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A B S T R A C T   

Podisus maculiventris thanatin has been reported as a potent antimicrobial peptide with antibacterial and anti
fungal activity. Its antibiotic activity has been most thoroughly characterized against E. coli and shown to 
interfere with multiple pathways, such as the lipopolysaccharide transport (LPT) pathway comprised of seven 
different Lpt proteins. Thanatin binds to E. coli LptA and LptD, thus disrupting the LPT complex formation and 
inhibiting cell wall synthesis and microbial growth. Here, we performed a genomic database search to uncover 
novel thanatin orthologs, characterized their binding to E. coli LptA using bio-layer interferometry, and assessed 
their antimicrobial activity against E. coli. We found that thanatins from Chinavia ubica and Murgantia histrionica 
bound tighter (by 3.6- and 2.2-fold respectively) to LptA and exhibited more potent antibiotic activity (by 2.1- 
and 2.8-fold respectively) than the canonical thanatin from P. maculiventris. We crystallized and determined the 
LptA-bound complex structures of thanatins from C. ubica (1.90 Å resolution), M. histrionica (1.80 Å resolution), 
and P. maculiventris (2.43 Å resolution) to better understand their mechanism of action. Our structural analysis 
revealed that residues A10 and I21 in C. ubica and M. histrionica thanatin are important for improving the binding 
interface with LptA, thus overall improving the potency of thanatin against E. coli. We also designed a stapled 
variant of thanatin that removes the need for a disulfide bond but retains the ability to bind LptA and antibiotic 
activity. Our discovery presents a library of novel thanatin sequences to serve as starting scaffolds for designing 
more potent antimicrobial therapeutics.   

Introduction 

Antimicrobial peptides (AMPs) are important components of the host 
innate immune defense system against pathogens. Despite their small 
sizes, AMPs can possess potent antiviral, antibacterial, and antifungal 
activity. Podisus maculiventris thanatin, an AMP isolated from the spined 
soldier bug, is a 21-residue peptide with broad inhibitory properties 
towards bacteria and fungi (Fehlbaum, 1996). Although the mechanism 
of action for P. maculiventris thanatin towards Gram-positive bacteria 
and fungi remains to be elucidated, recent studies suggest that 
P. maculiventris thanatin can interfere with multiple pathways in Gram- 

negative bacteria. In E. coli, binding of P. maculiventris thanatin to 
lipopolysaccharide (LPS) on the outer layer of the outer membrane 
dislodges Ca2+ and Mg2+ ions, causing membrane instability and bac
terial agglutination for host clearance (Sinha et al., 2017; Ma, 2019). 
Likewise, P. maculiventris thanatin has been reported to disrupt the LPS 
translocation from the inner membrane to the outer membrane by 
binding to components of the lipopolysaccharide transport system 
(Okuda et al., 2016), LptA and LptD (Vetterli et al., 2018; Moura et al., 
2020), ultimately disrupting the assembly of the bacterial outer mem
brane (Fig. S1A). 

Apo P. maculiventris thanatin has been shown to adopt an 

Abbreviations: AMP, antimicrobial peptide; BLI, biolayer-interferometry; LPS, lipopolysaccharide; LPT, lipopolysaccharide transport; MIC, minimum inhibitory 
concentration; NMR, nuclear magnetic resonance; PDB, protein data bank; RMSD, root-mean-square deviation; SEC-MALS, size-exclusion chromatography – multi- 
angle light scattering; SEM, standard error of the mean. 

* Corresponding authors at: Department of Biochemistry, Duke University School of Medicine, Durham, NC, United States (P. Zhou). Department of Computer 
Science, Duke University, Durham, NC, United States (B.R. Donald). 

E-mail addresses: brd+jsb23@cs.duke.edu (B.R. Donald), peizhou@biochem.duke.edu (P. Zhou).   
1 These authors contributed equally. 

Contents lists available at ScienceDirect 

Journal of Structural Biology: X 

journal homepage: www.sciencedirect.com/journal/journal-of-structural-biology-x 

https://doi.org/10.1016/j.yjsbx.2023.100091 
Received 23 April 2023; Received in revised form 7 June 2023; Accepted 8 June 2023   

mailto:brd&plus;jsb23@cs.duke.edu
mailto:peizhou@biochem.duke.edu
www.sciencedirect.com/science/journal/25901524
https://www.sciencedirect.com/journal/journal-of-structural-biology-x
https://doi.org/10.1016/j.yjsbx.2023.100091
https://doi.org/10.1016/j.yjsbx.2023.100091
https://doi.org/10.1016/j.yjsbx.2023.100091
http://crossmark.crossref.org/dialog/?doi=10.1016/j.yjsbx.2023.100091&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Journal of Structural Biology: X 8 (2023) 100091

