.58 (d, J = 10.1 Hz, 1H), 7.50 (d, J =

7.4 Hz, 1H), 7.36-7.28 (m, 2H), 7.27-7.20 (m, 2H), 7.19-7.16 (m, 1H), 7.15 (s, 1H), 7.04 (d, J = 13.2 Hz, 1H), 6.98 (s, 1H), 6.64 (d, J =

9.9 Hz, 1H), 5.67-5.56 (m, 1H), 5.33 (s, 1H), 4.68 (q, J = 6.8 Hz, 1H), 4.51 (td, J = 10.4, 3.6 Hz, 1H), 4.40 (s, 1H), 4.27-4.20 (m, 2H),

4.19-4.06 (m, 3H), 4.05-3.93 (m, 3H), 3.70-3.64 (m, 1H), 3.60-3.40 (m, 6H), 3.20-3.11 (m, 1H), 3.11-3.04 (m, 1H), 2.32-2.16 (m,

3H), 2.01-1.95 (m, 1H), 1.94-1.82 (m, 8H), 1.79-1.52 (m, 11H), 1.51-1.39 (m, 6H), 1.39-1.31 (m, 1H), 1.29-1.18 (m, 2H), 1.17-1.08

(m, 1H), 1.06-0.96 (m, 2H), 0.94-0.69 (m, 36H); LC main peak retention time: 8.00 min; HRMS (ESI): m/z calculated for [M+H]+:

1314.8184, found: 1314.8184 (0.0 ppm); calculated for [M+2H]2+: 657.9129, found: 657.9125 (–0.6 ppm); MS2 HRMS (ESI, HCD):

m/z calculated for ring fragment [Mring+H]
+: 974.5710, found: 974.5693 (–1.7 ppm).

CalB_R3b-hIle (36)

The linear precursor peptide of 36 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

51 mg (39 mmol, 39%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 3.7 mg (2.9 mmol, 7.4%) of 36 in a

total yield of 2.9% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.14min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8488 (–0.7 ppm); calculated

for [M+2H]2+: 647.9285, found: 647.9277 (–1.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 954.6023,

found: 954.5994 (–3.0 ppm).
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CalB_R4b-hIle (37)

The linear precursor peptide of 37 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

44 mg (33 mmol, 33%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 4 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 0.9 mg (0.7 mmol, 2.1%) of

37 in a total yield of 0.7% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.68min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8492 (–0.4 ppm); calculated

for [M+2H]2+: 647.9285, found: 647.9277 (–1.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 954.6023,

found: 954.5995 (–2.9 ppm).

CalB_R5hLeu (38)

The linear precursor peptide of 38 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

33 mg (25 mmol, 25%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 8 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 7.8 mg (6.0 mmol, 23.7%) of

38 in a total yield of 6.0% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.96 (d, J = 6.9 Hz, 1H), 8.82 (s, 1H), 8.29 (s, 1H), 7.59 (d, J = 10.0 Hz, 1H), 7.33 (d, J = 7.0 Hz, 1H),

7.23 (d, J = 9.7 Hz, 1H), 7.14 (s, 1H), 7.05 (d, J = 13.3 Hz, 1H), 6.95 (s, 1H), 6.73 (d, J = 9.8 Hz, 1H), 5.68 (dd, J = 13.2, 10.1 Hz, 1H),
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5.39 (d, J = 3.0 Hz, 1H), 4.59 (q, J = 6.8 Hz, 1H), 4.52 (td, J = 10.2, 3.3 Hz, 1H), 4.41 (s, 1H), 4.28-4.19 (m, 3H), 4.15-4.00 (m, 3H), 3.93

(t, J = 10.0 Hz, 1H), 3.82-3.75 (m, 2H), 3.69-3.63 (m, 1H), 3.61-3.48 (m, 3H), 3.47-3.38 (m, 2H), 3.21-3.12 (m, 1H), 3.12-3.03 (m, 1H),

2.33-2.17 (m, 3H), 2.11-2.04 (m, 1H), 2.03-1.94 (m, 2H), 1.94-1.75 (m, 9H), 1.73-1.56 (m, 4H), 1.55-1.37 (m, 10H), 1.28-1.10 (m, 5H),

1.06-0.94 (m, 3H), 0.91-0.69 (m, 42H); LC main peak retention time: 8.32 min; HRMS (ESI): m/z calculated for [M+H]+: 1294.8497,

found: 1294.8497 (0.0 ppm); calculated for [M+2H]2+: 647.9285, found: 647.9279 (–0.9 ppm); MS2 HRMS (ESI, HCD):m/z calculated

for ring fragment [Mring+H]
+: 954.6023, found: 954.6000 (–2.4 ppm).

CalB_R6dPro (39)

The linear precursor peptide of 39 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

23 mg (18 mmol, 18%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 4 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 5.6 mg (4.4 mmol, 25.1%) of

39 in a total yield of 4.4% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.75 (d, J = 7.0 Hz, 1H), 8.59 (d, J = 6.8 Hz, 1H), 8.32 (s, 1H), 7.63 (d, J = 10.1 Hz, 1H), 7.35 (d, J =

7.2 Hz, 1H), 7.25-7.17 (m, 2H), 7.06 (d, J = 13.3 Hz, 1H), 6.90 (s, 1H), 6.61 (d, J = 9.9 Hz, 1H), 6.14-6.09 (m, 1H), 5.85-5.80 (m, 1H), 5.68

(dd, J = 13.2, 10.0 Hz, 1H), 4.82-4.77 (m, 1H), 4.72 (q, J = 6.8 Hz, 1H), 4.55 (td, J = 10.4, 3.7 Hz, 1H), 4.43-4.35 (m, 2H), 4.35-4.27 (m,

1H), 4.27-4.19 (m, 2H), 4.14-4.06 (m, 3H), 3.95 (t, J = 10.0 Hz, 1H), 3.89 (t, J = 7.6 Hz, 1H), 3.77-3.72 (m, 1H), 3.69-3.63 (m, 1H),

3.57-3.49 (m, 1H), 3.29-3.21 (m, 2H), 3.20-3.12 (m, 1H), 3.11-3.05 (m, 1H), 2.48-2.41 (m, 1H), 2.31-2.19 (m, 2H), 2.09-2.01 (m,

1H), 1.93-1.81 (m, 5H), 1.80-1.59 (m, 7H), 1.56-1.38 (m, 9H), 1.38-1.30 (m, 1H), 1.23 (s, 1H), 1.19-1.08 (m, 2H), 1.06-0.95 (m, 3H),

0.94-0.70 (m, 42H); LC main peak retention time: 7.83 min; HRMS (ESI): m/z calculated for [M+H]+: 1278.8184, found: 1278.8171

(–1.0 ppm); calculated for [M+2H]2+: 639.9129, found: 639.9119 (–1.6 ppm); MS2 HRMS (ESI, HCD):m/z calculated for ring fragment

[Mring+H]
+: 938.5710, found: 938.5702 (–0.9 ppm).
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CalB_R6Aze (40)

The linear precursor peptide of 40 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

30 mg (23 mmol, 23%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.1 mg (0.9 mmol, 3.7%) of

40 in a total yield of 0.9% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.96min; HRMS (ESI):m/z calculated for [M+H]+: 1266.8184, found: 1266.8150 (–2.7 ppm); calculated

for [M+2H]2+: 633.9129, found: 633.9111 (–2.8 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 926.5710,

found: 926.5690 (–2.2 ppm).

CalB_R6Pip (41)

The linear precursor peptide of 41 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

57 mg (44 mmol, 44%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.1 mg (0.8 mmol, 2.0%) of 41 in a

total yield of 0.8% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.84min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8492 (–0.4 ppm); calculated

for [M+2H]2+: 647.9285, found: 947.9285 (–0.0 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 954.6023,

found: 954.6011 (–1.3 ppm).
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CalB_R6Nip (42)

The linear precursor peptide of 42 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

30 mg (23 mmol, 23%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.1 mg (0.9 mmol, 3.8%) of 42 in

a total yield of 0.9% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 6.68min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8494 (–0.2 ppm); calculated

for [M+2H]2+: 647.9285, found: 647.9282 (–0.5 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 954.6023,

found: 954.6000 (–2.4 ppm).

CalB_R6Oic (43)

The linear precursor peptide of 43 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

47 mg (35 mmol, 35%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.0 mg (0.7 mmol, 2.2%) of 43 in a

total yield of 0.7% (calculated in relation to initial resin capacity) as a white powder.
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LC main peak retention time: 10.57 min; HRMS (ESI): m/z calculated for [M+H]+: 1334.8810, found: 1334.8797 (–1.0 ppm); calcu-

lated for [M+2H]2+: 667.9442, found: 667.9469 (4.0 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+:

994.6336, found: 994.6319 (–1.7 ppm).

CalB_R7dPro (44)

The linear precursor peptide of 44 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of

0.1 mmol initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acid-

ified with 0.1% TFA), 25 mg (19 mmol, 19%) of the peptide precursor was obtained as a white powder. For the oxidation of

the serine residue and concomitant cyclization, the peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were

added. The resulting suspension was shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent

B: ACN) to give 3.5 mg (2.7 mmol, 14.5%) of 44 in a total yield of 2.7% (calculated in relation to initial resin capacity) as a

white powder.

LCmain peak retention time: 8.03 min; HRMS (ESI):m/z calculated for [M+H]+: 1278.8184, found: 1278.8185 (0.1 ppm); calculated

for [M+2H]2+: 639.9129, found: 639.9124 (–0.8 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 938.5710,

found: 938.5672 (–4.0 ppm).

CalB_R7Aze (45)

The linear precursor peptide of 45 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of

0.1 mmol initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acid-

ified with 0.1% TFA), 31 mg (24 mmol, 24%) of the peptide precursor was obtained as a white powder. For the oxidation of

the serine residue and concomitant cyclization, the peptide was dissolved in 5 mL of ACN and 3 equivalents of DMP were

added. The resulting suspension was shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent
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B: ACN) to give 2.1 mg (1.7 mmol, 7.0%) of 45 in a total yield of 1.7% (calculated in relation to initial resin capacity) as a

white powder.
1H NMR (400 MHz, DMSO-d6) d 8.98 (d, J = 7.0 Hz, 1H), 8.84 (d, J = 6.6 Hz, 1H), 8.21 (s, 1H), 7.56 (d, J = 10.1 Hz, 1H), 7.29 (d,

J = 7.3 Hz, 1H), 7.20 (d, J = 9.8 Hz, 1H), 7.17 (s, 1H), 7.08 (d, J = 5.6 Hz, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.95 (s, 1H), 5.86 (dd, J =

13.2, 10.0 Hz, 1H), 5.39 (d, J = 3.1 Hz, 1H), 4.71-4.63 (m, 2H), 4.59 (dd, J = 9.3, 6.1 Hz, 1H), 4.43-4.39 (m, 1H), 4.38-4.32 (m, 1H),

4.26-4.19 (m, 2H), 4.18-4.08 (m, 2H), 4.02-3.92 (m, 2H), 3.87 (t, J = 8.4 Hz, 1H), 3.83 (d, J = 7.3 Hz, 1H), 3.78 (d, J = 11.7 Hz, 1H),

3.64 (dd, J = 11.1, 3.6 Hz, 1H), 3.56-3.40 (m, 2H), 3.06 (dd, J = 11.1, 6.9 Hz, 1H), 3.02-2.95 (m, 1H), 2.65-2.57 (m, 1H), 2.34-2.23

(m, 2H), 2.11-2.00 (m, 2H), 1.99-1.95 (m, 1H), 1.94-1.82 (m, 6H), 1.82-1.72 (m, 4H), 1.71-1.60 (m, 3H), 1.56-1.37 (m, 8H),

1.35-1.27 (m, 1H), 1.23 (s, 1H), 1.18-1.09 (m, 2H), 1.08-0.96 (m, 3H), 0.94-0.71 (m, 42H); LC main peak retention time:

7.72 min; HRMS (ESI): m/z calculated for [M+H]+: 1266.8184, found: 1266.8172 (–0.9 ppm); calculated for [M+2H]2+:

633.9129, found: 633.9117 (–1.9 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 926.5710, found:

926.5674 (–3.9 ppm).

