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Summary 41 

The rapid rise of multi-resistant bacteria poses a significant threat to our health system. 42 

The development of drugs against novel targets is urgently needed to replenish the 43 

clinical arsenal with effective antibiotics. The naturally occurring peptide thanatin kills 44 

Gram-negative bacteria by targeting the periplasmic protein bridge, in particular the 45 

lipopolysaccharide transport protein A (LptA).  46 

Using the thanatin scaffold together with phenotypic medicinal chemistry and a target-47 

focused approach, we developed potent antimicrobial macrocyclic peptides with drug-48 

like properties that exhibited low frequencies for development of resistance both in 49 

vitro and in vivo. Binding affinities to Escherichia coli LptA of the thanatin analogs 50 

correlated well with minimal inhibitory concentrations for both parent and thanatin-51 

resistant E. coli strains. Mode of action studies revealed that the antimicrobial activity 52 

of the antibiotics involves the specific disruption of the periplasmic Lpt protein bridge.  53 

Our studies validate the Lpt protein bridge as a novel target for macrocyclic peptide 54 

antibiotics that can avoid current mechanisms of drug resistance. The peptides warrant 55 

further preclinical and clinical studies addressing WHO priority 1 carbapenem-resistant 56 

Enterobacteriaceae, in particular for Klebsiella pneumoniae lung infections. 57 

 58 

  59 



Introduction 60 

In 2019, 5 million deaths due to antimicrobial resistant (AMR) organisms were reported 61 

worldwide1. Of those, 1.3 million were from the WHO classified priority 1 ESKAPE 62 

pathogens (Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, 63 

Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter spp). Thus, 64 

there is a critical and growing need to replenish the arsenal of standard-of-care 65 

antibiotics to bring new solutions to AMR bacterial infections2,3, in particular against 66 

carbapenem-resistant Enterobacteriaceae (CRE)3 that cause difficult-to-treat 67 

nosocomial infections 4. 68 

One way of reducing the threat from AMR organisms is the development of drugs 69 

against novel targets. Essential proteins located at the outer membrane of Gram-70 

negative bacteria represent such an untapped target source. Recently, naturally 71 

occurring peptides were proposed to interfere with the function of proteins involved in 72 

the transport of lipopolysaccharides (LPS) from the inner to the outer membrane or the 73 

β-barrel assembly machinery (BAM)5-8. LPS transport is accomplished by a system of 74 

seven proteins, called Lpt proteins A-G (Fig. 1)9-11. The periplasmic protein bridge is 75 

composed of LptA homooligomers anchored to LptD and LptC at the outer and inner 76 

membranes, respectively. Dysregulation of lipid A biosynthesis and LPS transport 77 

results in lethal LPS accumulation at the inner membrane5,12-17. 78 

Thanatin, a 21-amino acid hairpin peptide isolated from the gut of the hemipteran insect 79 

Podisus maculiventris18, binds to both LptA and LptD16,19. We hypothesized that 80 

thanatin acts as a competitive inhibitor of protein-protein interactions of the Lpt bridge 81 

(Fig. 1) thereby inhibiting LPS transport across the periplasm. Of note, thanatin is not 82 

a suitable drug candidate for further development due to poor druglike properties and 83 

rapid emergence of resistance16.  84 



 85 

Fig. 1: A Structural model of the Lpt bridge across the periplasm of Gram-negative 86 
bacteria, and B the postulated mode of action based on this work, in which thanatin 87 
interrupts the bridge integrity by complexing LptA. Note that only 2 LptA proteins are 88 
depicted although the actual number might vary. 89 
 90 

Inspired by thanatin, we describe the identification of novel peptide drug candidates 91 

with potent antimicrobial activity in vitro and in mouse infection models against CRE, 92 

favorable absorption, distribution, metabolism and excretion (ADME) and safety 93 

profile. Importantly, these peptides display low propensity for resistance development. 94 

We show that these peptides bind in the low nanomolar range to LptA, and provide 95 

direct biophysical evidence that they disassemble the Lpt protein bridge and thereby 96 

block LPS translocation across the periplasm. 97 

  98 



Drug discovery  99 

Initial hit compounds were obtained by truncating the N-terminus of thanatin. The 19-100 

mer peptides 1 and 2 (Fig. 2) showed an increase in antimicrobial activity against the 101 

parent strains. In contrast, truncations at the C-terminus reduced the activity. 102 

Subsequent systematic replacement of residues with natural or unnatural amino acids 103 

at positions 11 (Cys to L-Penicillamine (Pen)) and 16 (Gly to (D)-2,4-Diaminobutyric 104 

acid (DDab)) were identified as key changes to increase peptide stability in blood 105 

plasma, as observed for 2 (Tab. S4A). Furthermore, incorporation of a cationic amino 106 

acid with a short side chain, 2,4-diaminobutyric acid (Dab), at positions 14 and 19, 107 

enhanced potency and mitigated toxicity. When tested against the thanatin-resistant E. 108 

coli ATCC 25922 strain harboring the LptAQ62L mutation16, these peptides displayed 109 

both high antimicrobial activity and low resistance susceptibility. 110 

 111 

 112 
 113 

Fig. 2: Thanatin and new analogues. A, Chemical structures of thanatin and of the 114 

new antibiotic peptide analogues 3 and 4. Structural modifications implemented during 115 

the medicinal chemistry optimization are highlighted in green. B, Amino acid 116 

sequences (one letter code) of the described peptides. Abbreviations: Nle, Norleucine; 117 

