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Total Synthesis of Himastatin

Kyan A. D’Angelo1, Carly K. Schissel1, Bradley L. Pentelute1,*, Mohammad Movassaghi1,*

1Department of Chemistry, Massachusetts Institute of Technology, Cambridge, Massachusetts 
02139, United States

Abstract

The synthesis and study of antibiotic natural products with unique structures and mechanisms 

of action represents a proven strategy to combat the public health crisis posed by antibiotic-

resistant bacteria. The natural product himastatin is an antibiotic with an unusual homodimeric 

structure that presents a significant synthetic challenge. We report the concise total synthesis of 

himastatin by a newly developed final-stage dimerization strategy that was inspired by a detailed 

consideration of its biogenesis. Combining our bio-inspired dimerization approach with a modular 

synthesis enabled expedient access to a number of designed derivatives of himastatin, including 

synthetic probes that provide insight into its antibiotic activity.

The proliferation of multi-drug resistant pathogenic bacteria is widely recognized as an 

eminent threat to global health (1,2). Since their discovery, natural products have served as 

the primary inspiration for new antibiotics to treat bacterial infections (3). (−)-Himastatin (1) 

is a macrocyclic peptide antibiotic with a homodimeric structure isolated from Streptomyces 
himastatinicus (Fig. 1) (4,5,6). While (−)-himastatin’s (1) mechanism of action is not 

known, an early investigation demonstrated that its antibiotic activity was reduced in the 

presence of sodium salts of phospholipids and fatty acids, leading to speculation that (−)-

himastatin (1) may target the bacterial membrane (7). The first member discovered in this 

family (Fig. S1), (−)-himastatin’s (1) homodimeric structure does not show resemblance 

to any well-characterized antibiotic class, including known membrane-disrupting cyclic 

peptides. The most striking structural feature of (−)-himastatin (1) is the central C5–

C5’ linkage between cyclotryptophan residues that is formed in the final biosynthetic 

step (8) and is critical for the observed Gram-positive antibiotic activity (9). Related 

monomeric natural products, including NW-G01 (S2), show a significant enhancement in 

antibiotic activity upon enzymatic dimerization (10). Other notable structural features of 

(−)-himastatin (1) include the alternating sequence of D- and L-amino acids, a depsipeptide 

linkage, and the piperazic acid residue with γ-hydroxylation.
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Danishefsky’s landmark synthesis of (−)-himastatin (1), which clarified the Cα 
stereochemistry of the cyclotryptophan residue, featured an early-stage Stille coupling 

to form the central C5−C5’ linkage followed by bidirectional elaboration of a dimeric 

cyclotryptophan (9). Early-stage formation of this linkage was also utilized in total syntheses 

of the related natural product (−)-chloptosin (S1) by Yao (11) and Ley (12), who found that 

cross-coupling approaches to achieve a more attractive late-stage dimerization that would 

offer access to heterodimeric derivatives were not successful (12). Motivated by the unique 

structure, established synthetic challenge, and antibiotic activity, we became interested in 

developing a concise total synthesis of (−)-himastatin (1) that would offer rapid access to 

novel derivatives for chemical biology studies.

The key unaddressed challenge of uniting two complex fragments to form the C5−C5’ 

bond at the center of (−)-himastatin’s (1) dimeric structure encouraged us to consider 

the development of new synthetic methodology. To address the Csp2–Csp2 linkage present 

in (−)-himastatin (1), we needed to identify a new strategy that stands apart from our 

group’s prior radical-based approaches to secure Csp3–Csp3 linkages and Csp3–Csp2 linkages 

between similar (13) and dissimilar fragments (14). We began with a detailed examination 

of (−)-himastatin’s (1) biogenesis from a linear peptide 4 that is cyclized and then subject 

to oxidative tailoring by three cytochrome p450 enzymes (8). The final step, catalyzed 

by HmtS, forges the central C5–C5’ bond by oxidative dimerization of (+)-himastatin 

monomer (2). Based on recent theoretical studies of p450-catalyzed C–C bond formation, 

we envisioned that this enzymatic dimerization may take place via radical–radical coupling 

of two cyclotryptophan radicals (Fig. S2) (15,16). These radical species are likely generated 

in rapid succession via indoline N–H hydrogen-atom abstraction at the heme active site, 

before undergoing combination in its vicinity (16,17).