CalB_R7Pip (46)

The linear precursor peptide of 46 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

35 mg (27 mmol, 27%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.3 mg (1.0 mmol, 3.8%) of

46 in a total yield of 1% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 8.30min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8487 (–0.8 ppm); calculated

for [M+2H]2+: 647.9285, found: 947.9277 (–1.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 954.6023,

found: 954.5999 (–2.5 ppm).
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CalB_R7Nip (47)

The linear precursor peptide of 47 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

32 mg (24 mmol, 24%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 0.8 mg (0.6 mmol, 2.6%) of 47 in a

total yield of 0.6% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 6.64min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8482 (–1.2 ppm); calculated

for [M+2H]2+: 647.9285, found: 647.9276 (–1.4 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 954.6023,

found: 954.5998 (–2.6 ppm).

CalB_R7Oic (48)

The linear precursor peptide of 48 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

47 mg (34 mmol, 34%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 4.9mg (3.7 mmol, 10.7%) of 48 in a

total yield of 3.7% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.05 (d, J = 7.0 Hz, 1H), 8.95 (d, J = 6.3 Hz, 1H), 8.26 (s, 1H), 7.56 (d, J = 10.1 Hz, 1H), 7.48 (d, J =

6.9 Hz, 1H), 7.25-7.16 (m, 2H), 7.03 (d, J = 13.2 Hz, 1H), 6.95 (s, 1H), 6.62 (d, J = 10.3 Hz, 1H), 5.92-5.81 (m, 1H), 5.41 (d, J = 2.9 Hz,

1H), 4.55 (td, J = 10.4, 3.4 Hz, 1H), 4.47-4.37 (m, 3H), 4.29-4.19 (m, 2H), 4.18-4.05 (m, 3H), 3.94 (t, J = 10.2 Hz, 1H), 3.89-3.83 (m, 1H),

3.82-3.72 (m, 2H), 3.71-3.60 (m, 2H), 3.49 (t, J = 9.1 Hz, 1H), 3.19-3.01 (m, 2H), 2.59-2.52 (m, 1H), 2.40-2.22 (m, 3H), 2.18-2.00 (m, 3H),
e45 Cell Chemical Biology 31, 1755–1771.e1–e73, October 17, 2024



ll
OPEN ACCESSArticle
1.96-1.82 (m, 6H), 1.80-1.55 (m, 10H), 1.52-1.35 (m, 10H), 1.32-1.10 (m, 7H), 1.07-0.93 (m, 3H), 0.92-0.68 (m, 42H); LC main peak

retention time: 12.01 min; HRMS (ESI): m/z calculated for [M+H]+: 1334.8810, found: 1334.8812 (0.1 ppm); calculated for

[M+2H]2+: 667.9442, found: 667.9436 (–0.9 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 994.6336,

found: 994.6326 (–1.0 ppm).

CalB_R8hLeu (49)

The linear precursor peptide of 49 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

43 mg (33 mmol, 33%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 7.5mg (5.8 mmol, 17.8%) of 49 in a

total yield of 5.8% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.00 (d, J = 6.9 Hz, 1H), 8.87 (d, J = 6.3 Hz, 1H), 8.28 (s, 1H), 7.58 (d, J = 10.1 Hz, 1H), 7.40 (d, J =

6.8 Hz, 1H), 7.24 (d, J = 9.7 Hz, 1H), 7.15 (s, 1H), 7.06 (d, J = 13.3 Hz, 1H), 6.97 (s, 1H), 6.64 (d, J = 9.9 Hz, 1H), 5.70 (dd, J = 13.3,

10.1 Hz, 1H), 5.40 (s, 1H), 4.62 – 4.54 (m, 2H), 4.47 – 4.36 (m, 2H), 4.29 – 4.21 (m, 3H), 4.18 – 4.13 (m, 1H), 4.11 – 4.01 (m, 2H), 3.95

(t, J = 10.1 Hz, 1H), 3.81-3.72 (m, 2H), 3.69-3.55 (m, 3H), 3.54-3.45 (m, 2H), 3.29-3.22 (m, 1H), 3.20-3.10 (m, 1H), 3.10-3.03 (m, 1H),

2.34-2.19 (m, 3H), 2.12-1.96 (m, 3H), 1.97-1.82 (m, 8H), 1.82-1.55 (m, 5H), 1.53-1.34 (m, 10H), 1.30-1.21 (m, 2H), 1.20-1.10 (m, 3H),

1.07-0.94 (m, 2H), 0.92-0.68 (m, 42H); LC main peak retention time: 8.13 min; HRMS (ESI): m/z calculated for [M+H]+: 1294.8497,

found: 1294.8484 (–1.0 ppm); calculated for [M+2H]2+: 647.9285, found: 647.9275 (–1.5 ppm); MS2 HRMS (ESI, HCD):m/z calculated

for ring fragment [Mring+H]
+: 954.6023, found: 954.5991 (–3.4 ppm).

CalB_R8Aib (50)
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The linear precursor peptide of 50 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

56 mg (44 mmol, 44%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 0.8 mg (0.6 mmol, 1.5%) of 50 in a

total yield of 0.6% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.44min; HRMS (ESI):m/z calculated for [M+H]+: 1252.8028, found: 1252.8011 (–1.4 ppm); calculated

for [M+2H]2+: 626.9050, found: 626.9041 (–1.4 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 912.5554,

found: 912.5525 (–3.2 ppm).

CalB_C1dPro (51)

The linear precursor peptide of 51 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

29 mg (22 mmol, 22%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.5 mg (2.0 mmol, 8.9%) of

51 in a total yield of 2.0% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 8.01min; HRMS (ESI):m/z calculated for [M+H]+: 1278.8184, found: 1278.8171 (–1.0 ppm); calculated

for [M+2H]2+: 639.9129, found: 639.9121 (–1.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5830 (–3.8 ppm).

CalB_C1Aze (52)
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The linear precursor peptide of 52 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

50 mg (39 mmol, 39%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 3.2 mg (2.5 mmol, 6.5%) of 52 in a

total yield of 2.5% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.94 (s, 1H), 8.83 (s, 1H), 7.91 (s, 1H), 7.82 (d, J = 9.3 Hz, 1H), 7.48 (d, J = 9.0 Hz, 1H), 7.38 (d, J =

6.9 Hz, 1H), 7.19 (d, J = 13.3 Hz, 1H), 7.08 (s, 1H), 6.97 (s, 1H), 6.80 (d, J = 10.0 Hz, 1H), 5.66-5.56 (m, 1H), 5.40 (d, J = 3.2 Hz, 1H),

4.65-4.46 (m, 3H), 4.40 (s, 1H), 4.27-4.15 (m, 3H), 4.11-4.05 (m, 1H), 4.05-3.98 (m, 1H), 3.98-3.90 (m, 2H), 3.88-3.73 (m, 3H), 3.72-3.65

(m, 1H), 3.64-3.53 (m, 2H), 3.52-3.42 (m, 1H), 3.27-3.19 (m, 1H), 3.13-3.05 (m, 1H), 2.44-2.32 (m, 1H), 2.31-2.17 (m, 2H), 2.13-1.68

(m, 12H), 1.66-1.33 (m, 11H), 1.32-1.21 (m, 2H), 1.20-0.93 (m, 5H), 0.92-0.71 (m, 42H); LC main peak retention time: 7.60 min; HRMS

(ESI): m/z calculated for [M+H]+: 1266.8184, found: 1266.8185 (0.1 ppm); calculated for [M+2H]2+: 633.9129, found: 633.9125 (–0.6

ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866, found: 940.5855 (–1.2 ppm).

CalB_C1Pip (53)

The linear precursor peptide of 53 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

59 mg (45 mmol, 45%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 7.9mg (6.1 mmol, 13.7%) of 53 in a

total yield of 6.1% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 8.17min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8486 (–0.8 ppm); calculated

for [M+2H]2+: 647.9285, found: 947.9277 (–1.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5826 (–4.3 ppm).
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CalB_C1Nip (54)

The linear precursor peptide of 54 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

36 mg (27 mmol, 27%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.4 mg (1.1 mmol, 4.0%) of 54 in

a total yield of 1.1% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 6.66 min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8499 (0.2 ppm); calculated

for [M+2H]2+: 647.9285, found: 647.9282 (–0.5 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5836 (–3.2 ppm).

CalB_C1Oic (55)

The linear precursor peptide of 55 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

49 mg (36 mmol, 36%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 4.1 mg (3.1 mmol, 8.5%) of 55 in

a total yield of 3.1% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 8.76 min; HRMS (ESI):m/z calculated for [M+H]+: 1334.8810, found: 1334.8815 (0.4 ppm); calculated

for [M+2H]2+: 667.9442, found: 667.9437 (–0.7 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5851 (–1.6 ppm).
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CalB_C2b-hIle (56)

The linear precursor peptide of 56 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

50 mg (38 mmol, 38%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 4 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 0.9 mg (0.7 mmol, 1.8%) of 56 in a

total yield of 0.7% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.82min; HRMS (ESI):m/z calculated for [M+H]+: 1294.8497, found: 1294.8489 (–0.6 ppm); calculated

for [M+2H]2+: 647.9285, found: 647.9276 (–1.4 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5830 (–3.8 ppm).

