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ABSTRACT: There remains a critical need for new antibiotics against multi-drug-resistant Gram-negative bacteria, a major global
threat that continues to impact mortality rates. Lipoprotein signal peptidase II is an essential enzyme in the lipoprotein biosynthetic
pathway of Gram-negative bacteria, making it an attractive target for antibacterial drug discovery. Although natural inhibitors of
LspA have been identified, such as the cyclic depsipeptide globomycin, poor stability and production difficulties limit their use in a
clinical setting. We harness computational design to generate stable de novo cyclic peptide analogues of globomycin. Only 12
peptides needed to be synthesized and tested to yield potent inhibitors, avoiding costly preparation of large libraries and screening
campaigns. The most potent analogues showed comparable or better antimicrobial activity than globomycin in microdilution assays
against ESKAPE-E pathogens. This work highlights computational design as a general strategy to combat antibiotic resistance.

Antibiotic resistance represents a major threat to public health
and has spurred significant research into the development of
new antimicrobials for the treatment of bacterial infections.1,2

Central to this objective is the identification of targets and lead
compounds, which often undergo lengthy optimization
processes.3 Lead compounds can be based on natural products,
identified by screening large compound libraries, or generated
by machine learning4 and genome mining.5−7 Despite the need
for new antibiotics, there have been few newly approved drugs
for clinical use, and attrition rates in antibiotic discovery are
high, drastically increasing the associated costs.8 New and
more efficient tools for developing potent and stable drug
candidates are urgently needed.
The bacterial lipoprotein (BLP) biosynthesis pathway

represents an attractive antimicrobial target as the enzymes
essential for BLP post-translational processing are located in
the cytoplasmic membrane with active sites facing the
periplasm.9−12 In the first step of this pathway, the pre-
proBLP (ppBLP) is lipid-modified by the enzyme lipoprotein
diacylglyceryl transferase (Lgt), forming the corresponding
proBLP (pBLP). Next, lipoprotein signal peptidase II (LspA)
cleaves the signal peptide (SP) from the pBLP, producing a

diacylated BLP (DA-BLP) that is further lipidated by
lipoprotein N-acyltransferase (Lnt) for trafficking to the
outer membrane in Gram-negative bacteria (Figure 1). The
second enzyme in the pathway, LspA, is essential for bacterial
viability. Inhibition of this peptidase by the natural products
globomycin13 and myxovirescin14 has been shown to induce
bacterial cell death, establishing it as a promising target for
combating multidrug resistance.
Globomycin is a 6-residue, cyclic depsipeptide that

incorporates a (2R,3R)-3-hydroxy-2-methylnonanoic moiety
into the ring via amide and ester linkages. It is produced by
strains of the Gram-positive bacteria Streptomyces.15 Although
globomycin shows promising antibacterial activity, poor
stability and production difficulties limit its application in the
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clinic.16 Extensive efforts have been devoted to developing a
total synthesis of globomycin that involved the use of multiple
synthetically accessed building blocks with strict chirality
requirements.17,18 Further, the poor in vivo stability of
globomycin limits its application.19 SAR studies have produced
moderately active analogues in a process requiring the time-
consuming synthesis of a large number of compounds. It has
been found that variation of the hydrophobic region or
replacement of the ester linkage leads to reduced po-
tency,18,20−22 limiting the development of more stable
analogues.
We have developed general methods for the computational

design of peptide macrocycles that can adopt a single stable
and biologically active conformation,23,24 which have shown
promise for the design of peptidic inhibitors of therapeutic
targets. Here, we set out to use this computational design
method to generate de novo cyclic peptide analogues of
globomycin, in which the labile depsipeptide ester moiety is
replaced by a more stable amide linkage.
Prior to initiating computational design, we first explored

three primary variables: cyclic vs linear structures, macrocycle
size, and lipid length (Figure S1). Where desired, cyclization
was achieved through amide bond formation or ring-closing
metathesis (Figures S2−S4). In addition to linear analogues
(S1−S4), analogues with lipidic components of varying length
(S5−S10), varying macrocycle sizes (S11−S13), and varying
stereochemistry (S14−S16) were synthesized. Despite the
many analogues generated, this approach furnished com-
pounds showing little or no inhibition of LspA from
Pseudomonas aeruginosa (PaLspA) (Supplementary discus-
sion).
We next turned to computational peptide design to develop

globomycin mimetics featuring the replacement of the ester in
globomycin with a more durable amide (Figures 1 and 2),

seeking to maintain both the macrocycle structure and the
chemical affinity for LspA binding. We explored a range of
canonical and non-canonical amino acids to replace the

Figure 1. Structure of globomycin, a de novo designed peptide, and the first two steps of the BLP biosynthetic pathway. Globomycin inhibits
cleavage of the SP (cyan) from a pBLP by LspA.

