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Graphical abstract:

Our reviem provises a comprehensive treatise on the progress in understanding teixobactin
chemistry, re—activity relationships, and mechanisms of antibacterial activity.

Teixobact ts an exciting starting point for the development of new antibiotics that

[ |
can be USE Eo combat multidrug-resistant bacterial (“superbug”) infections.

The discojntibiotics has led to the effective treatment of bacterial infections that were

Abstract
otherwise has had a transformative effect on modern medicine. Teixobactin is an
unusual d@ide natural product that was recently discovered from a previously
unculturable a soil bacterium and found to possess potent antibacterial activity against
several GRam % tive pathogens, including methicillin-resistant Staphylococcus aureus and
vanco ant Enterococci. One of the key features of teixobactin as an antibiotic
lead is tha nce 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 bl@cks, lipid 1l and lipid Ill. Since the initial isolation report in 2015, significant efforts
have beeDo understand its unique mechanism of action, to develop efficient synthetic

routes for uction, and thus enable generation of analogues for structure—activity

relationshs studies and for optimization of its pharmacological properties. Our review
providewhensive treatise on the progress in understanding teixobactin chemistry,
structure elationships, and mechanisms of antibacterial activity. Teixobactin

represent citing starting point for the development of new antibiotics that can be used

to com@g-resistant bacterial (“superbug”) infections.
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Introd uctionms

Bad Bugshrugs—multidrug-resistant bacterial pathogens

AntimicroBlal resiStance (AMR) is a serious global threat to human health and will inevitably

¢

lead to risi omic and social costs. The World Health Organisation (WHO) has warned
of the poss#lity#of a post-antibiotic era where common bacterial infections could become
untreatable and Se achievements of modern medicine undermined.” The resultant health

and financ ations suggest that global deaths could reach 10 million per year by 2050

with a cu ost to global economic output of $100 trillion, far surpassing the burden of

death by ¢an Notwithstanding the lack of investment from the pharmaceutical industry,

several factors have contributed to the rising incidence of AMR. Antibiotic misuse in the
agricu

ltural s
conco

Recently, China has banned its use as a mitigation strategy.* The widespread use of

has been a major cause, whereby antibiotics, such as colistin, are

d as a growth promoter in farm animals and therapeutically in humans.®

househol terial products with nonspecific actions, such as antiseptics and biocides,

has also d to the rise in AMR,® as has the overprescription and/or misuse of
antibioticsctient settings.®

StaphyWreus isolates (methicillin-resistant, and vancomycin-intermediate and -

resistant) n identified by the Infectious Diseases Society of America (IDSA) as
among th most dangerous multidrug-resistant (MDR) microorganisms.” Resistance
of thes positive “superbugs™ to last-line antibiotics, such as vancomycin, has been
increasing an ikely to far outpace the development of new drugs.® Better stewardship of

existing drugs is vital to delaying the widespread emergence of AMR. But there is still a
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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,

{

i.e., “resistant to resistance.”

Teixobact ope

[ ]
AntimicroBgial peptides produced via nonribosomal peptide (NRP) machinery have proven to

be an inv blegpool of natural product scaffolds for the development of antimicrobial

C

therapeuti obactin is a recently discovered antimicrobial peptide isolated from a

previousl| Itlrable species of a soil bacterium called Eleftheria terrae (Fig. 1)."° An

S

estimated all soil bacteria cannot be cultured via conventional laboratory

U

technique efore, a novel technology called the iChip was developed to overcome this

challenge®” The device contains hundreds of miniature diffusion chambers that allow single

£

microbes t tured in situ. It can produce monospecific cultures of previously

uncultiva

!

ial organisms with higher yields than conventional methods. The
techni bles access to secondary metabolites from previously untapped species.

The pow nology is clearly demonstrated by the discovery of teixobactin, which

%

represents a new class of antibiotic that displays a novel mechanism of action against Gram

]

positive bagteria. '

The che ture of teixobactin can be described as a depsipeptide consisting of 11

©

amino aci characteristic cyclotetrapeptide macrocycle at the C-terminus and a

1

methyl inus (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-Phe;,

D-GIng4, D-allo-llel) and D-Thrs."® Native teixobactin demonstrates narrow bactericidal activity

G

against sev am positive pathogens, such as S. aureus and Mycobacterium

tubercu t is also active against several MDR S. aureus strains, such as MRSA and

A

VRE, which are associated with a wide range of infections in both community and
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nosocomial settings (e.g., bacteremia and pneumonia).'®' Teixobactin is also a potent
antimicrobial agent against Propionibacterium acnes that causes acne vulgaris and is the
opportuwogen in invasive infections.' Teixobactin exhibited no cross-resistance
with vancé @ nd superior killing in late exponential phase populations.’®® It is, however,
ineffectivesagaimst most species of Gram negative bacteria, presumably owing to an inability

to cross trht outer membrane of these organisms.

C

Mechanis tion

Teixobactih’'sfinique mechanism of action is proposed to disrupt bacterial cell wall synthesis

S

through bimei d inhibition of the lipid Il and lipid lll substrates that are crucial for

¥

biosynthe peptidoglycan structural component of the bacterial cell wall; thus leading

to cell dedth via autolysis.’®"” The peptidoglycan component is crucial for maintaining

f

structural i ity and thus cell survival and has served as a key target for several clinically

a

approved ait s, including B-lactams and vancomycin.'® In Gram positive bacteria, the
cell wa y composed of peptidoglycan and cell wall teichoic acids (WTA)." The

peptido yer of Gram negative bacteria is generally much smaller than the Gram

M

positive cell wall (~1.5 versus ~20 layers). Presumably, teixobactin is inactive against Gram

[

negative s it cannot permeate the robust outer membrane, which is decorated with

lipopolysa @ e (LPS). Initial studies with teixobactin failed to produce resistant mutants

of S. aureuS"®FM. 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

3

mutants..