Pen, L-Penicillamine; Dab, L-2,3-Diaminobutyric acid; DDab, D-2,3-Diaminobutyric 118 

acid; Hyp, trans-4-Hydroxy-L-proline; Gua, guanidine. 119 

 120 

Further modifications, guided by the structural data obtained by NMR (vide infra), 121 

resulted in the 16-mer analogues 3, 4 and 5 (Fig. 2) that displayed in vitro activities 122 

comparable to 2, with 5 exhibiting the highest antimicrobial activity against the 123 

LptAQ62L resistant mutant (Tab. 1). We suspected that the frequency of resistance is 124 



lower for peptides with highest activity against resistant strains. Hence, we focused on 125 

compounds 4 and 5 in our subsequent studies.  126 

 127 

Tab. 1: MIC and Ki values of the compounds against different strains and mutants  128 

 129 

 E. coli ATCC 25922 K. pneumoniae NCTC 13443 

 Wild-Type Q62L mutant Wild-Type Q62L mutant 

 MIC* Ki** MIC* Ki** MIC* Ki** MIC* Ki** 

Thanatin 2 2.7 ± 0.2 >8 33.8 ± 5.6 8 1.8 ± 0.1 >8 38.9 ± 7.9 

1 0.06 1.1 ± 0.1 >8 20.5 ± 6.0 0.5 0.9 ± 0.1 >8 18.2 ± 5.8 

2 0.03 2.1 ± 0.1 2 13.1 ± 4.2 0.5 1.5 ± 0.1 >8 14.5 ± 4.1 

3 0.13 2.8 ± 0.2 1 9.9 ± 1.7 2 2.2 ± 0.1 >8 25.3 ± 7.7 

4 0.06 1.9 ± 0.1 2 17.2 ± 3.1 0.5 2.0 ± 0.1 >8 16.1 ± 3.4 

5 0.06 3.1 ± 0.2 0.25 9.4 ± 1.5 1 1.8 ± 0.1 4 22.5 ± 6.1 

*MIC values (in mg L-1) were determined using the CLSI method.  

**Ki values (in nM) were measured by fluorescence polarization. Error range indicate the 95% 

confidence interval of the fit. 

 130 

Both the lead compound 4 and thanatin displayed a narrow activity spectrum 131 

encompassing Enterobacteriaceae, except for Yersiniaceae and Morganellaceae (Tab. 132 

S5). Compared to thanatin, all compounds showed markedly lower MIC values. High 133 

primary sequence conservation of LptA within Enterobacteriaceae correlated well with 134 

the antibacterial activities of the peptides. Bacteria with LptA sequence identity < 70% 135 

to E. coli were largely insensitive to compound 4 (Tab. S5). 136 

  137 

Biological profiling 138 

In vitro activity against a panel of 121 Enterobacteriaceae including CRE, multidrug-139 

resistant (MDR) and extensively drug-resistant (XDR) isolates revealed MIC90 values 140 

of 8 mg/L, 1 mg/L and 0.5 mg/L for thanatin, 3 and 4 respectively (Tab. S6). 141 

All compounds displayed similar plasma protein binding and no haemolytic activity 142 

against red blood cells. Importantly, stabilization of the disulfide bridge with the Pen-143 

11 (Fig. 2) significantly improved in vitro stability in plasma and increased in vivo 144 

plasma exposure resulting in improved pharmacokinetics (PK) in mice (Tab. S4B). 145 

Cytotoxicity towards HeLa cells decreased with the reduction of the scaffold length (1 146 

and 5) (Tab. S4A).  147 

Intravenous (IV) administration of compound 4, twice a day (q12h), was tolerated up 148 

to a maximum tolerated dose of 30 mg/kg/day in mice. Safety assessment in a 7-day 149 



repeated dosing safety study in mice after IV administration (q12h) showed that 150 

compounds 3 and 4 were well tolerated without any findings (Tab. S4B).  151 

Development of resistance of thanatin was observed after 1 day of passaging in both E. 152 

coli and K. pneumoniae, characterized by a spontaneous frequency of resistance of 153 

1.2x10-6 for E. coli at 4xMIC. New analogues delayed resistance development in E. coli 154 

and K. pneumoniae to later passages at 4xMIC, after 3 to 6 days or 3 to >10 days, 155 

respectively (Fig. S8), with spontaneous frequencies of resistance of 8.6x10-9, 1.3x10-7 156 

and <3.7x10-9, in E. coli and 2.9x10-7, 3.8x10-8 and <3.1x10-9 in K. pneumoniae for 157 

compounds 3, 4 and 5, respectively (Tab. S7).  158 

 159 

Whole genome sequencing of spontaneous resistant mutants revealed that mutations 160 

within LptA were the most recurrent (Tab. S8). Among the LptA mutations, Q62L was 161 

the prominent mutation conferring moderate-to-high levels of resistance while other 162 