Figure 2. Aligned structure of globomycin bound and G2a docked to
PaLspA. The labile depsipeptide portion of globomycin is colored
yellow, and the β-Ala residue of G2a with an amide linkage is colored
magenta. Catalytic aspartate dyad residues D124 and D143 are shown
in cyan. The blocking hydroxyl of globomycin and G2a is labeled with
an asterisk. Gray horizontal lines represent approximate membrane
boundaries.
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depsipeptide segment, aiming to identify sequences that would
closely reproduce the overall shape and functionality of
globomycin. We specifically targeted sequences predicted to
fold in a manner recapitulating the structure of the N-
(methyl)-L-leucine, allo-L-isoleucine, L-serine, and allo-L-
threonine segments in the LspA-globomycin complex crystal
structure (PDB ID 5DIR),15 while also enhancing interactions
with LspA. Designed sequences that were confidently
predicted by Rosetta (Pnear value of 0.623) to generate
structures with these properties were selected for synthesis.
In the first generation (Gen1), ten compounds were

identified, and six were successfully synthesized (G1a-f)
(Figure S5). The overall structure of these compounds was
somewhat conserved, with variations in stereochemistry at the
lipid and β-amino acid. While compounds G1a and G1b
contained β-alanine (β-Ala), and were stereochemically
different at the α position of the lipid chain, the others
(G1c, G1d, G1e, and G1f) were further substituted with β-
homoalanine (β-hAla). Relative to globomycin, the 19-atom
macrocycle was maintained by using the β-amino acid. This
facilitated the use of N-alkylated glycine for macrocyclization
via an amide bond, which replaced the labile ester linkage.
Importantly, the aforementioned residues of globomycin were
conserved.
These analogues were tested for activity against PaLspA

using an in vitro fluorescence resonance energy transfer
(FRET) activity assay.21 LspA inhibition was detected by a
change in fluorescence upon cleavage of a FRET peptide

substrate containing an N-terminal quencher moiety and a C-
terminal fluorophore. All six compounds inhibited PaLspA
with IC50 values between 2.9 and 9.5 μM (Figures S6 and S7).
The two most potent compounds were the stereoisomers G1a
and G1b, with IC50 values of 2.94 ± 0.85 and 3.68 ± 0.42 μM,
respectively. Globomycin exhibited an IC50 value of 40 nM.
The change in stereochemistry between analogues G1e (IC50
3.56 ± 0.25 μM) and G1f (IC50 8.89 ± 0.55 μM) induced a
difference in inhibitory activity. Similarly, for G1c (IC50 = 6.04
± 0.71 μM) and G1d (IC50 = 9.48 ± 0.60 μM), the G1c
analogue with S stereochemistry displayed more potent
inhibition. Of the three pairs of analogues, the S stereocenter
at the lipid component produced stronger inhibition.
Based on the structures of the most potent Gen1 analogues

G1a and G1b, a second round of computational design was
performed that yielded a second generation of six analogues
(Gen2). Gen2 analogues were designed to investigate
variations at the N-alkyl amino acid (Figures 3 and S8).
Previously, it was reported that increasing the alkyl chain
length in globomycin resulted in greater antimicrobial
activity.16 Therefore, eight and twelve carbon atom chains
were examined, along with polyethylene glycol (PEG) chains.
Octyl derivatives of G1a and G1b were synthesized (G2a and
G2b, respectively) as well as the corresponding N-alkyl glycine
analogue (G2c), of which the dodecyl derivative was also
synthesized (G2d). PEG analogues of this glycine modification
were prepared with three and eight ethylene glycol units (G2e
and G2f, respectively, Figure S8). Compared to the best Gen1