CalB_C2Aib (57)

The linear precursor peptide of 57 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

60 mg (47 mmol, 47%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 15 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 5 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 6.8mg (5.4 mmol, 11.5%) of 57 in a

total yield of 5.4% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.90 min; HRMS (ESI):m/z calculated for [M+H]+: 1252.8028, found: 1252.8028 (0.0 ppm); calculated

for [M+2H]2+: 626.9050, found: 626.9048 (–0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5827 (–4.1 ppm).
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CalB_C3F (58)

The linear precursor peptide of 58 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

81 mg (61 mmol, 61%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 15 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 13.3 mg (10.1 mmol, 16.7%) of 58

in a total yield of 10.1% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.98 (d, J = 7.0 Hz, 1H), 8.83 (d, J = 6.5 Hz, 1H), 8.27 (s, 1H), 7.49-7.42 (m, 2H), 7.39 (d, J = 7.0 Hz,

1H), 7.24-7.18 (m, 3H), 7.16 (s, 1H), 7.14-7.06 (m, 4H), 6.73 (d, J = 10.0 Hz, 1H), 5.82 (dd, J = 13.3, 10.0 Hz, 1H), 5.46-5.28 (m, 1H),

4.67-4.56 (m, 2H), 4.40 (s, 1H), 4.31-4.16 (m, 4H), 4.06 (t, J = 8.7 Hz, 1H), 3.91-3.77 (m, 4H), 3.71-3.54 (m, 3H), 3.53-3.44 (m, 2H),

3.25-3.15 (m, 2H), 3.12-3.03 (m, 1H), 2.61-2.54 (m, 1H), 2.35-2.18 (m, 3H), 2.11-2.03 (m, 1H), 2.00-1.85 (m, 8H), 1.81-1.46

(m, 8H), 1.45-1.33 (m, 4H), 1.30-1.19 (m, 1H), 1.17-0.99 (m, 2H), 0.94 (d, J = 6.5 Hz, 3H), 0.91-0.72 (m, 30H), 0.67 (t, J = 7.4 Hz,

3H), 0.48 (t, J = 7.3 Hz, 3H), 0.33 (d, J = 6.8 Hz, 3H); LC main peak retention time: 8.19 min; HRMS (ESI): m/z calculated for

[M+H]+: 1314.8184, found: 1314.8175 (–0.7 ppm); calculated for [M+2H]2+: 657.9129, found: 657.9122 (–1.1 ppm); MS2 HRMS

(ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866, found: 940.5837 (–3.1 ppm).

CalB_C3Aib (59)

The linear precursor peptide of 59 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

38 mg (30 mmol, 30%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was
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shaken for 5 hours at RT and immediately purified byHPLC (solvent A: H2O; solvent B: ACN) to give 8.1mg (6.5 mmol, 21.5%) of 59 in a

total yield of 6.5% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 6.90min; HRMS (ESI):m/z calculated for [M+H]+: 1252.8028, found: 1252.8026 (–0.2 ppm); calculated

for [M+2H]2+: 626.9050, found: 626.9048 (–0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5834 (–3.4 ppm).

CalB_C3cPrGly (60)

The linear precursor peptide of 60 was prepared via SPPS using Rink amide PS resin at a scale of 0.14 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 69 mg (54 mmol, 39%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 15 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for 4 hours

at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 6.2 mg (4.9 mmol, 9.1%) of 60 in a total yield of

3.5% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (700MHz, DMSO-d6) d 9.01 (s, 1H), 8.86 (s, 1H), 8.25 (s, 1H), 7.51 (d, J = 10.3 Hz, 1H), 7.48 (s, 1H), 7.38 (d, J = 6.9 Hz, 1H),

7.22 (s, 1H), 7.07 (d, J = 13.3 Hz, 1H), 6.94 (s, 1H), 6.69 (d, J = 9.9 Hz, 1H), 5.73 (t, J = 10.0 Hz, 1H), 4.63-4.58 (m, 1H), 4.55-4.50 (m, 1H),

4.41 (s, 1H), 4.27-4.21 (m, 3H), 4.14-4.09 (m, 1H), 4.04 (t, J = 8.9 Hz, 1H), 3.89 (t, J = 10.2 Hz, 1H), 3.83-3.77 (m, 2H), 3.70-3.63 (m, 1H),

3.63-3.56 (m, 2H), 3.51-3.44 (m, 1H), 3.21-3.15 (m, 1H), 2.32-2.19 (m, 3H), 2.11-2.04 (m, 1H), 2.01-1.96 (m, 1H), 1.94-1.82 (m, 8H),

1.81-1.49 (m, 12H), 1.47-1.34 (m, 8H), 1.29-1.21 (m, 2H), 1.19-1.10 (m, 2H), 1.09-0.91 (m, 5H), 0.91-0.70 (m, 36H); LC main peak

retention time: 7.22 min; HRMS (ESI): m/z calculated for [M+H]+: 1264.8028, found: 1264.8015 (–1.0 ppm); calculated for

[M+2H]2+: 632.9050, found: 632.9043 (–1.1 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5845 (–2.2 ppm).

CalB_C3Tle (61)
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The linear precursor peptide of 61 was prepared via SPPS using Rink amide PS resin at a scale of 0.14 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 51 mg (39 mmol, 28%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 15 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for 4 hours

at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 6.4 mg (5.0 mmol, 12.7%) of 61 in a total yield of

3.6% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.00 (d, J = 6.9 Hz, 1H), 8.85 (s, 1H), 8.20 (s, 1H), 7.65 (d, J = 9.6 Hz, 1H), 7.37 (d, J = 7.1 Hz, 1H),

7.16 (d, J = 9.8 Hz, 1H), 6.98 (d, J = 14.3 Hz, 2H), 6.89 (s, 1H), 6.66 (d, J = 9.8 Hz, 1H), 5.63 (t, J = 11.6 Hz, 1H), 5.39 (s, 1H), 4.66-4.56

(m, 1H), 4.55-4.44 (m, 1H), 4.40 (s, 1H), 4.32-4.19 (m, 3H), 4.19-4.10 (m, 1H), 4.08-3.98 (m, 3H), 3.88-3.71 (m, 3H), 3.70-3.55

(m, 4H), 3.33-3.24 (m, 1H), 3.22-3.13 (m, 1H), 3.12-3.04 (m, 1H), 2.35-2.15 (m, 3H), 2.11-2.00 (m, 2H), 1.97-1.81 (m, 8H),

1.77-1.56 (m, 6H), 1.54-1.35 (m, 8H), 1.31-1.20 (m, 1H), 1.19-1.09 (m, 2H), 1.09-0.96 (m, 2H), 0.94-0.71 (m, 45H); LC main peak

retention time: 8.13 min; HRMS (ESI): m/z calculated for [M+H]+: 1280.8341, found: 1280.8334 (–0.5 ppm); calculated for

[M+2H]2+: 640.9207, found: 640.9203(–0.6 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5834 (–3.4 ppm).

CalB_C3Bpa (62)

The linear precursor peptide of 62 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of

0.14 mmol initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acid-

ified with 0.1% TFA), 65 mg (45 mmol, 32%) of the peptide precursor was obtained as a white powder. For the oxidation of

the serine residue and concomitant cyclization, the peptide was dissolved in 15 mL of ACN and 4 equivalents of DMP were

added. The resulting suspension was shaken for 4 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent

B: ACN) to give 3.1 mg (2.2 mmol, 4.8%) of 62 in a total yield of 1.6% (calculated in relation to initial resin capacity) as a

white powder.
1H NMR (400 MHz, DMSO-d6) d 8.98 (s, 1H), 8.80 (s, 1H), 8.18 (s, 1H), 7.66-7.59 (m, 4H), 7.57-7.46 (m, 5H), 7.44-7.38 (m, 2H), 7.35

(d, J = 7.0 Hz, 1H), 7.31 (s, 1H), 7.20 (d, J = 13.3 Hz, 1H), 6.93 (s, 1H), 6.67 (d, J = 10.0 Hz, 1H), 5.78 (t, J = 11.6 Hz, 1H), 5.36 (s, 1H),

4.63-4.57 (m, 1H), 4.56-4.49 (m, 1H), 4.39 (s, 1H), 4.29-4.16 (m, 5H), 4.04 (t, J = 8.7 Hz, 1H), 3.91-3.83 (m, 1H), 3.82 – 3.75 (m, 2H),

3.66 – 3.46 (m, 5H), 3.32 – 3.26 (m, 2H), 3.25 – 3.16 (m, 1H), 3.09 – 3.02 (m, 1H), 2.82 (t, J = 12.8 Hz, 1H), 2.35-2.17 (m, 4H), 2.07 (q, J =

7.0 Hz, 2H), 1.96-1.79 (m, 7H), 1.75-1.49 (m, 6H), 1.46-1.27 (m, 6H), 1.26-0.98 (m, 7H), 0.85-0.67 (m, 30H), 0.47 (d, J = 6.8 Hz, 3H),

0.31 (t, J = 7.3 Hz, 3H); LC main peak retention time: 7.81 min; HRMS (ESI):m/z calculated for [M+H]+: 1418.8446, found: 1418.8438

(–0.6 ppm); calculated for [M+2H]2+: 709.9260, found: 709.9253 (–1.0 ppm); MS2 HRMS (ESI, HCD):m/z calculated for ring fragment

[Mring+H]
+: 940.5866, found: 940.5846 (–2.1 ppm).
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CalA_R2P (63)

The linear precursor peptide of 63was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 36.5 mg (27.2 mmol) of 63 in a total yield of 27.2% (calculated in

relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.94 (d, J = 7.0 Hz, 1H), 8.69 (d, J = 6.8 Hz, 1H), 8.24 (s, 1H), 8.10 (t, J = 6.2 Hz, 1H), 7.48 (d, J =

8.6 Hz, 1H), 7.44 (d, J = 7.0 Hz, 1H), 7.35 (d, J = 13.3 Hz, 1H), 7.29 (d, J = 8.6 Hz, 1H), 7.23-7.16 (m, 3H), 7.16-7.07 (m, 3H), 7.01 (s, 1H),

6.73 (d, J = 9.9 Hz, 1H), 5.84 (dd, J = 13.3, 10.1 Hz, 1H), 4.66-4.55 (m, 2H), 4.32-4.19 (m, 3H), 4.14-4.06 (m, 2H), 4.06-3.99 (m, 1H),

3.93-3.82 (m, 2H), 3.82-3.75 (m, 2H), 3.68-3.54 (m, 3H), 3.53-3.42 (m, 3H), 3.26-3.17 (m, 1H), 3.11 (dd, J = 13.8, 2.9 Hz, 1H), 3.00 (dd,

J = 10.9, 7.0 Hz, 1H), 2.73-2.58 (m, 2H), 2.35-2.17 (m, 4H), 2.06-1.95 (m, 3H), 1.95-1.81 (m, 7H), 1.80-1.72 (m, 2H), 1.71-1.55 (m, 6H),

1.53-1.44 (m, 2H), 1.44-1.33 (m, 3H), 1.28-1.20 (m, 1H), 1.20-1.09 (m, 2H), 1.08-1.00 (m, 1H), 0.95 (d, J = 6.4 Hz, 3H), 0.90-0.75

(m, 24H), 0.73-0.67 (m, 4H), 0.44-0.36 (m, 6H); LC main peak retention time: 8.45 min; HRMS (ESI): m/z calculated for [M+H]+:

1341.8293, found: 1341.8319 (1.9 ppm); calculated for [M+2H]2+: 671.4183, found: 671.4186 (0.4 ppm); MS2 HRMS (ESI, HCD):

m/z calculated for ring fragment [Mring+H]
+: 910.5761, found:910.5755 (–0.7 ppm).