LptA mutations resulted in only slight increases in MIC values (Tab. S9). No mutation 163 

was identified in the LPS transport bridge anchors LptC and LptD. Further mutations 164 

resulting in slight increases of MIC values were observed in either lipid A biosynthesis 165 

and regulation, in peptide transporters, metabolism, protein N-glycosylation or non-166 

annotated open reading frames.  167 

 168 

In vivo activity 169 

In vitro activity translated in vivo with potent efficacy in several neutropenic mouse 170 

models of peritonitis (Fig S7A), thigh and lung infections (Fig. 3). A dose response 171 

study of 4 in the K. pneumoniae AR-BANK#0160 lung infection model established an 172 

ED50 of 3.4 mg/kg/day q12h, confirming potent activity against CRE (Fig. S7C). 173 

 174 

 175 



176 
Fig. 3: in vivo efficacy of peptide 4. Peptide 4 activity against E. coli ATCC 25922 in 177 

mouse neutropenic thigh, K. pneumoniae AR-BANK#0160 and K. pneumoniae ATCC 178 

43816 in mouse neutropenic lung models. CFU counts 24h post first administration of 179 

compound 4 (blue), vehicle only (grey), and standard of care (red) are compared. The 180 

geometric mean value of each group is depicted as a black dash. 181 

 182 

Mode-of-action studies 183 

Structural biology reveals the molecular determinants of binding affinity 184 

To investigate the mode-of-action of these peptides, we studied their complexes with 185 

the terminally truncated monomeric version of LptA (LptAm)20 by NMR. Chemical 186 

shift mapping indicated very similar binding modes to LptA for 4 and 5 when compared 187 

to thanatin (Fig. S18). The solution structure of the complex reveals that peptide 4 binds 188 

to LptAm of E. coli and K. pneumoniae in an almost identical fashion such that the N-189 

terminal strand of the β-hairpin (P7’-N12’) docks in a parallel orientation onto the first 190 

N-terminal β-strand (P35-S40) of the β-jellyroll of LptAm.  191 



 192 
Fig. 4: Structures of the E. coli LptAm-4 complex (A) and the LptAmQ62L-4 complex 193 

(B). The protein backbone is depicted in green, the peptide in orange. The N-terminal 194 

region is displayed in magenta. (C,D) Stabilizing interactions of the C-terminus of the 195 

peptide with LptAm (C) and of Q62 with the N-terminal helix (D). Peptide residues in 196 

(C) are highlighted with an apostrophe. For a comparison of the LptAm complexes 197 

from E. coli and K. pneumoniae with 4 see Fig. S20. 198 

 199 

The binding interface of LptAm is comprised of the first β-strand between P35-S40, 200 

forming a hydrophobic network involving I36, I38, L45, V52, F54, V74, which interact 201 

with I8’, Y10’ and Y21’ of peptide 4 such that multiple van der Waals contacts and π-202 

π stacking interactions stabilize the complex. In addition, a salt bridge between the 203 

guanidinium group of R76 of LptAm and the carboxy terminus of 4 is formed. The 204 

latter interaction is additionally stabilized by a cation-π interaction between R76 of 205 

LptAm and Y21’ of 4 (Fig. 4B). Further information on side-chain interactions was 206 

derived from an MD simulation (Fig. S23). The simulation reveals that R13’ forms 207 

hydrogen bonds to the carbonyl atom of N57 and a salt bridge with the carboxylate 208 

group of D41 (Fig. S19). Interestingly, the side chain of R13’ fills a shallow pocket 209 

formed by LptA that is occupied in an analogous way by R159 at the interface of the 210 

LptA-LptA dimer (Fig S19). In addition, the N-terminal short helix (D31-Q34) is 211 

stabilized by a stable hydrogen bonding network that helps to anchor the helix onto the 212 

β-jellyroll and contributes to the stability of the folded protein (Fig 4D).  213 



Interestingly, the N-terminal helix is absent in the thanatin-resistant mutant LptAmQ62L. 214 

Crucial structural features of the LptAm-4 interface such as the interaction between the 215 

protein and peptide β-strands, the π-π stacking between F54 and Y10’, and the salt 216 

bridge between R13’ and N57, are retained in the LptAmQ62L-4 complex. However, the 217 

missing stabilizing interactions of the N-terminal helix with the β-jellyroll in the mutant 218 

complex (Fig. 4C) resulted in an increased overall RMSD (1.1 Å for LptAm versus 1.6 219 

Å for LptAmQ62L). In agreement, RMSD fluctuations of residues V29-Q34 increased 220 

by a factor of 2-4 during MD simulations. The reduced number of intermolecular 221 

contacts (Tab. S13) coincides with the reduced binding affinity of 4 to LptAmQ62L (Ki 222 