Figure 3. Globomycin analogues inhibit LspA activity in vitro. (A) Structures of G2a and G2d. (B) Results of the FRET dose−response assays.
PaLspA concentration was 40 nM, FRET substrate concentration was 50 μM, and the concentration of inhibitors globomycin, G2a, and G2d
ranged from 0−3,000 nM. (C) SDS-PAGE gels and quantitation of the PaLspA gel-shift dose−response assays. ppICP concentration was 12 μM,
DOPG concentration was 600 μM, and Lgt concentration was 1.2 μM. The Lgt-catalyzed reaction was allowed to proceed for 60 min at 37 °C,
after which inhibitors (0−1000 nM) were added. The PaLspA reaction was initiated by the addition of 100 nM enzyme. The LspA reaction was
allowed to proceed for 30 min at 37 °C before being quenched with SDS-PAGE loading buffer (62.5 mM Tris/HCl pH 6.8, 2.5% (w/v) SDS,
0.002% (w/v) bromophenol blue, 0.5 M β-mercaptoethanol, 10% (v/v) glycerol). Quantitation of the gel-shift assays was performed using Image
Lab, and data were plotted using GraphPad Prism.
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compounds, G2e showed reduced potency, with an IC50 value
of 6.16 ± 0.84 μM. No inhibition was detected with G2f
(Figure S11). For the alkyl chain analogues, G2a and G2d
showed the most potent inhibition with IC50 values of 304 ±
62 and 157 ± 25 nM, respectively (Figures 3, S12, and S13).
G2b, the R epimer analogue of G2a, showed a higher IC50
value of 430 ± 50 nM, while the shorter chain analogue G2c
had lower potency (IC50 920 ± 70 nM), although this still
represents an improvement on the parent compound (Figure
S11). A longer hydrocarbon chain provided an improved
potency. Increasing hydrophobicity by using an Ala residue in
place of Gly also enhanced potency, although necessitating
correct stereochemistry. The most potent analogues, G2a and
G2d, both displayed nanomolar IC50’s with the potential for
further development as antibiotics.
To validate the more potent analogues, G2a and G2d

(Figure 3), as specific inhibitors of LspA (PaLspA and
EcLspA), an orthogonal SDS−polyacrylamide gel electro-
phoresis (SDS-PAGE) gel-shift assay was used.15 In this
assay, recombinant prepro inhibitor of cysteine protease
(ppICP), representing the ppBLP, was first converted by Lgt
to pICP using dioleoylphosphatidylglycerol (DOPG) as the
lipid substrate. LspA then cleaved the SP from pICP,
producing DA-ICP, resulting in a ∼10 kDa molecular weight
shift that can be tracked by SDS-PAGE.15 Inhibition of LspA
activity can be quantified by measuring the signal intensity of
the product DA-ICP. This assay confirmed that the designed
compounds G2a and G2d are specific inhibitors of LspA.
With these in vitro results, we sought to investigate the

ability of G2a, G2d, and Gen1 compound G1b to inhibit the
growth of reference and multi-drug-resistant bacteria, including
P. aeruginosa, Acinetobacter baumannii and Escherichia coli
(Table 1).

Minimum inhibitory concentration (MIC) values were
measured for all three analogues and compared with MICs
for globomycin and W1J (IC50 of 0.099 μM), an inhibitor
identified by screening 646,275 potential small-molecule
inhibitors, followed by SAR optimization.19 In the case of P.
aeruginosa, globomycin showed the lowest MIC value at 16
μg/mL, while all other analogues gave values of 32 μg/mL.
Likewise, for E. coli, globomycin gave an MIC of 10 μg/mL,
with all other analogues having a higher value of 32 μg/mL.
However, for both A. baumannii strains, the G2a and G2d
analogues gave the lowest MICs of all compounds tested, at 16
μg/mL for A. baumannii AB5075 and 12.5 for A. baumannii
AB17978. Similarly, Gen1 analogue G1b performed better
than or comparable to globomycin against Acinetobacter strains.
This level of antimicrobial activity compared to that recorded
in vitro presumably arises from the improved stability of the
rationally designed peptide linkages in the novel compounds.
These results show that G2a, G2d, and G1b are effective and,
therefore, are promising compounds for the development of

antibiotics targeting Gram-negative pathogens. Importantly,
some are more potent inhibitors of growth than globomycin
against certain strains.
We have used computational peptide design to generate

cyclic peptide analogues of the antibiotic globomycin. In
contrast to rational design methods, biologically active
analogues with IC50 values in the single-digit μM range were
generated in the first round of designs using the de novo
method. The second round produced more potent inhibitors
with IC50 values in the high nM range. This approximately 10-
fold increase in potency was achieved over just two
generations, requiring the synthesis of only 12 compounds.
The computational design approach enabled replacement of
the labile, therapeutically limiting ester moiety in globomycin
with a more stable amide. The most potent analogues, G2a and
G2d, inhibited LspA in vitro, as revealed by both FRET and
gel-shift assays. More importantly, both analogues showed
antimicrobial activities comparable to or better than those of
globomycin in microdilution assays against ESKAPE-E
pathogens E. coli, P. aeruginosa, and two strains of A.
baumannii. G2a and G2d exhibited lower MIC values against
both A. baumannii strains compared to globomycin. Our
computation-based strategy should enable targeting of other
related lipoprotein peptidases with peptide macrocycles. De
novo peptide design facilitates rapid access to biologically active
lead candidates for therapeutic development, greatly accelerat-
ing the race against antibiotic resistance while alleviating the
requirement for costly synthesis and screening approaches. We
anticipate using this technology to develop more potent
inhibitors of LspA and novel inhibitors of other bacterial
targets to combat multi-drug-resistant Gram-negative bacteria.