CalA_R3Abu (64)

The linear precursor peptide of 64 was prepared via SPPS using Rink amide PS resin at a scale of 0.14 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 90 mg (66 mmol, 47%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 20 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for 5 hours
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at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 21.1 mg (15.7 mmol, 23.7%) of 64 in a total yield of

11.2% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.83 (d, J = 6.8 Hz, 1H), 8.31 (s, 1H), 8.17-8.08 (m, 2H), 7.55 (d, J = 7.3 Hz, 1H), 7.48 (d, J = 8.7 Hz,

1H), 7.35 (d, J = 13.3 Hz, 1H), 7.28-7.21 (m, 2H), 7.21-7.10 (m, 5H), 7.00-6.95 (m, 1H), 6.76 (d, J = 9.9 Hz, 1H), 5.80-5.70 (m, 1H), 5.37

(d, J = 3.0 Hz, 1H), 4.66 (q, J = 6.9 Hz, 1H), 4.58 (td, J = 10.3, 4.2 Hz, 1H), 4.41 (s, 1H), 4.32-4.20 (m, 4H), 4.12 (t, J = 10.2 Hz, 1H), 4.03

(t, J = 8.7 Hz, 1H), 3.98-3.87 (m, 2H), 3.82-3.68 (m, 3H), 3.61-3.39 (m, 6H), 3.27-3.18 (m, 1H), 3.15-3.07 (m, 1H), 2.68-2.58 (m, 1H),

2.35-2.31 (m, 1H), 2.30-2.21 (m, 2H), 2.14-2.01 (m, 3H), 1.98-1.78 (m, 9H), 1.75-1.53 (m, 9H), 1.45-1.28 (m, 5H), 1.20-0.99 (m, 3H),

0.96 (d, J = 6.5 Hz, 3H), 0.90 (d, J = 6.4 Hz, 3H), 0.86-0.75 (m, 18H), 0.71 (t, J = 7.4 Hz, 3H), 0.42 (t, J = 7.3 Hz, 3H), 0.38 (d, J = 6.8 Hz,

3H); LC main peak retention time: 7.43 min; HRMS (ESI): m/z calculated for [M+H]+: 1343.8086, found: 1343.8087 (0.1 ppm); calcu-

lated for [M+2H]2+: 672.4079, found: 672.4073 (–0.9 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+:

912.5554, found: 912.5527 (–3.0 ppm).

CalA_R3Chg (65)

The linear precursor peptide of 65 was prepared via SPPS using Rink amide PS resin at a scale of 0.14 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 40 mg (28 mmol, 20%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for 5 hours

at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 9.4 mg (6.7 mmol, 23.8%) of 65 in a total yield of

4.8% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.01 (d, J = 7.0 Hz, 1H), 8.83 (d, J = 6.6 Hz, 1H), 8.28 (s, 1H), 8.18 (t, J = 6.1 Hz, 1H), 7.46 (d, J =

8.8 Hz, 1H), 7.42 (d, J = 7.0 Hz, 1H), 7.34 (d, J = 13.3 Hz, 1H), 7.29-7.23 (m, 2H), 7.19-7.09 (m, 5H), 6.97 (s, 1H), 6.71 (d, J = 10.0 Hz,

1H), 5.93-5.82 (m, 1H), 5.38 (d, J = 3.0 Hz, 1H), 4.64-4.55 (m, 2H), 4.40 (s, 1H), 4.30-4.20 (m, 4H), 4.10-4.00 (m, 2H), 3.93 (d, J = 7.2 Hz,

1H), 3.89 (d, J = 7.0 Hz, 1H), 3.81-3.74 (m, 3H), 3.70-3.55 (m, 4H), 3.35-3.25 (m, 1H), 3.24-3.15 (m, 1H), 3.12-3.01 (m, 2H), 2.61 (t, J =

12.9 Hz, 1H), 2.55-2.52 (m, 1H), 2.40-2.19 (m, 4H), 2.12-2.03 (m, 1H), 2.01-1.94 (m, 1H), 1.93-1.80 (m, 8H), 1.79-1.71 (m, 1H),

1.71-1.53 (m, 10H), 1.52-1.33 (m, 7H), 1.22 (s, 1H), 1.19-0.98 (m, 7H), 0.94 (d, J = 6.5 Hz, 3H), 0.87-0.74 (m, 18H), 0.69 (t, J =

7.3 Hz, 3H), 0.42 (t, J = 7.3 Hz, 3H), 0.37 (d, J = 6.8 Hz, 3H); LC main peak retention time: 9.08 min; HRMS (ESI): m/z calculated

for [M+H]+: 1397.8555, found: 1394.8557 (0.1 ppm); calculated for [M+2H]2+: 699.4314, found: 699.4307 (–1.0 ppm); MS2 HRMS

(ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 966.6023, found: 966.6001 (–2.3 ppm).
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CalA_R3Cpg (66)

The linear precursor peptide of 66 was prepared via SPPS using Rink amide PS resin at a scale of 0.14 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 19 mg (14 mmol, 10%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for 6 hours

at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 3.5 mg (2.5 mmol, 18.5%) of 66 in a total yield of

1.0% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.08 (d, J = 6.9 Hz, 1H), 8.76 (d, J = 7.0 Hz, 1H), 8.29 (s, 1H), 8.17 (t, J = 6.2 Hz, 1H), 7.47 (d, J =

8.7 Hz, 1H), 7.42 (d, J = 7.0 Hz, 1H), 7.34 (d, J = 13.3 Hz, 1H), 7.28-7.23 (m, 2H), 7.20-7.09 (m, 5H), 6.99-6.95 (m, 1H), 6.72 (d, J =

10.0 Hz, 1H), 5.91-5.82 (m, 1H), 5.37 (d, J = 3.1 Hz, 1H), 4.65-4.57 (m, 2H), 4.40 (s, 1H), 4.31-4.21 (m, 4H), 4.12-4.01 (m, 2H),

3.96-3.87 (m, 1H), 3.85-3.74 (m, 3H), 3.72-3.66 (m, 1H), 3.63-3.55 (m, 2H), 3.53-3.44 (m, 3H), 3.25-3.16 (m, 1H), 3.13-3.05

(m, 2H), 2.97-2.86 (m, 1H), 2.62 (t, J = 12.9 Hz, 1H), 2.55-2.51 (m, 1H), 2.34-2.20 (m, 3H), 2.10-2.02 (m, 1H), 2.02-1.96 (m, 1H),

1.94-1.82 (m, 8H), 1.79-1.70 (m, 1H), 1.69-1.52 (m, 10H), 1.51-1.35 (m, 7H), 1.27-1.20 (m, 3H), 1.19-1.11 (m, 2H), 1.08-1.00 (m,

1H), 0.95 (d, J = 6.5 Hz, 3H), 0.89-0.75 (m, 18H), 0.70 (t, J = 7.4 Hz, 3H), 0.42 (t, J = 7.3 Hz, 3H), 0.38 (d, J = 6.8 Hz, 3H); LC main

peak retention time: 8.54 min; HRMS (ESI): m/z calculated for [M+H]+: 1383.8399, found: 1383.8401 (0.1 ppm); calculated for

[M+2H]2+: 692.4236, found: 692.4231 (–0.7 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 952.5867,

found: 952.5858 (–0.9 ppm).

CalA_R3L (67)

The linear precursor peptide of 67 was prepared via SPPS using Rink amide PS resin at a scale of 0.14 mmol initial resin capacity.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 26 mg (19 mmol, 13%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the
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peptide was dissolved in 10mL of ACN and 4 equivalents of DMPwere added. The resulting suspension was shaken for 5 hours at RT

and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 6.4 mg (4.7 mmol, 25.4%) of 67 in a total yield of 3.4%

(calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.86 (d, J = 6.9 Hz, 1H), 8.31 (s, 1H), 8.19-8.12 (m, 2H), 7.54 (d, J = 7.3 Hz, 1H), 7.47 (d, J = 8.7 Hz,

1H), 7.34 (d, J = 13.3 Hz, 1H), 7.27-7.21 (m, 2H), 7.20-7.12 (m, 5H), 6.97 (s, 1H), 6.75 (d, J = 9.9 Hz, 1H), 5.82-5.72 (m, 1H), 5.39 (d, J =

3.1 Hz, 1H), 4.65 (q, J = 6.9 Hz, 1H), 4.57 (dd, J = 10.2, 4.1 Hz, 1H), 4.40 (s, 1H), 4.31-4.18 (m, 4H), 4.10 (t, J = 10.2 Hz, 1H), 4.03 (t, J =

8.8 Hz, 1H), 3.97-3.87 (m, 2H), 3.80-3.69 (m, 2H), 3.61-3.48 (m, 5H), 3.37-3.28 (m, 2H), 3.26-3.17 (m, 1H), 3.13-3.06 (m, 1H), 2.61 (t, J =

12.9 Hz, 1H), 2.54-2.51 (m, 1H), 2.35-2.30 (m, 1H), 2.29-2.20 (m, 2H), 2.13-2.03 (m, 2H), 1.97-1.81 (m, 7H), 1.73-1.36 (m, 15H),

1.34-1.25 (m, 1H), 1.22 (s, 1H), 1.20-1.12 (m, 1H), 1.11-0.99 (m, 2H), 0.95 (d, J = 6.5 Hz, 3H), 0.90-0.73 (m, 24H), 0.70 (t, J =

7.4 Hz, 3H), 0.42 (t, J = 7.3 Hz, 3H), 0.37 (d, J = 6.8 Hz, 3H); LC main peak retention time: 8.11 min; HRMS (ESI): m/z calculated

for [M+H]+: 1371.8399, found: 1371.8404 (0.4 ppm); calculated for [M+2H]2+: 686.4236, found: 686.4233 (–0.4 ppm); MS2 HRMS

(ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866, found: 940.5856 (–1.1 ppm).

CalA_R3F (68)

The linear precursor peptide of 68was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 7.2 mg (5.1 mmol) of 68 in a total yield of 5.1% (calculated in relation

to initial resin capacity) as a white powder.

LCmain peak retention time: 8.15 min; HRMS (ESI):m/z calculated for [M+H]+: 1405.8242, found: 1405.8247 (0.4 ppm); calculated

for [M+2H]2+: 703.4158, found: 703.4160 (0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 974.5710,

found: 974.5698 (–1.2 ppm).
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CalA_R5D (69)

The linear precursor peptide of 69was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 4.7 mg (3.5 mmol) of 69 in a total yield of 3.5% (calculated in relation

to initial resin capacity) as a white powder.

