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ABSTRACT: Glycopeptide antibiotics (GPAs) are a key
weapon in the fight against drug resistant bacteria, with
vancomycin still a mainstream therapy against serious Gram-
positive infections more than 50 years after it was first
introduced. New, more potent semisynthetic derivatives that
have entered the clinic, such as dalbavancin and oritavancin,
have superior pharmacokinetic and target engagement profiles
that enable successful treatment of vancomycin-resistant
infections. In the face of resistance development, with
multidrug resistant (MDR) S. pneumoniae and methicillin-
resistant Staphylococcus aureus (MRSA) together causing 20-
fold more infections than all MDR Gram-negative infections
combined, further improvements are desirable to ensure the Gram-positive armamentarium is adequately maintained for future
generations. A range of modified glycopeptides has been generated in the past decade via total syntheses, semisynthetic
modifications of natural products, or biological engineering. Several of these have undergone extensive characterization with
demonstrated in vivo efficacy, good PK/PD profiles, and no reported preclinical toxicity; some may be suitable for formal
preclinical development. The natural product monobactam, cephalosporin, and β-lactam antibiotics all spawned multiple
generations of commercially and clinically successful semisynthetic derivatives. Similarly, next-generation glycopeptides are now
technically well positioned to advance to the clinic, if sufficient funding and market support returns to antibiotic development.
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■ GRAM POSITIVE INFECTIONS AND CURRENT
THERAPIES

The rise of multidrug resistant (MDR) bacteria is of global
concern, due to the rapid spread of resistance coupled with a
sharp decline in the number of new antibiotics under
development.1−3 Most attention is focused on the threat
posed by highly resistant Gram-negative pathogens, such as
carbapenem-resistant Enterobacteriaceae (CRE), with recent
incentives emphasizing the development of new Gram-negative
antibiotics (such as CARB-X; www.carb-x.org/). Although it
appears that the Gram-positive pipeline is currently well served,
especially with the recent introduction of second generation
glycopeptide antibiotics (GPAs) oritavancin and dalbavancin,
there is no compelling reason to abandon the development of
new Gram-positive therapies in the face of inevitable
glycopeptide resistance. Despite the economic hurdles faced
by new Gram-positive GPAs in the contemporary landscape,
similar skepticism did not hinder the introduction of
daptomycin (FDA approved in 2003), which achieved annual
sales of over $US1b/yr by 2013.4 On the basis of the 2013 US
CDC report on antimicrobial resistance,5 it is apparent that the
number of infections caused by resistant strains of only two
Gram-positive organisms (methicillin-resistant Staphylococcus
aureus (MRSA) and multidrug resistant (MDR) Streptococcus

pneumoniae) dwarfs the number of resistant Gram-negative
infections (including MDR Pseudomonas aeruginosa, MDR
Acinetobacter, and extended-spectrum β-lactamase CRE), with
>1 000 000 vs <50 000 cases, respectively (Figure 1). This
translates into a similar imbalance in the number of deaths, with
over 6-fold more deaths caused by Gram-positive organisms
(approximately 18 000 vs 3200). A more recent epidemiological
review of MRSA rates in the USA found no definitive evidence
of a reduction in the incidence of MRSA infections between
2013 and 2015.6 While it is unclear how many of these deaths
could be prevented by more effective antibiotic treatment and/
or improvements in infection prevention strategies, improved
therapies are desirable. Promisingly, of the 43 antibiotics in
clinical development at the end of 2015, 39 have Gram-positive
activity compared to only 25 with Gram-negative activity.1

Current therapies for Gram-positive infections7,8 include the
glycopeptides (inhibition of peptidoglycan synthesis via binding
to Lipid II: vancomycin 1, teicoplanin 3, and more recently
telavancin 4, dalbavancin 5, and oritavancin 6b), the
lipopeptide daptomycin (membrane disruption), the oxazolidi-
nones (inhibition of protein synthesis: linezolid and, more
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recently, tedizolid), cephalosporins (inhibition of peptidoglycan
synthesis via binding to penicillin binding proteins: fifth
generation ceftaroline and ceftobiprole), and glycylcycline
tetracyclines (inhibition of protein synthesis: tigecycline).
Compared to other antibiotics, the development of resistance

to vancomycin 1 has taken time to appear (Figure 3);9−12 high-
level resistance to vancomycin was first reported in enterococci
(VRE) in 1988, some 30 years after its clinical introduction.
Although resistance spread rapidly thereafter,9,11 glycopeptide
resistance actually predates modern clinical antibiotic use, with
the discovery of glycopeptide resistance genes in ancient DNA
recovered from 30 000 year old permafrost.13 MRSA with
reduced vancomycin susceptibility was not reported until
1997,14 with a moderate reduction in MIC (3−8 μg/mL)
leading to its classification as vancomycin intermediate-resistant
S. aureus (VISA). Subsequent retrospective studies revealed the
prevalence of VISA some 10 years earlier in United States,
Europe, and Japan.15 High-level vancomycin resistance in
S. aureus (VRSA; MIC ≥ 16 μg/mL), arising from the
horizontal gene transfer of the vanA gene cluster from
Enterococci, was first reported in the US in 2002.16 Fortunately,
the number of cases is still very limited with 13 isolates in the
United States at the end of 2013.17

Although vancomycin has been the mainstay of parenteral
therapy for MRSA infections for several decades, increasing
evidence suggests that it may be losing its clinical efficacy
against serious MRSA infections with MICs at the higher end of
the susceptibility range. Furthermore, vancomycin is only
slowly bactericidal and is characterized by suboptimal proper-
ties such as PK (requiring twice daily dosing and serum level
monitoring) and complex variable tissue penetration. Despite
many decades of successful use, the optimal dosing of
vancomycin in critically ill patients remains a contentious
issue and highlights the need for improved GPAs.18

■ MECHANISM OF ACTION AND RESISTANCE
MECHANISMS

The glycopeptide antibiotics work by binding to the
membrane-bound Lipid II precursor of peptidoglycan, prevent-
ing its incorporation into the vital structural cell wall
component (Figure 2B). Binding of vancomycin, and other
glycopeptides, to Lipid II is enhanced by a cooperative back-to-
back dimerization that increases their Lipid II binding affinity
(Figure 2A).19−21 A common glycopeptide resistance mutation,
especially in enterococci, is a divergent biosynthesis of Lipid II
from the D-Ala-D-Ala terminating muropeptide to a D-Ala-D-Lac
(vanA, vanB, vanD) or less commonly D-Ala-D-Ser (vanC, vanE,
vanG) phenotype. The replacment of D-Ala with D-Lac removes
one of the five hydrogen bonds formed with the vancomycin
central pocket. More importantly, it introduces a repulsive lone
pair−lone pair interaction between the two oxygen atoms that
is believed to be mainly responsible for the 1000-fold loss in
affinity of vancomycin for Lipid II.22 VISA resistance arises
from thickened cell walls due to accumulation of excess
amounts of peptidoglycan, while VRSA follows the VRE Lipid
II VanA modification.