We envisioned that a biogenetically-inspired chemical method for the oxidative dimerization 

of cyclotryptophans could follow the same radical–radical coupling blueprint. As opposed to 

hydrogen atom abstraction, we planned to generate an analogous open-shell cyclotryptophan 

species via single-electron oxidation of the embedded aniline substructure. Consistent 

with studies of aniline dimerization via single-electron oxidation (18,19,20), we predicted 

that the resulting arylamine radical cation would rapidly dimerize at the most accessible 

position, forming the desired C5–C5’ linkage. Late-stage application of this chemistry to 

dimerization of (+)-himastatin monomer (2) permits a straightforward modular assembly 

of linear hexadepsipeptide 5 akin to native precursor 4, without the constraints imposed 

by bidirectional elaboration of a simple dimeric cyclotryptophan (9,11,12). Direct union 

of complex peptide macrocycles also offers the elusive opportunity to access the first 

heterodimeric derivatives of (−)-himastatin (1).

Our new dimerization method required the identification of a single-electron oxidant that 

would target the aniline substructure within a complex cyclotryptophan precursor (21). 

We discovered that stoichiometric silver(I) hexafluoroantimonate, in combination with the 

non-nucleophilic pyrimidine base TTBP (22) in 1,2-dichloroethane, could effect C5−C5’ 

dimerization of cyclotryptophan, cyclotryptamine, and indoline derivatives (Fig. 2A). In 

each case, a single regioisomer consistent with a symmetric C5−C5’ linked homodimer was 

isolated. Single crystal X-ray diffraction of dimeric endo-diketopiperazine (+)-7h verified 
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the expected connectivity. The use of an aqueous sodium thiosulfate reductive workup 

was critical for optimal isolation of the products due to their sensitivity toward further 

oxidation under the reaction conditions (23,24). Notably, we found that exo-configured 

diketopiperazines 6e and 6g were subject to complete oxidation in approximately half the 

time of their corresponding endo-derivatives 6f and 6h, respectively. This finding correlates 

with the increased accessibility of the N1 locus in substrates 6e and 6g, the site of initial 

oxidation (25). Substitution of N1 with a methyl group in the case of indoline 6k did not 

inhibit the dimerization, consistent with a radical intermediate as opposed to a closed-shell 

arenium cation (26). In order to expand the range of reagents that could be utilized in more 

complex applications of our dimerization method, we also investigated the use of copper(II) 

salts as single-electron oxidants (20). Cyclotryptophan dimer (−)-7a could be obtained 

using catalytic copper(II) trifluoromethanesulfonate and silver(I) carbonate as the terminal 

oxidant, albeit in lower yield (34%, 18% RSM) compared to stoichiometric AgSbF6 (54%).

To investigate the mechanism of this C−C bond forming dimerization reaction, we devised 

a series of experiments using indoline substrates (Figs. 2B and S3) (23). When an 

equimolar mixture of C2-methyl and C2-phenyl indolines 6i and 6j, respectively, were 

subjected to our dimerization conditions, we observed a statistical mixture of homo- and 

heterodimers that arise from similar rates of single-electron oxidation (Fig. 2B, green; 

Fig. S3, eq. 1). However, oxidative dimerization of an equal mixture of indolines 6j 
and 6k gave predominant (90%) homodimer formation, along with a trace (4%) amount 

of heterodimer 7n (Fig. S3, eq. 2). When a limiting quantity of oxidant was used, we 

determined that these indoline substrates were consumed sequentially, with N1-methyl 

indoline 6k dimerizing selectively over NH indoline 6j (Fig. 2B, blue; Fig. S3 eq. 3). 

Having observed homodimerization of a more readily oxidized monomer in the presence of 

a similarly nucleophilic but less readily oxidized monomer, we conclude that C5−C5’ bond 

formation preferentially occurs through radical–radical coupling rather than nucleophilic 

capture. This conclusion is consistent with the absence of adduct formation in the 

homodimerization of cyclotryptophan 6a despite the presence of external π-nucleophiles 

(e.g. methallyltrimethylsilane, dimethylketene silyl acetal, N-trimethylsilylindoline), and is 

reinforced by prior studies demonstrating that radical–radical coupling between aniline 

radical cations is fast (k = ~107 M−1•s−1 for the dimerization of PhNMe2
•+) (18,19,20). We 

postulate that the high local concentration of radical species near the surface of the oxidant 

favors their direct combination over nucleophilic pathways (14,20). In the context of our 

synthetic efforts, the rapid rate and apparent insensitivity of the radical–radical coupling 

manifold to nucleophilic interference bode well for the application of this chemistry to 

complex substrates. These findings highlight a possible underlying parallel between our 

oxidative dimerization methodology and our mechanistic proposal for the biosynthetic 

dimerization catalyzed by HmtS (Fig. S2), involving successive generation of radical species 

in close proximity to each other.