■ ASSOCIATED CONTENT
Data Availability Statement
The data underlying this study are available in the published
article and its Supporting Information.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acschembio.4c00076.

Characterization data, experimental details, methods,
and additional data (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Joan A. Geoghegan − Department of Microbiology, Moyne

Institute of Preventive Medicine, School of Genetics and
Microbiology, Trinity College Dublin, Dublin D02 VF25,
Ireland; Institute of Microbiology and Infection, College of
Medical and Dental Sciences, University of Birmingham,
Birmingham B15 2TT, U.K.; Email: geoghegj@tcd.ie

Stephen A. Cochrane − School of Chemistry and Chemical
Engineering, Queen’s University Belfast, Belfast BT9 5AG,
U.K.; orcid.org/0000-0002-6239-6915;
Email: s.cochrane@qub.ac.uk

Eoin M. Scanlan − School of Chemistry, Trinity College
Dublin, Dublin D02 R590, Ireland; orcid.org/0000-
0001-5176-2310; Email: scanlae@tcd.ie

Martin Caffrey − School of Medicine and School of
Biochemistry and Immunology, Trinity College Dublin,
Dublin D02 R590, Ireland; orcid.org/0000-0002-2931-
4551; Email: martin.caffrey@tcd.ie

Table 1. MICs for the Designed Compounds G1b, G2a, and
G2d

MIC (μg/mL)

globomycin W1J G1b G2a G2d

P. aeruginosa950 16 32 32 32 32
E. coli ATCC25922 10 32 32 32 32
A. baumanniiAB5075 32 20 25 16 16
A. baumanniiAB17978 16 16 16 12.5 16

ACS Chemical Biology pubs.acs.org/acschemicalbiology Article

https://doi.org/10.1021/acschembio.4c00076
ACS Chem. Biol. XXXX, XXX, XXX−XXX

D

https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00076/suppl_file/cb4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00076/suppl_file/cb4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00076/suppl_file/cb4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00076/suppl_file/cb4c00076_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00076/suppl_file/cb4c00076_si_001.pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00076?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acschembio.4c00076/suppl_file/cb4c00076_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Joan+A.+Geoghegan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
mailto:geoghegj@tcd.ie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Stephen+A.+Cochrane"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-6239-6915
mailto:s.cochrane@qub.ac.uk
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eoin+M.+Scanlan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5176-2310
https://orcid.org/0000-0001-5176-2310
mailto:scanlae@tcd.ie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Martin+Caffrey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-2931-4551
https://orcid.org/0000-0002-2931-4551
mailto:martin.caffrey@tcd.ie
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Baker"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


David Baker − Department of Biochemistry, University of
Washington, Seattle, Washington 98195, United States;
Institute for Protein Design and Howard Hughes Medical
Institute, University of Washington, Seattle, Washington
98195, United States; Email: dabaker@uw.edu

Authors
Timothy W. Craven − Department of Biochemistry, University

of Washington, Seattle, Washington 98195, United States;
Institute for Protein Design, University of Washington,
Seattle, Washington 98195, United States

Mark D. Nolan − School of Chemistry, Trinity College Dublin,
Dublin D02 R590, Ireland; orcid.org/0000-0003-0385-
5752

Jonathan Bailey − School of Medicine and School of
Biochemistry and Immunology, Trinity College Dublin,
Dublin D02 R590, Ireland; Biological Inorganic Chemistry
Laboratory, The Francis Crick Institute, London NW1 1AT,
U.K.; orcid.org/0000-0003-4088-8094

Samir Olatunji − School of Medicine and School of
Biochemistry and Immunology, Trinity College Dublin,
Dublin D02 R590, Ireland

Samantha J. Bann − School of Chemistry and Chemical
Engineering, Queen’s University Belfast, Belfast BT9 5AG,
U.K.; orcid.org/0000-0002-1124-0275

Katherine Bowen − School of Chemistry, Trinity College
Dublin, Dublin D02 R590, Ireland

Nikita Ostrovitsa − School of Chemistry, Trinity College
Dublin, Dublin D02 R590, Ireland

Thaina M. Da Costa − Department of Microbiology, Moyne
Institute of Preventive Medicine, School of Genetics and
Microbiology, Trinity College Dublin, Dublin D02 VF25,
Ireland

Ross D. Ballantine − School of Chemistry and Chemical
Engineering, Queen’s University Belfast, Belfast BT9 5AG,
U.K.

