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The discovery of antibiotics has led to the effective treatment of bacterial infections that were otherwise fatal and has
had a transformative effect on modern medicine. Teixobactin is an unusual depsipeptide natural product that was
recently discovered from a previously unculturable soil bacterium and found to possess potent antibacterial activity
against several Gram positive pathogens, including methicillin-resistant Staphylococcus aureus and vancomycin-
resistant Enterococci. One of the key features of teixobactin as an antibiotic lead is that resistance could not be
generated in a laboratory setting. This is proposed to be a result of a mechanism of action that involves binding to
essential cell wall synthesis building blocks, lipid II and lipid III. Since the initial isolation report in 2015, significant
efforts have beenmade to understand its unique mechanism of action, develop efficient synthetic routes for its pro-
duction, and thus enable the generation of analogues for structure−activity relationship studies and optimization
of its pharmacological properties. Our review provides a comprehensive treatise on the progress in understand-
ing teixobactin chemistry, structure−activity relationships, and mechanisms of antibacterial activity. Teixobactin
represents an exciting starting point for the development of new antibiotics that can be used to combat multidrug-
resistant bacterial (“superbug”) infections.
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Introduction

Bad Bugs Need Drugs—multidrug-resistant
bacterial pathogens
Antimicrobial resistance (AMR) is a serious global
threat to human health and will inevitably lead
to rising economic and social costs. The World
Health Organisation has warned of the possibil-
ity of a postantibiotic era where common bacte-
rial infections could become untreatable and the
achievements of modern medicine undermined.1

The resultant health and financial implications sug-
gest that global deaths could reach 10 million per
year by 2050 with a cumulative cost to global eco-
nomic output of $100 trillion, far surpassing the
burden of death by cancer.2 Notwithstanding the
lack of investment from the pharmaceutical indus-
try, several factors have contributed to the rising
incidence of AMR. Antibiotic misuse in the agricul-
tural sector has been a major cause, whereby antibi-
otics, such as colistin, are concomitantly used as a
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Figure 1. Structure of native teixobactin.

growth promoter in farm animals and therapeuti-
cally in humans.3 Recently, China has banned its
use as a mitigation strategy.4 The widespread use of
household antibacterial products with nonspecific
actions, such as antiseptics and biocides, has also
contributed to the rise in AMR,5 as has the overpre-
scription and/or misuse of antibiotics in outpatient
settings.6
Staphylococcus aureus isolates (methicillin-resis-

tant, vancomycin-intermediate, and vancomycin-
resistant) have been identified by the Infectious
Diseases Society of America as among the top
six most dangerous multidrug-resistant (MDR)
microorganisms.7 Resistance of these Gram posi-
tive “superbugs” to last-line antibiotics, such as van-
comycin, has been increasing and is likely to far out-
pace the development of new drugs.8 Better stew-
ardship of existing drugs is vital to delaying the
widespread emergence of AMR. But there is still a
pressing need for a new generation of antibiotics
with novel mechanisms of action that are effective
against resistant strains and that act on targets that
are more resistant to mutation, that is, “resistant to
resistance.”9

Teixobactin—a new hope
Antimicrobial peptides produced via nonribosomal
peptide machinery have proven to be an invalu-

able pool of natural product scaffolds for the devel-
opment of antimicrobial therapeutics. Teixobactin
is a recently discovered antimicrobial peptide iso-
lated from a previously uncultivable species of a
soil bacterium called Eleftheria terrae (Fig. 1).10
An estimated 99% of all soil bacteria cannot be
cultured via conventional laboratory techniques;11
therefore, a novel technology called the iChip was
developed to overcome this challenge.12 The device
contains hundreds of miniature diffusion cham-
bers that allow single microbes to be cultured in
situ. It can produce monospecific cultures of previ-
ously uncultivable microbial organisms with higher
yields than conventional methods. The technique
thus enables access to secondary metabolites from
previously untapped species. The power of the tech-
nology is clearly demonstrated by the discovery of
teixobactin, which represents a new class of antibi-
otic that displays a novel mechanism of action
against Gram positive bacteria.10
The chemical structure of teixobactin can

be described as a depsipeptide consisting of 11
amino acids with a characteristic cyclotetrapeptide
macrocycle at the C-terminus and a methylated
N-terminus (Fig. 1). The structure contains five
nonproteinogenic amino acids, including the
rare l-allo-enduracididine (l-allo-End) and four
d-amino acids: N-Me-d-Phe1, d-Gln4, d-allo-Ile5,
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and d-Thr8.13 Native teixobactin demonstrates
narrow bactericidal activity against several Gram
positive pathogens, such as S. aureus andMycobac-
terium tuberculosis.10 It is also active against several
MDR S. aureus strains, such as methicillin-resistant
Staphylococcus aureus (MRSA) and vancomycin-
resistant Enterococci (VRE), which are associated
with a wide range of infections in both commu-
nity and nosocomial settings (e.g., bacteremia
and pneumonia).10,14,15 Teixobactin is also a potent
antimicrobial agent againstPropionibacteriumacnes
that causes acne vulgaris and is the opportunistic
pathogen in invasive infections.16,17 Teixobactin
exhibited no cross-resistance with vancomycin
and superior killing in late exponential phase
populations.10,18 It is, however, ineffective against
most species of Gram negative bacteria, presum-
ably owing to an inability to cross the robust outer
membrane of these organisms.