LCmain peak retention time: 5.28 min; HRMS (ESI):m/z calculated for [M+H]+: 1359.7671, found: 1359.7677 (0.4 ppm); calculated

for [M+2H]2+: 680.3872, found: 680.3870 (–0.3 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 928.5138,

found: 928.5136 (–0.2 ppm).

CalA_R8W (70)

The linear precursor peptide of 70was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 6.2 mg (4.3 mmol) of 70 in a total yield of 4.3% (calculated in relation

to initial resin capacity) as a white powder.

LCmain peak retention time: 6.79 min; HRMS (ESI):m/z calculated for [M+H]+: 1430.8195, found: 1430.8207 (0.8 ppm); calculated

for [M+2H]2+: 715.9134, found: 715.9127 (–1.0 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 999.5662,

found: 999.5626 (–3.6 ppm).
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CalA_R8V (71)

The linear precursor peptide of 71was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 9.2 mg (6.8 mmol) of 71 in a total yield of 6.8% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.96 (s, 1H), 8.80 (s, 1H), 8.36 (s, 1H), 8.10 (t, J = 6.1 Hz, 1H), 7.53 (d, J = 8.3 Hz, 1H), 7.37 (d, J =

6.5 Hz, 1H), 7.31 (d, J = 13.3 Hz, 1H), 7.28-7.13 (m, 7H), 6.95 (s, 1H), 6.69 (d, J = 9.9 Hz, 1H), 5.73 (dd, J = 14.1, 9.9 Hz, 1H), 5.37 (d, J =

3.1 Hz, 1H), 4.55 (td, J = 10.3, 5.0 Hz, 2H), 4.40 (s, 1H), 4.30-4.20 (m, 4H), 4.07-3.97 (m, 2H), 3.90 (dd, J = 16.5, 7.2 Hz, 1H), 3.79-3.71

(m, 4H), 3.66-3.52 (m, 3H), 3.48 (dd, J = 16.7, 5.1 Hz, 1H), 3.26-3.16 (m, 2H), 3.12 (dd, J = 13.7, 3.1 Hz, 1H), 3.03-2.95 (m, 1H),

2.69-2.57 (m, 2H), 2.47-2.38 (m, 1H), 2.32-2.21 (m, 3H), 2.12-2.04 (m, 2H), 2.01-1.96 (m, 1H), 1.96-1.86 (m, 5H), 1.86-1.76

(m, 2H), 1.76-1.60 (m, 3H), 1.55 (td, J = 13.5, 6.6 Hz, 2H), 1.49-1.32 (m, 4H), 1.27-1.17 (m, 2H), 1.17-1.02 (m, 2H), 0.99

(d, J = 7.2 Hz, 3H), 0.97 (d, J = 6.9 Hz, 3H), 0.89 (d, J = 6.6 Hz, 3H), 0.87 (d, J = 6.5 Hz, 3H), 0.84-0.74 (m, 15H), 0.74-0.69 (m,

4H), 0.41 (t, J = 7.3 Hz, 3H), 0.38 (d, J = 6.8 Hz, 3H); LC main peak retention time: 7.69 min; HRMS (ESI): m/z calculated for

[M+H]+: 1343.8086, found: 1343.8092 (0.4 ppm); calculated for [M+2H]2+: 672.9096, found: 672.9101 (0.7 ppm); MS2 HRMS (ESI,

HCD): m/z calculated for ring fragment [Mring+H]
+: 912.5553, found: 912.5564 (1.2 ppm).

CalA_C3L (72)

The linear precursor peptide of 72was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then
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dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 6.3 mg (4.8 mmol) of 72 in a total yield of 4.8% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.04 (d, J = 6.8 Hz, 1H), 8.83 (d, J = 5.8 Hz, 1H), 8.29 (d, J = 6.4 Hz, 1H), 8.28 (s, 1H), 7.46 (d, J =

6.9 Hz, 1H), 7.43 (d, J = 8.1 Hz, 1H), 7.35 (d, J = 6.5 Hz, 1H), 7.32 (d, J = 3.1 Hz, 1H), 7.19 (s, 1H), 6.91 (s, 1H), 6.63 (d, J = 10.1 Hz, 1H),

5.81 (dd, J = 12.9, 9.8 Hz, 1H), 5.36 (d, J = 3.0 Hz, 1H), 4.66-4.54 (m, 2H), 4.40 (s, 1H), 4.29-4.16 (m, 4H), 4.15-4.07 (m, 2H), 4.07-4.01

(m, 1H), 3.92 (dd, J = 16.2, 7.1 Hz, 1H), 3.79 (dd, J = 8.5, 6.6 Hz, 1H), 3.76-3.66 (m, 2H), 3.65-3.55 (m, 2H), 3.54-3.45 (m, 2H), 3.40 (dd,

J = 16.2, 5.1 Hz, 1H), 3.22-3.12 (m, 1H), 3.01-2.94 (m, 1H), 2.71-2.62 (m, 1H), 2.35-2.29 (m, 1H), 2.28-2.19 (m, 2H), 2.12-2.04 (m, 2H),

2.03-1.96 (m, 1H), 1.95-1.80 (m, 7H), 1.76-1.66 (m, 3H), 1.66-1.55 (m, 3H), 1.54-1.37 (m, 8H), 1.30-1.22 (m, 2H), 1.21-1.09 (m, 1H),

1.02-0.93 (m, 1H), 0.89 (d, J = 5.1 Hz, 3H), 0.88-0.79 (m, 30H), 0.78 (d, J = 3.8 Hz, 3H), 0.76 (d, J = 3.8 Hz, 3H), 0.75-0.70 (m, 3H); LC

main peak retention time: 7.45 min; HRMS (ESI): m/z calculated for [M+H]+: 1323.8399, found: 1323.8419 (1.5 ppm); calculated for

[M+2H]2+: 662.4236, found: 662.4237 (0.2 ppm);MS2HRMS (ESI, HCD):m/z calculated for ring fragment [Mring+H]
+: 926.5710, found:

926.5701 (–1.0 ppm).

CalA_C3I (73)

The linear precursor peptide of 73was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.3 mg (1.7 mmol) of 73 in a total yield of 1.7% (calculated in relation

to initial resin capacity) as a white powder.

LCmain peak retention time: 7.53 min; HRMS (ESI):m/z calculated for [M+H]+: 1323.8399, found: 1323.8405 (0.5 ppm); calculated

for [M+2H]2+: 662.4236, found: 662.4233 (–0.5 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 926.5710,

found: 926.5721 (1.2 ppm).
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CalA_C3X (74)

The linear precursor peptide of 74was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 8.8 mg (7.6 mmol) of 74 in a total yield of 7.6% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.95 (s, 1H), 8.77 (s, 1H), 8.06 (s, 1H), 7.47 (d, J = 9.1 Hz, 1H), 7.42 (d, J = 6.8 Hz, 1H), 7.15 (d, J =

12.9 Hz, 1H), 7.05 (s, 1H), 6.81 (s, 1H), 6.74 (d, J = 9.9 Hz, 1H), 5.56 (dd, J = 12.9, 10.2 Hz, 1H), 5.36 (d, J = 3.1 Hz, 1H), 4.61 (q, J =

6.7 Hz, 1H), 4.51-4.43 (m, 1H), 4.39 (s, 1H), 4.33 (dd, J = 9.4, 7.5 Hz, 1H), 4.27-4.21 (m, 1H), 4.04 (t, J = 9.0 Hz, 1H), 3.99 (dd, J = 9.1,

6.3 Hz, 1H), 3.94 (t, J = 9.7 Hz, 1H), 3.83 (t, J = 7.5 Hz, 1H), 3.78 (d, J = 11.4 Hz, 1H), 3.67 (dd, J = 10.9, 3.5 Hz, 1H), 3.64-3.54 (m, 2H),

3.54-3.43 (m, 2H), 3.29-3.23 (m, 1H), 3.21-3.13 (m, 1H), 3.07-2.97 (m, 1H), 2.69-2.58 (m, 1H), 2.32-2.15 (m, 3H), 2.12-2.04 (m, 1H),

2.02-1.98 (m, 1H), 1.97-1.84 (m, 7H), 1.80-1.69 (m, 4H), 1.66-1.58 (m, 3H), 1.56-1.37 (m, 7H), 1.36-1.27 (m, 1H), 1.22-1.10 (m, 1H),

1.08-0.94 (m, 2H), 0.92-0.89 (m, 9H), 0.86-0.79 (m, 27H); LC main peak retention time: 6.46 min; HRMS (ESI): m/z calculated for

[M+H]+: 1153.7343, found: 1153.7338 (–0.4 ppm); calculated for [M+2H]2+: 577.3708, found: 577.3702 (–1.0 ppm); MS2 HRMS

(ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 926.5710, found: 926.5721 (1.2 ppm).

CalA_C4Aha (75)

The linear precursor peptide of 75was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 8.2 mg (5.7 mmol) of 75 in a total yield of 5.7% (calculated in relation

to initial resin capacity) as a white powder.
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1H NMR (400 MHz, DMSO-d6) d 9.00 (s, 1H), 8.77 (s, 1H), 8.15 (s, 1H), 7.68 (d, J = 7.2 Hz, 1H), 7.45 (d, J = 8.1 Hz, 1H), 7.40 (d, J =

8.4 Hz, 1H), 7.35 (d, J = 7.2 Hz, 1H), 7.26-7.18 (m, 3H), 7.14-7.02 (m, 4H), 6.77 (s, 1H), 6.72 (d, J = 9.7 Hz, 1H), 5.77 (dd, J = 12.9,

10.0 Hz, 1H), 5.37 (d, J = 3.0 Hz, 1H), 4.64 (q, J = 6.9 Hz, 1H), 4.56 (dd, J = 9.9, 5.0 Hz, 1H), 4.39 (s, 1H), 4.31-4.24 (m, 2H),

4.22-4.12 (m, 3H), 4.10-4.01 (m, 1H), 3.85-3.70 (m, 4H), 3.64 (dd, J = 11.1, 3.5 Hz, 1H), 3.61-3.53 (m, 2H), 3.52-3.44 (m, 4H), 3.24

(td, J = 11.0, 6.0 Hz, 1H), 3.15 (dd, J = 13.3, 3.0 Hz, 1H), 2.99 (dd, J = 10.9, 6.8 Hz, 1H), 2.84-2.73 (m, 1H), 2.71-2.55 (m, 1H),

2.34-2.19 (m, 3H), 2.12-2.05 (m, 1H), 2.04-1.97 (m, 2H), 1.96-1.81 (m, 9H), 1.79-1.68 (m, 4H), 1.66-1.54 (m, 3H), 1.51-1.41

(m, 1H), 1.39-1.32 (m, 1H), 1.30-1.21 (m, 2H), 1.18-1.05 (m, 5H), 0.96 (d, J = 6.8 Hz, 3H), 0.91 (d, J = 6.5 Hz, 3H), 0.88 (d, J =

6.6 Hz, 6H), 0.85-0.74 (m, 15H), 0.70 (t, J = 7.4 Hz, 3H), 0.59-0.52 (m, 1H), 0.50 (d, J = 6.8 Hz, 3H), 0.26 (t, J = 7.4 Hz, 3H); LC

main peak retention time: 8.40 min; HRMS (ESI): m/z calculated for [M+H]+: 1426.8569, found: 1426.8575 (0.4 ppm); calculated

for [M+2H]2+: 713.9321, found: 713.9322 (0.1 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+:

926.5710, found: 926.5727 (1.8 ppm).