{

Peptidoglycan isomposed of linear chains of two alternating amino sugars, namely

Ul

N-acetylgluco ine (GlcNAc) and N-acetylmuramic acid (MurNAc) that are covalently

coupled® e MurNAc subunit decorated with a pentapeptide chain (Fig. 2). The

A

crosslinked matrix of these chains forms the backbone of the cell wall that allows the cell to
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elastically resist osmotic pressure.?’ Synthesis of peptidoglycan begins with the formation of
uridine diphosphate (UDP)-MurNAc functionalized with the pentapeptide, followed by
couplinmecaprenyl pyrophosphate moiety, to form lipid I. UDP-GIcNAc is then
coupled ta w b form lipid Il, which is assembled on the cytosolic side of the bacterial
membnanemizipidal| is then translocated across the periplasm where penicillin-binding
proteins chransglycosylation and transpeptidation reactions to incorporate the

peptidogly€an suBunits into the growing cell wall. This process releases undecaprenyl

¢

pyrophosmhich is shuttled back to the cytosol where it is dephosphorylated and
i

recycled.? becomes vulnerable to antimicrobial agents when it is localized on the

outside of the bagterial inner membrane. It presents multiple binding sites for existing and

potential t agents, such as the C-terminus of the pentapeptide domain, which is

targeted mycin?? or the pyrophosphate moiety that is targeted by lantibiotics and

ramoplanim

Only a tity of lipid Il exists in the cytoplasmic membrane at any given time,®

which is indi of a high turnover rate and/or rapid utilization for cell wall synthesis. As

the rate-limiting step in peptidoglycan biosynthesis, inhibition of lipid Il effectively cripples the
integrity o!he cell wall.2" Furthermore, the lipid Il structure is unique within the bacterial cell
kingdom, t preventing possible toxic effects of lipid Il binders on mammalian cells.?"
Available suggests that teixobactin binds to the pyrophosphate moiety of lipid Il but
not to r@idoglycan that lacks pyrophosphate.?'® This is possibly why it remains
effective iamst iancomycin-resistant strains of bacteria and that no cross-resistance

develops.

Cell wall t acids (WTA) are present in roughly equal proportions with peptidoglycan in
the Gr@bacterial cell wall.” Covalently attached to peptidoglycan units as
polymers, they tribute to bacterial cell morphology and are implicated in some cases of
antibiotic drug resistance.?* WTAs are composed of two components: a common linkage unit
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conserved across bacterial species that is covalently bound to MurNAc residues on
peptidoglycan, and the main-chain polymer that consists of repeat units and that can vary
across MQ. 2). Although there exists a complex and diverse array of possible repeat
units, the ammon ones consist of either glycerol-3-phosphate (such as those found in
B. subtilissemmsibito]-5-phosphate (found in S. aureus)."®* Accordingly, synthesis of WTAs is
catalyzed h’ag (teichoic acid glycerol) or Tar (teichoic acid ribitol) enzymes, depending

on the typg of polymer. This catalyzes the transfer of a GIcNAc residue onto a membrane-

G

bound un yl-phosphate to form the intermediate lipid undecaprenyl-pyrophosphate-

S

GIcNAc,? 380 Féferred to as lipid I11."° It is purported that teixobactin also targets this key

intermediate, whigh markedly reduces the supply of WTAs available for cell wall synthesis."

G

The poten action of teixobactin targeting both lipid Il and lipid 11l would have the

4

potential t a synergistic effect that increases cell wall lysis and bacterial killing

comparedii id 11 inhibition alone."”

a

Chemi is of teixobactin

Given tej n’s enormous therapeutic potential, there is an incentive to further improve

%

its effectiveness against Gram positive pathogens that are resistant to current drugs and

[

potentiallygroaden its spectrum of activity. An important step towards this achievement is

the devel f a comprehensive understanding of its structure—activity relationships

4

(SAR); this Ssitates ready access to analogues and new and diverse chemical space.

i

Thereforefithe development of rapid and efficient chemical methods for producing

teixoba it§ analogues is critical. For two recent reviews on teixobactin and

{

analogues, er the reader to the two reports in Ref. 26.

U

There are t or challenges to consider when designing synthetic strategies for

producin actins, such as the formation of the C-terminal macrocycle (which

A

possesses an ester bond) and the synthesis and incorporation of L-allo-End. For a
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comprehensive review on the synthesis of enduracididine analogues, see Brimble and
coworkers.?” There are also several B-branched residues present, which can sometimes
result irm)uplings. Other nonstandard structural features include the four D-amino
acids and thylated N-terminus but these can be readily incorporated since the
necessarysbuildimg blocks are commercially available. Several strategies for producing
teixobactihues already exist, such as a full stepwise strategy, convergent ligation,

and macrq@cyclization on the solid support. The large-scale synthesis of the C-terminal

C

macrocycl so been investigated as well as the evaluation of simplified analogues

S

based on s@affold. Each of these strategies is detailed below.

U

Total synt teixobactin

The first r@port of a chemically synthesized teixobactin analogue utilized a stepwise

B

9-fluorenyl xycarbonyl (Fmoc) solid-phase peptide synthesis (SPPS) approach (Fig.

a

3).% After ation of residues 6—9 on the solid support, the semiprotected peptide was
elonga e D-Thrg side chain with L-lle;4; and L-Arg4o (as a replacement for L-allo-End)

using rotection. The remaining N-terminal residues were then incorporated

M

followed by acidolytic cleavage from the resin, cyclization in solution and global deprotection.

