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Glycopeptide antibiotics: Back to the future

Mark S Butler, Karl A Hansford, Mark AT Blaskovich, Reena Halai and Matthew A Cooper

Glycopeptide antibiotics have been a key weapon in the fight against bacterial infections for over half a century, with the

progenitors, vancomycin (1) and teicoplanin (2), still used extensively. The increased occurrence of resistance and the

effectiveness of these ‘last resort’ treatments for Gram-positive infections has led to the discovery and clinical development

of second generation, semisynthetic lipoglycopeptide derivatives such as telavancin (3), dalbavancin (4) and oritavancin (5),

which all possess broader spectra of activity and improved pharmacokinetic properties. Two of these new antibiotics, telavancin

(3) and dalbavancin (4), were approved in the past 5 years and the third, oritavancin (5), is awaiting regulatory approval.

In this review, the discovery, development and associated resistance of vancomycin (1) and teicoplanin (2), and semi-synthetic

glycopeptides, telavancin (3), dalbavancin (4) and oritavancin (5), are detailed. The clinical implications of glycopeptide

resistance, especially vancomycin (1), as well as the future prospects for current glycopeptide drugs and the development

of new glycopeptides are discussed.
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INTRODUCTION

The discovery and clinical development of antibiotics was one of

the major achievements of the twentieth century, beginning with the

sulfonamide and penicillin antibiotics in the 1930s. This heralded the

‘Golden Age of Antibiotics’ that lasted until the 1960s, during which

time most of the antibiotic classes used in the clinic today were

discovered. Although there has been a small resurgence in new

antibiotic classes launched for the treatment of Gram-positive

infections in the last 15 years (linezolid (first approved in 2000),

daptomycin (2003), retapamulin (2007), fidaxomicin (2011) and

bedaquiline (2012)),1,2 there is still an urgent need for the

development of new antibiotics with activity against drug-resistant

bacteria, especially Gram-negative bacteria, which are more difficult

to kill.2–9

Glycopeptide antibiotics are actinomycete-derived antibiotics with

unique tricyclic or tetracyclic heptapeptide cores that are usually

glycosylated and sometimes have additional lipophilic fatty acid side

chains (Figure 1). The first member of the glycopeptide class of

antibiotics, vancomycin (1), was discovered in the 1950s by Eli Lilly &

Co (Indianapolis, IN, USA) and still has an integral role today in the

treatment of infections caused by Gram-positive pathogens, especially

methicillin-resistant Staphylococcus aureus (MRSA) and the gut

anaerobe Clostridium difficile.10,11 The naturally occurring

teicoplanin complex (for example, Factor A2-2 2) is used to treat

similar infections, and was discovered in the Lepitit Research Center

(Milan, Italy), the same center where Piero Sensi discovered and

developed rifamycins.12 In September 2009, the first next generation

semisynthetic glycopeptide telavancin (3) was launched, while

another, dalbavancin (4), was approved in May 2014 with a third,

oritavancin (5) scheduled for an approval decision before the end of

2014 (Figure 2).13 The avoparcin complex was used as a growth

promoter in animals in the 1980s, but its use has been halted in most

countries around the world because of the fear of drug resistance

transfer, especially vancomycin resistant enterococci (VRE).14

Glycopeptide antibiotics were divided into four distinct structural

subclasses (I–IV) by Lancini15 in 1989 and summarized more recently

by Nicolaou et al.16 in 1999, according to the substituents and the

type of residues at positions 1 and 3 of the heptapeptide.