Mechanism of action

Teixobactin’s unique mechanism of action is pro-
posed to disrupt bacterial cell wall synthesis
through binding and inhibition of the lipid II and
lipid III substrates that are crucial for biosynthe-
sis of the peptidoglycan structural component of
the bacterial cell wall; thus leading to cell death via
autolysis.10,19 The peptidoglycan component is cru-
cial formaintaining structural integrity and thus cell
survival and has served as a key target for several
clinically approved antibiotics, including β-lactams
and vancomycin.20 In Gram positive bacteria, the
cell wall is primarily composed of peptidoglycan
and cell wall teichoic acids (WTAs).21 The pepti-
doglycan layer of Gram negative bacteria is gener-
ally much smaller than the Gram positive cell wall
(∼1.5 versus∼20 layers). Presumably, teixobactin is
inactive against Gram negative bacteria as it cannot
permeate the robust outer membrane, which is dec-
orated with lipopolysaccharide. Initial studies with
teixobactin failed to produce resistant mutants of
S. aureus or M. tuberculosis; neither plating on
media with low doses nor serial passaging over
27 days in the presence of subinhibitory levels of
teixobactin led to detectable resistant mutants.10
Peptidoglycan is composed of linear chains of

two alternating amino sugars, namely N-acetyl-
glucosamine (GlcNAc) and N-acetylmuramic
acid (MurNAc) that are covalently coupled, with
the MurNAc subunit decorated with a pentapep-

tide chain (Fig. 2). The crosslinked matrix of
these chains forms the backbone of the cell wall
that allows the cell to elastically resist osmotic
pressure.22 Synthesis of peptidoglycan begins with
the formation of uridine diphosphate (UDP)-
MurNAc functionalized with the pentapeptide,
followed by coupling to an undecaprenyl pyrophos-
phate moiety, to form lipid I. UDP-GlcNAc is
then coupled to lipid I to form lipid II, which is
assembled on the cytosolic side of the bacterial
membrane. Lipid II is then translocated across
the periplasm where penicillin-binding proteins
catalyze transglycosylation and transpeptidation
reactions to incorporate the peptidoglycan subunits
into the growing cell wall. This process releases
undecaprenyl pyrophosphate, which is shuttled
back to the cytosol where it is dephosphorylated
and recycled.23,24 Lipid II becomes vulnerable
to antimicrobial agents when it is localized on
the outside of the bacterial inner membrane. It
presents multiple binding sites for existing and
potential antibiotic agents, such as the C-terminus
of the pentapeptide domain, which is targeted by
vancomycin25 or the pyrophosphate moiety that is
targeted by lantibiotics and ramoplanin.26
Only a small quantity of lipid II exists in the cyto-

plasmic membrane at any given time,20 which is
indicative of a high turnover rate and/or rapid uti-
lization for cell wall synthesis. As the rate-limiting
step in peptidoglycan biosynthesis, inhibition of
lipid II effectively cripples the integrity of the cell
wall.23 Furthermore, the lipid II structure is unique
within the bacterial cell kingdom, thereby prevent-
ing possible toxic effects of lipid II binders on
mammalian cells.24 Available evidence suggests that
teixobactin binds to the pyrophosphate moiety of
lipid II but not to mature peptidoglycan that lacks
pyrophosphate.23 This is possibly why it remains
effective against vancomycin-resistant strains of
bacteria and that no cross-resistance develops.10
Cell WTAs are present in roughly equal pro-

portions with peptidoglycan in the Gram positive
bacterial cell wall.21 Covalently attached to pep-
tidoglycan units as polymers, they contribute to
bacterial cell morphology and are implicated in
some cases of antibiotic drug resistance.27 WTAs
are composed of two components: a common link-
age unit conserved across bacterial species that is
covalently bound to MurNAc residues on peptido-
glycan, and the main-chain polymer that consists of
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Figure 2. TheGrampositive bacterial cell wall is commonly composed of a dense peptidoglycan layer, which is further covalently
modified with cell wall teichoic acid (WTA). Schematic diagram depicting the biosynthetic pathways for peptidoglycan andWTA
from the common precursors N-acetylglucosamine (NAG), N-acetylmuramic acid, (NAM), N-acetylmannosamine (ManAc), and
undecaprenyl-pyrophosphate (Und-PP). Both the peptidoglycan (lipid II) and WTA precursors are synthesized intracellularly
using an Und-PP carrier lipid and then transported outside the cell where assembly into their respective biopolymers ensues. The
Und-P carrier is then flipped back inside the cell and recycled in the production ofmore lipid II andWTA precursors. Teixobactin
inhibits peptidoglycan biosynthesis by binding to the pyrophosphate and the first sugar regions of lipid II, and this results in
autolysis and bacterial cell killing.

repeat units and that can vary across species (Fig. 2).
Although there exists a complex and diverse array of
possible repeat units, the most common ones con-
sist of either glycerol-3-phosphate (such as those
found in Bacillus subtilis) or ribitol-5-phosphate
(found in S. aureus).21,27 Accordingly, synthesis of
WTAs is catalyzed by theTag (teichoic acid glycerol)
or Tar (teichoic acid ribitol) enzymes, depending
on the type of polymer. This catalyzes the transfer
of a GlcNAc residue onto a membrane-bound
undecaprenyl-phosphate to form the intermedi-
ate lipid undecaprenyl-pyrophosphate-GlcNAc,28
also referred to as lipid III.10 It is purported that

teixobactin also targets this key intermediate, which
markedly reduces the supply of WTAs available for
cell wall synthesis.19 The potential dual action of
teixobactin targeting both lipid II and lipid III
would have the potential to lead to a synergistic
effect that increases cell wall lysis and bacterial
killing compared with lipid II inhibition alone.19

Chemical synthesis of teixobactin

Given teixobactin’s enormous therapeutic potential,
there is an incentive to further improve its effec-
tiveness against Gram positive pathogens that are
resistant to current drugs and potentially broaden
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Figure 3. Stepwise synthesis of Arg10 teixobactin by Albericio et al. (a) Alloc-Ile-OH, DIC, and DMAP; (b) Pd(PPh3)4 and
PhSiH3; (c) Alloc-Arg(Pbf)-OH, HATU, and DIEA; (d) Fmoc SPPS; (e) Pd(PPh3)4 and PhSiH3; (f) 1% TFA in DCM; (g) PyAOP,
Oxyma Pure, and DIEA; (h) TFA, TIS, and H2O; and (i) RP-HPLC. Yield = 6%.