= 17.2 nM for LptAmQ62L versus Ki = 1.9 nM for LptAm). 223 

 224 

Interactions of Lpt proteins in the periplasmic bridge 225 

In the periplasmic bridge, the N-terminal β-strand of LptA binds in a head-to-tail 226 

fashion to the C-terminus of another LptA monomer, the C-terminus of LptC and the 227 

N-terminus of LptD (Fig. 1). To understand how peptide antibiotics compete with these 228 

interactions, we determined affinities of LptA to peptides 2-5 and to LptA and LptC. 229 

To unambiguously determine affinities of the LptA-LptA interaction, two monomeric 230 

LptA mutants were used, a known C-terminal truncation20, referred to as LptAm, and a 231 

second mutant, mLptA, with 3 mutations at the N-terminus (E39V, M47A, R76A) (Fig. 232 

S3 and S4). Using these two constructs, Ki of the mLptA-LptAm interaction was 233 

determined by fluorescence polarization (FP) as 34.9 ± 3.0 nM.  234 

To probe the LptA-LptC interaction, we modified a previously described periplasmic 235 

LptC construct21 at two sites (Y60A, R61A) to yield a monomeric construct22, LptCAA 236 

(Fig. S3). The well-defined heterodimer LptAm-LptCAA is characterized by a Ki of 1.8 237 

± 0.4 µM. (Fig. S5). NMR and SEC-MALS data reveal formation of the respective 238 

dimer via the suspected interface (Fig. S5 and S22). The Ki values for corresponding 239 

interactions of the thanatin-resistant mutant LptAmQ62L with mLptA and LptCAA were 240 

69.0 ± 14.8 nM and 26.7 ± 3.5 µM, respectively. Similar values were determined for 241 

the K. pneumoniae proteins. See Tab. S11 for further information.  242 

 243 

Disassembly of the periplasmic bridge by compound 4 244 

Next, we used size-exclusion chromatography (SEC) and NMR to probe the integrity 245 

of protein-protein interactions upon addition of 4. The SEC chromatogram reveals that 246 

peaks from the dimeric species disappear and two new peaks from the monomers arise 247 

when 4 is added to the protein mixture (Fig. 5B). We complemented the SEC studies 248 



by [15N,1H]-HSQC NMR experiments. Two sets of experiments were measured for 249 

each protein-protein pair, in which one of the two interacting proteins was uniformly 250 

15N labeled while the cognate partner was unlabeled and vice versa. Representative 251 

NMR spectra and SEC traces in Fig. 5C demonstrate that both the LptAm-mLptA and 252 

the LptAm-LptCAA interactions were completely disrupted by 4 in agreement with 253 

previous reports17. Upon addition of 4, signals from LptAm-mLptA and LptAm-254 

LptCAA perfectly superimpose with those from LptAm-4, mLptA-4 or LptCAA. The Ki 255 

for the LptAm-4 interaction of 1.9 ± 0.1 nM is 18 times stronger than the LptAm-256 

mLptA interaction (Ki = 34.9 ± 3.0 nM). While thanatin binds to LptAmQ62L with a Ki 257 

of 38.9 ± 7.9 nM - and approximates within the 95% CI of the mLptA-LptAmQ62L 258 

interaction (Ki = 64.0 ± 21.8 nM) - in contrast, 4 and 5 bind with higher affinities of 259 

16.1 ± 3.4 and 22.5 ± 6.1 nM, respectively. In agreement, SEC chromatograms reveal 260 

that thanatin fails to completely disassemble the LptAmQ62L-mLptA complex (Fig. 261 

S21), while compound 4 achieves almost complete disassembly.  262 

 263 

Fig. 5: Disassembly of E. coli dimers. A Schematic overview of the disassembly 264 

process. Abbreviations are used for Lpt proteins (A=LptA, C=LptCAA). B SEC trace 265 

from the mLptA-LptAm (top) and LptAm-LptCAA (bottom) mixtures in presence of 4 266 

(bold black lines). SEC traces of the protein dimers (green lines) or from the 4 267 

complexes with LptAm, mLptA or with LptCAA are shown (thin blue and red lines). C 268 

[15N,1H]-HSQC spectra from the mLptA-LptAm (top) and LptAm-LptCAA (bottom) 269 

mixtures in presence of 4. In presence of 4, the peaks of mixtures of the dimeric proteins 270 

superimpose with those of the corresponding monomeric proteins. In both NMR and 271 

SEC experiments the protein concentration was 200 µM and 1.5 equiv. of peptide were 272 

added. For a complete set of all SEC or NMR data see Fig. S21. 273 

 274 

 275 



Discussion 276 

Thanatin’s promising antimicrobial spectrum and intriguing non-membranolytic mode 277 

of action inspired us to develop a novel class of antibiotics. The resulting peptide 4 278 

show potent antimicrobial activity in mouse lung and thigh infection models, drug-like 279 