2

architecture of β-hairpin held together by a disulfide bond in solution 
(Mandard et al., 1998). Using a truncated E. coli LptA protein that 
removes a C-terminal β-strand of LptA (Fig. S1B-D) to maintain a 
monomeric state in solution (LptAm), Vetterli and colleagues reported 
that P. maculiventris thanatin pairs its own β-hairpin with the N-terminal 
edge of the LptAm β-sheet, thus disrupting the head-to-tail LptA olig
omer required for LPS transport (Fig. S1A) (Vetterli et al., 2018; Laguri, 
2017). In contrast to the conflicting reports about the requirement of a 
cysteine disulfide bond for thanatin activity (Ma, 2016; Taguchi et al., 
2000; Lee et al., 2002; Imamura et al., 2008); truncation and muta
genesis studies in general support the observations that the N-terminal 
loop of thanatin is dispensable (Fehlbaum, 1996) and the cationic loop 

between the two β-strands (Sinha et al., 2017; Taguchi et al., 2000) and 
the C-terminal region are required for in vivo inhibition (Fehlbaum, 
1996). 

In this study, we report the discovery of novel thanatin orthologs 
from insect and bacterial species by mining publicly available genomic 
databases. We show that thanatin orthologs from Chinavia ubica and 
Murgantia histrionica bind E. coli LptAm more tightly in vitro and display 
stronger antibiotic activity than the widely-studied thanatin from 
P. maculiventris (Fehlbaum, 1996; Ma, 2019; Vetterli et al., 2018; Ma, 
2016). Our analyses of high-resolution crystal structures of thanatin 
orthologs from P. maculiventris; C. ubica and M. histrionica in complex 
with E. coli LptAm reveal key residues in M. histrionica thanatin that 

Fig. 1. Sequence alignment of thanatin orthologs reveals a consensus sequence. A sequence alignment of 16 thanatin sequences identified through genomic data
bases, with sequence conservation shown as a bar graph underneath the sequences. There are 11 unique sequences from 13 distinct species. B, A consensus logo 
generated from the thanatin sequences shows overall high conservation except for N-terminal loop (positions 1–5) and positions 9, 10, 19 and 21. 
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contribute to the tighter LptA binding affinity and superior antibiotic 
activity towards E. coli. 

Results 

Novel thanatin orthologs reveal a consensus sequence 

Thanatins from P. maculiventris and R. pedestris have previously been 
reported with potent inhibitory properties against Gram-negative bac
teria (Fehlbaum, 1996; Park et al., 2018). To search for additional tha
natin orthologs, we used the amino acid sequence of thanatin from 
P. maculiventris to query genomic databases deposited at the National 
Center for Biotechnology. A total of 16 thanatin-like sequences from 13 
unique species were discovered (Fig. 1A), which can be aligned and 
grouped into 11 unique sequences. Analysis of the consensus sequence 
logo shows that thanatin peptides share a pattern of G2S3K4P5 
V6P7I8I9(A/Y)10C11N12R13K14T15G16K17C18(T/R/Q/K)19R20(I/M/F/L)21 
(Fig. 1B). It is important to note that A10 only occurs when position 21 is 
an isoleucine (I21), whereas Y10 is observed with multiple types of 
hydrophobic residues at position 21, such as methionine, phenylalanine, 
and leucine. 

Thanatin orthologs bind more tightly to E. coli LptA and display stronger 
antibiotic activity than P. maculiventris thanatin 

In order to assess the interaction of these thanatin orthologs towards 
E. coli LptA, we developed a bio-layer interferometry (BLI) binding 
assay. Eight thanatin orthologs from Aelia acuminata (two isoforms), 
Chinavia ubica, Halyomorpha halys, Murgantia histrionica, Nezara viridula, 
Podisus maculiventris, and Riptortus pedestris together with E. coli LptAm 
(Laguri, 2017) were cloned and purified. LptAm was biotinylated and 
immobilized onto streptavidin biosensors, which were then immersed 
into solutions containing different concentrations of target thanatin 
peptides. Representative titration and binding curves of P. maculiventris 

thanatin with LptAm are shown in Fig. 2A and 2B. The steady-state 
binding association was fit to a 1:1 binding model, yielding a KD value 
of 1.8 ± 0.2 nM. Representative titration curves and steady-state bind
ing analyses of individual thanatin orthologs are summarized in Fig. 2C 
(raw data shown in Fig. S2). Surprisingly, with the exception of 
R. pedestris thanatin, which binds similarly to P. maculiventris thanatin 
(KD = 2.0 ± 0.4 nM versus KD = 1.8 ± 0.2 nM), all of the remaining 
thanatin peptides bind LptAm at least 2-fold more tightly (KD = 0.4 – 0.8 
nM). 

Two of these thanatin orthologs displayed stronger antibiotic activity 
against E. coli by at least 2-fold (Fig. 2D). P. maculiventris thanatin had an 
MIC of 2.9 ± 0.2 µg/mL against the E. coli ATCC 25922 strain, whereas 
thanatin from C. ubica had a MIC value of 1.4 ± 0.3 µg/mL. Thanatin 
from M. histrionica appeared to be the most potent antibiotic, showing an 
MIC of 1.1 ± 0.2 µg/mL, improving the potency of P. maculiventris 
thanatin by approximately 2.8-fold. 