its spectrum of activity. An important step toward
this achievement is the development of a com-
prehensive understanding of its structure−activity
relationships (SARs); this necessitates ready access
to analogues and new and diverse chemical space.
Therefore, the development of rapid and efficient
chemical methods for producing teixobactin and
its analogues is critical. For two recent reviews on
teixobactin and analogues, we refer the reader to the
two reports in Refs. 29 and 30.
There are two major challenges to consider

when designing synthetic strategies for produc-
ing teixobactins, such as the formation of the
C-terminal macrocycle (which possesses an ester
bond) and the synthesis and incorporation of
l-allo-End. For a comprehensive review on the syn-
thesis of enduracididine analogues, see Brimble
and coworkers.31 There are also several β-branched
residues present, which can sometimes result in
difficult couplings. Other nonstandard structural

features include the four d-amino acids and an
N-methylated N-terminus but these can be read-
ily incorporated since the necessary building blocks
are commercially available. Several strategies for
producing teixobactin analogues already exist, such
as a full stepwise strategy, convergent ligation, and
macrocyclization on the solid support. The large-
scale synthesis of the C-terminal macrocycle has
also been investigated as well as the evaluation of
simplified analogues based on this scaffold. Each of
these strategies is detailed below.

Total synthesis of teixobactin
The first report of a chemically synthesized
teixobactin analogue utilized a stepwise 9-
fluorenylmethyloxycarbonyl (Fmoc) solid-phase
peptide synthesis (SPPS) approach (Fig. 3).32 After
incorporation of residues 6−9 on the solid sup-
port, the semiprotected peptide was elongated via
the d-Thr8 side chain with l-Ile11 and l-Arg10
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Figure 4. Stepwise synthesis of native teixobactin by Payne et al. (a) Alloc-Ile-OH, DIC, and DMAP; (b) Fmoc SPPS; (c)
Pd(PPh3)4 and PhSiH3; (d) Fmoc-End(Cbz)2-OH, HATU, HOAt, and DIEA; (e) 10% piperidine (30 s); (f) Fmoc-Ala-OH, PyBOP,
and NMM; (g) 10% piperidine; (h) 1% TFA in DCM; (i) DMTMM.BF4 and DIEA; (j) TFA, thioanisole, TfOH, and m-cresol; and
(k) RP-HPLC. Yield = 3.3%.

(as a replacement for l-allo-End) using Nα Alloc
protection. The remaining N-terminal residues
were then incorporated followed by acidolytic
cleavage from the resin, cyclization in solution
and global deprotection. The resultant compound
maintained near-native activity against S. aureus
(25923) and B. subtilis (6051) despite the Arg
substitution at position 10, thus demonstrating
that l-allo-End (which is synthetically difficult to
access) is not critical for antimicrobial activity. This
improves the economics for scale-up and enables
rapid access to analogues for SAR studies.
Initially, two groups were able to overcome the

difficulties associated with producing l-allo-End
in useful quantities for the total synthesis of bio-
logically active native teixobactin,33,34 to confirm
that the original reported structure is correct. More
recently, Rao and coworkers prepared a Fmoc
SPPS−compatible l-allo-End precursor on a 30-
gram scale, which led to a gram-scale synthesis of
native teixobactin.35

Total synthesis of teixobactin using a linear
approach
The first total synthesis to be reported was from
Payne and coworkers. Here, the group adopted a

stepwise Fmoc-SPPS strategy (Fig. 4), whereby
l-Ser7 and d-Thr8 were incorporated at the
C-terminus, followed by the formation of the
ester bond between the β-hydroxyl group of thre-
onine and Alloc-protected l-Ile11. After chain
elongation and Alloc deprotection, the final two
residues were incorporated, including synthetic
bis-carboxybenzyl (Cbz)-protected l-allo-End10
(prepared in solution via seven synthetic steps).
After mild acidic cleavage from the resin, the
semiprotected peptide was subjected to lactamiza-
tion to form the C-terminal macrocycle, followed
by global deprotection with triflic acid to obtain
native teixobactin.33

Synthesis of analogues using a linear
approach
Several other groups have adopted a similar linear
approach to access analogues of the natural prod-
uct. Specifically, in these studies, the full linear pro-
tected precursor is first assembled on a solid sup-
port, isolated via a cleavage step, cyclized, and then
deprotected. Nowick et al. assembled residues 1–10
with no side-chain protection on d-Thr8, followed
by the incorporation of l-Ile11 via an esterification
step (Fig. 5A).36 This approach was similar to that
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Figure 5. Stepwise syntheses. (A) The Nowick method (note that a similar method was adopted by Chan et al.): (a) Fmoc SPPS;
(b) Fmoc-Ile-OH, DIC, and DMAP; (c) 20% piperidine; (d) HFIP and DCM; (e) HBTU, HOBt, and DIEA; (f) TFA, TIS, and
H2O; and (g) RP-HPLC. Maximum yield = 10.9% (Chan et al. reported cyclization/deprotection yield of up to 30%). (B) The
Brimble method: (a) Fmoc SPPS; (b) TBAF; (c) Fmoc-Ile-OH, DIC, and DMAP; (d) Fmoc SPPS; (e) 0.5% TFA in DCM; (f) HATU
and DIEA; (g) TFA, TIS, and H2O; and (h) RP-HPLC. Maximum yield = 11.8%. (C) The Singh method: (a) 20% piperidine; (b)
Alloc-d-Thr-OH, HATU, and DIEA; (c) Fmoc-Ile-OH, DIC, and DMAP; (d) Fmoc SPPS; (e) Trt-Cl and TEA; (f) Pd(PPh3)4 and
PhSiH3; (g) Fmoc SPPS; (h) 2% TFA, TIS in DCM; (i) HATU and DIEA; (j) TFA, TIS, and H2O; and (k) RP-HPLC. The yield of
22% reported is presumably based on the crude linear peptide.
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of Chan and coworkers, who also used unprotected
d-Gln4 to minimize steric bulk.37 Analogues gener-
ated by Brimble and coworkers differed to the pre-
vious examples in two ways: tert-butyldimethylsilyl
protection was used for the β-hydroxyl group of
d-Thr8 and the lactamization position was changed
from between residues 10 and 11 to residues 8 and 9
(Fig. 5B).38 In another approach, Singh and cowork-
ers performed the esterification directly after the
incorporation of d-Thr8 and formed the macrolac-
tamization between residues 9 and 10 (Fig. 5C).39