ADME and PK properties and no safety findings in a 7-day mouse study with q12h 280 

dosing up to 30 mg/kg/day. Appropriately N- or C-terminally modified LptA or LptC 281 

proteins used in biophysical and structural biology studies permitted the investigation 282 

of individual interactions in the periplasmic Lpt protein bridge. These studies revealed 283 

that the mode-of-action of the peptides is the competitive disruption of LptA-LptA and 284 

the LptA-LptC interactions. 285 

The thanatin peptide scaffold, which is large compared to classical small molecule 286 

antibiotics, allowed for on-target activity optimization of synthetic peptides. It resulted 287 

in analogs with higher affinity to both LptA and functional mutants of LptA, 288 

overcoming resistance. The prevalence of mutations in LptA, identified by whole 289 

genome sequencing of a large panel of thanatin-resistant bacterial mutants, and the low 290 

MIC values of 3-5 against these strains is consistent with the lower propensity of these 291 

novel compounds to select for resistant mutants. Accordingly, Kis of 4 or 5 to LptAm 292 

remained largely unchanged but dropped for binding to LptAmQ62L. Importantly, 293 

increased compounds’ binding affinities to LptAmQ62L corresponded to reduced 294 

resistance frequencies when compared to thanatin. While the binding constants of our 295 

peptides to LptAm generally correlated with MIC values, there were still exceptions, 296 

indicating that additional factors were optimized for these compounds like membrane 297 

permeation, periplasmic stability, or binding to LptD19. 298 

The antibacterial activity spectrum of our macrocyclic peptides is related to LptA 299 

sequence conservation in the corresponding bacteria relative to E. coli. The thanatin 300 

analogs are active against MDR and XDR Enterobacteriaceae strains expressing 301 

carbapenemases and/or other resistance determinants, and address key WHO priority 1 302 

AMR Gram-negative bacteria. Preliminary experiments demonstrated that 4 binds with 303 

reduced affinity to LptAm from phylogenetically distant bacteria suggesting that the 304 

optimization of this scaffold against other ESKAPE pathogens would be possible. The 305 

observed potent activity of 4 in mouse models of lung and thigh infections warrants 306 

further preclinical and potentially clinical studies. 307 

  308 



Material and methods 309 

 310 

Cloning, expression and purification of proteins 311 

To increase stability and solubility all proteins were expressed as C-terminal fusions to 312 

the highly soluble 62-residue protein G from Streptoccocus sp. (GB1)23. Proteins of 313 

interest were released by cleavage with the TEV protease leaving only an N-terminal 314 

glycine as an additional amino acid. For exact sequences see Tab. S2. 315 

The monomeric N-terminal truncated LptA version (LptAm) was previously used in 316 

Vetterli et al16. The resistant mutant LptAmQ62L contained only the Q62L mutation 317 

when compared to LptAm. The mutant mLptA was designed to avoid formation of 318 

dimer contacts with LptA at its N-terminus. During the design, a model of the dimer 319 

was made, based on PDB entry 2R19, and an alanine screen was performed using the 320 

program package MOE to obtain residue-specific ΔStability and ΔAffinity values. The 321 

best hits (high affinity change and low stability change) were expressed, and the LptA25-322 

185 mutant E39V M47A R76A was selected as the best candidate. LptC Y60A R61A 323 

(LptCAA) comprises only the periplasmic domain of LptC25-191 (truncated after the 324 

transmembrane helix). The previously described double mutation Y60A and R61A was 325 

introduced to avoid head-to-head dimerization22. All mutations and truncations of the 326 

E. coli constructs could be transferred to the K. pneumoniae sequences due to their high 327 

sequence homology. The corresponding K. pneumoniae proteins were purified with 328 

similar yields and displayed similar properties.  329 

All proteins were expressed in E. coli BL21 (DE3) cells at 25°C in M9 media prepared 330 

according to Schuster et al.24 following induction with 0.5 mM IPTG at an OD600 of 331 

0.6–1.0.  332 

Cells were lysed and the fusion proteins extracted by Ni-NTA affinity chromatography. 333 

The His6-GB1 tag was removed with the TEV protease, followed by a reverse Ni-NTA 334 

step to remove the fusion partner. The yields of the expressed Lpt proteins were 335 

between 15–60 mg/L of M9 expression medium. Purified proteins were characterized 336 

by SDS-PAGE, SEC-MALS and MS (Fig. S1-5). The final concentration for the NMR 337 

samples were 200-600 µM, in 20 mM Na-Pi pH 7, 150 mM NaCl and 10% D2O. 338 

 339 

Peptide synthesis 340 

Thanatin and peptides 2-5 were synthesized by solid phase peptide synthesis (SPPS) 341 

using the Fmoc/tBu strategy25. The peptide was assembled by standard automated Fmoc 342 

SPPS on 0.025 mmol scale (based on pre-loaded resin loading). To introduce the 343 



guanidine (Gua) group in 5, after final Fmoc removal, the peptide resin was treated with 344 