CalA_C4X (76)

The linear precursor peptide of 76was prepared via SPPS using Rink amide PS resin at a scale of 0.1mmol initial resin capacity and

purified by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). The obtained peptide was then

dissolved in 10 mL of ACN and 4 equivalents DMP were added. The resulting suspension was shaken for one hour at RT and imme-

diately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.9 mg (1.5 mmol) of 76 in a total yield of 1.5% (calculated in relation

to initial resin capacity) as a white powder.
1H NMR (400MHz, DMSO-d6) d 9.02 (s, 1H), 8.82 (s, 1H), 8.27 (s, 1H), 7.45 (d, J = 9.0 Hz, 2H), 7.39 (d, J = 7.4 Hz, 1H), 7.22-7.18 (m,

3H), 7.15 (d, J = 7.8 Hz, 1H), 7.14-7.08 (m, 4H), 6.73 (d, J = 9.6 Hz, 1H), 5.86-5.77 (m, 1H), 5.38 (d, J = 3.0 Hz, 1H), 4.66-4.55 (m, 2H),

4.41 (s, 1H), 4.30-4.17 (m, 4H), 4.06 (t, J = 8.2 Hz, 1H), 3.88 (t, J = 10.5 Hz, 1H), 3.84-3.77 (m, 3H), 3.68-3.63 (m, 1H), 3.62-3.55 (m, 2H),

3.53-3.44 (m, 2H), 3.24-3.16 (m, 2H), 3.02-2.94 (m, 1H), 2.70-2.61 (m, 1H), 2.56 (t, J = 12.7 Hz, 1H), 2.33-2.20 (m, 3H), 2.13-2.05

(m, 1H), 2.02-1.97 (m, 1H), 1.96-1.84 (m, 7H), 1.82-1.68 (m, 3H), 1.66-1.54 (m, 4H), 1.54-1.46 (m, 2H), 1.44-1.32 (m, 3H),

1.30-1.21 (m, 3H), 1.14-1.01 (m, 2H), 0.94 (d, J = 6.6 Hz, 3H), 0.90-0.77 (m, 24H), 0.74-0.70 (m, 1H), 0.67 (t, J = 7.4 Hz, 3H), 0.48

(t, J = 7.2 Hz, 3H), 0.33 (d, J = 6.8 Hz, 3H); LC main peak retention time: 6.98 min; HRMS (ESI): m/z calculated for [M+H]+:

1300.8028, found: 1300.8048 (1.5 ppm); calculated for [M+2H]2+: 650.9050, found: 950.9052 (0.3 ppm); MS2 HRMS (ESI, HCD):

m/z calculated for ring fragment [Mring+H]
+: 926.5710, found: 926.5722 (1.3 ppm).
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CalB_R2Oic_R3Chg (77)

The linear precursor peptide of 77 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

72 mg (52 mmol, 52%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 15 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 3.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 4.1 mg (3.0 mmol, 5.8%) of 77 in

a total yield of 3.0% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (700MHz, DMSO-d6) d 8.85 (d, J = 7.0 Hz, 1H), 8.58 (d, J = 6.6 Hz, 1H), 8.26 (s, 1H), 7.62 – 7.55 (m, 2H), 7.30 (d, J = 9.6 Hz,

1H), 7.12 (d, J = 13.4 Hz, 1H), 7.05 (s, 1H), 7.03 (s, 1H), 6.66 (d, J = 10.0 Hz, 1H), 5.58 (dd, J = 13.4, 10.0 Hz, 1H), 4.59 (q, J = 6.7 Hz, 1H),

4.53 (td, J = 10.3, 3.8 Hz, 1H), 4.27 (dd, J = 10.0, 7.7 Hz, 1H), 4.23 (t, J = 7.9 Hz, 1H), 4.17 (dd, J = 9.6, 5.1 Hz, 1H), 4.13-4.06 (m, 2H),

4.04 (dt, J = 12.4, 6.5 Hz, 1H), 3.95 (t, J = 8.8 Hz, 1H), 3.81 (t, J = 10.2 Hz, 1H), 3.73 (dd, J = 9.5, 6.6 Hz, 1H), 3.60-3.51 (m, 2H),

3.51-3.45 (m, 1H), 3.45-3.41 (m, 1H), 3.28 (dt, J = 10.2, 7.0 Hz, 1H), 3.18 (td, J = 10.9, 5.8 Hz, 1H), 3.07 (dd, J = 11.1, 7.0 Hz, 1H),

2.49-2.44 (m, 2H), 2.34-2.30 (m, 1H), 2.29-2.25 (m, 1H), 2.25-2.19 (m, 1H), 2.03-1.96 (m, 2H), 1.93-1.83 (m, 7H), 1.82-1.78

(m, 1H), 1.77-1.72 (m, 2H), 1.71-1.64 (m, 7H), 1.63-1.55 (m, 5H), 1.54-1.40 (m, 9H), 1.31-1.18 (m, 7H), 1.17-1.10 (m, 3H),

1.06-0.99 (m, 2H), 0.94-0.90 (m, 1H), 0.90-0.86 (m, 12H), 0.86-0.85 (m, 1H), 0.84-0.77 (m, 18H), 0.75 (t, J = 6.4 Hz, 3H), 0.73 (t,

J = 6.0 Hz, 3H); 13C NMR (176 MHz, DMSO-d6) d 173.0, 172.8, 172.8, 172.4, 171.9, 171.5, 171.4, 171.4, 171.3, 171.2, 171.2,

167.2, 142.3, 98.1, 64.8, 63.9, 63.8, 62.5, 61.2, 61.1, 59.8, 58.1, 57.4, 57.3, 50.0, 49.2, 48.7, 47.1, 46.1, 41.1, 40.4, 37.5, 36.8,

36.3, 36.2, 35.8, 29.7, 29.5, 29.0, 28.5, 26.3, 25.8, 25.6, 25.2, 25.1, 25.1, 25.0, 24.9, 24.8, 24.6, 24.0, 23.6, 23.5, 23.1, 22.7, 22.2,

20.9, 19.4, 15.8, 15.7, 15.1, 11.5, 11.0, 10.8, 9.5; LC main peak retention time: 17.11 min; HRMS (ESI): m/z calculated for [M+H]+:

1344.9017, found: 1344.9020 (0.2 ppm); calculated for [M+2H]2+: 672.9545, found: 972.9536 (–1.3 ppm); MS2 HRMS (ESI, HCD):

m/z calculated for ring fragment [Mring+H]
+: 1004.6543, found: 1004.6513 (–3.0 ppm).

CalB_R3Pra (78)
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The linear precursor peptide of 78 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

42 mg (33 mmol, 33%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 8 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 3 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 9.2 mg (7.3 mmol, 22.3%) of

78 in a total yield of 7.3% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.13 (d, J = 6.8 Hz, 1H), 8.30 (s, 1H), 7.80 (d, J = 9.0 Hz, 1H), 7.60 (d, J = 10.0 Hz, 1H), 7.49 (d, J =

7.6 Hz, 1H), 7.23 (d, J = 9.7 Hz, 1H), 7.14 (s, 1H), 7.07 (d, J = 13.2 Hz, 1H), 6.97 (s, 1H), 6.68 (d, J = 9.9 Hz, 1H), 5.62-5.50 (m, 1H), 5.40

(d, J = 3.1 Hz, 1H), 4.75-4.64 (m, 1H), 4.56-4.46 (m, 1H), 4.42 (s, 1H), 4.33-4.21 (m, 3H), 4.19-4.13 (m, 1H), 4.12-4.06 (m, 1H), 4.05-3.95

(m, 3H), 3.77-3.69 (m, 2H), 3.62-3.44 (m, 4H), 3.39-3.33 (m, 1H), 3.23-3.13 (m, 1H), 3.09-2.99 (m, 1H), 2.97-2.93 (m, 1H), 2.78-2.69

(m, 1H), 2.41-2.32 (m, 1H), 2.31-2.17 (m, 2H), 2.12-2.01 (m, 2H), 2.01-1.75 (m, 8H), 1.74-1.55 (m, 6H), 1.54-1.33 (m, 8H), 1.28-1.21

(m, 1H), 1.19-0.96 (m, 5H), 0.95-0.69 (m, 36H); LC main peak retention time: 7.15 min; HRMS (ESI): m/z calculated for [M+H]+:

1262.7871, found: 1262.7857 (–1.1 ppm); calculated for [M+2H]2+: 631.8972, found: 631.8963 (–1.4 ppm); MS2 HRMS (ESI, HCD):

m/z calculated for ring fragment [Mring+H]
+: 922.5397, found: 922.5377 (–2.2 ppm).

CalB_R4Pra (79)

The linear precursor peptide of 79 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

29 mg (23 mmol, 23%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 2.6 mg (2.1 mmol, 9.1%) of

79 in a total yield of 2.1% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.81 (s, 1H), 8.73 (s, 1H), 8.30 (s, 1H), 7.59 (d, J = 9.9 Hz, 1H), 7.55 (d, J = 7.0 Hz, 1H), 7.23 (d, J =

9.6 Hz, 1H), 7.14 (s, 1H), 7.07 (d, J = 13.3 Hz, 1H), 6.96 (d, J = 2.8 Hz, 1H), 6.67 (d, J = 9.7 Hz, 1H), 5.70-5.60 (m, 1H), 5.45-5.33 (m, 1H),

4.63-4.56 (m, 1H), 4.56-4.48 (m, 1H), 4.42 (s, 1H), 4.28-4.18 (m, 3H), 4.17-4.10 (m, 1H), 4.10-4.01 (m, 3H), 3.98-3.89 (m, 1H), 3.78-3.67

(m, 2H), 3.61-3.48 (m, 4H), 3.34-3.28 (m, 1H), 3.23-3.13 (m, 2H), 2.98-2.94 (m, 1H), 2.60-2.53 (m, 1H), 2.33-2.20 (m, 3H), 2.11-1.97

(m, 2H), 1.95-1.84 (m, 8H), 1.73-1.56 (m, 6H), 1.51-1.39 (m, 8H), 1.24 (s, 1H), 1.17-0.95 (m, 5H), 0.90-0.76 (m, 36H); LC main peak

retention time: 5.80 min; HRMS (ESI): m/z calculated for [M+H]+: 1262.7871, found: 1262.7861 (–0.8 ppm); MS2 HRMS (ESI,

HCD): m/z calculated for ring fragment [Mring+H]
+: 922.5397, found: 922.5407 (1.1 ppm).
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CalB_R7Pra (80)

The linear precursor peptide of 80 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

40 mg (31 mmol, 22%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.7 mg (1.3 mmol, 4.3%) of 80 in a

total yield of 0.9% (calculated in relation to initial resin capacity) as a white powder.