■ HISTORY OF GLYCOPEPTIDE DISCOVERY

The first two Actinobacteria-derived glycopetide antibiotics,
vancomycin 1 and ristocetin 2 (Figure 3), were discovered by
Eli Lilly and Abbott Laboratories from Amycolatopsis orientalis
and A. lurida, respectively, in the mid-1950s.15,23 Both were
used clinically to treat Gram-positive infections; however,
ristocetin 2 was later withdrawn from the market as it led to

Figure 1. Comparison of annual drug-resistant infection (DRI) cases
and deaths in the USA due to Gram-positive (MRSA or MDR
S. pneumoniae) or Gram-negative (MDR P. aeruginosa, MDR
Acinetobacter, and extended-spectrum β-lactamase CRE) drug-resistant
bacteria.5

Figure 2. (A) Molecular dynamics simulation of vancomycin 1 interacting with membrane-bound Lipid II, demonstrating vancomycin dimerization.
(B) Hydrogen bond interactions between vancomycin 1 backbone and D-Ala-D-Ala component of Lipid II.
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lowered blood platelet counts (thrombocytopenia) in some
patients.24 Vancomycin 1 was approved for use in the clinic in
1958, but its structure was only unambiguously determined in
1982,25 which was 27 years after its first use in humans in 1955.
As newer generation antibiotics entered the market, the use of
vancomycin 1 declined until the 1980s, when significant
resistance to standard β-lactam therapies evolved with the rise
of MRSA in hospitals. Importantly, the sparse use of
vancomycin had prevented the development of widespread
glycopeptide resistance and vancomycin re-emerged in the
clinic as the drug of choice until high level vancomycin
resistance was reported.
The other naturally occurring marketed glycopeptide anti-

biotic, teicoplanin 3, is a ristocetin-type lipoglycopeptide
complex first reported from Actinoplanes teichomyceticus in
1978.26,27 Teicoplanin 3 was approved in Europe in 1998 and is
currently used in many countries. However, it has never been
approved for use in the United States.
The uniqueness of vancomycin in terms of its clinical success,

lack of cross resistance with other classes of antibacterial agents,
and the significant lag time between discovery and the
appearance of resistance reignited a focus on the discovery of
new natural product GPAs. This renewed interest, facilitated by
advances in spectroscopy enabling rapid structural determi-
nation, led to an explosion in the number of new glycopeptides
identified in the period from 1982 to 1996, thus heralding the
development of contemporary glycopeptide therapeutics.28,29

However, since the mid 1990s, the discovery of new
glycopeptides has waned, requiring innovative methods to
identify and purify relatively uncommon producing strains of
actinomycetes.28,30 Despite these improvements, since the
1990s very few new glycopeptides have been identified as
natural products, with analogs instead produced semisyntheti-
cally or via genetic manipulation. One exception is the
discovery of pekiskomycin 38 (Figure 14) in 2013 by Wright

and co-workers, applying a novel resistance screening and
genetics approach.31 A strategy of screening for novel
biosynthetic gene clusters was combined with a glycopeptide
resistance prefilter to assist in initial selection of isolates,32

leading to the isolation of 3831 and demonstrating the utility of
this novel approach.

■ RECENTLY APPROVED GLYCOPEPTIDES

Telavancin. Telavancin (Vibativ, TD-6424) 4 (Figure 4) is
a second generation lipoglycopeptide introduced by Ther-
avance in 2009. It is derived from the chemical modification of
vancomycin 1 to include attachment of a (decylaminoethyl)
lipophilic tail on the vancosamine sugar and a hydrophilic
[(phosphonomethyl)aminomethyl] group on the 4′-position of
aromatic amino acid 7. The former modification improves
potency against a range of Gram-positive pathogens, whereas
the latter provides favorable ADME properties.33−35 Its
spectrum of antibacterial activity is similar to that of
vancomycin 1. It is approved for the treatment of Gram-
positive associated complicated SSSIs in the US and Canada
and hospital-acquired and ventilator-associated bacterial pneu-
monia caused by S. aureus in the US and Europe (see Table 1
for a comparison of dosing and pharmacokinetic properties of
marketed glycopeptides).36−38 It is also being evaluated for
efficacy and safety for the treatment of subjects with
complicated S. aureus bacteremia and S. aureus right-sided
infective endocarditis.39 A recent study40 suggests telavancin 4
may find utility in the treatment of the emerging multidrug-
resistant pathogen Corynebacterium striatum, and its effective-
ness for eradicating biofilms in vitro and in vivo has been
reviewed recently.41 It is highly protein bound (∼93% in
human plasma),42 but the presence of albumin does not
influence the in vitro antibacterial activity of telavancin to any
great extent.43

Figure 3. Timeline of discovery for the clinically used glycopeptide antibiotics vancomycin 1, ristocetin 2, teicoplanin 3, telavancin 4, dalbavancin 5,
and oritavancin 6b.
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Telavancin 4 has a rapid bactericidal action that is believed to
be due to a cooperative effect resulting from binding to the acyl-
D-alanyl-D-alanine subunit in nascent peptidoglycan concom-
itant with membrane insertion of the lipophilic tail, which
ultimately disrupts the functional integrity of the bacterial
membrane through membrane depolarization and leakage but
not cell lysis.34,35

Telavancin 4 is subject to the same resistance mechanisms as
vancomycin, namely, VanA modification of the terminal D-Ala-
D-Ala to D-Ala-D-Lac, as well as the cell wall thickening
characteristic of VISA and heterogeneous VISA (hVISA)
phenotypes.44 Telavancin 4 induces expression of the vanA
operon in VRE but not in VRE harboring vanB.45 Similarly,
telavancin 4 induces VanX activity (reduction in levels of
peptidoglycan precursors ending in D-Ala-D-Ala by action of a
D,D-dipeptidase) in VanA strains but not in VanB strains.45

High-level telavancin 4 resistance in MRSA, MSSA (methicillin-
susceptible S. aureus), or VRE has not been observed during in
vitro resistance selection studies;44,46 continued surveillance
indicates that telavancin 4 remains potent in vitro against a
range of Gram positive pathogens.47−50 Examples of selection
of resistance in vivo are not widely reported; in one example, a
3-fold increase in the MIC of telavancin was observed during
the treatment of a patient with persistent bacteremia and
mediastinitis with MRSA that evolved into hVISA during prior
treatment with vancomycin and daptomycin.51

Dalbavancin. Dalbavancin 5 (Dalvance; formerly known as
MDL 63,397, BI 397, A-A1, and VER 001) is a second
generation teicoplanin-type glycopeptide marketed by Durata
Therapeutics/Allergan. It has had a checkered history, with
development spanning more than 15 years under four different
companies, with final approval for clinical use granted in
2014.61 It is derived from the natural product glycopeptide
A4092662 by amidation of the peptide-carboxy group of amino
acid 7 with 3-(dimethylamino)-1-propylamine.63 The intro-
duction of this substituent increases potency against staph-
ylococci, particularly coagulase-negative staphylococci
(CoNS).64 It is approved for the treatment of Gram-positive-
associated acute bacterial skin and skin structure infections
(ABSSSI) in adult patients and is currently being evaluated for
efficacy and safety in adult subjects with osteomyelitis.65 It was
also undergoing a Phase II evaluation in early 2017 in patients
with complicated bacteremia or infective endocarditis, but the
study was terminated due to “business reasons”.66 A recent
study described the unique off-label use of dalbavancin 5 to
treat MRSA tricuspid valve endocarditis in a pregnant patient.67

The treatment failed due to reinfection with VISA, perhaps due
to inadequate dalbavancin 5 exposure, highlighting the

Figure 4. Structures of clinically approved semisynthetic glycopeptides
telavancin 4, dalbavancin 5, and oritavancin 6b (derived from
chloroeremomycin 6a). Differences from vancomycin are highlighted
in blue for 4 and 6 and from teicoplanin, in red for 5.