[

The resul pound maintained near-native activity against S. aureus (25923) and B.

subtilis (6 pite the Arg substitution at position 10, thus demonstrating that L-allo-End

QO

(which is s ically difficult to access) is not critical for antimicrobial activity. This

4

improves the economics for scale-up and enables rapid access to analogues for SAR

studies

{

Initially, two gro were able to overcome the difficulties associated with producing

J

L-allo-End i | quantities for the total synthesis of biologically active native teixobactin,?

to confir e original reported structure is correct. More recently, Rao and coworkers

A
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prepared a Fmoc SPPS—compatible L-allo-End precursor on a 30-gram scale, which led to a

gram-scale synthesis of native teixobactin.*

{

Total synt teixobactin using a linear approach
The first t is to be reported was from Payne and coworkers. Here, the group
H

adopted a8tepwise Fmoc-SPPS strategy (Fig. 4), whereby L-Ser; and D-Thrg were

incorporatg@ at C-terminus, followed by the formation of the ester bond between the

G

B-hydroxyl of threonine and Alloc-protected L-lleq;. After chain elongation and Alloc

deprotecti@n Miheflinal two residues were incorporated including synthetic bis-carboxybenzyl

O

(Cbz)-pro allo-Endqo (prepared in solution via seven synthetic steps). After mild

U

acidic cle om the resin, the semiprotected peptide was subjected to lactamization to

form the @&terminal macrocycle, followed by global deprotection with triflic acid to obtain

fl

native teix %a

d

Synthesis of analogues using a linear approach

Several othe ps have adopted a similar linear approach to access analogues of the

Vi

natural ecifically, in these studies, the full linear protected precursor is first

assembled on a solid support, isolated via a cleavage step, cyclized, and then deprotected.

.

Nowick et.al. assembled residues 1-10 with no side-chain protection on D-Thrg, followed by

incorporati© lle4, via an esterification step (Fig. 5A).%" This approach was similar to that

of Chan a rkers, who also used unprotected D-GIn, to minimize steric bulk.*

N

Analog ted by Brimble and coworkers differed to the previous examples in two

t

ways: tert*butyldimethylsilyl (TBS) protection was used for the 3-hydroxyl group of D-Thrg

and the lactamization position was changed from between residues 10 and 11 to residues 8

U

and 9 (Fig. n another approach, Singh and coworkers performed the esterification

directly a rporation of D-Thrg and formed the macrolactamization between residues 9

A

and 10 (Fig. 5C).**

This article is protected by copyright. All rights reserved.



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
convergeM-mediated ligation between the cyclic and linear fragments (Fig. 6A).** The
N-terminabearing the reactive C-terminal salicylaldehyde ester was prepared
using tert-buiyexycarbonyl (Boc)-SPPS and the C-terminal macrocyclic fragment was
prepared h—SPPS.29b A similar 6 + 5 strategy was employed by Rao et al. to generate
analogue‘of tei)bactin (Fig. 6B), whereby semiprotected fragments were assembled and
the conventio mide coupling performed.* Yields of ~5-15% were realized despite the
possibilitymerization of L-lleg during C-terminal activation of the N-terminal fragment.
Recently, the autors reported a 7 + 4 strategy (with comparable yields), whereby a serine-
based ps line moiety was incorporated at the C-terminus of the N-terminal fragment
to suppre rization during the ligation (Fig. 6C).>” Each of these convergent strategies
enables r@ss to teixobactin analogues since modifications can be incorporated into

smaller, ecursors that are easier to prepare, prior to the fragment condensation.

On-resij ation
One of the bottlenecks for rapid production of teixobactin analogues is the solution-phase
macrocycmtep of the 8-11 segment, which often requires large reaction volumes to

minimize ¢ @

for producing £ys4, analogues whereby the €-amino group was anchored to the solid

support, t&s enabling macrocyclization through judicious use of allyl-based protecting

groupsw After chain elongation of the N-terminus, the unprotected peptide was

ic side products. To avoid this, Albericio and coworkers devised a strategy

then isolagthe resin and purified without further modification required. Recently, a

more universal agproach was described by Su et al. whereby L-Alag was coupled to an aryl
hydrazﬁ'at is compatible with Fmoc SPPS protocols.*® After chain assembly, the
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peptides were cyclized and concomitantly cleaved under mild oxidative conditions, followed

by global deprotection with trifluoroacetic acid (Fig. 7B).

{

Macrocycl

There ha interest in the unique 13-membered macrocyclic ring of teixobactin as

[ |
this is imp@rtant to enable access to chemically diverse analogues, yet this moiety has been

identified aga peientially challenging structure to produce synthetically using solid-phase

G

chemistry. ore, Reddy and coworkers attempted to optimize its synthesis via a

solution-pflagé stfategy.*® After assembly of the protected linear precursor with Cbz

$

protection -End,o, a lanthanide triflate—-mediated Shiina macrolactonization was

U

performed® unately, Cbz removal from the guanidino-type moiety was incomplete

during theffinal deprotection step, although a Met,, analogue was successfully produced via

i

the same (Fig. 8A). Jamieson et al. also used the C-terminal macrocycle as a

d

scaffold t simplified analogues and incorporated cysteine at position 7 to enable a
conve emoselective ligation between halogenated isoprenoid chains (farnesyl and

geranyl e cyclic peptide intermediate bearing the B-thiol group (Fig. 8B).*" The Singh

Y

group have recently reported a novel approach for forming the macrocyclic ring, by replacing
the ester | ith a disulfide bond (Fig. 8C).*? This enables cyclization to proceed under

ambient ¢ and without the use of orthogonal protecting groups.