Crystal structure of P. maculiventris thanatin bound to E. coli LptAm 
reveals a domain-swapped dimer of heterodimers 

In order to obtain a molecular understanding of the P. maculiventris 
thanatin interaction with E. coli LptA, we crystallized the LptAm – 
P. maculiventris thanatin complex in the P212121 space group, which 
diffracted to 2.43 Å resolution. Unexpectedly, the crystal structure 
revealed a domain-swapped dimer of LptAm in the shape of a butterfly, 
with the terminal two β-strands on each protomer pairing up with the 
edge of the central β-sheet in the adjacent protomer (Fig. 3A). 
P. maculiventris thanatin forms a β-hairpin held together by a disulfide 
bond and appends to LptAm via parallel β-strand interactions through 
the N-terminal β-strand of LptAm, similar to the previously reported 
solution NMR structure (PDB 6GD5). As LptAm and its complex with 
P. maculiventris thanatin are primarily monomeric in solution with a 
small dimeric population, shown via SEC-MALS (Fig. S3), the dimeric 
state of LptAm likely results from the high protein concentrations under 

Fig. 2. Characterization of novel thanatin orthologs. A, Representative BLI binding curves of the P. maculiventris thanatin titration with LptAm immobilized on the 
BLI biosensor tip. B, Steady-state binding curve of P. maculiventris thanatin with LptAm. C, Comparison of binding affinities of thanatin orthologs with LptAm. Error 
bars indicate SEM (minimum of at least n = 3). D, MIC values of thanatin orthologs against E. coli ATCC 25922. MIC values are calculated as geometric means, and 
the error bars represent SEM (minimum of at least n = 3). 
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crystallization conditions. 
The overall features of the P. maculiventris thanatin interaction with 

LptAm in the crystal structure are similar to that of the NMR structure 
(PDB 6GD5). When disregarding the terminal two β-strands of LptA, the 
backbones are in good agreement with a RMSD of ~1.9 Å (Fig. 3B). The 
areas of poor agreement are largely in the loop regions, along with great 
variance in the side chain rotamers (overall total RMSD of ~2.4 Å), 
which is expected due to dynamic movement in solution (Fig. 3B). 
Furthermore, as the domain-swapping occurs at the C-terminus of 
LptAm (Fig. 3A and Fig. S1D), which is far removed from the binding 
interface between LptAm and thanatin, the thanatin binding interface is 
entirely unperturbed. 

Shared features of LptAm-thanatin ortholog complexes 

We next determined the crystal structures of C. ubica thanatin and 
M. histrionica thanatin in complex with E. coli LptAm to probe how these 
thanatin orthologs bind more tightly to E. coli LptA than P. maculiventris 
thanatin. Both C. ubica thanatin and M. histrionica thanatin were co- 
crystallized with E. coli LptAm in the same P212121 space group as 
P. maculiventris thanatin in complex with E. coli LptAm, and their crystal 
structures were resolved to 1.90 Å and 1.80 Å, respectively. Each unit 
cell similarly contains two LptAm – thanatin complexes as seen for the 
LptAm – P. maculiventris thanatin complex, with LptAm forming a 
domain-swapped dimer (Fig. S4; refinement statistics for all three 
structures can be found in the supplementary Table S1). 

In all three structures, LptAm forms a β-jellyroll domain and thanatin 
forms a β-hairpin held together by an invariant disulfide bond (Fig. 4A). 
Removal of the disulfide bond in P. maculiventris thanatin via a C11A/ 
C18A mutation reduced the LptAm binding affinity by 26-fold (KD: 47 ±
5 nM versus WT KD: 1.8 ± 0.2 nM) (Fig. 4E) and completely abolished 

the antibiotic activity (MIC > 125 (µg/mL) (Fig. 4F), suggesting that the 
disulfide bond stabilized β-hairpin structure is an important feature for 
maintaining the activity of thanatin. 

The thanatin peptides bind to the N-terminus of LptAm by aligning 
their own N-terminal β-strands at the interface parallel to the N-terminal 
β -strand of LptAm and forming backbone interactions (Fig. 4A). As a 
result, thanatin disrupts the LptA head-to-tail connected β-jellyroll 
“bridge” in lipid A transport by binding to the N-terminus of LptAm. 

All thanatin peptides contain a dispensable and flexible N-terminal 
tail that is poorly defined in the crystal structure (Fig. 4B). Deletion of 
first three residues (ΔG1-K3) in P. maculiventris thanatin did not affect its 
interaction with LptAm (KD: 0.7 ± 0.1 nM) (Fig. 4E) nor its antibiotic 
activity (MIC: 3.1 ± 0.3 µg/mL) (Fig. 4F) suggesting that this region is 
dispensable for efficient binding. This is in agreement with previously 
reported results of minimal effect observed between full-length and 
truncated (ΔG1-K3) P. maculiventris thanatin on E. coli inhibition 
(Fehlbaum, 1996). Similarly, deletion of K3 (ΔK3) in P. maculiventris 
thanatin, which mimics the shorter peptide length observed in several 
orthologs, has no major consequence due to its location in the 
dispensable N-terminal tail (KD: 1.1 ± 0.03 nM, MIC: 4.9 ± 0.3 µg/mL) 
(Fig. 4E, F). 