Table 1. Indications and Pharmacokinetic Properties of Marketed Glycopeptides

vancomycin52 telavancin53 dalbavancin54 oritavancin55

indication ABSSSI, HAP/VAP,a endocarditis, osteomyelitis, colitisb ABSSSI, HAP/VAPa ABSSSIa ABSSSIa

dosage 25 mg/kg, ivc 10 mg/kg, iv 1500 mg, iv 1200 mg, iv
dosage frequency twice daily once daily single dosed single dose
terminal t1/2 (h) 6−1256 8 346 245
pharmacodynamic predictor AUC/MIC AUC/MIC AUC/MIC AUC/MIC
% protein binding <5057 9342 93−9858 85−9059

susceptibility breakpoint (S. aureus)60 ≤2 μg/mL ≤0.12 μg/mL ≤0.12 μg/mL ≤0.12 μg/mL

aAcute bacterial skin and skin structure infections (ABSSSI), hospital-acquired pneumonia (HAP), and ventilator-associated pneumonia (VAP)
caused by S. aureus. bOral dosing: pseudomembranous colitis (C. dif f icile) and enterocolitis (S. aureus). cProvided as initial loading dose, followed by
1000 mg maintenance dose at 12 h. dCan also be delivered as 1000 mg on day 1 followed 1 week later by 500 mg.
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uncertainties associated with off-label use (see Table 1 for a
comparison of indications, dosing, and pharmacokinetic
properties).68,69 Despite relatively high protein binding (93−
98%), dalbavancin 5 is able to exert potent bactericidal
activity.58

Like other lipoglycopeptides, dalbavancin 5 targets the C-
terminal acyl-D-Ala-D-Ala subunit of peptidoglycan precursors.
It is bactericidal and possesses in vitro activity against a wide
range of Gram-positive organisms.70 There is no published data
implicating the role of the lipid side chain in destabilization of
cell membranes. Instead, its interaction with serum proteins
likely contributes to its extended half-life.71 Furthermore, the
positively charged C-terminal dimethylaminopropyl group may
interact with the negative phospholipid head groups of the
bacterial membrane.71 Whereas the dimerization of vancomy-
cin-type glycopeptides is cooperative with ligand-binding,
dalbavancin 5 dimerizes in an anticooperative manner.72

Dalbavancin 5 is inactive against VanA enterococci but
remains active against the VanB phenotype:73 in vitro resistance
to the latter (>128-fold increase in MIC) was observed during
serial passage (20 cycles) of VanB E. faecalis in the presence of
dalbavancin 5.46 By virtue of its long half-life, concerns74 have
been raised about the potential for resistance to develop during
the course of treatment, as there is extended exposure to
subtherapeutic levels; the recent emergence of a dalbavancin
nonsusceptible VISA strain in a patient with a MRSA central
line-associated bloodstream infection supports this hypoth-
esis.75

Oritavancin. Oritavancin 6b (Orbactiv, LY-333328) is a
second generation semisynthetic lipoglycopeptide developed by
Eli Lilly and subsequently marketed by The Medicines
Company, though it has recently (November 2017) been
sold to Melinta Therapeutics. It is derived from the chemical
modification of the natural product chloroeremomycin 6a to
include attachment of an N-alkyl-p-chlorophenylbenzyl sub-
stituent onto the epi-vancosamine of the disaccharide attached
to the ring 4 amino acid. Lilly discovered chloroeremomycin 6a
in 1988, noting that it was uniquely different to vancomycin in
terms of the vancosamine sugar moieties, possessing two L-4-
epi-vancosamine subunits on the ring 4- and 6-amino acids
instead of a single L-vancosamine subunit at position 4 in
vancomycin 1. The influence of the additional L-4-epi-
vancosamine in chloroeremomycin 6a imparts additional
benefits, conferring enhanced antimicrobial activity to 6a
against vancomycin-susceptible bacteria compared to vanco-
mycin 1.76 In light of reported vancomycin resistance in
E. faecium and E. faecalis in 1988−89, the genesis of oritavancin
6b was inspired by Lilly’s discovery of chloroeremomycin
combined with their historical observation that vancomycin
derivatives with alkyl (not acyl) side chains substituted on the
vancosamine sugar displayed impressive activity against
vancomycin-resistant bacteria.76 Oritavancin 6b was clinically
approved in 2014 for treatment of Gram-positive associated
ABSSSI in adults. Although not approved for other indications,
it has shown promise in the treatment of prosthetic joint
infections77 and prosthetic valve endocarditis caused by VRE78

(see Table 1 for a comparison of indications, dosing, and
pharmacokinetic properties).59,79 Oritavancin, like dalbavancin,
is quite highly protein bound, with 85−90% bound to serum
proteins.59,80

In contrast to telavancin 4 and dalbavancin 5, oritavancin 6b
is the only lipoglycopeptide to retain potent activity against
both VRSA and VanA-type VRE due to its ability to act by

multiple modes of action.81,82 In addition to inhibiting
transglycosylation by binding to acyl-D-Ala-D-Ala termini, it
can also disrupt transpeptidation by binding to the pentaglycyl
bridging segment of Lipid II, thus maintaining affinity for the
modified peptidoglycan peptide termini of vancomycin-
resistant organisms.83,84 Second, the interaction with Lipid II
is enhanced by oritavancin 6b being anchored to the cell
membrane via the hydrophobic N-alkyl-p-chlorophenylbenzyl
substituent, leading to increased target avidity promoting the
self-association of oritavancin 6b into dimers.21 The interaction
of oritavancin 6b with the membrane in this manner also leads
to its third mode of action, disruption of the integrity of the
bacterial membrane leading to depolarization and increased
permeability.82

Although oritavancin 6b nonsusceptible isolates have not
been reported in a clinical setting, it is possible to select for
resistant enterococcal isolates in vitro; serial passage (20 cycles)
of VRE (VanA and VanB) with oritavancin 6b led to 2- to 32-
fold increases in MIC.46,85

■ NEW GLYCOPEPTIDE DERIVATIVES
Over the years, there have been many semisynthetic
glycopeptide derivatives made, employing a range of derivatiza-
tion strategies. The glycopeptide scaffold contains several
substituents that lend themselves to facile modification,
particularly the free C-terminal carboxylic acid group, the
vancosamine sugar primary amine (when present), and the N-
terminal primary or secondary amine (Figure 5). Comprehen-
sive reviews of structural modifications of glycopeptide
antibiotics,86 their total synthesis,87 and their biosynthesis88,89

are available.

In recent years, several strategies have been published that
focus on rational design to improve the potency of glycopeptide
antibiotics and overcome resistance, including membrane-
targeting approaches, backbone modifications, and hybrid
antibiotic conjugates.