QF

Alternativ ches

N

There een 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 g®lution (Fig. 9A).** Recently, Rao’s group reported a gram-scale synthesis

tit

of the nativ. de, which was underpinned by efficient preparation of an L-allo-End

precurso B).*® This work represents a considerable synthetic effort and is highly

A

significant since it could enable large-scale production of chemically diverse teixobactin
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analogues. In another approach, Zhang and coworkers utilized a chemoenzymatic approach
to generate analogues.** Specifically, linear peptides were first synthesized using standard

SPPS amMcyclized by reaction with a purified biosynthetic thioesterase domain (Fig.

e
]

Struct

= |

refactivity relationships

Several hugidre@jteixobactin analogues have already been synthesized and evaluated since
Lewis and ers’ seminal report in 2015."° The general conclusions from the SAR
studies arw)ed below and comprehensively documented in the Supporting Information
(online on r also to Figure 10, which highlights the regions of teixobactin that are
important ntimicrobial activity. Table 1 also provides a concise summary of the

modificati@ns to date and identifies knowledge gaps relating to structure and activity.

N-terminm
Acetylation ishes activity, indicating that a cationic N-terminus is important.***> A more

comprehensi dy also found that activity was lost upon acylation (e.g., decanoyl) and a

ion.*® This is consistent with the finding that the cationic N-terminus is

likely invo!ed in binding of the pyrophosphate moiety of lipid 11.** However, dimethylation
ctivi

retained a against B. subtilis.**** A mono-benzylated Arg,, analogue maintained some
activity asonmethylated N-terminus.

NMe-D-P£1

ResiduWant for teixobactin’s bactericidal effect, as Zong et al. demonstrated that
its deletio ed antimicrobial activity.*® This is consistent with a recent molecular

dynamics , which indicated that the aromatic ring interacts with the cell membrane
suﬁac{@es bearing NMe-D-Ala, (i.e., those without the phenyl ring) were also
found to be inacti¥e*® (although activity is restored with the incorporation of L-Args*®), as was
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NMe-D-Lys;* and other aromatic residues bearing heteroatoms.***** By contrast,
replacement of the phenyl ring with various biphenyl derivatives enhances antimicrobial
activity,me further supports the notion of side chain-membrane interactions. The N°-
methyl gr t critical for activity;******° replacement with a benzyl group is tolerated
somewhats@ithewgh not so for an n-decanyl group.®® Inversion of the stereochemistry at the

a-carbon hs activity, which suggests that the altered orientation of the benzyl side

chain could lead 2o interference in N-terminal binding with the pyrophosphate group of lipid

C

I I .45,51

L-”ez

48,52

LS

Alanine s n of residue 2 renders teixobactin analogues inactive, which indicates

its importahce for its activity. Even substitution with structurally similar amino acids such as

[

L-Leu and duced potency somewhat. D-allo-lle, L-Ser, and L-Phe substitutions were

&

also not t % and unsurprisingly, nor was L-Lys.*® But once again, Parmar et al. were
able to orate L-Ala; into L-Leuqo-teixobactin and maintain antimicrobial activity, by

insertin e at residues 3 and 4.*° N-methylation was also found to abolish activity,*’

M

possibly due to disruption of the supramolecular assembly of teixobactin and/or a

1

conforma nge that disrupts N-terminal binding to the pyrophosphate group of lipid

[1.46

L-Sers

ho

The B- up of residue 3 is not critical for teixobactin’s bactericidal activity as

t

several stifdies have shown that L-Ala substitution is well tolerated.*®*? Cationic replacement

is also possible®’#°24°*% put not so for O-phosphorylation®® or L-Asn incorporation.*®? N-

J

methylatio hes activity,*” presumably due to disruption of hydrogen bonding at the

dimer in etween L-Ser; of one monomer and L-Ser; of the other.*®

A
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D-Gliny

Modification of the side chain of residue 4 leads mostly to analogues with moderate to good
antimicmny, such as those bearing D-Ala****? or cationic residues.*****%% Several
Leu,q-teix @ bearing D-Arg, were found to be extremely potent.*® Stereochemical
inversian abelishes activity, possibly due to steric clashes that prevent
oIigomeriMs"‘m Replacement with D-Asn***® and dimethylaminoethyl-functionalized

D-GIn* lef to an@logues with relatively good activity. N-methylation reduced teixobactin’s

¢

antimicrobjal agtiyity significantly without abolishing it completely;*” it only attenuated

S

oligomer a y. This was used to good effect by Nowick’s group as gelation was

suppressed, whigh enabled crystallization and structural characterization of a Lys4q

g

46

teixobacti ue.

M

D-allo-lles

4852 unless other cationic substitutions are made

da

Replace t D-Ala abolishes activity
elsewh pra).*® D-Lyss rendered the analogue inactive® and even a minor

modificatj as D-Val substitution, reduced the antimicrobial killing effect.*® Inversion

%

of the B-carbon stereochemistry is somewhat detrimental for teixobactin’s bacterial killing;*®

E

incorpora of L-lles led to an inactive analogue.®' Activity was abolished after N-

methylati

O

L-lleg

n

Three d,*8>

dies found that alanine substitution was not well tolerate although

|

Parmar ef*al. developed a potent analogue that also contained L-Arg at position 3.*° L-Lys

was detrimental {@r antimicrobial activity, as were several hydrophobic substitutions (L-Leu,

L

L-Phe, and % but an L-cyclohexylglycine (L-Chg) bearing analogue at position 6 did

exhibit p > N-methylation was tolerated somewhat, which indicates that the N-H

A

proton may not be involved in intermolecular hydrogen bonding.*’
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L-Ser7