LC main peak retention time: 7.61 min; HRMS (ESI): m/z calculated for [M+H]+: 1278.8184, found: 1278.8171 (–1.0 ppm); MS2

HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 938.5710, found: 938.5712 (0.2 ppm).

CalB_C3Pra (81)

The linear precursor peptide of 81 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

43 mg (33 mmol, 33%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.9 mg (1.5 mmol, 4.5%) of

81 in a total yield of 1.5% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 8.99 (d, J = 7.0 Hz, 1H), 8.85 (d, J = 6.5 Hz, 1H), 8.35 (s, 1H), 7.78 (d, J = 8.7 Hz, 1H), 7.44-7.35

(m, 3H), 7.16 (s, 1H), 7.08 (d, J = 13.4 Hz, 1H), 6.70 (d, J = 9.8 Hz, 1H), 5.83-5.70 (m, 1H), 5.40 (d, J = 3.1 Hz, 1H), 4.64-4.49 (m, 2H),

4.41 (s, 1H), 4.28-4.19 (m, 5H), 4.18-4.12 (m, 1H), 4.06-4.00 (m, 1H), 3.91-3.84 (m, 1H), 3.82-3.75 (m, 2H), 3.70-3.56 (m, 4H),

3.52-3.45 (m, 1H), 3.23-3.13 (m, 1H), 3.12-3.03 (m, 1H), 2.73-2.68 (m, 1H), 2.68-2.59 (m, 1H), 2.31-2.18 (m, 3H), 2.14-2.04

(m, 2H), 1.99-1.77 (m, 8H), 1.71-1.48 (m, 6H), 1.47-1.32 (m, 8H), 1.31-1.21 (m, 1H), 1.19-0.99 (m, 5H), 0.92-.72 (m, 36H); LC
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main peak retention time: 6.81 min; HRMS (ESI): m/z calculated for [M+H]+: 1262.7871, found: 1262.7865 (–0.5 ppm); calculated

for [M+2H]2+: 631.8972, found: 631.8967 (–0.8 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+:

940.5866, found: 940.5854 (–1.3 ppm).

CalB_C4Pra (82)

The linear precursor peptide of 82 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.2 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

130mg (93 mmol, 46%) of the peptide precursor was obtained as awhite powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 20 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 4 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 25.3 mg (18.4 mmol, 19.7%) of 82

in a total yield of 9.0% (calculated in relation to initial resin capacity) as a white powder.
1H NMR (700 MHz, DMSO-d6) d 9.01 (s, 1H), 8.85 (s, 1H), 8.17 (s, 1H), 8.10 (d, J = 8.3 Hz, 1H), 7.47 (d, J = 8.7 Hz, 1H), 7.36 (d, J =

7.0 Hz, 1H), 7.26 (d, J = 7.7 Hz, 1H), 7.22 (s, 1H), 6.98 (d, J = 13.1 Hz, 1H), 6.70 (s, 1H), 6.63 (d, J = 9.9 Hz, 1H), 5.71 (dd, J = 13.3,

10.1 Hz, 1H), 4.62 (q, J = 6.8 Hz, 1H), 4.52 (td, J = 9.9, 4.9 Hz, 1H), 4.41 (s, 1H), 4.29-4.22 (m, 4H), 4.04 (t, J = 9.0 Hz, 1H), 3.99 (dd, J =

8.7, 7.3 Hz, 1H), 3.89 (t, J = 8.4 Hz, 1H), 3.80 (t, J = 7.5 Hz, 1H), 3.68-3.66 (m, 2H), 3.66-3.56 (m, 4H), 3.32-3.28 (m, 1H), 3.23-3.18

(m, 1H), 3.09-3.05 (m, 1H), 2.85 (t, J = 2.6 Hz, 1H), 2.71-2.67 (m, 1H), 2.56 (ddd, J = 16.9, 10.0, 2.6 Hz, 1H), 2.32-2.27 (m, 1H),

2.25-2.19 (m, 2H), 2.09-2.05 (m, 1H), 2.02-1.94 (m, 2H), 1.93-1.83 (m, 6H), 1.81-1.68 (m, 4H), 1.65-1.57 (m, 4H), 1.57-1.50 (m,

3H), 1.49-1.36 (m, 6H), 1.30-1.25 (m, 1H), 1.23 (s, 1H), 1.22-1.17 (m, 1H), 1.16-1.09 (m, 2H), 1.07-1.00 (m, 1H), 0.94-0.90 (m, 1H),

0.90-0.88 (m, 9H), 0.86 (d, J = 6.6 Hz, 3H), 0.85-0.80 (m, 24H), 0.78 (d, J = 6.7 Hz, 3H), 0.71 (t, J = 7.4 Hz, 3H); 13C NMR (176

MHz, DMSO-d6) d 173.4, 172.7, 172.2, 172.2, 172.2, 171.9, 171.8, 171.5, 171.4, 171.2, 171.1, 167.3, 161.7, 141.4, 99.3, 81.7,

72.2, 68.8, 65.4, 64.0, 62.6, 61.7, 60.0, 59.4, 58.8, 58.2, 56.7, 52.4, 50.2, 49.2, 48.7, 47.0, 46.2, 41.2, 40.9, 38.1, 37.5, 36.2, 35.7,

35.4, 32.5, 29.6, 28.5, 26.3, 25.7, 25.6, 25.1, 24.9, 24.7, 24.6, 24.0, 23.2, 22.5, 22.1, 21.4, 21.3, 15.6, 15.4, 15.3, 15.3, 14.5, 14.0,

11.3, 11.2, 10.5, 10.3, 9.9; LC main peak retention time: 8.41 min; HRMS (ESI): m/z calculated for [M+H]+: 1375.8712, found:

1375.8708 (–0.3 ppm); calculated for [M+2H]2+: 688.4392, found: 688.4384 (–1.2 ppm); MS2 HRMS (ESI, HCD): m/z calculated for

ring fragment [Mring+H]
+: 940.5866, found: 940.5852 (–1.5 ppm).
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CalB_C5Pra (83)

The linear precursor peptide of 83 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

48 mg (31 mmol, 31%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 10 mL of ACN and 3 equivalents of DMP were added. The resulting suspension was

shaken for 2.5 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 6.6 mg (4.3 mmol, 13.9%) of 83

in a total yield of 4.3% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 7.42min; HRMS (ESI):m/z calculated for [M+H]+: 1520.9451, found: 1520.9440 (–0.7 ppm); calculated

for [M+2H]2+: 760.9762, found: 760.9751 (–1.4 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 940.5866,

found: 940.5825 (–4.4 ppm).

CalB_R3phLeu (84)

The linear precursor peptide of 84was prepared viamicrowave-assisted SPPS up to the R2 position using Rink amide PS resin at a

scale of 0.1 mmol initial resin capacity. The loading of the resin was quantified through a spectrometric Fmoc-Test and a manual

coupling of photo-leucine was performed using 4 equivalents of amino acid combinedwith 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetrame-

thyluronium hexafluoro-phosphate (HBTU) and hydroxybenzotriazole (HOBt) (each 4 equivalents) as well as 5 equivalents of DIPEA in

10 mL DMF by shaking the suspension over night at room temperature. The resin was then thoroughly washed with DMF and a sec-

ond round of microwave-assisted SPPS was performed for completion of the peptide sequence. After purification by HPLC (solvent

A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 38 mg (27 mmol, 27%) of the peptide precursor was ob-

tained as a white powder. For the oxidation of the serine residue and concomitant cyclization, 36mg of peptide was dissolved in 5mL
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of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for 4.5 hours at RT and immediately purified by

HPLC (solvent A: H2O; solvent B: ACN) to give 11.8 mg (8.5 mmol, 33.6%) of 84 in a total yield of 8.5% (calculated in relation to initial

resin capacity) as a white powder.
1H NMR (400 MHz, DMSO-d6) d 9.13 (d, J = 6.4 Hz, 1H), 8.19 (s, 1H), 8.06 (d, J = 8.2 Hz, 1H), 7.88 (d, J = 8.6 Hz, 1H), 7.51 (d, J =

8.8 Hz, 1H), 7.49 (d, J = 7.4 Hz, 1H), 7.26 (d, J = 7.9 Hz, 1H), 7.21 (s, 1H), 7.00 (d, J = 13.1 Hz, 1H), 6.74 (s, 1H), 6.67 (d, J = 10.2 Hz, 1H),

5.60 (dd, J = 13.1, 10.2 Hz, 1H), 5.43 (d, J = 3.0 Hz, 1H), 4.67 (q, J = 7.0 Hz, 1H), 4.52-4.46 (m, 1H), 4.45 (s, 1H), 4.36-4.31 (m, 1H),

4.31-4.21 (m, 3H), 4.07-3.95 (m, 3H), 3.92 (t, J = 8.3 Hz, 1H), 3.79-3.73 (m, 1H), 3.72-3.64 (m, 2H), 3.63-3.51 (m, 5H), 3.50-3.44 (m, 1H),

3.27-3.18 (m, 1H), 2.85 (t, J = 2.6 Hz, 1H), 2.73-2.65 (m, 1H), 2.60-2.52 (m, 1H), 2.42-2.31 (m, 1H), 2.27-2.17 (m, 3H), 2.11-2.02 (m, 3H),

2.01-1.93 (m, 4H), 1.92-1.83 (m, 2H), 1.81-1.76 (m, 1H), 1.75-1.70 (m, 1H), 1.70-1.54 (m, 7H), 1.52-1.40 (m, 5H), 1.39-1.33 (m, 2H),

1.25-1.13 (m, 2H), 1.10-1.04 (m, 1H), 1.02 (s, 3H), 1.00-0.95 (m, 1H), 0.92 (d, J = 6.3 Hz, 3H), 0.90 (d, J = 6.3 Hz, 3H), 0.88 (d, J = 6.6 Hz,

3H), 0.86-0.79 (m, 21H), 0.79-0.77 (m, 1H), 0.76-0.70 (m, 6H); LC main peak retention time: 8.00 min; HRMS (ESI):m/z calculated for

[M+H]+: 1387.8460, found: 1387.8449 (–0.8 ppm); calculated for [M+2H]2+: 694.4267, found: 694.4256 (–1.6 ppm); MS2 HRMS (ESI,

HCD): m/z calculated for ring fragment [Mring+H]
+: 952.5615, found: 952.5581 (–3.6 ppm).