Membrane Targeting Approaches. The vancapticins 7
(Figure 6) are a series of vancomycin analogues developed at
The University of Queensland that have been modified at the
C-terminus with a modular assembly containing a bis-amine
linker group, a cationic peptide (the electrostatic effector
peptide sequence, EEPS), and a hydrophobic cap (the
membrane insertive element, MIE).90−92 These substituents
are designed to selectively deliver the vancapticin molecule,
containing the Lipid II-binding vancomycin substructure, to
bacterial membranes. The MIE provides a general lipid
anchoring group, and the positively charged EEPS interacts

Figure 5. Potential sites for modification of vancomycin 1.
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with the predominantly anionic components of the bacterial
membranes. Given that the target of vancomycin, Lipid II, is
membrane bound, the membrane-targeting groups enhance the
concentration of vancomycin on the membrane surface, not
only providing a greater chance of interacting with Lipid II but
also promoting the dimerization of vancomycin on the surface
of the membrane. This allows for “bidentate” binding to further
increase overall potency. Indeed, the combined modifications
lead to over 100-fold increases in potency against MRSA, with
both MIE and EEPS components required for maximum effect,
e.g., 7b MRSA MIC = 0.003 μg/mL versus vancomycin MRSA
MIC = 1 μg/mL.92 Additional mechanisms of action beyond
Lipid II binding and peptidoglycan inhibition are evident from
membrane perturbation studies, which clearly demonstrate that
the vancapticins also result in membrane disruption, presum-
ably due to the insertion of the MIE component.92

The synthesis of the vancapticins initially relied on a disulfide
ligation to attach the MIE/EEPS to a thiol-substituted
vancomycin core, but these derivatives were biologically
unstable. Replacement of the disulfide with a carbon-based
linker provided a series of compounds (e.g., 7a, 7b) with
excellent plasma stability and half-lives substantially greater
than that of vancomycin in mice (e.g., t1/2 = 1.1 to 7.0 h vs 0.8 h
for vancomycin). The carbon-linked compounds also demon-
strated excellent efficacy in multiple mouse infection models,
including S. aureus thigh infection, S. aureus lung infection,
S. pneumoniae lung infection, and S. aureus peritonitis studies.
For example, a single 25 mg/kg dose of compound 7a was
equivalent to a single 200 mg/kg dose of vancomycin 1, with a
6-log reduction compared to saline control at 24 h in a
neutropenic mouse thigh infection model against MRSA.92

The Haldar group at the Jawaharlal Nehru Centre for
Advanced Scientific Research in India attached a zinc-binding
dipicolyl moiety to the C-terminus of vancomycin to give 8
(Figure 6). Their hypothesis was that the Zn-chelated complex

would bind to the pyrophosphates of cell-wall lipids, providing
enhanced activity. While activity against vancomycin-sensitive
MRSA was similar (0.5 μM), under standard testing conditions,
the adduct was 10-fold more potent than vancomycin against
VISA and >150-fold higher against VRE. In the presence of
added Zn2+ ions, activity was further enhanced by a factor of 2
to 3. No induction of resistance was observed after 25 passages,
and at 12 mg/kg in a VRE renal murine infection model, the
compound reduced the cfu by 5 logs, compared to 2 logs for
vancomycin. No hemolysis was seen at 1000 μM, and single iv
dosing at 100 mg/kg was tolerated.93

Researchers at the Gause Institute for New Antibiotics in
Russia and Anacor Pharmaceuticals have tethered a benzox-
aborole group to the C-terminus of vancomycin, eremomycin,
and teicoplanin aglycon, as well as to the amino group of the
vancomycin vancosamine sugar, or to the N-terminus of
vancomycin or teicoplanin aglycon (Figure 6). Their rationale
was that the benzoaborazole group would form additional
interactions with the 1,2- and 1,3-diols of saccharides coating
the cell surface. The vancosamine and N-terminal substitutions
on vancomycin generally reduced activity, but the C-terminal 3-
substituted oxaborole derivative 9 was 4−16-fold more potent
than vancomycin against S. epidermidis, VISA, and enter-
ococci.94

A number of other glycopeptide derivatization strategies have
introduced lipophilic groups, or positively charged lipophilic
groups, with the goal of increasing membrane interactions. The
Haldar group attached a quaternary ammonium propylamine
substituent to the C-terminus of vancomycin to give 10 (Figure
6).95 They found the optimum chain length for the quaternary
substitution varied with bacterial species: MSSA, MRSA, and
VISA were best inhibited with a decyl chain, but vancomycin-
susceptible enterococci (VSE) and VRE, with a more lipophilic
C14H29 substituent. VRE potency of 0.7 μM was achieved,
equating to an over 100-fold improvement compared to
vancomycin (750 μM). VISA activity was also improved
(0.36 μM vs 13 μM), but the same derivative had identical
MRSA activity as vancomycin, 0.6 μM. The compounds
increased the permeability of bacterial membranes but showed
no mammalian cell cytotoxicity at 100 μM. The analog with R =
nOct (YV1145, 10a) was not hemolytic at 1000 μM.
Importantly, it was also shown to be efficacious in a
neutropenic mouse thigh infection study, with greater efficacy
than vancomycin when both were dosed at 12 mg/kg. 10a
underwent additional in vivo testing. The 50% effective dose in
the MRSA thigh infection model was found to be 3.3 mg/kg,
and dose fractionation studies showed that a single dose was
preferred, with a half-life of 1.6 h. Acute toxicity studies gave an
LD50 of 78 mg/kg (more toxic than vancomycin but similar to
other lipoglycopeptides; e.g., vancomycin: median lethal dose in
rats, 319 mg/kg;96 telavancin: minimum lethal dose in mice,
100 mg/kg;97 dalbavancin: LD50 for mice and rats, 200 mg/
kg;98 oritavancin: median lethal dose in mice and rats, 63−98
mg/kg99) with no abnormalities observed in major body organs
after a single iv dose of 12 mg/kg.100 10a also demonstrated
intracellular activity, killing MRSA contained within macro-
phages to a much greater extent than vancomycin or
linezolid.101 These quaternary ammonium derivatives were
also tested against a range of Gram-negative bacteria,102 against
which vancomycin is inactive, and found to possess significant
activity (C8, C10, and C14 analogs). The C14 derivative 10b
possessed Gram-negative activity vs Escherichia coli (1−5 μM),
A. baumannii (3−5 μM), K. pneumoniae (9 μM), and

Figure 6. Membrane-targeting strategies to increase vancomycin
potency.
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P. aeruginosa (6 μM), presumably due to disruption of the
integrity of the outer membrane allowing the glycopeptide to
reach the peptidoglycan layer. 10b at 15 mg/kg showed
potency equivalent to 5 mg/kg colistin in an A. baumannii
murine thigh infection model, and a resistance induction
experiment showed no development of resistance after 20
passages, compared to a 32-fold increase for colistin.102