Total synthesis of teixobactin and analogues
using a convergent approach
Li and coworkers took a very different approach
to access native teixobactin by using a convergent
serine-mediated ligation between the cyclic and lin-
ear fragments (Fig. 6A).40 TheN-terminal fragment
bearing the reactive C-terminal salicylaldehyde
ester was prepared using tert-butyloxycarbonyl
(Boc)-SPPS and the C-terminal macrocyclic frag-
ment was prepared by Fmoc-SPPS.34 A similar
6 + 5 strategy was employed by Rao et al. to gen-
erate analogues of teixobactin (Fig. 6B), whereby
semiprotected fragments were assembled and the
conventional amide coupling performed.41 Yields
of ∼5−15% were realized despite the possibility
of epimerization of l-Ile6 during C-terminal acti-
vation of the N-terminal fragment. Recently, the
authors reported a 7 + 4 strategy (with com-
parable yields), whereby a serine-based pseudo-
proline moiety was incorporated at the C-terminus
of the N-terminal fragment to suppress epimer-
ization during the ligation (Fig. 6C).42 Each of
these convergent strategies enables rapid access
to teixobactin analogues since modifications can
be incorporated into smaller peptide precursors
that are easier to prepare, prior to the fragment
condensation.

On-resin cyclization
One of the bottlenecks for rapid production of
teixobactin analogues is the solution-phase macro-
cyclization step of the 8−11 segment, which
often requires large reaction volumes to minimize
oligomeric side products. To avoid this, Albericio
and coworkers devised a strategy for producing
Lys10 analogues whereby the ε-amino group was
anchored to the solid support, thus enablingmacro-
cyclization through judicious use of allyl-based pro-
tecting groups (Fig. 7A).43 After chain elongation of

the N-terminus, the unprotected peptide was then
isolated from the resin and purified without fur-
ther modification required. Recently, a more uni-
versal approach was described by Su et al., whereby
l-Ala9 was coupled to an aryl hydrazide linker that
is compatible with Fmoc SPPS protocols.44 After
chain assembly, the peptides were cyclized and con-
comitantly cleaved undermild oxidative conditions,
followed by global deprotection with trifluoroacetic
acid (Fig. 7B).

Macrocycle
There has been much interest in the unique
13-membered macrocyclic ring of teixobactin as
this is important to enable access to chemically
diverse analogues, yet this moiety has been iden-
tified as a potentially challenging structure to
produce synthetically using solid-phase chemistry.
Therefore, Reddy and coworkers attempted to opti-
mize its synthesis via a solution-phase strategy.45
After assembly of the protected linear precursor
with Cbz protection on l-allo-End10, a lanthanide
triflate−mediated Shiina macrolactonization was
performed. Unfortunately, Cbz removal from the
guanidino-type moiety was incomplete during the
final deprotection step, although a Met10 analogue
was successfully produced via the same strategy
(Fig. 8A). Jamieson et al. also used the C-terminal
macrocycle as a scaffold to produce simplified
analogues and incorporated cysteine at position
7 to enable a convenient chemoselective ligation
between halogenated isoprenoid chains (farnesyl
and geranyl) with the cyclic peptide intermediate
bearing the β-thiol group (Fig. 8B).46 The Singh
group has recently reported a novel approach for
forming the macrocyclic ring, by replacing the
ester linkage with a disulfide bond (Fig. 8C).47
This enables cyclization to proceed under ambi-
ent conditions and without the use of orthogonal
protecting groups.

Alternative approaches
There have also been two other complementary
approaches to the synthesis of teixobactin and
related analogues. Xu and coworkers completed a
synthesis of teixobactin that was performed all in
solution (Fig. 9A).48 Recently, Rao’s group reported
a gram-scale synthesis of the native peptide,
which was underpinned by efficient preparation
of an l-allo-End precursor (Fig. 9B).35 This work
represents a considerable synthetic effort and is

93Ann. N.Y. Acad. Sci. 1459 (2020) 86–105 © 2019 New York Academy of Sciences.



Teixobactin SAR and synthesis Karas et al.

Figure 6. Convergent synthetic strategies. (A) Li et al.: (a) Boc SPPS; (b)Ozonolysis; (c)AcOH,TFE, andDCM; (d)HATU,HOAt,
and Oxyma Pure; (e) TFA; (f) Pd(OH)2/C and H2; (g) Pyridine and AcOH; (h) TFA; and (i) RP-HPLC. Cyclization yield= 36.8%.
(B) Rao et al.: (a) Fmoc SPPS; (b) TFE and DCM; (c) Pd(OH)2/C and H2; (d) PyAOP, HOAt, and DIEA; (e) 4N HCl and dioxane;
(f) DEPBT and DIEA; (g) TFA, TIS, and H2O; and (h) RP-HPLC. Yield = 12% from the starting material. (C) Synthetic strategy
for N-Me analogues. C-terminal macrocycle: (a) Fmoc- l-Ile-OH, DIC, DMAP, and DCM, 2 h; (b) Fmoc SPPS; (c) 1% TFA, DCM;
(d) 3 eq. EDC.HCl, 5 eq. DIEA, and DCM, 4 mM; (e) 1% H2O, TFA; (f) RP-HPLC; (g) 3 eq. COMU, 5 eq. DIEA, and 1,4-dioxane;
(h) 1% TIPS, 2% H2O, and TFA; and (i) RP-HPLC. Yields of up to 17% were reported based on the fragment condensation and
global deprotection.
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Figure 7. “On-resin” macrocyclization. (A) Albericio et al.: (a) Alloc-Ile-OH, DIC, and DMAP; (b) Pd(PPh3)4 and PhSiH3; (c)
PyAOP and Oxyma Pure; (d) Fmoc SPPS; (e) TFA, TIS, and H2O; (f) TFA, TIS, and H2O; and (h) RP-HPLC. Yields not reported.
(B) Su et al.: (a) Fmoc SPPS; (b) Fmoc-Ile-OH, DCC, and DMAP; (c) Fmoc SPPS; (d) Cu(OAc)2, Pyridine; (e) TFA, TIS, andH2O;
and (f) RP-HPLC. Yield = 18%.