Deletion of the B-hydroxyl group is detrimental to activity,>**%*°* put not when D-Gln, is
also mlmomArg.49 Replacement with L-Lys also caused a loss of activity, although
moderate w against B. subtilis was retained.*®*® N-methylation abolishes activity,*

possiblys agaimmeue to disruption of intermolecular hydrogen bonding, according to the recent

crystal strgported by Nowick et al.*®

D-Thrg

This residlle i§ a Key structural element in teixobactin, as its side chain is acylated by the C-

oC

terminus t e pyrophosphate-binding macrocyclic motif. As expected, antimicrobial

U

2 1,51
d. 9b,31,5

activity is d for linear analogues®' and when the stereochemistry is inverte

Replacemént of the lactone with a disulfide bond also results in redundant analogues*? but

£

moderate ity s retained when a lactam is introduced via D-diaminopropionic acid

a

(Dap).** more isosterically similar (2R,3S)-MeDap is incorporated, antimicrobial

30,36
)

activity which could be owing to the enhanced stability of the amide bond

compar e ester bond. It also indicates the importance of the B-methyl group for

M

antimicrobial potency.

L-Alag L
Substituti-Lys38'53'54 and L-Dap® is tolerated somewhat. Jin et al. evaluated several
analoguesgwi riations at residue 9; stereochemical inversion and Gly substitution

N

destro obial activity, most likely due to conformational changes in the

1

macrocyclé. L-Phe also led to inactive analogues but an L-Orng analogue was found to have

moderate activitysi>® L-Arg is well tolerated*® as was aminobutyric acid, but dehydrobutyric

t

acid less so0,*

A
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L-allo-Endg
This amino acid presents a significant hurdle in the synthesis of teixobactin since it is not
commerable nor easily accessible synthetically. Indeed, in the first two reported
total syntive teixobactin, the L-allo-End analogue was prepared in 7 or 10 steps
in 17% o Bddmenerall yield, respectively.”** Therefore, substitution of this residue has been
a priority t rapid SAR studies for the development of potent analogues. Initial
attempts 4 repla'ng the L-allo-End,, with L-Arg4o, another guanidine-based amino acid,
resulted i ct with a similar antibacterial spectrum profile as the native compound,
albeit with SWgh# reduced efficacy against S. aureus and B. subtilis.?®** Nevertheless, it
demonstrated th;feasibility of producing potent teixobactin analogues without the need for
29b

the precioE-Endm amino acid. Several other analogues with substitutions at position

10 have a evaluated. It was found that L-Orn;q teixobactin® possessed similar

activity amam positive pathogens to the L-Arg4, analogue; L-Lys o had improved

activity.> Two independent studies evaluated a panel of compounds with residues
isosterically ilar to arginine at position 10 (such as citrulline and dimethylarginine); most
were ozely active but L-homo-Arg1, had promising activity.**® A separate study
found that an L-Arg(Me)4o, L-Nleq; teixobactin was potent and exhibited superior killing
kinetics to vancomycin against P. acnes ATCC 11828.%% Therefore, the prevailing logic was
that a cati @ due at position 10 is critical for activity. However, this has been shown to
not be the hydrophobic substitution, e.g., with leucine led to analogues that
possesgal potency as native teixobactin against VRE and MRSA isolates.***? This
was coma separate study, whereby all natural L-amino acids and several

substituted aroEiic residues were incorporated at position 10.%

Alanine substitutf®n is tolerated somewhat, with moderate*®® to excellent*® antimicrobial

activity reported for analogues with this variation. Lysine substitution is detrimental for
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activity,”® as is substitution with other hydrophobic residues,®**® although L-Chg>* and

L-Nle* analogues were potent. An L-Cys,; analogue with side-chain cyclization was inactive

as were#a Inear variants.*?

SAR coan

H
In genera!’t was found that teixobactin is sensitive to alanine substitution at most positions;

replacem of e-D-Phey, L-lle,, D-allo-lles, L-lleg, and L-Ser; abolished activity, although
moderateuvas retained for D-Glny, L-allo-Endo, and L-lleq;. Substitution of L-Serj; is
tolerated, While LEAIa is already present at position 9 in the native natural product. Note that
this gene ary does not account for a separate study from Singh and coworkers, who
found tha:

substitution at positions 2, 5, 6, and 7 is well tolerated for cationic

teixobactififanalogues.*® This knowledge helped inform the design of potent Leu/lle;q

analogues with arginine substitutions at positions 3, 4, and 9, to mimic the net charge of the

%

native peplig he lysine scan has also been conducted; substitution of all hydrophobic
residu activity but was tolerated for polar noncharged residues.> A similar study
was perf ereby the net charge of teixobactin analogues was increased via

incorporation of lysine and 2,3-diaminopropionic acid residues. It was found that the
maximum&t charge was +3-4 without abolishing activity.*® Inversion of stereochemistry has
also been@ated but in general was found to lead to a loss in activity,*> *®* *! although

analogues -Arg.o or D-allo-lle;; were somewhat tolerated.*'