For the synthesis of (+)-himastatin monomer (2), we sought to leverage the practical 

advantages of solid-phase peptide synthesis (27), offering rapid and customizable access 

to complex peptides by minimizing repetitive purification and isolation steps. In contrast to 

the reported solution-based approach to intermediates en route to (−)-himastatin (1) (9), we 
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relied on a hybrid solution-solid phase synthetic strategy. The resin-bound D-threonine 9 
(Fig. 3) was elaborated with L-leucine (−)-10 and depsitripeptide fragment (+)-8, the latter 

being prepared in one step from a depsipeptide block (28) and known Nε,O-protected D-5-

hydroxypiperazic acid (9). The crude depsipentapeptide acid (+)-11 obtained upon cleavage 

was then coupled with cyclotryptophan (−)-12 (Fig. S4), affording linear hexadepsipeptide 

(−)-13 in 55% overall yield from threonine resin 9 (23). The efficient hybrid synthetic 

strategy we have developed enables convergent assembly of intermediate hexadepsipeptide 

(−)-13 with only a single chromatographic purification, and compares favorably to linear 

solution-phase synthesis which requires at least 10 separate steps to access an intermediate 

of similar complexity (9). Furthermore, our modular strategy allows for conducting difficult 

couplings in solution (28), and introducing the tryptophan residue as a cyclotryptophan 

to bypass stereoselectivity concerns that would arise from late-stage oxidation (29). The 

resulting linear peptide (−)-13 was cyclized to (+)-himastatin monomer (2) in 46% overall 

yield (Fig. 4), affording the immediate biosynthetic precursor to (−)-himastatin (1). All 1H 

and 13C NMR data as well as optical rotation for synthetic monomer (+)-2 were consistent 

with literature values (8,9).

Having accessed (+)-himastatin monomer (2), we focused on the application of our 

biogenetically inspired oxidative dimerization methodology to complete the total synthesis 

of (−)-himastatin (1) (Fig. 3). While silver(I) hexafluoroantimonate and copper(II) 

trifluoromethanesulfonate were effective for the dimerization of simpler cyclotryptophans 

(Fig. 2), they gave little to no oxidation of the cyclotryptophan incorporated within 

the more complex (+)-himastatin monomer (2). We hypothesized that aggregation and 

inactivation of these insoluble oxidants, combined with the lower reactivity of complex 

macrocyclic peptide substrates, may be responsible for the low conversion, and sought to 

address the challenge posed by evaluating other single-electron oxidants. Consistent with 

this hypothesis, insoluble oxidants such as other Ag(I,II) and Cu(II) salts were generally 

ineffective. However, soluble oxidants including organic radical cations such as magic 

blue ((4-BrPh)3N•+SbF6), did provide oxidation, but products derived from nucleophilic 

substitution of the C–Br bond (SNAr) by the peptide dominated (21). Informed by our prior 

use of Cu(II) for the dimerization of simpler substrates and in search of an oxidant with both 

good solubility and low propensity toward nucleophilic capture, we identified copper(II) 

hexafluoroantimonate. Our isolation of freshly prepared Cu(SbF6)2, commonly used as a 

soluble Lewis acid catalyst (30), provided us with an opportunity to investigate its use as a 

stoichiometric oxidant. In the event, exposure of (+)-himastatin monomer (2) to Cu(SbF6)2 

and DTBMP in 1,2-dichloroethane, afforded (−)-himastatin (1) in 40% yield, with only trace 

(<5%) amounts of recovered starting material. All spectroscopic data, as well as optical 

rotation, for synthetic (−)-himastatin (1) were consistent with literature values (6,9).

Our concise and versatile chemical synthesis of himastatin, featuring a biogenetically 

inspired final-stage dimerization reaction, presented an opportunity both to interrogate 

structural characteristics that are important for its bioactivity, and to access synthetic probes 

for chemical biology studies (Fig. 4). We hypothesized that the alternating sequence of D,L-

residues present in the macrocyclic rings of (−)-himastatin (1) could promote self-assembly 

(31,32), inspiring our preparation of both the enantiomer (ent-(+)-1) and meso derivative 
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of himastatin (1). These stereochemical probes were prepared from precursors of opposite 

chirality, and in the case of the heterodimer meso-himastatin (1), by dimerization of an 

equal mixture of monomer 2 enantiomers and separation of the resulting heterodimer (23). 