The cationic loop, specifically R13, in all three thanatin peptides is 
involved in extensive intermolecular interactions with LptAm (Fig. 4C), 
suggesting that it is an important residue for LptAm binding. Mutations 
of R13 that break contact to LptAm, such as R13C or R13H, were re
ported to abolish inhibition of E. coli growth (Taguchi et al., 2000). In 
contrast to R13, the residue at position 14 has no obvious contact with 
LptAm, though these two residues are invariantly conserved as basic 
residues (Arg/Lys). R14K has no significant changes in LptAm binding 
and antibiotic activity (KD: 1.5 ± 0.3 nM, MIC: 3.9 ± 0.0 µg/mL) 
(Fig. 4E, F). However, removal of positively charged residues in the 

Fig. 3. Structural comparison of LptAm in complex with P. maculiventris thanatin by NMR and crystallography. A, Previously published solution NMR structure (PDB 
ID: 6GD5) showed a monomeric LptAm-thanatin complex. Crystal structure reveals a domain-swapped dimer of the heterodimeric LptAm-thanatin complex. B, 
Overlay of the NMR structure and crystal structure showed good backbone agreement for the β-strands, but poor agreement in the loop regions and side 
chain rotamers. 
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cationic loop via P. maculiventris thanatin R13A/R14A, was reported to 
abolish inhibition of E. coli growth (Sinha et al., 2017), showing that it 
plays a critical role in the efficacy of thanatin presumably due to 
enhanced membrane permeability. 

The C-terminal carboxyl group in all three thanatin peptides forms 
bidentate hydrogen bonds with the sidechain of LptAm R76 to position 
thanatin with the hydrophobic core of LptAm (Fig. 4D). C-amidation of 
P. maculiventris thanatin was reported to increase the MIC value by 2- 
fold, most likely due to the loss of the charged interaction with LptA 
R76 (Fehlbaum, 1996). Deletions of residues 19 – 21, 20 – 21, or 21 in 
P. maculiventris thanatin were also reported to abolish inhibition of 
E. coli growth, highlighting the importance of the C-terminal region 
(Fehlbaum, 1996). 

Molecular basis of the enhanced LptAm binding and antibiotic activity by 
thanatin orthologs from C. ubica and M. histrionica 

When comparing the sequences of thanatin from P. maculiventris, 
C. ubica, and M. histrionica, Y10A, Q19R, Q19T, and M21I highlight the 
major differences at the interface of thanatin with the hydrophobic core 
of LptAm (Fig. 5A, B). The hydrophobic surface of LptAm consists of I38, 
L45, V52, and F54, which is the main interface that residues 10 and 21 of 
thanatin pack against. P. maculiventris thanatin contains Y10 and M21, 
while C. ubica thanatin and M. histrionica thanatin contain A10 and I21. 
Residues A10 and I21 provide a better interface, as reflected in tighter 
binding to LptAm (C. ubica KD of 0.5 ± 0.1 nM and M. histrionica KD of 
0.8 ± 0.1 nM vs P. maculiventris KD of 1.8 ± 0.2 nM) (Fig. 2C). The 

tighter binding of C. ubica thanatin and M. histrionica thanatin to LptAm 
also contributes to lowering the MIC values (Fig. 2D). 

To evaluate the contributions of the variant surface residues of tha
natin orthologs to LptAm binding, we generated single point mutations 
of Y10A, Q19R, and M21I and double mutant Y10A/M21I on the 
P. maculiventris backbone. Binding for all mutants to LptAm improved by 
roughly 3-fold (Fig. 5C). However, a more gradual improvement of 
antibiotic activity was observed (Fig. 5D). None of the single point 
mutants Y10A, Q19R, and M21I significantly lowered the MIC value 
greater than 2-fold, but a double point mutant Y10A/M21I reduced the 
MIC by 3-fold, suggesting a synergistic relationship between the two 
positions. The lack of strong correlation between the binding data and 
antibiotic activity, in particular the Y10A mutant, indicate that thanatin 
may additionally affect other mechanisms of actions, such as binding to 
LPS to perturb the outer membrane or binding to LptD to disrupt the Lpt 
pathway (Sinha et al., 2017; Vetterli et al., 2018), thus resulting in the 
varied profile. Further experiments will be needed to explore these other 
paths. 