Glycopeptides with valine-1 and asparagine-3/glutamine-3 residues

such as vancomycin (1) are classified as Type I, whereas b-avoparcin

(6) is an example of a Type II glycopeptide that have aromatic

residues at positions 1 and 3 that are not linked (Figure 1). Type III

glycopeptides have the position 1 and 3 aromatic residues linked via

an aryl ether, whereas Type IV glycopeptides such as teicoplanin A2-2

(2) are a subclass of Type III with an additional fatty acid component

attached to an amino sugar (Figure 1). Nicolaou et al. also designated

a Type V class of glycopeptide aglycones such as complestatin (7) that

have a tryptophan17–19 in place of a phenyl group in the heptapeptide

core (Figure 1). Analogs with an oxindole-alanine in place of the

tryptophan such as neoprotectin A and B have also been reported.20–22

The biosynthesis of glycopeptides has been recently reviewed by

Wright and coworkers23. The heptapeptide backbone of the

glycopeptide antibiotics binds to the C-terminal L-Lys-D-Ala-D-Ala

subunit of the peptidoglycan precursor Lipid II via five H-bonds

(Figure 3), inhibiting the transglycosylation and/or transpeptidation

steps involved in cell wall biosynthesis.24,25

The distinguishing feature of the Type IV glycopeptides and

semisynthetic derivatives such as telavancin (3) and oritavancin
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(5) is the appendage of lipophilic aryl or alkyl groups onto the amino

sugar subunit through amidation or alkylation. The increased potency

of these derivatives is due to membrane anchoring of the lipophilic

group, which facilitates binding to Lipid II through an increase in the

local concentration at the membrane surface, with possible secondary

effects through perturbation of the membrane potential with

ψ

β

Figure 1 Structures of the naturally occurring glycopeptide antibiotics, vancomycin (1), desmethylvancomycin (9), teicoplanin A2-2 (2), b-avoparcin (6),

complestatin (7), ristocetin A (10), and actaplanin A (11) and their structural classes as defined by Lancini.15,16
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concomitant membrane leakage.26–33 Furthermore, the hydrophobic

chains may assist in back-to-back homodimerization, in turn

enhancing ligand binding through a cooperative effect,34 although

this is still controversial. Antibiotics with high dimerization constants

generally display high in vitro potencies, and the cooperativity

between dimerization and ligand binding has been proposed to

correlate with enhanced antibacterial activity.33,34 In an aqueous

solution, vancomycin (1) and oritavancin (5) cooperatively dimerize

in the presence of substrates bearing the L-Lys-D-Ala-D-Ala epitope.

On the other hand, the dimerization of dalbavancin is anti-

cooperative with respect to the same substrate,35 whereas

teicoplanin, which already possesses a membrane-anchoring ‘tail’, is

exceptional among the vancomycin-type class in that it does not

dimerize.33,35,36

In this review, the discovery, development and associated resistance

of the naturally occurring glycopeptides vancomycin (1) and teico-

planin (2), and semisynthetic glycopeptides, telavancin (3), dalba-

vancin (4) and oritavancin (5) are described. In addition, clinical

implications of glycopeptide resistance, especially vancomycin (1), as

well as the future prospects for the use of existing glycopeptide drugs

and the development of new glycopeptides is reviewed.

VANCOMYCIN

Discovery of vancomycin

Vancomycin (1) was first identified during an antibiotics discovery

program at Eli Lilly37 (Indianapolis, IN, USA) and its discovery and

development has been well documented.38–41 Briefly, the project had

its origins in a friendship between a Reverend William Conley and

Dr. E. C. Kornfield who first met in 1944 when the US 82nd Airborne

Division parachuted into Sicily. Kornfield went on to work as an

organic chemist at Eli Lilly, while Conley became a missionary in

Borneo. The two exchanged letters, and Kornfield, looking for novel

sources of biodiversity in the hunt for new antibiotics for Eli Lilly,

sent sterile vials to Conley requesting he return soil samples ‘collected

off the beaten track’. There were no Material Transfer Agreements or

Non-Disclosure Agreements in those days to stifle the spirit of open

collaboration! An actinomycete, Streptomyces orientalis (now called

Amycolatopsis orientalis),42 was isolated from the soil sample delivered

to Eli Lilly in 1953, and Kornfield demonstrated it could produce a

new antibiotic. Over the next few years, two additional strains from

India were identified that also produced vancomycin, and

optimization of the fermentation and isolation conditions led to

production of an enriched fraction (called compound 05865) that was

evaluated in patients from 1955.39,43,44 The results were promising

enough for the United State Food and Drug Administration (FDA) to

approve vancomycin as a ‘certifiable antibiotic’ in November 1958 for

the treatment of penicillin-resistant staphylococcal infections.