Apart from slight variations in the chemical shifts of aromatic 1H and 13C signals, the 

spectra of meso-himastatin (1) were nearly identical to the corresponding homodimers. 

We also selected several derivatives with single-residue substitutions to synthesize, each 

varying a residue that is unique to himastatin amongst related antibiotics. In all cases, our 

modular hybrid peptide synthesis approach was quickly adapted to introduce the substituted 

residue, and the resulting monomers were effectively dimerized (21–37% yield) using the 

conditions developed for the synthesis of (−)-himastatin (1) (Fig. 4A) (23). As an orthogonal 

mechanistic probe that would permit direct visualization of himastatin’s interaction with 

bacteria, we designed a fluorescent heterodimer that we predicted would retain antibiotic 

activity (vide infra). TAMRA-himastatin heterodimer (−)-25 was rapidly prepared via the 

union of himastatin monomer (+)-2 and azidolysine monomer (+)-22 followed by labelling 

via a reduction–acylation sequence (Fig. 4B). This procedure also provided access to 

TAMRA-himastatin homodimer (−)-S17 as a useful control (23).

We found that synthetic (−)-himastatin (1) showed antibiotic activity against several Gram-

positive species, including antibiotic-resistant strains of public health concern (Fig. 4C, 

Table S10) (1). Our synthetic (−)-himastatin (1) showed similar MIC values (1–2 µg/mL) 

to those reported for natural (−)-himastatin (1) in identical species (4). All monomeric 

derivatives prepared in this study had MIC values ≥64 µg/mL across all species tested 

(23), highlighting the critical role of dimerization for antibiotic activity. Our stereochemical 

probes revealed that the absolute stereochemistry of himastatin has negligible impact on 

its antibiotic activity; stereoisomers of himastatin (1) were found to have nearly identical 

MIC values across the B. subtilis, S. aureus, and E. faecalis strains tested. This finding 

has also been observed amongst enantiomers of certain membrane-targeting cyclic peptides 

with alternating stereochemistry (33), and is consistent with antibiotic activity depending 

on achiral as opposed to diastereomeric interactions that would lead to differential activity 

of each stereoisomer (e.g. with peptides or receptors) (34,35). In contrast, we found that 

ent-(+)-himastatin (1) was 4–8 fold more active in inhibiting the growth of the producing 

organism, Streptomyces himastatinicus, compared to (−)-himastatin (1). This finding might 

be explained by the presence of known self-resistance mechanisms that have evolved in 

other species, such as enzymatic degradation and efflux, which would be expected to show 

differences between stereoisomers (36).

The introduction of a strategically positioned functional handle in (−)-himastatin (1) was 

a key goal of our derivative design that would permit introduction of a fluorescent tag. 

We focused on L-leucine substitution, given the natural variation of this site among related 

antibiotics (Fig. S1). Replacement with an O-methyl serine residue (L-Ser(OMe), dimer 

(−)-21), which is found in (−)-chloptosin (S1), had minimal impact on antibiotic activity. 

A similar finding was observed upon substitution with L-azidolysine (L-Lys(N3), dimer 

(−)-23), which offered the conjugation site exploited in our synthesis of fluorescent probes. 

However, unlike serine and azidolysine homodimers (−)-21 and (−)-23, respectively, the 

corresponding TAMRA-himastatin homodimer (−)-S17 was inactive (MIC >64 µg/mL) 
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(Fig. S5, Table S10). In addition to TAMRA, homodimeric himastatin analogues derived 

from other fluorophores were also found to be inactive (Fig. S5). Consistent with our 

expectation that minimizing the overall perturbation of himastatin’s structure to only one 

half of the dimer may preserve antibiotic activity, we found that the MIC of TAMRA-

heterodimer (−)-25 (Fig. 4B) was indeed comparable to that of (−)-himtastatin (1) in 

Bacilus subtilis (6 vs. 1 µg/mL). Thus, the opportunity for heterodimer formation offered by 

our biogenetically-inspired late-stage dimerization methodology was instrumental to secure 

access to a fluorescent himastatin probe (37), as well as other key derivatives including 

meso-himastatin (1) that would otherwise be significantly challenging to prepare using 

chemoenzymatic or bidirectional synthesis (9,10).