Yoganathan and Miller from Yale University lipidated the
three different hydroxyl groups on vancomycin in a selective
fashion by employing different peptide catalysts, producing
11a−g (Figure 7).103 The tri- and penta-peptide catalysts were
identified by screening a peptide library containing a catalytic
π(methyl)-histidine residue, which enables the selective transfer
of acyl groups. The introduction of a decanoyl group had
similar effects at all three positions, leading to an approximately
4-fold improvement in potency compared to vancomycin
against MSSA, MRSA, and E. faecalis and even larger
improvements against VanA and VanB E. faecalis.
The Haldar group that prepared 8 has also developed

another vancomycin derivative, YV54465 12a, (Figure 7) in
which the vancosamine amine is alkylated with a decanyl group
and the carboxylic acid is amidated with a cyclic-acyclic
polyhydroxylated sugar moiety.104,105 Nominally, this sugar was
designed to produce additional hydrogen bonding interactions
with the Lipid II target. 12a was 2-fold more potent than
vancomycin against MRSA but 35- and >100-fold more active
against VISA and VRE, with an MIC of 2 μg/mL vs both VanA
and VanB VRE. Pharmacokinetic studies in mice demonstrated
a half-life of 2.76 h, while efficacy in a VISA neutropenic thigh
infection model at a single dose of 12 mg/kg gave a >5 log

reduction in cfu (compared to approximately 1 log reductions
for 2 × 12 mg/kg vancomycin or linezolid). A 100 mg/kg single
dose toxicity study in mice was also conducted, with no
mortality up to 14 days following administration.105 The
vancosamine has also been alkylated with a positively charged
pyridinium group containing a range of alkyl substituents
(12b−f).106 The combination of a lactobiono sugar and
positively charged lipophilic moiety significantly improved
activity compared to either component alone. An nOct
pyridinium substituent (12c) was optimal, with 0.1 μM MIC
against most strains (MRSA, VISA, vancomycin sensitive
S. epidermidis VSSE, and VanA VRE) and 1.3 μM MIC against
VanB VRE. Membrane disruption in VRE was shown. 12c
disrupted MRSA biofilms, did not induce resistance after 25
passages (vs 15-fold increase in MIC for vancomycin), and
showed efficacy in a VRE renal infection model at 12 mg/kg
per day, with 6 log cfu reduction after 72 h compared to 4 log
for linezolid and 2 log for vancomycin; no toxicity was seen
with a single 100 mg/kg bolus iv injection.106

The vancosamine amino group has also been alkylated with a
set of O-substituted glyceric acid derivatives 13 (Figure 7), in
an attempt to mimic the transglycosylation inhibition proper-
ties of moenomycin and introduce lipophilic substituents while
maintaining solubility. With the exception of a highly lipophilic
chlorobiphenyl substituent (13a), which was 4- to >8-fold more
potent than vancomycin against Newman S. aureus (MIC <
0.125 vs 2 μg/mL) and Mu50 S. aureus (MIC 2 vs 8 μg/mL),
the remaining analogs were equipotent or worse than
vancomycin.107

Figure 7. Additional membrane-targeting strategies to increase vancomycin potency.
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Glycopeptide Core Modifications. In 2006, the Boger
group from the Scripps Research Institute published the first of
a series of papers describing a novel approach to overcome
vancomycin resistance, by replacing a key vancomycin carbonyl
group involved in binding interactions with the terminal amide
NH in the Lipid II Lys-D-Ala-D-Ala tripeptide (Figure 8). As
described earlier, high levels of resistance are induced when this
tripeptide is modified to Lys-D-Ala-D-Lac, with the ester oxygen
of the lactate unable to form a hydrogen bond with the
vancomycin carbonyl, substantially reducing binding. In 2006,
the group reported the total synthesis of vancomycin aglycon
analog 14b in which the carbonyl of residue 4 in vancomycin
aglycon 14a was replaced with a methylene group.108 Affinity
for an Ac-Lys(Ac)-D-Ala-D-Ala tripeptide ligand (representative
of native Lipid II) was reduced by 35-fold compared to binding
of the native aglycon, but the corresponding lactate ligand had a
40-fold increase in affinity. Subsequently, a total synthesis
campaign in 2011 delivered an aglycon where the carbonyl was
replaced with a thioamide (14c), an intermediate that was then
elaborated into an amidine (14d).109−111 While the thioamide
14c lost all binding activity, the amidine 14d only lost 2-fold
activity against the tripeptide ligand and maintained similar
activity against the lactate derivative, representing a 600-fold
increase in binding relative to vancomycin aglycon 14a. More

importantly, this ligand binding activity translated into potent
activity against VRE, with an MIC of 0.31 μg/mL for VanA
E. faecalis.
In 2014, the fully glycosylated version of vancomycin was

prepared with the amidine modification (15a), along with an
analog that introduced the vancosamine chlorobiphenyl
substituent of oritavancin (15b).112,113 While 15a had similar
activity to the aglycon, the additional substituent of 15b
improved potency by over 100-fold against VRE, with MIC of
0.005 μg/mL for VanA E. faecalis or E. faecium and 0.06 μg/mL
for VanB E. faecalis. Excellent potency was also observed against
MRSA (0.03−0.06 μg/mL for 15b; not determined for 15a).
Finally, in 2017, the carboxylic acid group was also modified,114

by amidation with quaternary aminoalkylamine substituents
somewhat similar to the dimethylaminopropylamine group
found on dalbavancin or the quaternary ammonium groups in
10. This final modification enabled additional mechanisms of
action (i.e., membrane disruption) but was only constructed
with the methylene-modified vancomycin. Presumably, similar
modification of the amidine derivative would lead to
substantially more potent activity. The preferred analog 16,
with a trimethylaminopropylamine group, had impressive VanA
VRE activity of 0.01−0.005 μg/mL. Negligible induced
resistance (4-fold) was observed after 50 serial passages in

Figure 8. Backbone modifications to overcome vancomycin VRE/VRSA resistance.
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the presence of 0.5 MIC levels of compound. Despite the
widespread publicity this publication received, there are a
number of limitations. Surprisingly, no activity against strains
other than VRE was reported, including MRSA. More
importantly, evidence of in vivo activity for any of these analogs
has yet to be described, possibly due to limited access to larger
quantities of material; indeed, the total synthesis of 16 required
over 30 steps, and it is difficult to envision how this could be
commercially viable, unless a biosynthetic strategy could be
developed.
Aryl Ring Functionalization. In the past decade, several

groups have reported novel modifications to the glycopeptide
aryl rings (Figure 9). The Boger group examined the influence
of E-ring substitution vancomycin aglycon activity, by selective
functionalization of the E-ring aryl chloride via Pd-catalyzed
conversion to a boronic acid, followed by substitution with a
range of functional groups (see 17d−z).115 Replacement of the
E-ring chloride with hydrogen or polar groups reduced activity,
while nonpolar group derivatives were similar to the parent
chloro moiety. Permethylation of the phenolic hydroxyls and
carboxylic acid of the same E-ring substituted aglycon series
gave derivatives with up to an 8-fold improvement in activity
against VanB E. faecalis compared to vancomycin aglycon,
whereas potency was generally lost across the series (∼2-fold)
against vancomycin-sensitive S. aureus (ATCC 25923). In a

separate study by the same group, the influence of the C- and
E-ring chlorides was also examined.116 In vancomycin-sensitive
S. aureus (ATCC 25923), removal of the C-ring chloride while
retaining the E-ring chloride in the aglycon reduced activity 8-
fold relative to vancomycin or its aglycon, while the opposite
positional isomer was 4-fold less active; removal of both caused
a 16-fold loss of potency (17a−c).116 The E-ring chloride of
vancomycin itself can be selectively cross-coupled under
Suzuki-Miyaura conditions with a range of boronic acids, with
the adducts 18a−i possessing similar or slightly improved
activity compared to vancomycin 1, indicating that this position
is not critical for activity.117 More forcing conditions produced
the bis-alkenylated products 18j−l, with a 32-fold loss in
activity. The Miller group at Yale selectively dechlorinated the
E-ring of vancomycin, and then used the less reactive remaining
C-ring chloride for cross-coupling reactions with relatively
bulky lipophilic groups. All analogs 18m−s suffered from loss
of activity against MSSA, MRSA, and VRE (VanA, VanB), with
MICs > 64 μg/mL.118