highly significant since it could enable large-scale
production of chemically diverse teixobactin ana-
logues. In another approach, Zhang and coworkers
utilized a chemoenzymatic approach to generate
analogues.49 Specifically, linear peptides were first
synthesized using standard SPPS protocols and then
cyclized by reaction with a purified biosynthetic
thioesterase domain (Fig. 9C).

Structure−activity relationships

Several hundred teixobactin analogues have already
been synthesized and evaluated since Lewis and
coworkers’ seminal report in 2015.10 The general
conclusions from the SAR studies are described
below and comprehensively documented in the
Supporting Information (online only). Refer also
to Figure 10, which highlights the regions of
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Figure 8. The teixobactinmacrocycle. (A) Scale-up synthesis of the C-terminal macrocycle by Reddy et al.: (a) HATU andDIEA;
(b) TBAF; (c) LiOH and H2O; (d) MNBA, DMAP, Dy(OTf)3, and DIEA; and (e) TFA. Yield = 30−35%. (B) Simplified cyclic
analogues by Jamieson et al.: (a) 1% TFA in DCM; (b) HATU and DIEA; (c) TFA, EDT, TES, and DCM; (d) Zn(OAc)2, geranyl-Br,
and TFA; and (e) RP-HPLC. Yields of up to 12% were reported. (C) Disulfide linked macrocycle by Singh et al.: (a) Fmoc SPPS;
(b) TFA, TIS, and H2O; (c) DMSO and H2O; and (d) RP-HPLC. Yields were in the range of 15−25%.
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Figure 9. Alternative approaches. (A) Solution-phase synthesis of teixobactin by Gao et al.: (a) LiOH, THF, and H2O; (b)
l-Ser-OMe, PyAOP, DIEA, and DCM; (c) TBSCl, imidazole, and DCM; (d) Me3SnOH and PhMe; (e) LiOH, THF, and H2O; (f)
l-Ile-OMe, PyAOP, DIEA, and DCM; (g) PdCl2, H2, and MeOH; (h) PyAOP, DIEA, and DMF; (i) Et2NH and DCM; (j) PyAOP,
DIEA, andDCM; (k) TFA/DCM; (l) HATU,HOAt, NMM, andDMF; (m) Pd(PPh3)4, Et2NH, andDCM; (n)Me3SnOH and PhMe;
(o) EDCl, HOAt, DIEA, and DMF; (p) PdCl2, H2, and MeOH; and (q) TFA, TIS, and DCM. (B) Gram-scale synthesis of native
teixobactin using a convergent 2 + 3 + 6 approach by Rao et al. (a) Fmoc SPPS; (b) TFE and DCM; (c) DEPBT and DIEA; (d)
Pd(PPh3)4 and 1,3-dimethylbarbituric acid; (e) HATU, HOAt, and DIEA; (f) HCl; (g) DEPBT and DIEA; (h) Pd(OH)2/C and H2;
(i) TFA, TIS, andH2O; and (j) RP-HPLC. Yield= 8%. (C) Chemoenzymatic synthesis of teixobactin byMandalapu et al. (a) Fmoc-
SPPS; (b) 2% TFA in DCM; (c) l-Ile-OMe, HBTU, HOBt, DIEA, and DCM/DMF; (d) TFA, TIS, and H2O; and (e) thioesterase
enzyme and aqueous buffer.
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Figure 10. Summary ofmodifiable and sensitive residues in teixobactin. Blue:Nα-amides thought to be responsible for pyrophos-
phate binding in lipid II. These are likely to be sensitive to modification. Red: regions usually highly sensitive to modification.
Orange: regions that can tolerate some modification. Green: highly modifiable residues. Please note that Singh and coworkers
were able to alter residues 2, 5, 6, or 7 and still generate active analogues, provided that other cationic substitutions were also
made.55

teixobactin that are important for its antimicrobial
activity. Table 1 also provides a concise summary of
the modifications to date and identifies knowledge
gaps relating to structure and activity.

N-terminus
Acetylation abolishes activity, indicating that a
cationic N-terminus is important.39,50 Amore com-
prehensive study also found that activity was lost
upon acylation (e.g., decanoyl) and a bis-decanyl
alkylation.43 This is consistent with the finding that
the cationic N-terminus is likely to be involved in
binding of the pyrophosphate moiety of lipid II.51
However, dimethylation retained activity against
B. subtilis.43,44 A mono-benzylated Arg10 analogue
maintained some activity as did the nonmethylated
N-terminus.