Other structural features specific to (−)-himastatin (1) include a depsipeptide linkage and 

5-hydroxypiperazic acid residue. Evaluating the derivatives that we prepared to study these 

particular structural features, we observed a trend of decreasing antibiotic activity when 

the ester linkage was replaced with either a secondary amide (−)-15 or tertiary amide 

(−)-17, consistent with the loss of a hydrogen-bond site (38). Furthermore, when the 

5-hydroxypiperazic acid residue was replaced with a proline residue, antibiotic activity 

was completely abolished. While proline residues are known to induce turn formation, 

especially when the adjacent amino acid is of opposite α-stereochemistry, they do not 

exhibit a rigidifying effect as pronounced as that seen in N-acyl piperazic acid derivatives 

(39). Consistent with the predicted loss of rigidity upon proline substitution, NMR spectra of 

homodimer (−)-19 and monomer (+)-18 in various solvents at 23 °C revealed the presence of 

minor conformers not observed in the spectra of (−)-himastatin (1) or our other derivatives. 

Taken together, these results provide evidence that structural rigidity, enforced by hydrogen-

bonding and conformational restriction, is important to himastatin’s antimicrobial mode of 

action.

Confocal microscopy has been used to observe the biological effects of antibiotics on B. 
subtilis, including the first approved membrane-disrupting lipopeptide, daptomycin (37). We 

sought to use our synthetic compounds in conjunction with this experimental approach to 

further characterize the antibiotic activity of (−)-himastatin (1). Our synthetic heterodimeric 

probe, TAMRA-himastatin (−)-25, offered an opportunity to directly visualize its interaction 

with bacteria and monitor cellular localization. When B. subtilis cells were treated with 

TAMRA-himastatin (−)-25, we observed substantial accumulation in the bacterial envelope 

(Fig. S6A), with little to no intracellular staining seen at sub-lethal concentrations. The most 

intense sites of staining were observed at bacterial septa, in addition to patches of stain 

along sidewalls. At lethal concentrations (Fig. S6B), defects such as membrane extrusions 

coincided with lateral accumulation of TAMRA-himastatin (−)-25. These sites of curvature 

appear to reflect areas where the antibiotic has induced changes to membrane morphology.

The staining pattern observed with TAMRA-himastatin (−)-25 was similar to that of 

the membrane stain FM4–64 with unmodified himastatin (1) (Fig. S7). Untreated B. 
subtilis cells have smooth membranes and normal septal rings, but cells treated with a 

sub-lethal concentration of either enantiomer of himastatin (1) display striking membrane 

defects, notably patches of membrane thickening. Furthermore, the observed similarity in 

membrane morphology between himastatin (1) enantiomers appears to be consistent with 
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their similar antibiotic activity. In a separate experiment, we evaluated the timescale by 

which (−)-himastatin (1) acts on bacteria at lethal concentrations (Fig. S8). When treated 

with (−)-himastatin (1) at a concentration twice the MIC value, bacterial membranes were 

permeabilized within 30 minutes, as indicated by influx of the viability stain SYTOX Green.

The observations of our microscopy studies are comparable to those seen with daptomycin 

despite a lack of structural similarity to himastatin (37). The membrane defects and 

localization patterns observed in B. subtilis with unmodified (−)-himastatin (1) and our 

fluorescent himastatin derivative (−)-25, show resemblance to those seen with unmodified 

and fluorescent forms of daptomycin, respectively (37).

Furthermore, the short timescale of membrane permeabilization following treatment with 

himastatin (1), like daptomycin, is consistent with a mode of action based on physical 

perturbations (33,37). This mode of action is distinct from other Gram-positive peptide 

antibiotics, such as vancomycin and teixobactin, that interfere with cell-wall biosynthesis 

and have longer kill times (40). Separately, the similarity in MIC values and cellular 

morphology amongst our series of synthetic himastatin stereoisomers reveals that achiral 

interactions, for example with the hydrophobic groups of phospholipids (34,35), are largely 

responsible for the observed antibiotic activity. In summary, our chemical biology studies 

using our synthetic probes offer findings that are consistent with the hypothesis that (−)-

himastatin’s (1) antibiotic activity is dependent on interaction with bacterial membranes 

(7). It is evident that (−)-himastatin (1) is a structurally unique member amongst known 

membrane-disruptors. These antibiotics target an essential bacterial organelle that can be 

difficult to alter without severe fitness cost (41).