N,N’-bis-Boc-1-guanylpyrazole. After simultaneous peptide release from the resin and 345 

global side chain deprotection with a trifluoroacetic acid-based cocktail, the disulfide 346 

bridge was formed by oxidation with DMSO. The crude cyclic product was purified by 347 

reversed phase HPLC. To introduce the fluorophore in 4-FL, the peptide precursor 348 

bearing the 6-azido-L-lysine to replace K17’ (Fig. S6) was synthesized. The purified 349 

peptide was then coupled to Alexa Fluor 647 alkyne by copper-catalyzed azide-alkyne 350 

cycloaddition. For more details on the synthetic procedures and full analytical 351 

characterization of the peptides, see the SI. 352 

 353 
Biological profiling of the compounds 354 

To access the pharmacological profile, the haemolytic behaviour, cytotoxicity, plasma 355 

stability and plasma protein binding were measured. All data were determined in 356 

biological replicates. 357 

To test their haemolytic potential, compounds were incubated in the presence of 358 

phosphate-buffered-saline (PBS)-washed human red blood cells. After 1 h incubation 359 

at 200 mg/L and 37°C, the samples were centrifuged (3220 g), and the supernatants 360 

diluted in Dulbecco’s PBS (DPBS) and optical density at 540 nm determined (OD540)). 361 

The haemolysis induced by the compound was calculated versus a 100% lysis control 362 

prepared with 2.5% Triton X-100 (Tab. S4A). 363 

The cytotoxicity of compounds was determined by determining the number of viable 364 

cells using the Sigma Cell Counting Kit-8 (WST-8). Hela cells were incubated at 37°C 365 

and 5% CO2 for 24 h, after which the medium was replaced with fresh medium 366 

containing dilutions of compounds. After another 48h, cell viability was monitored by 367 

addition of WST-8 solution and measurement of optical density at 450 nm (OD450) 368 

(Tab. S4A). 369 

To determine plasma stability, compounds were incubated for 0, 15, 30, 60, 120 and 370 

240 min in K3EDTA-stabilized plasma of human and CD-1 mice (BioIVT). Samples 371 

were extracted by precipitation with 3 volumes of acetonitrile +0.5% TFA, and their 372 

stability was determined by LC–MS/MS (Tab. S4A). 373 

Plasma protein binding was determined by the mass balance method using a 30-kDa 374 

cut-off filter to separate free from plasma-protein bound compounds in pooled human 375 

and mouse plasma samples. The compounds were diluted in pH 7.5-adjusted plasma to 376 

a final concentration of 10 mg/L and incubated for 30 min at 37°C. After ultrafiltration, 377 



protein binding was determined by subtracting the percentage of compound in 378 

ultrafiltrate from the total amount of compound in spiked plasma (Tab. S4A). 379 

 380 

In vivo tolerability studies and pharmacokinetic analysis 381 

To set a dose for the PK and in vivo efficacy studies that does not produce mortality or 382 

overt clinical signs of toxicity the ‘Autonomic Signs’ study design was applied. Test 383 

substances were administered intravenously to a group of three male ICR mice (CD-1 384 

mice), which were monitored for acute toxic symptoms and autonomic effects at 30, 385 

60, 120, 180 and 240 min after first administration. The mice were then observed again 386 

for mortality up to 7 days after compound administration (Tab. S4B). 387 

PK were studied in adult CD-1 male mice following either a single dose of 10 mg/kg 388 

subcutaneous (SC) injection or by a single dose of 5 mg/kg IV (bolus) injection to the 389 

tail vein. Plasma samples were taken from 9 mice in each treatment group at 0.25, 0.5, 390 

1, 2, 3, 4, 8 h post-dose (for single SC administration) or at 0.083, 1, 2, 4, 8, 12 h post-391 

dose (for single IV administration). Blood samples (in Li-heparin as anticoagulant) 392 

were collected from the retrobulbar venous plexus under short isoflurane anaesthesia. 393 

Plasma samples were obtained by centrifugation for 10 min at 3’000 g and 4°C and the 394 

supernatant analysed by LC-MS/MS. After separation on a phenyl-hexyl reverse phase 395 

column using an acetonitrile-water gradient, peaks were analysed by ESI-MS. The 396 

mean plasma concentration and the standard deviation from all three mice within each 397 

time point were calculated, and PK parameters of test agent were calculated with a non-398 

compartmental analysis model based on WinNonlin, using a trapezoid area calculation 399 

(Tab. S4B). 400 

 401 

Mouse models of peritonitis, lung and thigh infections 402 

To evaluate the in vivo efficacy of peptide 4 to treat peritoneal infections, adult 403 

immunocompetent female ICR mice (8 per group) were infected on day 0 by 404 

intraperitoneal (IP) administration of 1.54 × 105 CFU/ml E. coli ATCC 25922 with 5% 405 

mucin into the peritoneum. The vehicle saline was administered IV BID q12h at 1 and 406 

13 h after infection. The peptide 4 was IV administered twice (BID) at 1 and 13 h post-407 

infection (q12h) at 15 and 30 mg/kg/day. Control reference agent, Levofloxacin at 1 408 

mg/kg was administered SC QD at 1 h post infection. The animals were monitored for 409 

survival up to 7 days, twice daily. The significance of the survival rate was assessed 410 

with the Fisher’s exact test (Fig. S7A).  411 

 412 



To evaluate the in vivo efficacy of peptide 4 to treat thigh infections, male CD-1 mice 413 