CalB_R5phLeu (85)

The linear precursor peptide of 85 was prepared via microwave-assisted SPPS using Rink amide PS resin at a scale of 0.1 mmol

initial resin capacity. After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA),

42 mg (30 mmol, 30%) of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concom-

itant cyclization, the peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was

shaken for 2 hours at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 11.2 mg (8.1 mmol, 26.8%) of

85 in a total yield of 8.1% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 8.32min; HRMS (ESI):m/z calculated for [M+H]+: 1387.8460, found: 1387.8451 (–0.6 ppm); calculated

for [M+2H]2+: 694.4267, found: 694.4267 (–2.7 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 952.5615,

found: 952.5582 (–3.5 ppm).
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CalB_R8phLeu (86)

The linear precursor peptide of 86was prepared viamicrowave-assisted SPPS up to the R2 position using Rink amide PS resin at a

scale of 0.1 mmol initial resin capacity. The loading of the resin was quantified through a spectrometric Fmoc-Test and a manual

coupling of photo-leucine was performed using 4 equivalents of amino acid combined with HBTU and HOBt (each 4 equivalents)

as well as 5 equivalents of DIPEA in 10 mL DMF by shaking the suspension over night at room temperature. The resin was then thor-

oughly washed with DMF and a second round of microwave-assisted SPPS was performed for completion of the peptide sequence.

After purification by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA), 19 mg (13 mmol, 13%)

of the peptide precursor was obtained as a white powder. For the oxidation of the serine residue and concomitant cyclization, the

peptide was dissolved in 5 mL of ACN and 4 equivalents of DMP were added. The resulting suspension was shaken for 6.5 hours

at RT and immediately purified by HPLC (solvent A: H2O; solvent B: ACN) to give 1.4 mg (1.0 mmol, 7.6%) of 86 in a total yield of

1.0% (calculated in relation to initial resin capacity) as a white powder.

LCmain peak retention time: 8.13min; HRMS (ESI):m/z calculated for [M+H]+: 1387.8460, found: 1387.8451 (–0.6 ppm); calculated

for [M+2H]2+: 694.4267, found: 694.4256 (–1.6 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [Mring+H]
+: 952.5615,

found: 952.5597 (–1.9 ppm).

CalB_C4Pra(Cy3) (87)
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For the copper-catalyzed azide-alkyne cycloaddition (CuAAC), 12.2mg of 82were dissolved in 1 mL of ACN and 1.8 equivalents of

Cy3-azide, 0.4 eq. Tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amin) (TBTA) as well as 4 eq. of DIPEA were added. To start the reac-

tion, 0.6 eq. of CuI were added. Immediately, the micro reaction vessel was flooded with argon and the mixture was shaken for 26

hours at room temperature. Another 0.1 equivalents of CuI were added and shaking was continued overnight. The crude product was

purified by HPLC (solvent A: H2O, acidifiedwith 0.1%TFA; solvent B: ACN, acidifiedwith 0.1%TFA) to give 13.3mg (6.4 mmol) of 87 in

a total yield of 72% as a deep purple powder.

LC main peak retention time: 6.04 min; HRMS (ESI):m/z calculated for M+: 1971.2792, found: 1971.2798 (0.3 ppm); calculated for

[M++H]2+: 986.1432, found: 986.1426 (–0.6 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [M+
ring+H]

+: 940.5866,

found: 940.5839 (–2.9 ppm).

CalB_C4Pra(Rhodamine) (88)

For CuAAC, 1.0 mg of 5/6-Carboxy-rhodamine-azide (CLK-AZ105, Jena Bioscience) was dissolved in 300 mL ACN and 1.6 eq. of

82, 0.4 eq. TBTA as well as 4 eq. of DIPEA were added. To start the reaction, 0.6 eq. of CuI were added. Immediately, the micro re-

action vessel was flooded with argon and the mixture was shaken for 24 hours at room temperature. The crude product was purified

by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA) to give 1.4 mg (0.7 mmol) of 88 in a total

yield of 25% as a brown powder.

LCmain peak retention time: 4.64 min; HRMS (ESI):m/z calculated for M+: 1951.0922, found: 1951.0919 (–0.2 ppm); calculated for

[M+H]2+: 976.0497, found: 976.0497 (–0.5 ppm); MS2HRMS (ESI, HCD):m/z calculated for ring fragment [Mring+H]
+: 940.5866, found:

940.5829 (–3.9 ppm).
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Cy3-Control (89)

N-Fmoc-L-propargylglycin (CC05047, Carbolution) was amidated and acetylated via an automated microwave-assisted protocol

in a Liberty Blue peptide synthesizer (CEM) using Rink-Amide PS resin and the obtained amino acid building block 89a was purified

by HPLC (solvent A: H2O, acidified with 0.1% TFA; solvent B: ACN, acidified with 0.1% TFA). 1H NMR (400 MHz, DMSO-d6) d 8.04

(d, J = 8.2 Hz, 1H), 7.42 (s, 1H), 7.12 (s, 1H), 4.32 (td, J = 8.0, 5.6 Hz, 1H), 2.82 (t, J = 2.7 Hz, 1H), 2.58-2.52 (m, 1H), 2.46-2.36 (m, 1H),

1.86 (s, 3H); 13C NMR (101 MHz, DMSO) d 171.82, 169.20, 80.88, 72.69, 51.25, 22.53, 21.76; HRMS (ESI):m/z calculated for [M+H]+:

155.0815, found: 155.0813 (–1.3 ppm);

For CuAAC, 5.0 mg of Cy3-Azide (dissolved in DMSO) was mixed with 1.5 eq. of 89a and 0.2 eq. TBTA as well as 4 eq. of DIPEA

were added. To start the reaction, 0.6 eq. of CuI were added. Immediately, the micro reaction vessel was flooded with argon and the

mixture was shaken for 24 hours at room temperature. The crude product was purified by HPLC (solvent A: H2O, acidified with 0.1%

TFA; solvent B: ACN, acidified with 0.1% TFA) to give 6.1 mg (7.1 mmol) of 89 in a total yield of 84% as a deep purple powder.
1H NMR (400 MHz, DMSO-d6) d 8.36 (t, J = 13.4 Hz, 1H), 8.01 (d, J = 8.4 Hz, 1H), 7.76-7.70 (m, 2H), 7.64 (dd, J = 7.5, 4.0 Hz, 2H),

7.52-7.40 (m, 4H), 7.38 (s, 1H), 7.33-7.26 (m, 2H), 7.04 (s, 1H), 6.52 (dd, J = 13.4, 8.7 Hz, 2H), 4.43 (td, J = 8.7, 5.1 Hz, 1H), 4.27 (t, J =

7.0 Hz, 2H), 4.11 (t, J = 7.3 Hz, 4H), 3.04 (dd, J = 14.7, 5.1 Hz, 1H), 3.00-2.92 (m, 2H), 2.82 (dd, J = 14.7, 9.0 Hz, 1H), 2.05 (t, J = 7.3 Hz,

2H), 1.81-1.79 (m, 3H), 1.79-1.71 (m, 6H), 1.70 (s, 6H), 1.69 (s, 6H), 1.55 (p, J = 7.4 Hz, 2H), 1.41-1.29 (m, 4H), 1.19-1.10 (m, 2H), 0.98

(t, J = 7.4 Hz, 3H); LC main peak retention time: 5.85 min; HRMS (ESI):m/z calculated for M+: 749.4861, found: 749.4857 (–0.5 ppm);

calculated for [M+H]2+: 375.2467, found: 375.2463 (–1.1 ppm).
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CalB_R3Pra(Cy3) (90)

For CuAAC, 4.3 mg of 78 were dissolved in 100 mL of ACN and 1.2 equivalents of Cy3-azide (500 mM DMSO stock), 0.3 eq. TBTA

(5mM stock) as well as 4 eq. of DIPEAwere added. To start the reaction, 0.5 eq. of CuI (10mMACN stock) were added. Immediately,

themicro reaction vessel was flooded with argon and themixture was shaken for 4 hours at room temperature. Another 0.1 eq. of CuI

were added and shaking was continued overnight. The crude product was purified byHPLC (solvent A: H2O, acidified with 0.1%TFA;

solvent B: ACN, acidified with 0.1% TFA) to give 0.6 mg (0.3 mmol) of 90 in a total yield of 9% as a deep purple powder.

LCmain peak retention time: 5.36 min; HRMS (ESI):m/z calculated for M+: 1858.1951, found: 1858.1942 (–0.5 ppm); calculated for

[M++H]2+: 929.6012, found: 929.6005 (–0.8 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [M+
ring+H]

2+: 758.9758,

found 758.9727 (–4.1 ppm).
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CalB_R4Pra(Cy3) (91)

For CuAAC, 1.2 mg of 79 were dissolved in 100 mL of ACN and 1.3 equivalents of Cy3-azide (500 mM DMSO stock), 0.5 eq. TBTA

(5 mM stock) as well as 4 eq. of DIPEAwere added. To start the reaction, 0.5 eq. of CuI (10mMACN stock) were added. Immediately,

the micro reaction vessel was flooded with argon and the mixture was shaken for 4 hours at room temperature. Another 0.25 eq. of

Cy3-azide as well as 0.2 eq. of CuI were added and shaking was continued overnight. The crude product was purified by HPLC (sol-

vent A: H2O, acidified with 0.1%TFA; solvent B: ACN, acidifiedwith 0.1%TFA) to give 0.9mg (0.5 mmol) of 91 in a total yield of 49%as

a deep purple powder.

LCmain peak retention time: 4.98 min; HRMS (ESI):m/z calculated for M+: 1858.1951, found: 1858.1937 (–0.8 ppm); calculated for

[M++H]2+: 929.6012, found: 929.5993 (–2.0 ppm); MS2 HRMS (ESI, HCD): m/z calculated for ring fragment [M+
ring+H]

2+: 758.9758,

found 758.9746 (–1.6 ppm).

QUANTIFICATION AND STATISTICAL ANALYSIS

All figure legends provide details on the quantification type and statistical analysis, including the statistical tests used, the exact value

of n or the definition of center and precision measures for each experiment.

For the quantification of proteomic data, theMaxLFQ53 (whole proteome comparison) orMinora54 (ABPP &AfBPP) label-free quan-

tification algorithmswere used. For this purpose, either the softwareMaxQuant 2.3.0.1. (whole proteome comparison) employing the

Andromeda search engine55 or ProteomeDiscoverer 2.5 (Thermo Fisher Scientific) employing the Sequest-HT algorithm56 were used

for protein search. Statistical analysis was performed using the software Perseus 2.0.7.0.50 LFQ quantification data was transformed

to a log2-scale and filtered for consistently identified proteins. Missing LFQ data points were replaced with values from the lower

bound of the data’s normal distribution. Student’s T-test with permutation-based FDR was used to identify changes, and

protein groups combining a log2 difference of R 1 or % -1 with a P value equal to or less than 0.05 were generally considered to

be significantly changed. For the generation of a protein-protein interaction network, protein groups combining a log2 difference

ofR 0.5 or% -0.5 with a q value equal to or less than 0.05 were used as input for the STRING database (v.11.5) 41 and the resulting

network was further processed using the Cytoscape 3.9.1 software.57
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