Dietmar Weichert − School of Medicine and School of
Biochemistry and Immunology, Trinity College Dublin,
Dublin D02 R590, Ireland; orcid.org/0000-0002-0694-
7671

Paul M. Levine − Department of Biochemistry, University of
Washington, Seattle, Washington 98195, United States;
Institute for Protein Design, University of Washington,
Seattle, Washington 98195, United States; orcid.org/
0000-0003-4874-5557

Lance J. Stewart − Department of Biochemistry, University of
Washington, Seattle, Washington 98195, United States;
Institute for Protein Design, University of Washington,
Seattle, Washington 98195, United States

Gaurav Bhardwaj − Department of Biochemistry, University of
Washington, Seattle, Washington 98195, United States;
Institute for Protein Design, University of Washington,
Seattle, Washington 98195, United States

Complete contact information is available at:
https://pubs.acs.org/10.1021/acschembio.4c00076

Author Contributions
¶T.W.C., M.D.N., and J.B. authors contributed equally.
Funding
This work was supported by Science Foundation Ireland grants
16/IA/4435 (M.C.), 22/FFP-A/10278 (M.C.), 12/RC/
2275_p2 (M.D.N. and E.M.S.), and 19/FFP/6667 (K.B. and
E.M.S.); the Irish Research Council grant GOIPD/2018/709

(T.M.d.C.); the Engineering and Physical Sciences Grant EP/
T01783X/1 (S.A.C.); and the Bill & Melinda Gates
Foundation grant INV-010680 (D.B.).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
The authors would like to thank D.W. Wolan and S. Kitamura
for providing a sample of compound W1J. T.W.C. thanks the
Washington Research Fund for the Innovation postdoctoral
fellowship. P.M.L. thanks the Defense Threat Reduction
Agency grant HDTRA1-19-1-0003.

■ ABBREVIATIONS
BLP, bacterial lipoprotein; DA-BLP, diacylated BLP; DOPG,
dioleoylphosphatidylglycerol; FRET, Förster resonance energy
transfer; Lgt, lipoprotein diacylglyceryl transferase; Lnt,
lipoprotein N-acytransferase; LspA, lipoprotein signal pepti-
dase II; MH, membrane helix; MIC, minimum inhibitory
concentration; pBLP, Pro-BLP; PEG, polyethylene glycol; PH,
periplasmic helix; ppBLP, pre-proBLP; SAR, structure−activity
relationship; SDS-PAGE, sodium dodecyl sulfate−polyacryla-
mide gel electrophoresis; SP, signal peptide

■ REFERENCES
(1) Davies, J. Origins and Evolution of Antibiotic Resistance.