(6 per group) were rendered neutropenic with IP injections with cyclophosphamide on 414 

day -4 (150 mg/kg) and day -1 (100 mg/kg). Mice were infected 24 hours post the 415 

second dose of immunosuppressive agent by intramuscular instillation with E. coli 416 

ATCC 25922 diluted to an optimal concentration with PBS. For infection mice were 417 

temporarily anaesthetized using inhaled isoflurane (2.5% isoflurane / 97.5% oxygen). 418 

Anaesthetised mice were infected with 0.05mL inoculum by intramuscular instillation 419 

into each lateral thigh muscle. The inoculum concentration was 3.03 x 106 cfu/mL (1.52 420 

x 105 cfu/thigh). The peptide 4, was administered IV at a total dose level of 30 421 

mg/kg/day fractionated q4h, q6h and q12h equating to individual doses of 5, 7.5 and 15 422 

mg/kg, respectively. Control reference agent, Polymyxin B, was administered SC at a 423 

total dose level of 40 mg/kg/day q12h, at 2 and 14 h after infection. Additional groups 424 

were included that were euthanized pre-treatment (2 h after infection) or treated with 425 

vehicle (IV 0.9% saline BID q12h at 2 and 14 h after infection) only. At 26 h post-426 

infection, the clinical condition of all mice was assessed, the mice euthanized by 427 

pentobarbitone overdose and thigh tissue harvested, weighed, and homogenized. Thigh-428 

sample homogenates were quantitatively cultured onto agar for determination of the 429 

counts of CFU per thigh (Fig. S7B). Data from the efficacy study was analysed using 430 

StatsDirect software (version 3.1.8). The non-parametric Kruskal-Wallis test was used 431 

to test all pairwise comparisons (Conover-Inman) for tissue burden data. For the 432 

purposes of this study, each thigh was considered an independent infection site, 433 

generating two data points per mouse. 434 

 435 

To evaluate the in vivo efficacy of peptide 4 to treat lung infections against K. 436 

pneumoniae AR-BANK #0160, female ICR mice (5 per group) were rendered 437 

neutropenic with IP injections with cyclophosphamide on day -4 (150 mg/kg) and day 438 

-1 (100 mg/kg). Mice were infected 24 h after the second dose of immunosuppressive 439 

agent by intranasal injection of K. pneumoniae AR-BANK #0160 inocula with a total 440 

volume of 20, 10 µL per nostril (1.02 × 106 CFU/mL). The peptide 4 was administered 441 

IV BID q12h, at 2 and 14 h after infection, at 0.5, 1, 2, 4, 8, 15 and 30 mg/kg/day. 442 

Control reference agent, Levofloxacin at 40 mg/kg/day was administered SC BID q12h, 443 

at 2 and 14 h after infection. Additional groups were included that were euthanized pre-444 

treatment (2 h after infection) or treated with vehicle (IV 0.9% saline BID q12h at 2 445 

and 14 h after infection) only. At 26 h post-infection, the clinical condition of all mice 446 

was assessed, the mice euthanized by CO2 asphyxiation and lung tissue harvested, 447 



weighed, and homogenized. Pathogen burden was enumerated with the serial dilution 448 

plating technique. The colony forming unit value per g tissue (CFU/g) was calculated 449 

and compared to a vehicle group (Fig. S7C). Significance of effects was assessed with 450 

one-way ANOVA followed by Dunnett’s test. 451 

 452 

To evaluate the in vivo efficacy of 4 to treat lung infections against K. pneumoniae 453 

ATCC 43816, male ICR mice (6 per group) were rendered neutropenic with injections 454 

with cyclophosphamide on day -4 (200 mg/kg) and day -1 (150 mg/kg). Mice were 455 

infected 24 h after the second dose of immunosuppressive agent by intranasal injection 456 

of K. pneumoniae ATCC 43816. For infection animals were anaesthetised with a 457 

ketamine (50 mg/kg) and medetomidine (0.5 mg/kg) anaesthetic cocktail via IP 458 

injection (10 mL/kg). Anaesthetised mice were infected with 0.04 mL inoculum by 459 

intranasal instillation into mouse nostrils (20µL per nostril, 5 min between nostrils). 460 

The inoculum concentration was 1.97x106 cfu/mL (7.87x104 cfu/mouse). Once the 461 

procedure had been completed the anaesthetic reversal agent atipamezole was 462 

administered at 3.75 mg/kg SC. The peptide 4 was administered IV BID q12h, at 2 and 463 

14 h after infection at 05, 1, 2, 4, 8, 15 and 30 mg/kg/day. Control reference agent, 464 