As society continues to battle multidrug-resistant pathogens, membrane-disrupting 

antibiotics, like the FDA-approved daptomycin, represent an important frontier in the fight. 

Our bioinspired strategy for the total synthesis of (−)-himastatin (1) provides rapid access to 

derivatives and is enabling investigations that point to its antibiotic activity via membrane 

disruption. This effort aims to facilitate further inquiries to advance our understanding and 

exploit how himastatin’s unique molecular structure contributes to its antibiotic activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Comparison of the biogenesis of himastatin and our bioinspired synthetic strategy.
MIC values for (−)-himastatin (1) are taken from ref. 4 against Gram-positive bacteria. MIC 

= minimum inhibitory concentration.
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Fig. 2. Oxidative Dimerization of Cyclotryptophan, Cyclotryptamine, and Indolines.
(A) Substrate scope of our oxidative dimerization reaction. In the ORTEP representation of 

dimeric endo-diketopiperazine (+)-7h, the thermal ellipsoids are drawn at 30% probability 

and only selected hydrogen atoms are shown. (B) Mechanistic studies using equimolar 

mixtures of differentially substituted indolines provide evidence for a radical–radical 

coupling mechanism. Reagents and conditions: AgSbF6, TTBP, ClCH2CH2Cl, 23 °C; * 

Copper(II)-catalyzed conditions: Cu(OTf)2 (20 mol%), Ag2CO3, ClCH2CH2Cl, 23 °C. TES 

= triethylsilyl; TTBP = 2,4,6-tri-tert-butylpyrimidine.

D’Angelo et al. Page 12

Science. Author manuscript; available in PMC 2023 February 25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 3. Concise total synthesis of (−)-himastatin (1).
Reagents and conditions: (a) (i) piperidine, DMF, 23 °C, (ii) (−)-10, HATU, i-
Pr2NEt, DMF, 23 °C, (iii) piperidine, DMF, 23 °C, (iv) (+)-8, HATU, i-Pr2NEt, 

DMF, 23 °C, (v) TFA, CH2Cl2, 23 °C; (b) (−)-12, HATU, HOAt, 2,4,6-collidine, 

CH2Cl2, 0 → 23 °C; (c) (i) Pd(PPh3)4, N-methylaniline, THF, 23 °C, (ii) i-
Pr2NH, MeCN, 23 °C, (iii) HATU, HOAt, i-Pr2NEt, CH2Cl2, 23 °C, (iv) TFA, 

H2O, anisole; Et3N, MeOH, 23 °C; (d) Cu(SbF6)2, DTBMP, ClCH2CH2Cl, 23 °C. 

Ar = 2-chlorophenyl; DMF = N,N-dimethylformamide; DTBMP = 2,6-di-tert-butyl-4-

methylpyridine; Fmoc = 9-fluorenylmethoxycarbonyl; HATU = hexafluorophosphate 

azabenzotriazole tetramethyl uronium; HOAt = 1-hydroxy-7-azabenzotriazole; Leu = 

Leucine; TBS = tert-butyldimethylsilyl; Teoc = 2-trimethylsilylethyloxycarbonyl; TFA = 

trifluoroacetic acid; THF = tetrahydrofuran.
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Fig. 4. Designed derivatives and probes of himastatin reveal critical structural elements for 
antibiotic activity.
(A) Dimerization of unnatural himastatin derivatives with single-residue substitutions. 

(B) Synthesis of a heterodimeric fluorescent himastatin probe. (C) Antibiotic evaluation 

of himastatin derivatives and probes against Gram-positive bacteria. MIC values were 

determined using the broth-microdilution method; see Table S10. Reagents and conditions: 

(a) Cu(SbF6)2, DTBMP, ClCH2CH2Cl, 23 °C; (b) (i) PMe3, H2O, THF, 40 °C, (ii) 

5-TAMRA succinimidyl ester, i-Pr2NEt, DMF, 23 °C. Lys = lysine; MRSA = methicillin-

resistant Staphylococcus aureus; MSSA = methicillin-sensitive S. aureus; Pro = proline; 

Ser = serine; TAMRA = carboxytetramethylrhodamine; Val = Valine; VRE = vancomycin-

resistant Enterococcus; VSE = vancomycin-sensitive Enterococcus.
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