Microbiologia 1996, 12 (1), 9−16, DOI: 10.1128/mmbr.00016-10.
(2) Aslam, B.; Wang, W.; Arshad, M. I.; Khurshid, M.; Muzammil,
S.; Rasool, M. H.; Nisar, M. A.; Alvi, R. F.; Aslam, M. A.; Qamar, M.
U.; Salamat, M. K. F.; Baloch, Z. Antibiotic Resistance: A Rundown of
a Global Crisis. Infect. Drug Resist. 2018, Volume 11, 1645−1658,
DOI: 10.2147/IDR.S173867.
(3) Payne, D. J.; Gwynn, M. N.; Holmes, D. J.; Pompliano, D. L.
Drugs for Bad Bugs: Confronting the Challenges of Antibacterial
Discovery. Nat. Rev. Drug Discovey 2007, 6 (1), 29−40,
DOI: 10.1038/nrd2201.
(4) Lin, T. T.; Yang, L. Y.; Lin, C. Y.; Wang, C. T.; Lai, C. W.; Ko,
C. F.; Shih, Y. H.; Chen, S. H. Intelligent De Novo Design of Novel
Antimicrobial Peptides against Antibiotic-Resistant Bacteria Strains.
Int. J. Mol. Sci. 2023, 24 (7), 6788 DOI: 10.3390/ijms24076788.
(5) Kealey, C.; Creaven, C. A.; Murphy, C. D.; Brady, C. B. New
Approaches to Antibiotic Discovery. Biotechnol. Lett. 2017, 39 (6),
805−817, DOI: 10.1007/s10529-017-2311-8.
(6) Ayon, N. J.; Gutheil, W. G. Dimensionally Enhanced
Antibacterial Library Screening. ACS Chem. Biol. 2019, 14 (12),
2887−2894, DOI: 10.1021/acschembio.9b00745.
(7) Tommasi, R.; Brown, D. G.; Walkup, G. K.; Manchester, J. I.;
Miller, A. A. ESKAPEing the Labyrinth of Antibacterial Discovery.
Nat. Rev. Drug Discov. 2015, 14 (8), 529−542, DOI: 10.1038/
nrd4572.
(8) Miethke, M.; Pieroni, M.; Weber, T.; Brönstrup, M.; Hammann,
P.; Halby, L.; Arimondo, P. B.; Glaser, P.; Aigle, B.; Bode, H. B.;
Moreira, R.; Li, Y.; Luzhetskyy, A.; Medema, M. H.; Pernodet, J. L.;
Stadler, M.; Tormo, J. R.; Genilloud, O.; Truman, A. W.; Weissman,
K. J.; Takano, E.; Sabatini, S.; Stegmann, E.; Brötz-Oesterhelt, H.;
Wohlleben, W.; Seemann, M.; Empting, M.; Hirsch, A. K. H.; Loretz,
B.; Lehr, C. M.; Titz, A.; Herrmann, J.; Jaeger, T.; Alt, S.; Hesterkamp,
T.; Winterhalter, M.; Schiefer, A.; Pfarr, K.; Hoerauf, A.; Graz, H.;
Graz, M.; Lindvall, M.; Ramurthy, S.; Karlén, A.; van Dongen, M.;
Petkovic, H.; Keller, A.; Peyrane, F.; Donadio, S.; Fraisse, L.; Piddock,
L. J. V.; Gilbert, I. H.; Moser, H. E.; Müller, R. Towards the
Sustainable Discovery and Development of New Antibiotics. Nat. Rev.
Chem. 2021, 5 (10), 726−749, DOI: 10.1038/s41570-021-00313-1.
(9) Smithers, L.; Olatunji, S.; Caffrey, M. Bacterial Lipoprotein
Posttranslational Modifications. New Insights and Opportunities for