Meropenem at 300 mg/kg/day was administered IV QID q6h, at 2, 8, 14 and 20 h after 465 

infection. Additional groups were included that were euthanized pre-treatment (2 h after 466 

infection) or treated with vehicle (IV 0.9% saline BID q12h at 2 and 14 h after infection) 467 

only. At 26 h post-infection, the clinical condition of all mice was assessed, the mice 468 

euthanized by by pentobarbitone overdose and lung tissue harvested, weighed, and 469 

homogenized. Pathogen burden was enumerated with the serial dilution plating 470 

technique. The colony forming unit value per g tissue (CFU/g) was calculated and 471 

compared to a vehicle group (Fig. S7D). Data from the efficacy study was analysed 472 

using StatsDirect software (version 3.1.8). The non-parametric Kruskal-Wallis test was 473 

used to test all pairwise comparisons (Conover-Inman) for tissue burden data.  474 

 475 

Microbiology 476 

MIC assays (CLSI methodology) and serial passage studies were performed as 477 

described by Luther et al.6. The spontaneous mutation frequencies of thanatin and 478 

analogues using reference strains of E. coli (ATCC 25922) and K. pneumoniae (ATCC 479 

43816) were determined by inoculating agarose containing the compounds at 480 

concentrations 4-, 8- and 16-fold over the MIC. Resistant mutants were isolated, their 481 



MIC values determined and sent to Microbes NG (Birmingham, UK) for whole genome 482 

sequencing and bioinformatic analysis. 483 

 484 

Binding Assays  485 

Binding affinities were determined by fluorescence polarization. All binding affinity 486 

assays were performed in triplicates and executed at ambient temperature (25°C) using 487 

freshly prepared protein stocks. Anisotropy was measured using the Tecan Safire2 plate 488 

reader (Tecan Trading AG, Switzerland) using a 10 nm bandwidth and setting the 489 

excitation and emission wavelengths to 635 nm and 670 nm, respectively.  490 

For direct binding assays, a fixed concentration of the fluorescently labeled peptide, 4-491 

FL, a derivative of 4, was added to a serial dilution of the corresponding Lpt protein. 492 

For the indirect binding assays, a fixed concentration of protein and fluorescently 493 

labeled peptide were mixed in a 1:1 ratio, and subsequently added to a serial dilution 494 

of the unlabeled peptide. Data were fit to a sigmoidal interpolation model on GraphPad 495 

Prism 9 to generate IC50 values for each unlabeled peptide, and the corresponding 496 

inhibition constants (Kis) were calculated using the Cheng-Prusoff equation. For details 497 

see SI. 498 

 499 

NMR spectroscopy, assignments and structure calculations 500 

Backbone chemical shifts of 4-bound E. coli LptAm, LptAmQ62L, K. pneumoniae 501 

LptAm and of free LptCAA were assigned using spectra obtained from a standard set of 502 

3D triple-resonance experiments using 13C,15N-labeled proteins26. The protein-free 503 

peptide 4 was dissolved in acetate buffer, pH 4.0, and assigned using standard 2D 504 

homonuclear NOESY, COSY and TOCSY spectra. The structure of the free peptide 505 

was calculated from the 300 ms NOESY spectrum. To unambiguously distinguish the 506 

intermolecular from the intramolecular NOEs differently-labeled LptAm and thanatin 507 

were used in Vetterli et al.16. In the case of 4 this was not possible because the peptide 508 

contains unnatural amino acids. Therefore, 2H,15N-LptA grown in D2O using 509 

perdeuterated glucose was used, in which the residual proton density was less than 1%. 510 

This sample in combination with 4 allowed to record 2D [1H,1H], 15N-filtered, NOESY 511 

spectra27 to obtain intra-ligand NOEs exclusively. Intermolecular sidechain NOEs were 512 

extracted from a 13C-edited, 13C filtered NOESY experiment. Upper-distance restraints 513 

were derived from 80 ms 15N and 2 sets of 13C-resolved 3D NOESY spectra, centered 514 

on aliphatic (39 ppm) and aromatic (120 ppm) carbons. NOESY spectra were iteratively 515 

automatically assigned using the CYANA macro noeassign28. Additional torsion angle 516 



restraints were derived from backbone chemical shifts using the program TALOS+29. 517 

For more details of the structure calculations see Tab. S13.  518 

All coordinates and chemical shifts of E. coli LptAm-4, E. coli LptAmQ62L-4 and K. 519 

pneumoniae LptAm-4 were deposited to the PDB (BMRB) data bases under accession 520 

codes 7QS6 (34699), 7ZED ( 34720), and 7ZAX (34716), respectively. 521 

 522 

Molecular dynamics simulations 523 

MD simulations were conducted using the program package Gromacs 202030, that 524 

employs the CHARMM36-jul2020 force field31. Parameters for the non-natural amino 525 

acids (Gua-Val, Hyp, Dab, Pen) were inferred from the existing CHARMM force field. 526 

Initially, the NMR-derived starting structures were relaxed in a box of SPC water 527 

followed by a short dynamics run at constant volume and temperature (300K) for 100 528 

ps using a 2 fs timestep. MD production runs had total lengths of 2 µs and integration 529 

steps of 2 fs. For more details of the MD calculations see the SI. 530 
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