N-Bromophthalimide regioselectively brominates the A/B
aromatic rings of residues 5 and 7 of vancomycin 1 in the
presence of a peptide scaffold catalyst, producing mono-, di-,
and tribromovancomycins. The catalyst, developed by the
Miller group, incorporates the D-Ala-D-Ala motif of the natural
Lipid II peptide binding partner in addition to an N-terminal

Figure 9. Aryl ring modifications.
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N,N-dimethylamide group designed to accelerate the bromina-
tion reaction.119 The catalysts had a profound effect on the
intrinsic product distribution, enabling the preferential
formation of regioisomers depending on the reaction
conditions. The brominated compounds lost approximately 4-
fold potency compared to vancomycin against MRSA (ATCC
43300) and E. faecalis (VanA, VanB). When the same strategy
was applied to teicoplanin 3, bromination could be directed to
the aryl rings of either residue 7 or residue 3, with the adducts
retaining similar activity to the parent.120 Within the same
series, Pd-catalyzed cross-coupling introduced a series of aryl or
alkenyl substituents onto the aryl rings of residue 2 and/or 3;
however, no significant improvements in activity were observed.
In 2018, a group from Shanghai reported on vancomycin

analogs 19 (Figure 9) with an additional sugar residue attached
to the aryl ring of residue 7 via an aminomethyl modification
akin to that used in telavancin 4, in combination with
vancosamine alkylations as in oritavancin 6b, (Figure 9).121

Their rationale was that while the lipophilic substitutions on
vancomycin enhance bacterial cell wall interactions, they also
lead to long elimination half-life and accumulative toxicity,
which might be alleviated by the addition of hydrophilic sugar
units. They tested combinations of 12 different lipophilic
substituents and 9 sugar residues, generating 24 analogs
(including 3 that also included a C-terminal dimethylamino-
propyl amide group). The best analogs, including 19a and 19b,
incorporated the rigid lipophilic biphenyl moiety of oritavancin

6b along with linkages to either glucosamine or galactose
carbohydrates. Improvements in activity of 128- to 1024-fold
were observed against MSSA ATCC 5904 and VISA Mu50
(19a, 19b MIC = 0.03−0.25 μg/mL), and several vanA, vanM
(19a, 19b MIC = 1−8 μg/mL), and vanB (19a, 19b MIC = <
0.06−0.25 μg/mL) Enterococci strains. Both were equivalent to
telavancin 4 at 7 mg/kg ip injection in a liver abscess VISA
(Mu50) mouse infection mode, with approximately 2 log
reduction in cfu compared to saline or vancomycin 1 at 7 mg/
kg. They also demonstrated 88−93% survival in a MRSA
mouse lethal challenge model (again at 7 mg/kg ip), compared
to 7% survival for vancomycin 1 and 93% survival for telavancin
4. The compound’s pharmacokinetic properties showed
substantially enhanced half-lives (t1/2 = 3.8, 2.9 h for 19a,
19b) compared to vancomycin 1 (t1/2 = 0.6 h) or telavancin 4
(t1/2 = 1.1 h) but substantially less than a related analog with a
lipophilic vancosamine substituent but no extra sugar (t1/2 = 6.0
h), demonstrating that a balance of properties could regulate
half-life and clearance. The compounds showed similar or
reduced cytotoxicity against two human cell lines, compared to
vancomycin or televancin 4. NMR studies of 19 bound to a
Lipid II Ac2-Lys-D-Ala-D-Ala tripeptide showed indications of
interactions with the new carbohydrate, supported by an H-
bond seen in molecular modeling.121

Hydroxyl Modifications. The Miller group also reported a
site selective phosphorylation strategy using similar peptide
catalysts as described earlier for vancomycin hydroxyl acylation

Figure 10. Hydroxy and N-terminal modifications.
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and aryl bromination. The catalysts employed a π(methyl)-
histidine residue, with some containing the Lys-D-Ala Lipid II
motif, leading to the selective phosphorylation of any one of the
three hydroxymethyl sugar substituents on teicoplanin 3 (20,
Figure 10).122 The resulting analogs were 8-16-fold less potent
than teicoplanin 3 against MRSA/MSSA (MIC 4−8 μg/mL),
but did show somewhat improved activity against VanA E.
faecalis. The Boger group has selectively methylated one or
more of the four phenolic groups of vancomycin aglycon
14a:123 analogs 21 possessing either four free phenols or four
methyl ethers gave similar activity (MIC 1.25 μg/mL) against
vancomycin-sensitive S. aureus (ATCC 25923), while partially
methylated versions were 4- to 8-fold less active, demonstrating

that the phenolic groups are not critical for activity (Figure 10).
Against E. faecalis (VanA, VanB), the trends were similar,
though the tetramethyl ether analog was 8- to 16-fold more
active (MIC 2.5 μg/mL) than 14a (MIC 40 μg/mL).123

N-Terminal Modifications. Vancomycin has an N-terminal
N-methyl Leu residue. In China, a des-methyl vancomycin
analog with similar activity to vancomycin has been used
clinically since 1967.124 Desmethyl vancomycin was selectively
alkylated on the vancosamine amino group with a range of
aliphatic and aromatic lipophilic substituents (22, desmethyl
group highlighted in yellow, Figure 10); at best, a 2- to 4-fold
improvement (MIC 0.78 μg/mL) was noted for selected
analogs against different strains of MRSA and S. pneumoniae

Figure 11. Glycopeptide dimers.
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compared to des-methyl vancomycin (MIC 1.56−3.13 μg/mL
for both strains) with a phenylhexyl derivative 22 also showing
>4-fold improvement against VRE (E. faecalis, MIC 12.5 μg/
mL).124,125 The N-methyl Leu residue has been removed from
vancomycin aglycon 14a by Edman degradation to provide the
desleucylaglucovancomycin, which was then N-acylated with
ten other N-methyl amino acids. In general, activity was lost
against MRSA but some improvements in VRE activity were
seen.126 Similarly, the primary N-terminal amine of teicoplanin
pseudoaglycon (missing the sugar on residue 4) has also been
modified. Some of these N-terminal derivatives 23 (e.g., triazole
substituted with phenol or naphthol) showed modest improve-
ments in activity against VRE strains, though toxicity against
mammalian cells also increased.127,128