Redesigning M. histrionica thanatin 

Next, we sought to improve M. histrionica thanatin, the most potent 
thanatin ortholog identified from our studies. We showed that the N- 
terminal region of P. maculiventris thanatin is dispensable (Fig. 4E, F) 
and poorly defined in any of the crystal structures, suggesting that the N- 
terminal flexibility applied to the other thanatin orthologs as well. We 
showed that the disulfide bond was necessary for binding and inhibition 

Fig. 4. Characteristics of P. maculiventris thanatin 
binding to E. coli LptAm. A, Thanatin binds to the 
N-terminal β-strand of LptA in a parallel orien
tation mediated through backbone interactions. 
Thanatin forms a β-hairpin held together by a 
disulfide bond and provides a β-strand edge to the 
complex that disfavors further oligomerization. B, 
Thanatin contains a flexible N-terminal tail not 
well defined in the electron density map, thus 
missing the first several residues and side chains. 
C, Thanatin R13 of the cationic loop is exten
sively involved in intermolecular interactions. D, 
LptA R76 stabilizes the C-terminus of thanatin 
through bidentate hydrogen bonds. E, Probing 
importance of shared structural regions by bind
ing. Error bars indicate SEM (minimum of at least 
n = 3). F, MIC values of thanatin mutants against 
E. coli ATCC 25922. MIC values are calculated as 
geometric means, and the error bars represent 
SEM (minimum of at least n = 3).   
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(Fig. 4E, F). Our redesign approach focused on truncating M. histrionica 
thanatin and removing the need of the disulfide bond, which are prone 
to environmental redox conditions. We mutated the disulfide bond to 
C11E and C18K and created a lactam bridge across the peptide (peptide 
synthesized by Genscript) (Fig. 6A). This created a staple across thanatin 
that fully retained binding to E. coli LptAm (KD: 0.70 ± 0.01 nM vs. 0.8 
± 0.1 nM for M. histrionica thanatin) (Fig. 6B), However, potency against 
E. coli was 6-fold worse (MIC: 6.6 ± 0.2 µg/mL vs. 1.1 ± 0.2 µg/mL for 
M. histrionica thanatin) (Fig. 6C), possibly reflecting a compromised 
ability of the stapled peptide to penetrate the bacterial membrane. 

Discussion 

Through genomic databases mining for thanatin orthologs, we have 
discovered more effective thanatin peptides that potently target E. coli. 
We have developed a BLI assay to measure their binding to E. coli LptA 
and a MIC assay to evaluate their antibiotic activity against E. coli. We 
have crystallized and determined the structures of P. maculiventris tha
natin and two of the best thanatin orthologs, from C. ubica and 
M. histrionica, bound to E. coli LptAm for structural characterization. We 
have conducted mutagenesis studies to better understand the mecha
nism of improved binding and antibiotic activity. Overall, Y10A, Q19R, 

and M21I increased binding affinity, and the improvement in antibiotic 
activity was synergistically observed through Y10A and M21I. 
Furthermore, we have demonstrated that it is possible to redesign a 
scaffold from M. histrionica thanatin, the most potent thanatin ortholog, 
by shortening the peptide and removing the need for a disulfide bond. 

The discovery of novel thanatin orthologs adds to the growing field 
of microproteomics and cryptic peptides. Recent efforts have been made 
to mine the human genome for microproteins (around 100 amino acids 
or less) that have been largely ignored until lately. Microproteins have 
been found to play various roles in regulating stress signaling (PIGBOS), 
muscle and fat metabolism (MOTS-c), and mitochondrial activity 
(SHMOOSE) (Chu et al., 2019; Miller et al., 2023; Lee et al., 2015). They 
have also been linked to various diseases such as cancer, diabetes, and 
Alzheimer’s disease (Chu et al., 2019; Miller et al., 2023; Lee et al., 
2015). In addition, recent efforts have been made to mine the human 
genome for cryptic peptides that serve as antibiotics (Torres et al., 2021; 
Pane et al., 2017). Cryptic peptides are active peptides created from the 
degradation of or cleavage from a larger protein. P. maculiventris tha
natin is expressed within a precursor of 109 residues (Accession number 
ATG84180.1). After cleavage from the precursor, P. maculiventris tha
natin becomes an active antimicrobial peptide of 21 residues. Thanatin 
sequences found in our genomic search were mostly from whole genome 

Fig. 5. Differences among P. maculiventris, C. ubica, and M. histrionica thanatin. A, Sequence alignment of thanatin peptides highlights neutral differences (ΔK3 and 
R14K) in green and major differences (Y10A, Q19T, Q19R, and M21I) in red. B, Major differences are found at the interface of thanatin with the hydrophobic core of 
LptA. C, Assessing effects on binding to E. coli LptAm of single- and double-point mutations. Values given are averages of KD (nM) with SEM as error bars (minimum 
of at least n = 3). D, Assessing effects on inhibition to E. coli ATCC 25922, a clinical strain, of single- and double-point mutations. Values given are geometric mean of 
MIC (µg/mL) with SEM as error bars (minimum of at least n = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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sequences and their corresponding precursors were not identified. 
However, the precursor for R. pedestris thanatin has been reported, 
suggesting similar processing and maturation of the peptides (Accession 
number BAN67668). Our studies show that mining non-human ge
nomes, such as insects in our case, could identify a valuable library of 
unexplored microproteins with antimicrobial activity. 