The uanbered C-terminal macrocycle of teixobactin is critical for activity as it is

believea !’ Blna io the pyrophosphate moiety of lipid Il. Therefore, it is likely to be sensitive

to any modificati;s that alter its active backbone conformation. Unsurprisingly, it has been
shown that r: ng D-Thrg with its L isomer abolishes activity against several different
Gram pﬁterial isolates.?*™ *' By contrast, the replacement of D-Thr with D-Dap does
not significantly alter activity (even without the B-methyl group) since the basic geometry of
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the macrocyclic backbone is largely maintained.* Incorporating (2R,3S)-D-Dap further
improves potency, indicating that the methyl group contributes to antimicrobial activity (vide
supra). separate study attempted to replace the depsipeptide ester bond with a disulfide
bond to si m e synthesis but this led to inactive analogues.*? Structure-minimized
analoguesshawesalso been produced in an attempt to achieve this. In a recent study from Girt
et al. the Linal residues were replaced with isoprenoids to promote interaction with

the lipidic finoiety Jof lipid Il but only a farnesyl-bearing Lys;, analogue possessed moderate

C

activity.*’ , a separate study that incorporated a lauroyl moiety in place of the first 5

S

residues rét@indd low potency.>

L

The N-ter | of teixobactin is also essential for full antimicrobial activity. There is

mounting Evidence that antiparallel dimerization and further assembly into amphiphilic

fi

B-sheets a ipsic to its mechanism of action.®**¢*® This is facilitated via hydrogen

&

bonding a obactin’s linear domain. The oligomerization hypothesis is supported by

recent demonstrated that N-methylation of key residues, such as L-lle; and L-

Sers,, ab ctivity.>*” The teixobactin dimer forms two cavities comprising the C-

M

terminal macrocycle and the N-terminus that acts as receptors for the pyrophosphate moiety

30,46

1

via hydro bonding, which is most likely why N-terminal acylation or dialkylation is

detriment vity.>® Incorporation of bis-aryl groups at position 1 can enhance activity,

30,36

0

indicating n membrane insertion.

h

Struct mational relationships

t

Several stfucture-based studies have been conducted on teixobactin to characterize its

binding mode with lipid 1l and identify its active conformation. The Singh group probed the

9

stereoche all residues with the D-configuration and correlated antimicrobial activity

with their tructures.® Intriguingly, antimicrobial activity was abolished for all

A

stereoisomers that possessed a highly ordered N-terminal tail (all except NMe-L-Phe;),
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which suggested that they possessed unfavorable conformations for dimerization and
higher-order assembly. A crystal structure of a simplified analogue, whereby residues 1-5
were remh an acetyl group (which suppressed gelation and facilitated crystallization)
indicated @ mportant structural features and intramolecular interactions.* It was found
that them\isprstens of the C-terminal macrocycle were oriented in the same direction.
Thereforeh)roposed that these amide hydrogens form hydrogen bonds with the

pyrophosphate mibiety of lipid Il, which is a similar mode of binding as that of the food

preservatim59

Molecular s studies have also been employed to aid in the elucidation of the
interactio en teixobactin and lipid Il. Liu and coworkers identified four predominant
binding m!des, showing further evidence of interaction between the pyrophosphate group

and the Cm residues.®® The simulations also indicated that MurNAc may play a role in

binding a sted that teixobactin interacts with lipid 1l on a 2:1 basis, probably as a
dimer. study performed the simulations at a membrane surface and drew similar
conclusi rding pyrophosphate binding, but suggested that the side chains of L-Ser;

and L-allo-End;, may also play a role.*’ A separate finding suggested that the primary role of
the hydro;&gbic residues was for membrane insertion. Oster et al. postulated that the N-
n

terminal t@lay a greater functional role in the potent antimicrobial activity of

teixobactin’ the basis of NMR chemical shift data, they deduced that the side chain of
D-GlIny4 @o D-Glu in the pentapeptide of lipid Il. Furthermore, they indicated that the
aggregw N-terminal region (when in the presence of lipid 1) may be intrinsic to its
activity. T n was supported by X-ray crystallographic data, which found that a

teixobacti ue formed a supramolecular assembly, based on a B-sheet dimeric

efore, it was proposed that these amyloid-like structures act as multivalent

receptors for t yrophosphate moiety of lipid II. We have recently constructed molecular
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models for these supramolecular assemblies (Fig. 11A) and proposed interactions of

teixobactin with lipid 1l (Fig.11B).

{

Toward t

Despite t enormous therapeutic potential, there are still several hurdles that must

[ |
be overcofine for it to reach the clinic. Many anti-infective agents that are effective against

MRSA already exist, including daptomycin and doxycycline. Therefore, teixobactin should

C

display supesi@®pharmacological properties to these drugs to justify an expensive and risky

clinical tridl pf@gr@m.®' The cost of goods is another important consideration, especially for

$

analogue uire chemical synthesis, although progress is being made on this front.*

U

To enhan ical potential, several groups have attempted to broaden its spectrum of

activity to €nable the killing of problematic Gram negative pathogens. Bester and coworkers

g

have foun tionic analogues possess a minor bactericidal effect against P. aeruginosa

d

ATCC 27 . et al. combined teixobactin analogues with colistin, which is active
agains ative bacteria.*? An improved bactericidal effect was observed, suggesting

that the ne-disrupting effect of colistin enables teixobactin access to its molecular

%

target, lipid Il. A similar approach was adopted by the Vederas group, whereby combination

3

with poly in B nonapeptide and unacylated tridecaptin also elicited an antimicrobial effect

against E. enterica, and K. pneumoniae.®® These promising results could lead to

0O

safer thera options for the treatment of recalcitrant Gram negative infections that

currently réquire large doses of last-line antibiotics, such as colistin, which is nephrotoxic.

th

Conclusions

Teixobactin and j§s analogues are a recently discovered novel class of antibiotics that

U

typically pos narrow spectrum of activity against Gram positive bacteria. The most

notable of teixobactin is that it has not been possible to generate resistance against