Glycopeptide Dimers. Vancomycin and other glycopep-
tides undergo a cooperative back-to-back dimerization that
increases their Lipid II binding affinity.19 Over the years, a
number of groups have attempted to take advantage of this
characteristic by covalently linking two or more vancomycin
moieties together.
In 1996, the C-termini of two vancomycin 1 moieties were

bridged with alkyl, disulfide, or bisamine linkers (24a−d, Figure
11). Generally, this led to a reduction in S. aureus activity but
>100-fold improvement in VRE potency.129 Several years later,
the vancosamine amino groups were bridged with disulfide- or

methylene-based linkers, producing dimers 25a−h with a range
of potency. The best (e.g., 25e, n = 2) was >10-fold more active
than vancomycin against MRSA, 3-fold more active against a
VISA strain, and 100-fold more active against VRE.130,131 Other
multimeric constructs were described at the same time,
including a trivalent system bridging three C-termini with a
1,3,5-tris(4-aminomethylanilinide)benzene core.132 This
showed exceptionally high avidity to a trimeric D-Ala-D-Ala
ligand. However, neither this compound132 nor a rigid p-
xylylenediamine C-terminal bridged dimer 24e133 was tested for
antimicrobial activity. The corresponding vancomycin dimer
24f, along with 24a and other dimers derived from 1,6-
diaminohexane and des-leucyl vancomycin, were prepared in
2003 by another group.134 Large increases in VRE MIC
potency (800-fold) were reported, but only VanA VRE was
tested.
A “head-to-tail” dimer, with 3-aminopropanoic acid or 6-

aminohexanoic acid joining a vancomycin N-terminus to a
vancomycin C-terminus, was prepared in 1998 but biological
activity was not reported.135 Glutaric acid and subaric acid
bridged vancosamine group dimers 25i−j were only tested for
SPR binding to Lys-D-Ala-D-Ala, with MIC activity not
assessed.136 In 2003, Theravance conducted a systematic
evaluation comparing 40 different dimers, with attachments
via the C-terminus (C), N-terminus (N), vancosamine amino

Figure 12. Hybrid antibiotics.
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group (V), or an amine installed on the aromatic ring of residue
7 (R) (the site of modification leading to telavancin’s 3).137

Ten unique pairwise combinations (C−C, N−N, V−V, R−R,
C−N, C−V, C−R, N−V, N−R, and V−R) and four different
linker lengths (11, 19, 27, and 43 total atoms) were
investigated. Effects on MIC varied depending on the test
organism. For VanB VRE, V−V bridging with short linkers was
most effective (400-fold more potent than vancomycin), but
other linkages were more promising against VanA VRE. Only
one of the dimers, with a V−V bridge, was more active against
MRSA.137

More recently, a rigid link between vancosamine groups was
formed using oxidative coupling of the adduct generated by
reductive alkylation of the amine with 2-benzyloxy-3-nitro-
benzaldehyde. The dimers 25k−m had 16- to 32-fold
reductions in MRSA/VRSA activity but retained similar activity
against Enterococci, gained potency against S. pneumoniae, and

had large 8- to 32-fold improvements in VRE activity.138 They
were active in an S. pneumoniae mouse infection model. In
2015, the carboxylic acid groups of two vancomycin aglycons
were connected by 1,8-diaminooctane, N,N-bis(3-aminopropyl)
octylamine, or linkers containing a quaternary amine (24g−i)
(Figure 11). All three dimers were slightly more effective than
vancomycin aglycon against MSSA and MRSA (0.2−0.8 μg/mL
vs 1.0 μg/mL) but were substantially more potent against VISA
(0.1−0.6 vs 4 μg/mL) and VRE (2.5−48 vs >100 μg/mL).139

In 2017, the Sharpless group employed the Cu-catalyzed
azide−alkyne cycloaddition (CuAAC, “click”) reaction to form
a triazole bridge between two vancomycin units substituted
with a variety of C-terminal functionalized alkynes and azides
(26A, Figure 11).140 MIC against MRSA varied from 0.6 to 5.0
μg/mL for the 30 different dimers (compared to 2.5 μg/mL for
vancomycin 1), with substantial improvements in activity
against VRE (0.8−1.6 μg/mL vs 25 μg/mL). In addition,

Figure 13. Glycopeptide conjugates.
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heterodimers were prepared linking azide-functionalized C-
terminal vancomycin derivatives with alkyne-substituted
vancosamine amine vancomycin derivatives (26B) (Figure
11). Activity was reduced against MRSA (5−30 μg/mL) but
was slightly improved against VRE (3.1−6.3 μg/mL).140

Glycopeptide Conjugates. Vancomycin has been con-
jugated with a range of functional moieties, including other
antibiotics, siderophores, fluorophores, and specific targeting
constructs, in order to create improved therapeutics or useful
tool compounds.
Cefilavancin (RD-1792, TD-1792) 27 is a conjugate of

vancomycin and a cephalosporin, leading to a dual targeting
action against peptidoglycan synthesis (Figure 12).141−145

Originally developed by Theravance Biopharma, Inc. (South
San Francisco, CA, USA), it was partnered with R-Pharm
(Moscow, Russia) in October 2012 and in March 2015
reported to enter a Phase III trial as a treatment of Gram-
positive complicated skin and skin structure infections.146 The
conjugate is formed via a linker from the vancomycin C-
terminal carboxyl group through an oxime linkage to the
cephalosporin lactam amine substituent. A closely related
analog, TD-1607 28, uses the same components but a different
linker strategy, employing an aminomethylated residue 7
aromatic ring on the vancomycin core to attach the
cephalosporin via a pyridinyl substituent off the cephalosporin
bicyclic ring system.147 28 entered two Phase I trials in 2013
(NCT01791049, NCT01949103). No further development has
been reported. It was listed in the 2015 Theravance Biopharma
annual report as a “midstage” candidate for MRSA148 but is not

mentioned in the 2016 report149 and has been removed from
their pipeline chart.
In an earlier effort, vancomycin was conjugated with nisin, a

peptide antibiotic that binds to the pyrophosphate component
of Lipid II (Figure 12). The C-terminus of vancomycin was
amidated with various terminal alkyne constructs for the dipolar
cycloaddition reaction with an azide-substituted nisin(1−12)
derivative.150 The adducts were less potent than the individual
components against VSE but around 40-fold more active
against VRE, with a C-terminal PEG linker (n = 3) in derivative
29 found to be the most effective. Another antimicrobial
peptide, tridecaptin (a Gram-negative membrane disrupting
peptide), was prepared with an azide-(PEG)3 substituent on a
Lys side chain. CuAAC reaction with a vancomycin derivative
amidated on the C-terminus with propargylamine produced the
conjugate, which retained some Gram-negative activity in vitro
but was substantially less active than coadministering a 1:1
mixture of the antibiotics.151

Catechol and catechol/hydroxamate siderophore ligands
have been attached by acylation of the primary vancosamine
amino group in an attempt to hijack the bacteria’s need for iron
and use a “Trojan horse” approach to get vancomycin inside
Gram-negative bacteria (Figure 13). The adducts 30a−b
displayed reduced activity against Gram-positive bacteria
(MIC = 8−32 μg/mL) compared to vancomycin (MIC = 1−
4 μg/mL) and were generally inactive against Gram-negative
bacteria under iron sufficient conditions. Under iron-depleted
conditions, 30a (X = CH2) displayed moderate activity (MIC =
32 μg/mL) against a P. aeruginosa strain otherwise insensitive
to vancomycin (MIC > 128 μg/mL) under the same