Variance in the thanatin peptides can reveal what role these peptides 
play in their host by elucidating their microbial targets. The search for 
thanatin orthologs yielded 16 thanatin-like sequences, which can be 
grouped into 11 unique sequences, from 13 species. The majority of 
these orthologs are from stink bugs and other insects. It has been re
ported that thanatin in P. maculiventris (spined soldier bug) and 
R. pedestris (bean bug) are found in the insect’s midgut region and help 
regulate the microbiome to promote symbiosis (Fehlbaum, 1996; Park 
et al., 2018). It is plausible that the newly reported thanatins in other 
insects play a similar role in their respective hosts. Different thanatin 
sequences could target different pathogens to various degrees, which 
may reflect the microbiome population of each host and helps build the 
broadly inhibitory profile of thanatin. Interestingly, one thanatin 
ortholog was found in Shewanella, an anaerobic Gram-negative bacteria 
found in marine sponges. It is plausible that Shewanella produces tha
natin as a toxin and secretes it into the environment to suppress the 
growth of competing bacteria or fungi. Further studies will be needed to 
elucidate the role of thanatin in these other species. 

Our early design of a stapled thanatin retains binding but slightly 
reduces potency. It would be worthwhile to apply computational tools, 
such as OSPREY, to our stapled thanatin to increase binding affinity and 
regain potency (Hallen, 2018). Another design approach would be to 
create hybrid peptides to combine our improved thanatins with other 
antimicrobial peptides to synergistically attack pathogens. 

Overall, we have identified a more potent thanatin peptide from 
M. histrionica that targets E. coli through strong binding to LptA to 
disrupt the lipopolysaccharide transport system. High-resolution crystal 
structures allowed us to better understand the mechanism of action 
between thanatin and LptA. We identified that the key to improved 
binding and potency lies in the cooperativity between thanatin A10 and 
I21. We also redesigned M. histrionica thanatin to remove the need for a 
disulfide bond and presented a scaffold for the next generation of pep
tide design. Progress in computational protein design may help 
improving the affinity and potency of thanatin and enhance its antibiotic 
activity to other Gram-negative bacteria beyond E. coli studied here. 

Materials and methods 

Sequence analysis 

Identification of novel thanatin orthologs was performed with the 
tblastn and blastp suites (https://blast.ncbi.nlm.nih.gov) (AltschuP 
et al., May 1990). The amino acid sequence from P. maculiventris tha
natin was used as the query sequence. Sequence identities and positive 
substitutions were used to determine sequences of interest. A multiple 
sequence alignment was generated with Clustal Omega (https://www. 
ebi.ac.uk/Tools/msa/clustalo/) (Sievers et al., 2011). A consensus 
sequence was generated with WebLogo (https://weblogo.berkeley.edu) 
(Crooks et al., 2004). The accession numbers corresponding to all tha
natin orthologs mentioned in this publication are: Aelia acuminata 
(CAJVQN010000565), Anasa tristis (GEII01018028), Chinavia impicti
cornis (GIVF01040023), Chinavia ubica (GBFA01023333), Dichelops 
melacanthus (GBES01007078), Halyomorpha halys (XP_014293651), 
Murgantia histrionica (GECQ01170005), Nezara viridula 

Fig. 6. Redesigning M. histrionica thanatin into a 
novel scaffold. A, The sequence from M. histrionica 
thanatin was truncated on the N-terminus and the 
disulfide bond was replaced with a lactam bridge. 
Modeling predicts stapled thanatin can retain its 
structure with the modifications. B, Assessment of 
stapled thanatin binding to E. coli LptAm (minimum 
of at least n = 3). C, Assessment of stapled thanatin 
potency against E. coli ATCC 25922. Values given are 
geometric mean of MIC (µg/mL) with SEM as error 
bars (minimum of at least n = 3).   
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(GIBW01225186 and GGPJ01242699), Piezodorus guildinii (CM041296), 
Podisus maculiventris (AAB36066), Riptortus pedestris (BAN67668 and 
JAAEAN010010806), Shewanella (WP_238898582), and Stiretrus 
anchorago (WUAS01076668). 

Cloning, Expression, and purification of E. coli LptA 

A monomeric mutant (Δ159-185) of LptA (Laguri, 2017) without the 
signal peptide sequence (Δ1-27) was inserted into a modified pET24b 
vector through Takara Bio In-Fusion cloning to yield the final construct 
of His6-SUMO-LptA. For BLI binding studies, a C-terminal flexible linker 
and AviTag were incorporated to yield the final construct of His6-SUMO- 
LptA-GSGGSGSG-AviTag. After confirmation through DNA sequencing, 
the plasmid was transformed into BL21 (DE3) competent cells on LB 
plates containing kanamycin. Cells were grown in Luria-Bertani (LB) 
media with kanamycin at 37 ◦C until OD600 ≈0.6 with shaking and then 
induced with 1 mM IPTG at 18 ◦C for 18 h. The cells were harvested by 
centrifugation and frozen at − 80 ◦C until purification. 