A

the molecule in the laboratory. There have been several strategies that have been adopted
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for the chemical synthesis of the natural product, which has led to the assembly and
evaluation of several hundred analogues. This has underpinned numerous SAR studies that
has led M e identification of key features of the teixobactin scaffold for antibacterial activity

and bindi @ arget lipid Il. Structural studies have revealed a potentially complex mode

P

of actiom imwelwimg aggregate formation into macromolecular -amyloid-like structures.
Further dhnt of this important field requires additional structure—conformation
studies of@mplexes, to delve deeper into the interactions of the teixobactin
pharmacomhis will ultimately lead to the development of more focused analogues
through rational"design. Notwithstanding, the discovery of novel, highly potent broad-
spectrum teixoba@tin analogues holds immense potential for the development of
therapeu’:gre effective against drug-resistant bacterial strains and addresses the

threat of tibiotic world.
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Figure 1.me of native teixobactin.
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Figure 2. The Gram positive bacterial cell wall is commonly composed of a dense
peptidoglycan layer, which is further covalently modified with cell wall teichoic acid (WTA).
Scheme depicting the biosynthetic pathways for peptidoglycan and WTA from the
common | @ s N-acetylglucosamine (NAG), N-acetylmuramic acid, (NAM), N-
Acetylmanmesamine (ManAc) and undecaprenyl-pyrophosphate (Und-PP). Both the
peptidoglhid II) and WTA precursors are synthesized intracellularly using an Und-PP
carrier Iipi‘ and t'en transported outside the cell where assembly into their respective
biopolym mes The Und-P carrier is then flipped back inside the cell and recycled in

the produc more Lipidll and WTA precursors. Teixobactin inhibits peptidoglycan

biosynthesis by ;wdlng to the pyrophosphate and the first sugar regions of lipid Il, this

results in t and bacterial cell killing.
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Figure 3. Stepwise synthesis of Argqq teixobactin by Albericio et al. (a) Alloc-lle-OH, DIC,
and DMAP; (b) Pd(PPh3), and PhSiHg3;; (c) Alloc-Arg(Pbf)-OH, HATU, and DIEA; (d) Fmoc
SPPS; Mm and PhSiH3; (f) 1% TFA in DCM:; (g) PyAOP, Oxyma Pure, and DIEA;

(h) TFA, @ H,0; (i) RP-HPLC. Yield = 6%.
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Figure 4. Stepwise synthesis of native teixobactin by Payne et al. (a) Alloc-lle-OH, DIC,
DMAP; (b) Fmoc SPPS; (c) Pd(PPh;), and PhSiH3;; (d) Fmoc-End(Cbz),-OH, HATU, HOAt,
and DIM) piperidine (30 s); (f) Fmoc-Ala-OH, PyBOP, and NMM; (g) 10%
piperidine m TFA in DCM; (i) DMTMM.BF,4 and DIEA; (j) TFA, thioanisole, TfOH, and

m-cresel; ames(iguRP-HPLC. Yield = 3.3%.
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Figure 5 iteﬁm'e syntheses. (A) The Nowick method (note that a similar method was

adopted t al.): (a) Fmoc SPPS; (b) Fmoc-lle-OH, DIC, and DMAP; (c) 20%
plperldln P and DCM; (e) HBTU, HOBt, and DIEA; (f) TFA, TIS, and H20; and (g)
RP-HP, imum yield = 10.9% (Chan et al. reported cyclization/deprotection yield of up
to 30%). (B) rimble method: (a) Fmoc SPPS; (b) TBAF; (c) Fmoc-lle-OH, DIC, and

DMAP; (d) Fmoc SPPS; (e) 0.5% TFA in DCM; (f) HATU and DIEA; (g) TFA, TIS, and H,0;
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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-lle-OH, DIC, and DMAP; (d) Fmoc SPPS; (e)
Trt-Cl, M(Pth, and PhSiH3; (g) Fmoc SPPS; (h) 2% TFA, TIS in DCM,; (i) HATU
and DIEA m TIS, and H,0; and (k) RP-HPLC. The yield of 22% reported is
presumabiysbases on the crude linear peptide.

G

A HN NHPbf HN NHPbf
0 NHTr

wf[ - ffum rlﬁu ué

HN NHPbI

oH 0 NHTr
jiﬂ'\)%mrrfrrf ﬁJN’Y;‘LiN\)\ NJQK
,,(Z:HZ‘;“
HN:{NH

NH;
0 NHTH

B .OTBS #NJN/\W ﬁ, r
FmocHN'™ 0\o L‘ . HN

O Hwpre
D 0.0

qucHN s

ld‘s
G NHTt

ﬁr“\*wﬂfz‘i i JLN’\rrﬁj)w f

~otBu

NH o o OH o—‘(—_\
,J; I NH,
0% NH HN‘TQ"“\ y HN

%r N\_/&o

{ g 1]
,}‘ﬁ \ﬁ\mn
& NH N=/

NHAHoc

c 0
FmocHN 0/0 . L
2¢T1C Qg G
TﬂHN\/EO
\LNH
HN}*NHFUI
n
o NHTH
u H GIEu
N\)LN,W»XL o N\)LNWlX(
NH 0.0 NH 0.0
iNH HN\Q HD/LO HN-'Y\\“ ~
HZN\:/EO
NH INH
T HNJ"MHFm

NH,

This article is protected by copyright. All rights reserved.