Figure 14. New glycopeptide scaffolds (removed biaryl linkages highlighted in yellow).
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conditions.152 As discussed earlier, a zinc-binding dipicolyl
moiety was attached to the C-terminus of vancomycin in 8, to
bind to the pyrophosphates of cell-wall lipids.93 Similarly, a
silver-complexing pyridinyl ligand has also been ligated (31),
for use in combination with surface-attached pyridinyl groups
to create a vancomycin-silver surface coating that had
antimicrobial activity.153 The C-terminus of vancomycin has
also been functionalized with a bone-targeting methoxypheny-
lamide moiety that binds strongly to hydroxyapatite, attached
via a PEG linker, to develop a more effective therapeutic for
bone infections.154 The adduct 32 retained similar activity as
vancomycin against 30 MRSA clinical isolates (MIC = 1−2 μg/
mL), and bound strongly to hydroxyapatite (Figure 13). It was
statistically more effective than vancomycin in a rat
osteomyelitis model, with 1.3 log reduction in cfu vs 0.5 log
reduction, and demonstrated enhanced bone accumulation in
bone compared to vancomycin. However, histology showed
significant kidney damage.155

A vancomycin prodrug was unexpectedly generated by
attaching branched PEG groups to the vancosamine amine
through an amide linkage; the resulting amide bond was
susceptible to hydrolysis, releasing vancomycin in vivo in the
rat.156 The same study derivatized the vancosamine amine with
PEG acrylates of various chain lengths, and converted either the
vancosamine amine or N-terminal methylamine to an
acrylamide, with the alkene then being used for polymerizations
through a surface-mediated reaction, creating bactericidal
surface coatings.156 Surface modification of titanium alloy or
bone cement with the glycopeptide adduct resulted in reduced
S. epidermidis biofilm formation.157

Fluorescent probes able to visualize sites of bacterial infection
would be useful clinical tools to diagnose infections and
monitor treatment efficacy. The vancosamine amine of
vancomycin 1 was used to attach a near-IR fluorophore,
IRDye 800CW.158 The resulting adduct 33a was successfully
used to image S. aureus myositis (intramuscular infection) in
mice. Neither an E. coli infection nor induced inflammation
resulted in a signal, demonstrating its specificity for Gram-
positive infections. It was also able to visualize a S. epidermidis
biofilm in a human post-mortem implant 8 mm under the
skin.158 Other fluorescent vancomycin derivatives have been
reported and used as in vitro mechanistic probes, such as
vancomycin labeled with fluorescein 33b,159 BODIPY 33c,159

or Oregon Green 33d160 on the vancosamine amine or on the
exposed N-terminal amine of desleucyl vancomycin (Figure
13).159

Another mode of action study created a vancomycin
photoaffinity probe by attaching a biotin moiety (for antibody
capture) to the C-terminal carboxylic acid and a benzophenone
moiety to the vancosamine amine, for covalent labeling of the
protein−probe complex. It was used to identify a vancomycin
receptor in Streptomyces coelicolor.161

Biosynthesis. Given that all almost all glycopeptide
antibiotics are derived from natural biosynthetic pathways,
either directly or following semisynthetic modifications, an
alternative approach to creating new glycopeptides is to
artificially manipulate their biosynthesis.88 Complestatin 34
(Figure 14) is a type V glycopeptide aglycone that is bicyclic
and incorporates a Trp residue instead of a Phe. The
biosynthetic gene cluster has been cloned and expressed in
Streptomyces lividans, allowing for manipulation of the genes to
produce new analogs. Deletion of CYP450 monooxygenase
genes produced a monocyclic 35 and linear 36 derivative.

Activity was reduced, but the methodology can be applied to
other glycopeptides and used for alterations that are difficult to
achieve chemically.162 A minimal teicoplanin scaffold (no
glycosylation or acylation) has been expressed in Streptomyces
coelicolor, testing 13 scaffold-modifying enzymes from seven
glycopeptide antibiotic biosynthetic gene clusters from different
producer organisms. Combinations of one and two gene
integrations into the expression platform were used to identify
what modifications are possible and tolerated.163 Methylated,
glycosylated, and sulfated analogs were produced, though
activity was generally similar across the derivatives. UK-68,597
37 is a teicoplanin-like glycopeptide sulfated on residue 3 that
contains the same unusual N-terminal α-keto acid found in
complestatin 34. Attempts to reisolate the antibiotic from the
original producing strain were unsuccessful, so the biosynthetic
gene cluster was identified with the eventual aim of expressing
the compound in a better host.164 Several of the tailoring
enzymes identified in the cluster were expressed and tested for
their ability to modify other glycopeptides. This led to several
novel derivatives with different sulfation or glycosyl sub-
stituents. Further studies on how to utilize key steps of the
glycopeptide biosynthetic machinery165−168 will potentially lead
to improvements in the biomimetic synthesis of new
glycopeptides.
As mentioned earlier, a strategy of screening for novel

biosynthetic gene clusters combined with a glycopeptide
resistance prefilter led to the isolation of pekiskomycin 38,31

a sulfated vancomycin-like scaffold containing a Glu residue
instead of Asn, an N,N-dimethyl terminal amine, and a different
sugar moiety.

■ CONCLUSIONS

There is a continuing need for new and more potent antibiotics
with a good safety profile that can treat resistant Gram-positive
infections. Currently, a key obstacle to the development of
additional glycopeptides to fill this need is the lack of investor
and market interest. Sales of the three recently approved
semisynthetic glycopeptides do not inspire much confidence.
Telavancin 4, which has not been helped by its black box label
warning, is languishing at <$3.5 million USA sales per quarter
(2Q 2017),169 while oritavancin 6b has had only $16 million in
sales in 2016.170 Dalbavancin 5 is more promising, with
revenues for the four quarters from 3Q 2016 to 2Q 2017 of $48
million and growing ($15.2 million in 2Q 2017).171−174 The
exceedingly long half-lives of dalbavancin 5 and oritavancin 6b,
which beneficially allow for once-weekly or single injection
treatment (compared to twice daily for vancomycin), may also
lead to extended exposure to subtherapeutic drug levels.
Inadequate drug exposure may encourage the selection of
resistant subpopulations,175 providing treatment failure, as was
recently reported for dalbavancin 5.75 The physicochemical
properties leading to improved half-lives compared to
vancomycin also leads to different tissue penetration properties,
which may result in reduced efficacy in some types of
infections, as potentially seen with the failure of dalbavancin
in an off-label endocarditis case study. The need for more
potent antibiotics that can treat resistant Gram-positive
infections, yet maintain a good safety profile, means that new
glycopeptide antibiotics will continue to play an important role
in the ongoing fight against drug resistant infections into the
future. As outlined above, many innovative modified glycopep-
tides have been developed, which exploit different approaches

ACS Infectious Diseases Review

DOI: 10.1021/acsinfecdis.7b00258
ACS Infect. Dis. 2018, 4, 715−735

729

http://dx.doi.org/10.1021/acsinfecdis.7b00258


to overcome resistance, and stand ready to be cultivated into
new therapies.
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