ACS Chemical Biology pubs.acs.org/acschemicalbiology Article

https://doi.org/10.1021/acschembio.4c00076
ACS Chem. Biol. XXXX, XXX, XXX−XXX

E

mailto:dabaker@uw.edu
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+W.+Craven"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+D.+Nolan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0385-5752
https://orcid.org/0000-0003-0385-5752
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Bailey"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4088-8094
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samir+Olatunji"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Samantha+J.+Bann"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1124-0275
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katherine+Bowen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nikita+Ostrovitsa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Thaina+M.+Da+Costa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ross+D.+Ballantine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dietmar+Weichert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-0694-7671
https://orcid.org/0000-0002-0694-7671
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Paul+M.+Levine"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4874-5557
https://orcid.org/0000-0003-4874-5557
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lance+J.+Stewart"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gaurav+Bhardwaj"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acschembio.4c00076?ref=pdf
https://doi.org/10.1128/mmbr.00016-10
https://doi.org/10.1128/mmbr.00016-10?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.2147/IDR.S173867
https://doi.org/10.2147/IDR.S173867
https://doi.org/10.2147/IDR.S173867?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd2201
https://doi.org/10.1038/nrd2201
https://doi.org/10.1038/nrd2201?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/ijms24076788
https://doi.org/10.3390/ijms24076788
https://doi.org/10.3390/ijms24076788?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10529-017-2311-8
https://doi.org/10.1007/s10529-017-2311-8
https://doi.org/10.1007/s10529-017-2311-8?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acschembio.9b00745?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd4572
https://doi.org/10.1038/nrd4572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/nrd4572?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-021-00313-1
https://doi.org/10.1038/s41570-021-00313-1
https://doi.org/10.1038/s41570-021-00313-1?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3389/fmicb.2021.788445
https://doi.org/10.3389/fmicb.2021.788445
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Antibiotic and Vaccine Development. Front. Microbiol. 2021, 12,
788445 DOI: 10.3389/fmicb.2021.788445.
(10) Buddelmeijer, N. The Molecular Mechanism of Bacterial
Lipoprotein Modification�How, When and Why? FEMS Microbiol.
Rev. 2015, 39 (2), 246−261, DOI: 10.1093/femsre/fuu006.
(11) Zückert, W. R. Secretion of Bacterial Lipoproteins: Through
the Cytoplasmic Membrane, the Periplasm and Beyond. BBA,
Biochim. Biophys. Acta, Mol. Cell Res. 2014, 1843 (8), 1509−1516,
DOI: 10.1016/j.bbamcr.2014.04.022.
(12) Wiktor, M.; Weichert, D.; Howe, N.; Huang, C. Y.; Olieric, V.;
Boland, C.; Bailey, J.; Vogeley, L.; Stansfeld, P. J.; Buddelmeijer, N.;
Wang, M.; Caffrey, M. Structural Insights into the Mechanism of the
Membrane Integral N-Acyltransferase Step in Bacterial Lipoprotein
Synthesis. Nat. Commun. 2017, 8 (1), No. 15952, DOI: 10.1038/
ncomms15952.
(13) Inukai, M.; Takeuchi, M.; Shimizu, K.; Arai, M. Mechanism of
Action of Globomycin. J. Antibiot. 1978, 31 (11), 1203−1205,
DOI: 10.7164/antibiotics.31.1203.
(14) Xiao, Y.; Gerth, K.; Müller, R.; Wall, D. Myxobacterium-
Produced Antibiotic TA (Myxovirescin) Inhibits Type II Signal
Peptidase. Antimicrob. Agents Chemother. 2012, 56 (4), 2014−2021,
DOI: 10.1128/AAC.06148-11.
(15) Vogeley, L.; El Arnaout, T.; Bailey, J.; Stansfeld, P. J.; Boland,
C.; Caffrey, M. Structural Basis of Lipoprotein Signal Peptidase II
Action and Inhibition by the Antibiotic Globomycin. Science 2016,
351 (6275), 876−880, DOI: 10.1126/science.aad3747.
(16) Lehman, K. M.; Grabowicz, M. Countering Gram-Negative
Antibiotic Resistance: Recent Progress in Disrupting the Outer
Membrane with Novel Therapeutics. Antibiotics 2019, 8 (4), 163
DOI: 10.3390/antibiotics8040163.
(17) Kogen, H.; Kiho, T.; Nakayama, M.; Furukawa, Y.; Kinoshita,
T.; Inukai, M. Crystal Structure and Total Synthesis of Globomycin:
Establishment of Relative and Absolute Configurations. J. Am. Chem.
Soc. 2000, 122 (41), 10214−10215, DOI: 10.1021/ja002547j.
(18) Kiho, T.; Nakayama, M.; Yasuda, K.; Miyakoshi, S.; Inukai, M.;
Kogen, H. Synthesis and Antimicrobial Activity of Novel Globomycin
Analogues. Bioorg. Med. Chem. Lett. 2003, 13 (14), 2315−2318,
DOI: 10.1016/S0960-894X(03)00432-3.
(19) Kitamura, S.; Owensby, A.; Wall, D.; Wolan, D. W. Lipoprotein
Signal Peptidase Inhibitors with Antibiotic Properties Identified
through Design of a Robust In Vitro HT Platform. Cell Chem. Biol.
2018, 25 (3), 301−308.e12, DOI: 10.1016/j.chembiol.2017.12.011.
(20) Kiho, T.; Nakayama, M.; Yasuda, K.; Miyakoshi, S.; Inukai, M.;
Kogen, H. Structure-Activity Relationships of Globomycin Analogues
as Antibiotics. Bioorg. Med. Chem. 2004, 12 (2), 337−361,
DOI: 10.1016/j.bmc.2003.10.055.
(21) Garland, K.; Pantua, H.; Braun, M. G.; Burdick, D. J.;
Castanedo, G. M.; Chen, Y. C.; Cheng, Y. X.; Cheong, J.; Daniels, B.;
Deshmukh, G.; Fu, Y.; Gibbons, P.; Gloor, S. L.; Hua, R.; Labadie, S.;
Liu, X.; Pastor, R.; Stivala, C.; Xu, M.; Xu, Y.; Zheng, H.; Kapadia, S.
B.; Hanan, E. J. Optimization of Globomycin Analogs as Novel Gram-
Negative Antibiotics. Bioorg. Med. Chem. Lett. 2020, 30 (20),
No. 127419, DOI: 10.1016/j.bmcl.2020.127419.
(22) Huang, K.-J.; Pantua, H.; Diao, J.; Skippington, E.; Volny, M.;
Sandoval, W.; Tiku, V.; Peng, Y.; Sagolla, M.; Yan, D.; Kang, J.;
Katakam, A. K.; Michaelian, N.; Reichelt, M.; Tan, M.-W.; Austin, C.
D.; Xu, M.; Hanan, E.; Kapadia, S. B. Deletion of a Previously
Uncharacterized Lipoprotein LirL Confers Resistance to an Inhibitor
of Type II Signal Peptidase in Acinetobacter Baumannii. Proc. Natl.
Acad. Sci. U.S.A. 2022, 119 (38), No. e2123117119, DOI: 10.1073/
pnas.2123117119.
(23) Hosseinzadeh, P.; Bhardwaj, G.; Mulligan, V. K.; Shortridge, M.
D.; Craven, T. W.; Pardo-Avila, F.; Rettie, S. A.; Kim, D. E.; Silva, D.
A.; Ibrahim, Y. M.; Webb, I. K.; Cort, J. R.; Adkins, J. N.; Varani, G.;
Baker, D. Comprehensive Computational Design of Ordered Peptide
Macrocycles. Science 2017, 358 (6369), 1461−1466, DOI: 10.1126/
science.aap7577.
(24) Bhardwaj, G.; O’Connor, J.; Rettie, S.; Huang, Y. H.; Ramelot,
T. A.; Mulligan, V. K.; Alpkilic, G. G.; Palmer, J.; Bera, A. K.; Bick, M.