It is amazing to think today that the structure of vancomycin was

not fully elucidated until 1982 when Harris and Harris45 corrected the

assignment of an isoasparagine residue to the correct asparagine

regioisomer. Previously, Marshall had described approximately half of

the structural components of 1 using classical degradation methods in

1965.46 The next breakthroughs were Williams and Kalman’s47 partial

structure assignment using nuclear magnetic resonance spectroscopy

Figure 2 Structures of the semisynthetic glycopeptides telavancin (3), dalbavancin (4), oritavancin (5) and [19F]-oritavancin (8).
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in 1977 and Smith and coworkers’48 X-ray crystal structure of a

crystalline degradation product (CDP-I) in 1978. The structure

elucidated by Harris and Harris was confirmed by X-ray

crystallography in 1996 by Sheldrick and coworkers49 and by total

synthesis of vancomycin aglycone in 199850,51 and vancomycin in

1999.50–60 Further details on the synthesis of glycopeptides can be

found later in this review.

Vancomycin resistance and heteroresistance

The semisynthetic penicillin analog methicillin was approved around

the same time as vancomycin, whereas the first semisynthetic

cephalosporin derivative cephalothin was launched 5 years later in

1964. These and other next-generation b-lactams became the anti-

biotics of choice for the treatment of Gram-positive infections and

relegated vancomycin to a ‘drug of last resort’ status because of its less

convenient administration and side effects. However, the constant use

of b-lactam antibiotics led to a dramatic rise in drug resistance and

the exemplifier of these resistant strains, MRSA was endemic in most

hospitals by the early 1990s. Thereafter, community-acquired MRSA

infections have frequently emerged in patients without established

risk factors.61,62 This led to the reemergence of vancomycin as a

frontline therapy for the treatment of MRSA and also spurred the

search for alternative antibiotics, leading to the commercialization of

linezolid and daptomycin. During this period, more than 99% of

MRSA strains have remained susceptible to vancomycin at the current

minimum inhibitory concentration (MIC) susceptibility breakpoints

(maximum MIC thresholds for predicting successful treatment)

designated by the National Committee for Clinical Laboratory

Standards (CLSI) (Table 1).63 Nonetheless, the selection pressure

exerted by years of widespread glycopeptide use is becoming apparent,

with strains of MRSA now showing reduced susceptibility toward

vancomycin. MRSA was recognized as a ‘serious threat’ in a 2013 US

CDC report on antibiotic resistance, with over 80 000 severe

infections and 11 000 deaths per year in the USA alone.64

A common glycopeptide resistance mutation, especially in enter-

ococci, 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

D-Ala-D-Ser (vanC, vanE, vanG) phenotype. The replacement of

D-Ala with D-Lac causes a 1000-fold decrease in binding affinity by

removal of a key hydrogen bond interaction (Figure 3), whereas

D-Ser exerts its effect through a less dramatic conformational change

(sevenfold lower binding affinity).24,25,65–68 Consequently, teicoplanin,

vancomycin, telavancin and dalbavancin lose their biological

effectiveness against strains that express the D-Ala-D-Lac epitope,

suggesting that they share a common primary molecular mechanism

of action and resistance. Indeed, recent nuclear magnetic resonance

spectroscopy and surface plasmon resonance (SPR) studies provided

further evidence that Ac-L-Lys-D-Ala-D-Lac has negligible affinity for

these antibiotics.33 On the other hand, oritavancin is not subject to

the same resistance profile, suggesting that it may be able to overcome

resistance through a secondary mode of action.28 Solid state nuclear

magnetic resonance spectroscopy studies of [19F]-oritavancin (8)

(Figure 1) have demonstrated that, in addition to the sequestration

of Lipid II through the D-Ala-D-Ala primary binding site, it also

interacts with the pentaglycyl-bridge segment of nascent peptidoglycan

in S. aureus and Enterococcus faecium, and was reported not to embed

into the bacterial membrane.69,70

Although the lineage of many VRE strains can be traced back to the

global overuse of glycopeptides in the livestock industry,71,72 the

presence of these resistance genes has been identified in permafrost

samples from 410 000 years ago, indicating that there is also an

innate resistance reservoir in the microbiome.73,74 A recent large-scale

metagenomic study, using 71 environmental shotgun metagenomic

DNA data sets from soil, ocean and animal sources, searched for 2999

known antibiotic resistance sequences.75 This study found high levels

of vancomycin resistance-related genes (vanA, B, C, D, E and G) in

soil, ocean and human feces samples, while vanZ was detected in both

soil and human feces, overall forming 17% of the global abundance of

resistant sequences measured, second only to multidrug resistance

efflux pumps.75 These resistance genes were the most abundant reads

ψ

Figure 3 Schematic of the (a) five hydrogen bonds formed between the

heptapeptide core and the Lipid II mimic N-acetyl-D-Ala-D-Ala, and (b) the

repulsion caused by the resistant Lipid II mimic N-acetyl-D-Ala-D-Lac, which

leads to 1000-fold decrease in binding with vancomycin, and the amidine

isostere 12 that reintroduces the H-bond and rescues the activity.