The cell pellet was thawed, resuspended in Buffer A (20 mM Tris pH 
8.0, 250 mM NaCl) with a protease inhibitor tablet, and lysed through a 
microfluidizer. The lysate was centrifuged at 20,000g for 20 mins to 
remove cellular debris. The supernatant was passed through a Ni-NTA 
column, washed with Buffer A + 25 mM imidazole, eluted with Buffer 
A + 250 mM imidazole, and further eluted with Buffer A + 500 mM 
imidazole. Elution fractions containing protein were pooled and diges
ted with SENP1 protease (1:100 M protease:protein) while being dia
lyzed (MWCO 3.5 kDa) against 20 mM Tris pH 8.0, 150 mM NaCl, 1 mM 
DTT for 20 h at 4 ◦C. The dialyzed and digested solution was passed 
through a Ni-NTA column, washed with Buffer A + 25 mM imidazole, 
eluted with Buffer A + 250 mM imidazole, and further eluted with Buffer 
A + 500 mM imidazole. The flow through and wash fractions containing 
protein were concentrated (MWCO 3 K) and passed through a Super
dex200 column in Buffer B (50 mM Tris pH 8.5, 200 mM NaCl). The 
fractions containing purified LptA were concentrated (MWCO 3 kDa) 
and flash frozen in liquid nitrogen for storage at − 80 ◦C. For BLI binding 
studies, the protein was biotinylated with the BirA biotin-protein ligase 
standard reaction kit from Avidity and passed through a S75 column in 
Buffer C (1X PBS) before being flash frozen for storage at − 80 ◦C. 

Cloning, expression, and purification of thanatin peptides 

The thanatin sequence was inserted into a pET15b vector through 
Takara Bio In-Fusion cloning to yield the final construct of His10-GB1- 
TEV cleavage site-Thanatin. Single point and double point mutations 
were made with a Q5 Site-Directed Mutagenesis Kit from New England 
BioLabs. After confirmation through DNA sequencing, the plasmid was 
transformed into BL21 (DE3) competent cells on LB plates containing 
ampicillin. Cells were grown in LB media with ampicillin at 37 ◦C until 
OD600 ≈0.6 with shaking and then induced with 1 mM IPTG at 18 ◦C for 
18 h. The cells were harvested by centrifugation and frozen at − 80 ◦C 
until purification. 

The cell pellet was thawed, resuspended in Buffer D (50 mM Tris pH 
8.0, 200 mM NaCl) with a protease inhibitor tablet, and lysed through a 
microfluidizer. The lysate was centrifuged at 20,000 g for 20 mins to 
remove cellular debris. The supernatant was passed through a Ni-NTA 
column, washed with Buffer D + 25 mM imidazole, eluted with Buffer 
D + 250 mM imidazole, and further eluted with Buffer D + 500 mM 
imidazole. Elution fractions containing protein were pooled, concen
trated (MWCO 3 kDa), and passed through a Superdex200 column in 
Buffer B. The fractions containing protein were pooled and digested with 
TEV protease (1:100 M protease:protein) for 20 h at 4 ◦C. The digested 
solution was passed through a Ni-NTA column, washed with Buffer B +
25 mM imidazole, eluted with Buffer B + 250 mM imidazole, and further 
eluted with Buffer B + 500 mM imidazole. The flow through and wash 
fractions containing purified peptide were concentrated (MWCO 3 K), 
buffer exchanged into Buffer B, and frozen for storage at − 20 ◦C. 

Synthesis of the stapled thanatin peptide was carried out by Gen
script. Peptide was resuspended in Buffer B for experiments. 

Bio-layer interferometry (BLI) binding assay 

A BLI binding assay was developed on an Octet Red96e System. All 
assays were performed at 25 ◦C, at 700 r.p.m., and in buffer (1X Octet 
Kinetics Buffer: 1X PBS, 1% BSA, 0.1% Tween-20, 0.1% Kathon). Octet 
Streptavidin (SA) Biosensors were pre-wet for 15 min in buffer. The 
order of steps for each assay were as follows: (1) baseline: immersion in 
buffer for 300 s, (2) loading: immersion in biotinylated E. coli LptA-Avi 
at 1 µg/mL for 300 s, (3) baseline: immersion in buffer for 300 s, (4) 
association: immersion in peptide for 3600 s. A 15-point titration of 
peptide from 153.1 nM to 0.6 nM was used. Controls for double- 
referencing each point were the following: (1) reference sample well: 
SA biosensor with LptA-Avi loaded immersed into buffer, (2) reference 
sensor: SA biosensor with no LptA-Avi loaded immersed into various 
peptide concentrations. Curve fitting and data analysis for reporting 
dissociation constants (KD) was performed using the following steady- 
state 1:1 binding model: Response =

[Thanatin]/KD
1+[Thanatin]/KD

Rmax. The SA Bio
sensors loaded with LptA-Avi were regenerated for multiple uses as 
follows: (1) baseline: immersion in buffer for 100 s, (2) regeneration: 
immersion in 10 mM glycine pH 1.7 for 10 s, (3) neutralization: im
mersion in buffer for 10 s, repeat steps (2) and (3) for a total of 3 times, 
(4) baseline: immersion in buffer for 100 s. 