NMe-D-Phe1
Residue 1 is important for teixobactin’s bactericidal
effect, as Zong et al. demonstrated that its deletion
abolished antimicrobial activity.41 This is consistent
with a recent molecular dynamics study, which
indicated that the aromatic ring interacts with
the cell membrane surface.52 Analogues bearing
NMe-d-Ala1 (i.e., those without the phenyl ring)
were also found to be inactive53,54 (although
activity is restored with the incorporation of
l-Arg955), as was NMe-d-Lys143 and other aromatic
residues bearing heteroatoms.37,41,44 By con-
trast, replacement of the phenyl ring with vari-
ous biphenyl derivatives enhances antimicrobial
activity,35,41 which further supports the notion of
side chain−membrane interactions. TheNα-methyl

group is not critical for activity;44,53,56 replacement
with a benzyl group is tolerated somewhat although
not so for an n-decanyl group.56 Inversion of the
stereochemistry at the α-carbon abolishes activity,
which suggests that the altered orientation of the
benzyl side chain could lead to interference in
N-terminal binding with the pyrophosphate group
of lipid II.50,57

L-Ile2
Alanine substitution of residue 2 renders
teixobactin analogues inactive,53,54,58 which indi-
cates its importance for its activity. Even substi-
tution with structurally similar amino acids, such
as l-Leu and l-Val, reduced potency somewhat.
d-allo-Ile, l-Ser, and l-Phe substitutions were also
not tolerated,53 and unsurprisingly, nor was l-Lys.59
But Parmar et al. were able to incorporate l-Ala2
into l-Leu10-teixobactin and maintain antimicro-
bial activity, by inserting arginine at residues 3
and 4.55 N-methylation was also found to abolish
activity,42 possibly due to the disruption of the
supramolecular assembly of teixobactin and/or a
conformational change that disrupts N-terminal
binding to the pyrophosphate group of lipid II.51

L-Ser3
The β-hydroxyl group of residue 3 is not crit-
ical for teixobactin’s bactericidal activity as
several studies have shown that l-Ala substi-
tution is well tolerated.53,54,58 Cationic replace-
ment is also possible,43,53–55,59 but not so for
O-phosphorylation41 or l-Asn incorporation.53
N-methylation abolishes activity,42 presumably due
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Table 1. Summary of the effect of substitution on antimicrobial activity of teixobactin by residue

Residues

Modification
N-ter-
minus

NMe-
d-Phe1 l-Ile2 l-Ser3 d-Gln4 d-allo-Ile5 l-Ile6 l-Ser7 d-Thr8 l-Ala9 l-allo-End10 l-Ile11

Minor × √
O

√ √
O × O

√
O

√
O

Alanine – × × √ √ × × O × –
√

O
Cationic – × × √ √ × × O – O

√ ×
Anionic – ? ? × ? ? ? ? – ? × ?
Hydrophobic × ? – ? ? – – ? – ?

√
–

Aromatic × √ × ? ? ? × ? – × O ?
Nα-methylation O – × × O × O × ? ? ? ?
Stereochemistry
switch

– × × ? × × ? ? × × O O

Note:
√
, amenable to modification; O, sometimes amenable to modification or results in a minor loss of activity; × , not amenable

to modification; ?, has not been evaluated; –, not applicable. Please note that this table is a rough guide only.

to the disruption of hydrogen bonding at the dimer
interface between l-Ser3 of one monomer and
l-Ser7 of the other.51

D-Gln4
Modification of the side chain of residue 4 leads
mostly to analogues with moderate to good
antimicrobial activity, such as those containing
d-Ala54,58 or cationic residues.41,43,44,59 Several
Leu10-teixobactins bearing d-Arg4 were found to
be extremely potent.55 Stereochemical inversion
abolishes activity, possibly due to steric clashes that
prevent oligomerization.50,53,57 Replacement with
d-Asn44,53 and dimethylaminoethyl-functionalized
d-Gln41 led to analogues with relatively good
activity. N-methylation reduced teixobactin’s
antimicrobial activity significantly without abol-
ishing it completely;42 it only attenuated oligomer
assembly. This was used to good effect by Nowick’s
group as gelation was suppressed, which enabled
crystallization and structural characterization of a
Lys10 teixobactin analogue.51

D-allo-Ile5
Replacement with d-Ala abolishes activity53,54,58
unless other cationic substitutions are made else-
where (vide supra).55 d-Lys5 rendered the analogue
inactive59 and even a minor modification, such
as d-Val substitution, reduced the antimicrobial
killing effect.53 Inversion of the β-carbon stereo-
chemistry is somewhat detrimental for teixobactin’s
bacterial killing;34 incorporation of l-Ile5 led to
an inactive analogue.57 Activity was abolished after
N-methylation.42

L-Ile6
Three separate studies found that alanine substitu-
tion was not well tolerated,53,54,58 although Parmar
et al. developed a potent analogue that also con-
tained l-Arg at position 3.55 l-Lys was detrimental
for antimicrobial activity, as were several hydropho-
bic substitutions (l-Leu, l-Phe, and l-Val)53 but
an l-cyclohexylglycine (l-Chg) bearing analogue
at position 6 did exhibit potency.60 N-methylation
was tolerated somewhat, which indicates that the
N-H proton may not be involved in intermolecular
hydrogen bonding.42

L-Ser7
Deletion of the β-hydroxyl group is detrimental
to activity,44,54,58,60 but not when d-Gln4 is also
mutated to d-Arg.55 Replacement with l-Lys also
caused a loss of activity, although moderate activity
against B. subtilis was retained.43,59 N-methylation
abolishes activity,42 possibly again due to the disrup-
tion of intermolecular hydrogen bonding, accord-
ing to the recent crystal structure reported by
Nowick et al.51

D-Thr8
This residue is a key structural element in
teixobactin, as its side chain is acylated by the
C-terminus to form the pyrophosphate-binding
macrocyclic motif. As expected, antimicrobial
activity is abolished for linear analogues36 andwhen
the stereochemistry is inverted.34,36,57 Replacement
of the lactone with a disulfide bond also results
in redundant analogues,47 but moderate activ-
ity is retained when a lactam is introduced via
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d-diaminopropionic acid (Dap).60 When the more
isosterically similar (2R,3S)-MeDap is incorpo-
rated, antimicrobial activity is improved,35,41 which
could be owing to the enhanced stability of the
amide bond compared with the ester bond. It also
indicates the importance of the β-methyl group for
antimicrobial potency.