J.; Di Piazza, M.; Li, X.; Hosseinzadeh, P.; Craven, T. W.; Tejero, R.;
Lauko, A.; Choi, R.; Glynn, C.; Dong, L.; Griffin, R.; van Voorhis, W.
C.; Rodriguez, J.; Stewart, L.; Montelione, G. T.; Craik, D.; Baker, D.
Accurate de Novo Design of Membrane-Traversing Macrocycles. Cell
2022, 185 (19), 3520−3532.e26, DOI: 10.1016/j.cell.2022.07.019.

ACS Chemical Biology pubs.acs.org/acschemicalbiology Article

https://doi.org/10.1021/acschembio.4c00076
ACS Chem. Biol. XXXX, XXX, XXX−XXX

F

https://doi.org/10.3389/fmicb.2021.788445
https://doi.org/10.3389/fmicb.2021.788445?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1093/femsre/fuu006
https://doi.org/10.1093/femsre/fuu006
https://doi.org/10.1093/femsre/fuu006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamcr.2014.04.022
https://doi.org/10.1016/j.bbamcr.2014.04.022
https://doi.org/10.1016/j.bbamcr.2014.04.022?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms15952
https://doi.org/10.1038/ncomms15952
https://doi.org/10.1038/ncomms15952
https://doi.org/10.1038/ncomms15952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/ncomms15952?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.7164/antibiotics.31.1203
https://doi.org/10.7164/antibiotics.31.1203
https://doi.org/10.7164/antibiotics.31.1203?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1128/AAC.06148-11
https://doi.org/10.1128/AAC.06148-11
https://doi.org/10.1128/AAC.06148-11
https://doi.org/10.1128/AAC.06148-11?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aad3747
https://doi.org/10.1126/science.aad3747
https://doi.org/10.1126/science.aad3747?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3390/antibiotics8040163
https://doi.org/10.3390/antibiotics8040163
https://doi.org/10.3390/antibiotics8040163
https://doi.org/10.3390/antibiotics8040163?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja002547j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja002547j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja002547j?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0960-894X(03)00432-3
https://doi.org/10.1016/S0960-894X(03)00432-3
https://doi.org/10.1016/S0960-894X(03)00432-3?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chembiol.2017.12.011
https://doi.org/10.1016/j.chembiol.2017.12.011
https://doi.org/10.1016/j.chembiol.2017.12.011
https://doi.org/10.1016/j.chembiol.2017.12.011?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmc.2003.10.055
https://doi.org/10.1016/j.bmc.2003.10.055
https://doi.org/10.1016/j.bmc.2003.10.055?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bmcl.2020.127419
https://doi.org/10.1016/j.bmcl.2020.127419
https://doi.org/10.1016/j.bmcl.2020.127419?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2123117119
https://doi.org/10.1073/pnas.2123117119
https://doi.org/10.1073/pnas.2123117119
https://doi.org/10.1073/pnas.2123117119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.2123117119?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aap7577
https://doi.org/10.1126/science.aap7577
https://doi.org/10.1126/science.aap7577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1126/science.aap7577?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.cell.2022.07.019
https://doi.org/10.1016/j.cell.2022.07.019?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/acschemicalbiology?ref=pdf
https://doi.org/10.1021/acschembio.4c00076?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