Minimal inhibition concentration (MIC) assay 

A MIC assay was developed with E. coli ATCC 25922 based on the 
Clinical & Laboratory Standards Institute (CLSI) standard protocol 
(Clinical and Laboratory Standards Institute, 2018). E. coli was streaked 
onto an antibiotic free LB plate from a cryo stock and incubated at 37 ◦C 
overnight. A single colony from this plate was streaked onto an anti
biotic free LB plate and incubated at 37 ◦C overnight. A single colony 
was added to LB media (10 mL) and grown at 37 ◦C to OD600 ≈0.1 
(corresponding to ≈1 – 2 × 108 CFU/mL) with shaking. Cells were added 
to a final concentration of ≈5 × 105 CFU/mL in Cation-Adjusted 
Mueller-Hinton Broth (CAMHB) over a titration of peptide inhibitor in 
clear 96 well plates. The plate was incubated at 37 ◦C for 20 h. MTT (3- 
(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium Bromide) (10 µL of 
5 mg/mL) was added to each well and incubated at 37 ◦C for 3 h. Iso
propanol + 0.1 M HCl (100 µL) were added to each well. The plate was 
imaged and read at OD690 and OD5750 for analysis. The MIC was 
determined to be the maximum peptide concentration where no growth 
was observed. 

Crystallization and structure determination of E. coli LptA with 
P. maculiventris thanatin 

Purified E. coli LptA and P. maculiventris thanatin were incubated 
together and co-eluted through a Superdex200 column in Buffer B. The 
fractions containing the complex were concentrated (MWCO 3 kDa) to 5 
and 10 mg/mL. Crystal trays were set up at each concentration using the 
sitting drop method with 1 µL protein and 1 uL of crystallization solu
tion, along with seeding from E. coli LptA with P. maculiventris M21W 
crystals using the scratch method (structure not released). Crystallization 
solutions that yielded crystals ranged from 60 to 70% MPD at 0.1 M MES 
pH 5.8. The crystallization condition of the reported dataset was a mix of 
10 mg/mL LptA:thanatin and 0.1 M MES pH 5.8, 60% MPD in 1:1 ratio. 

Diffraction data were collected at NE-CAT 24-ID-C beamline. The 3D 
model was constructed using molecular replacement from the PHASER 
module in PHENIX with an AlphaFold2 model (generated through on
line hosted notebook (Evans et al., 2021; Jumper et al., 2021)) of E. coli 
LptAm and P. maculiventris thanatin as the input model. Coot (Emsley 
and Cowtan, 2004) and PHENIX (Afonine et al., 2018) were used for 
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iterative model building and refinement. 

Crystallization and structure determination of E. coli LptA with C. ubica 
thanatin 

Purified E. coli LptA and C. ubica thanatin were incubated together 
and co-eluted through a Superdex200 column in Buffer B. The fractions 
containing the complex were concentrated (MWCO 3 kDa) to 6, 8, and 
15 mg/mL. Crystal trays were set up at each concentration using the 
sitting drop method with 1 µL protein and 1 uL of crystallization solu
tion. Crystallization solutions that yielded crystals ranged from 60 to 
77.5% MPD and pH 5.8–8.5 (0.1 M MES, HEPES, or Tris). The crystal
lization condition of the reported dataset was a mix of 6 mg/mL LptA: 
thanatin and 0.1 M MES pH 5.8, 70% MPD in a 1:1 ratio. 

Diffraction data were collected at NE-CAT 24-ID-E beamline. The 3D 
model was constructed using molecular replacement from the PHASER 
module in PHENIX with an AlphaFold2 model (generated through on
line hosted notebook (Evans et al., 2021; Jumper et al., 2021)) of E. coli 
LptA and C. ubica thanatin as the input model. Coot (Emsley and Cow
tan, 2004) and PHENIX (Afonine et al., 2018) were used for iterative 
model building and refinement. 

Crystallization and structure determination of E. coli LptA with 
M. histrionica thanatin 

Purified E. coli LptA and M. histrionica thanatin were incubated 
together and co-eluted through a Superdex200 column in Buffer B. The 
fractions containing the complex were concentrated (MWCO 3 kDa) to 
10.5 mg/mL. Crystal trays were set up at each concentration using the 
sitting drop method with 1 µL protein and 1 uL of crystallization solu
tion. Crystallization solutions that yielded crystals ranged from 0.095 to 
0.1 M sodium citrate pH 5.6, 19–20% isopropanol, 19–20% PEG 4000, 
and 0–5% glycerol. The crystallization condition of the reported dataset 
was a mix of 10.5 mg/mL LptA:thanatin and 0.095 M sodium citrate pH 
5.6, 19% isopropanol, 19% PEG 4000, and 5% glycerol in a 1:1 ratio. 

Diffraction data were collected at NE-CAT 24-ID beamline. The 3D 
model was constructed using molecular replacement from the PHASER 
module in PHENIX with an AlphaFold2 model (generated through on
line hosted notebook (Evans et al., 2021; Jumper et al., 2021)) of E. coli 
LptA and M. histrionica thanatin as the input model. Coot (Emsley and 
Cowtan, 2004) and PHENIX (Afonine et al., 2018) were used for itera
tive model building and refinement. 
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