L-Ala9
Substitution with l-Lys43,59,60 and l-Dap43 is tol-
erated somewhat. Jin et al. evaluated several ana-
logues with variations at residue 9; stereochemical
inversion and Gly substitution destroyed antimi-
crobial activity, most likely due to conformational
changes in the macrocycle. l-Phe also led to inac-
tive analogues, but an l-Orn9 analogue was found
to havemoderate activity.53 l-Arg is well tolerated55
as was aminobutyric acid, but dehydrobutyric acid
less so.37

L-allo-End10
This amino acid presents a significant hurdle in the
synthesis of teixobactin since it is neither commer-
cially available nor easily accessible synthetically.
Indeed, in the first two reported total syntheses
of native teixobactin, the l-allo-End analogue was
prepared in 7 or 10 steps in 17–31% overall yield,
respectively.33,34,61 Therefore, substitution of this
residue has been a priority to enable rapid SAR
studies for the development of potent analogues.
Initial attempts at replacing the l-allo-End10 with
l-Arg10, another guanidine-based amino acid,
resulted in a product with a similar antibacterial
spectrum profile as the native compound, albeit
with slightly reduced efficacy against S. aureus
and B. subtilis.32,39 Nevertheless, it demonstrated
the feasibility of producing potent teixobactin
analogues without the need for the precious
l-allo-End10 amino acid. Several other analogues
with substitutions at position 10 have also been
evaluated. It was found that l-Orn10 teixobactin34
possessed similar activity against Gram positive
pathogens to the l-Arg10 analogue; l-Lys10 had
improved activity.36 Two independent studies
evaluated a panel of compounds with residues
isosterically similar to arginine at position 10 (such
as citrulline and dimethylarginine); most were only
moderately active but l-homo-Arg10 had promis-
ing activity.38,62 A separate study found that an
l-Arg(Me)10, l-Nle11 teixobactin was potent and
exhibited superior killing kinetics to vancomycin

against P. acnes ATCC 11828.37 Therefore, the pre-
vailing logic was that a cationic residue at position
10 is critical for activity. However, this has been
shown to not be the case as hydrophobic substitu-
tion, for example, with leucine led to analogues that
possessed identical potency as native teixobactin
against VRE and MRSA isolates.55,58 This was
confirmed by a separate study, whereby all natural
l-amino acids and several substituted aromatic
residues were incorporated at position 10.63

L-Ile11
Alanine substitution is tolerated somewhat, with
moderate54 to excellent55 antimicrobial activity
reported for analogues with this variation. Lysine
substitution is detrimental for activity,59 as is
substitution with other hydrophobic residues,36,53
although l-Chg60 and l-Nle37 analogues were
potent. An l-Cys11 analogue with side-chain
cyclization was inactive as were all linear variants.47

SAR conclusions
In general, it was found that teixobactin is sen-
sitive to alanine substitution at most positions;
replacement of NMe-d-Phe1, l-Ile2, d-allo-Ile5,
l-Ile6, and l-Ser7 abolished activity, although mod-
erate activity was retained for d-Gln4, l-allo-End10,
and l-Ile11. Substitution of l-Ser3 is tolerated, while
l-Ala is already present at position 9 in the native
natural product. Note that this general summary
does not account for a separate study from Singh
and coworkers, who found that alanine substitu-
tion at positions 2, 5, 6, and 7 is well tolerated for
cationic teixobactin analogues.55 This knowledge
helped inform the design of potent Leu/Ile10 ana-
logues with arginine substitutions at positions 3, 4,
and 9, to mimic the net charge of a native peptide.47
The lysine scan has also been conducted; substitu-
tion of all hydrophobic residues abolished activity
but was tolerated for polar noncharged residues.59 A
similar studywas performedwhereby the net charge
of teixobactin analogues was increased via incor-
poration of lysine and 2,3-diaminopropionic acid
residues. It was found that the maximum net charge
was + 3-4 without abolishing activity.43 Inversion
of stereochemistry has also been investigated but in
general was found to lead to a loss in activity,50,53,57
although analogues with d-Arg10 or d-allo-Ile11
were somewhat tolerated.36

The unique, 13-membered C-terminal macro-
cycle of teixobactin is critical for activity as it is
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believed to bind to the pyrophosphate moiety of
lipid II. Therefore, it is likely to be sensitive to any
modifications that alter its active backbone con-
formation. Unsurprisingly, it has been shown that
replacing d-Thr8 with its l isomer abolishes activ-
ity against several different Gram positive bacte-
rial isolates.34,36 By contrast, the replacement of
d-Thr with d-Dap does not significantly alter
activity (even without the β-methyl group) since
the basic geometry of the macrocyclic backbone
is largely maintained.60 Incorporating (2R,3S)-d-
Dap further improves potency, indicating that the
methyl group contributes to antimicrobial activity
(vide supra).41 A separate study attempted to replace
the depsipeptide ester bond with a disulfide bond
to simplify the synthesis, but this led to inactive
analogues.47 Structure-minimized analogues have
also been produced in an attempt to achieve this.
In a recent study from Girt et al., the 6 N-terminal
residues were replaced with isoprenoids to promote
interaction with the lipidic moiety of lipid II, but
only a farnesyl-bearing Lys10 analogue possessed
moderate activity.46 Similarly, a separate study that
incorporated a lauroyl moiety in place of the first
five residues retained low potency.60
TheN-terminal tail of teixobactin is also essential

for full antimicrobial activity. There is mounting
evidence that antiparallel dimerization and further
assembly into amphiphilic β-sheets are intrinsic to
its mechanism of action.35,51,64 This is facilitated
via hydrogen bonding along teixobactin’s linear
domain. The oligomerization hypothesis is sup-
ported by recent studies that demonstrated that
N-methylation of key residues, such as l-Ile2 and
l-Ser3, abolishes activity.35,42 The teixobactin dimer
forms two cavities comprising the C-terminal
macrocycle and the N-terminus that acts as recep-
tors for the pyrophosphate moiety via hydrogen
bonding,35,51 which is most likely why N-terminal
acylation or dialkylation is detrimental to activity.56
Incorporation of bis-aryl groups at position 1 can
enhance activity, indicating a role in membrane
insertion.35,41