Figure 6. Convergent synthetic strategies. (A) Li et al.: (a) Boc SPPS; (b) Ozonolysis; (c)
AcOH, TFE, and DCM; (d) HATU, HOAt, and Oxyma Pure; (e) TFA; (f) Pd(OH)./C and Hy;
(9) PyriMcOH; (h) TFA; and (i) RP-HPLC. Cyclization yield = 36.8%. (B) Rao et al.:
(a) Fmoc @ b) TFE and DCM; (c) Pd(OH),/C and H,; (d) PyAOP, HOAt, and DIEA; (e)
4N HCandmdiexane; (f) DEPBT and DIEA; (g) TFA, TIS, and H,O; and (h) RP-HPLC. Yield
=12% frohrting material. (C) Synthetic strategy for N-Me analogues. C-terminal
macrocchﬁoc- L-lle-OH, DIC, DMAP, and DCM, 2 h; (b) Fmoc SPPS; (c) 1% TFA,
DCM; ( d)m .HCI, 5 eq. DIEA, and DCM, 4 mM; (e) 1% H,0O, TFA; (f) RP-HPLC; (g) 3

eq. COM IEA, and 1,4-dioxane; (h) 1% TIPS, 2% H,0, and TFA; and (i) RP-

HPLC.Yields of ; to 17% were reported based on the fragment condensation and global

deprotectlt

St | NP
AT e ]
Lo
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Figure 7. “On-resin” macrocyclization. (A) Albericio et al.: (a) Alloc-lle-OH, DIC, and DMAP;
(b) Pd(PPh3), and PhSiH3;; (c) PyAOP and Oxyma Pure; (d) Fmoc SPPS; (e) TFA, TIS, and
H,0; (fm and H,O; (h) RP-HPLC. Yields not reported. (B) Su et al.: (a) Fmoc SPPS;
(b) Fmoc- @ PCC, and DMAP; (c) Fmoc SPPS; (d) Cu(OAc)2, Pyridine; (e) TFA, TIS,

and H.@; amen(@sRP-HPLC. Yield = 18%.
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Figure 8. The teixobactin macrocycle. (A) Scale-up synthesis of the C-terminal macrocycle

by Reddy et al.: (a) HATU, DIEA; (b) TBAF:; (c) LiOH and H,O; (d) MNBA, DMAP, Dy(OTf)s,

and DI A. Yield = 30-35%. (B) Simplified cyclic analogues by Jamieson et al.: (a)

1% TFA b) HATU and DIEA,; (c) TFA, EDT, TES, and DCM; (d) Zn(OAc)2, geranyl-
Br, andell Faysaman(e) RP-HPLC. Yields of up to 12% were reported. (C) Disulfide linked
macrocychgh et al.: (a) Fmoc SPPS; (b) TFA, TIS, and H,0; (c) DMSO, and H,0;

and (d) RR:HPLQ! 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 H,0O; (b) L-Ser-OMe, PyAOP, DIEA, and DCM; (c¢) TBSCI, imidazole, and
DCM; (MH and PhMe; (e) LiOH, THF, and H,0; (f) L-lle-OMe, PyAOP, DIEA, and
DCM; (g) @ 2, and MeOH; (h) PyAOP, DIEA, and DMF; (i) Et2NH, and DCM,; (j)
PyAORsaDiEAmand DCM; (k) TFA/DCM; (I) HATU, HOAt, NMM, and DMF; (m) Pd(PPhj),,
Et,NH, anh (n) Me3SnOH, PhMe; (o) EDCI, HOAt, DIEA, and DMF; (p) PdCl,, H,, and
MeOH,; ar@A, TIS, and DCM. (B) Gram-scale synthesis of native teixobactin using a
converge + 6 approach by Rao et al.” (a) Fmoc SPPS; (b) TFE and DCM; (c) DEPBT
and DIEAmPPh3)4 and 1,3-dimethylbarbituric acid; (e) HATU, HOAt, and DIEA; (f)
HCI; (g) DEPBT sw DIEA; (h) Pd(OH),/C and Hy; (i) TFA, TIS and H,O; and (j) RP-HPLC.
Yield = S‘ﬁemoenzymatic synthesis of teixobactin by Mandalapu et al. (a) Fmoc-

SPPS; (b in DCM; (c) L-lle-OMe, HBTU, HOBt, DIEA, and DCM/DMF; (d) TFA,

TIS, and (e) thioesterase enzyme and aqueous buffer.
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Figure 10. Summary of modifiable and sensitive residues in teixobactin. Blue: Na-amides
thought to be responsible for pyrophosphate binding in lipid Il. These are likely to be
sensitivmcation. Red: regions usually highly sensitive to modification. Orange:
regions th @ blerate some modification. Green: highly modifiable residues. Please note
that Simghsameseeworkers were able to alter residues 2, 5, 6, or 7 and still generate active

analoguehd that other cationic substitutions were also made.*®
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Figure 11. EEIecular modeling of possible amyloid-like assemblies of teixobactin. (B)
Model ction of teixobactin with lipid II.
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Table 1. ry of the effect of substitution on antimicrobial activity of teixobactin by
residue
RESIDUES

N-

rminu | NMe-D- D- |D-allo- L-allo-
Modification S Phe; | L-lle; |L-Serz| GIny | lles | L-lleg |L-Ser;|D-Thrg|L-Alag| Endqq | L-lleq4
Minor X v o v v 0] X o v (0] v (o]
Alanine - X X v X o X - v
Cationic = X X v v X X 0 - (0] v X
Anionic - ? ? X ? ? ? ? - ? X ?
Hydrophobic X ? - ? ? - - ? - ? v =
Aromatic 2 X v X ? ? ? X ? - X o] ?
N“-methylation o] - X o] X 0 X ? ? ? ?
Stereochemistr 3 X X 5 X X ) 5 X X o o

minor loss of actiVity; X, not amenable to modification; ?, has not been evaluated; —, not
applicable. Please note that this table is a rough guide only.
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