Structure−conformational relationships

Several structure-based studies have been con-
ducted on teixobactin to characterize its binding
mode with lipid II and identify its active conforma-
tion. The Singh group probed the stereochemistry
of all residues with the d-configuration and cor-

related antimicrobial activity with their nuclear
magnetic resonance (NMR) structures.57 Intrigu-
ingly, antimicrobial activity was abolished for all
stereoisomers that possessed a highly ordered
N-terminal tail (all except NMe-l-Phe1), which
suggested that they possessed unfavorable confor-
mations for dimerization and higher order assem-
bly. A crystal structure of a simplified analogue,
whereby residues 1−5 were replaced with an acetyl
group (which suppressed gelation and facilitated
crystallization) indicated several important struc-
tural features and intramolecular interactions.60 It
was found that the Nα protons of the C-terminal
macrocycle were oriented in the same direction.
Therefore, it was proposed that these amide hydro-
gens form hydrogen bonds with the pyrophosphate
moiety of lipid II, which is a similar mode of
binding as that of the food preservative nisin.65,66

Molecular dynamics studies have also been
employed to aid in the elucidation of the inter-
actions between teixobactin and lipid II. Liu
and coworkers identified four predominant bind-
ing modes, showing further evidence of interac-
tion between the pyrophosphate group and the
C-terminal residues.67 The simulations also indi-
cated that MurNAc may play a role in binding and
suggested that teixobactin interacts with lipid II on a
2:1 basis, probably as a dimer. A separate study per-
formed the simulations at a membrane surface and
drew similar conclusions regarding pyrophosphate
binding, but suggested that the side chains of l-Ser7
and l-allo-End10 may also play a role.52 A sepa-
rate finding suggested that the primary role of the
hydrophobic residues was for membrane insertion.
Öster et al. postulated that the N-terminal tail may
play a greater functional role in the potent antimi-
crobial activity of teixobactin.64 On the basis of
NMR chemical shift data, they deduced that the side
chain of d-Gln4 may bind to d-Glu in the pentapep-
tide of lipid II. Furthermore, they indicated that
the aggregation-prone N-terminal region (when in
the presence of lipid II) may be intrinsic to its
activity. This notion was supported by X-ray crys-
tallographic data, which found that a teixobactin
analogue formed a supramolecular assembly, based
on a β-sheet dimeric subunit.51 Therefore, it was
proposed that these amyloid-like structures act as
multivalent receptors for the pyrophosphate moi-
ety of lipid II. We have recently constructed molec-
ular models for these supramolecular assemblies
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Figure 11. (A)Molecularmodeling of possible amyloid-like assemblies of teixobactin. (B)Model of the interaction of teixobactin
with lipid II.

(Fig. 11A) and proposed interactions of teixobactin
with lipid II (Fig. 11B).

Toward the clinic

Despite teixobactin’s enormous therapeutic poten-
tial, there are still several hurdles that must be over-
come for it to reach the clinic. Many anti-infective
agents that are effective against MRSA already exist,
including daptomycin and doxycycline. Therefore,
teixobactin should display superior pharmacolog-
ical properties to these drugs to justify an expen-
sive and risky clinical trial program.68 The cost
of goods is another important consideration, espe-
cially for analogues that require chemical synthe-
sis, although progress is being made on this front.35
To enhance its clinical potential, several groups
have attempted to broaden its spectrum of activ-
ity to enable the killing of problematic Gram neg-
ative pathogens. Bester and coworkers have found
that cationic analogues possess a minor bacterici-
dal effect against Pseudomonas aeruginosa ATCC
27853.69 Ng et al. combined teixobactin analogues
with colistin, which is active against Gram nega-
tive bacteria.37 An improved bactericidal effect was
observed, suggesting that themembrane-disrupting
effect of colistin enables teixobactin access to its
molecular target, lipid II. A similar approach was
adopted by the Vederas group, whereby combina-

tion with polymyxin B nonapeptide and unacy-
lated tridecaptin also elicited an antimicrobial effect
against Escherichia coli, Salmonella enterica, and
Klebsiella pneumoniae.70 These promising results
could lead to safer therapeutic options for the treat-
ment of recalcitrant Gram negative infections that
currently require large doses of last-line antibiotics,
such as colistin, which is nephrotoxic.

Conclusions

Teixobactin and its analogues are a recently dis-
covered novel class of antibiotics that typically
possess a narrow spectrum of activity against
Gram positive bacteria. The most notable property
of teixobactin is that it has not been possible to
generate resistance against the molecule in the
laboratory. There have been several strategies
that have been adopted for the chemical syn-
thesis of the natural product, which has led to
the assembly and evaluation of several hundred
analogues. This has underpinned numerous SAR
studies that have led to the identification of key
features of the teixobactin scaffold for antibacterial
activity and binding to its target lipid II. Struc-
tural studies have revealed a potentially complex
mode of action involving aggregate formation into
macromolecular β-amyloid−like structures. Fur-
ther development of this important field requires
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additional structure−conformation studies of
target complexes, to delve deeper into the interac-
tions of the teixobactin pharmacophore. This will
ultimately lead to the development of more focused
analogues through rational design. Notwithstand-
ing, the discovery of novel, highly potent broad-
spectrum teixobactin analogues holds immense
potential for the development of therapeutics that
are effective against drug-resistant bacterial strains
and addresses the threat of a postantibiotic world.
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