Table 1 Revised CSLI clinical breakpoints

Vancomycin MIC (mgml�1)

Glycopeptide susceptibility classification pre-2006 post-2006

Susceptible (VSSA) p4 p2

Intermediate (VISA) 8–16 4–8

Abbreviations: MIC, minimum inhibitory concentration; VISA, vancomycin intermediate S.

aureus; VSSA, vancomycin susceptible S. aureus.
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detected in the human data sets, despite the relatively low usage of

vancomycin compared with other antibiotics.75

Vancomycin-resistant strains of S. aureus are designated hetero-

geneous vancomycin intermediate (hVISA), vancomycin intermediate

(VISA) and vancomycin resistant (VRSA), indicating increasing levels

of resistance from heteroresistant to intermediate-resistant to fully

resistant. High-level resistance to vancomycin in S. aureus (VRSA)

through acquisition of the enterococcal vanA operon is still rare.

From 2002 to 2012, only 13 strains of S. aureus containing the vanA

operon have been reported in the USA, with several additional reports

from Europe76 and South America,77 suggesting that this is not a

major mechanism of resistance to vancomycin in staphylococci. The

clinical impact of VRSA is not considered significant at this time, with

the CDC report classifying VRSA as a ‘concerning threat’.64

VISA evolved from vancomycin-susceptible S. aureus (VSSA) via

the intermediacy of hVISA, predominantly through a series of

sequential cumulative mutations that did not involve the acquisition

of foreign DNA. Isolates of S. aureus (VISA) with vancomycin MICs

of 4–8mgml�1 are rare (to date patient-to-patient nosocomial

transmission has not been documented in MRSA isolates with

vancomycin MIC X4mgml�1), while S. aureus (hVISA) isolates with

MICs of 2mgml�1 are relatively common. Despite the scarcity of

VISA strains, the concern is that VISA spontaneously emerges at high

frequency among cell populations of hVISA.78 The distinguishing

feature of hVISA is that it displays vancomycin MICs within the

current CLSI mandated susceptible range (p2mgml�1) but is sub-

populated (p10�5 to 10�6) with cells that are able to grow at a

vancomycin concentrationX4mgml�1.79 Although clinical isolates of

S. aureus exhibiting the VISA and hVISA phenotypes were first

reported in Japan in 1997,80,81 subsequent retrospective studies of

stored isolates have since proven their prevalence as early as the mid-

1980s in United States and Europe, and from 1990 in Japan, before

the clinical introduction of injectable vancomycin in Japan in 1991.82,83

hVISA (strain Mu3, (ATCC 700698)) was first documented during

the treatment of a 64-year-old patient with MRSA pneumonia.80 It

displayed a vancomycin MIC of 3mgml�1 and produced a

subpopulation of cells (10�5 to 10�6) in a drug-free medium with

different but stable resistance phenotypes exhibiting vancomycin

MICs ranging from 4 to 8mgml�1.78,80,84 It was reported that Mu3

was widely disseminated among MRSA clinical isolates collected from

a series of Japanese hospitals.80 Approximately 6 months later, the first

case of VISA (strain Mu50, (ATCC 700699)) was isolated from an

infant patient within the same hospital who had suffered a surgical

site MRSA infection following heart surgery.81 Mu50 exhibited a

vancomycin MIC of 8mgml�1, suggesting that Mu50 was also

prevalent among the resistant subpopulations of the Mu3 strain (4–

8mgml�1). The widespread dissemination of a naturally occurring

strain of Mu3 in conjunction with its putative propensity to generate

Mu50 in vivo should have altered the Japanese clinical landscape in

favor of Mu50-like isolates, especially in the face of continuous

vancomycin use in the late 1990s.84 However, a national surveillance

study84 of 6625 MRSA clinical isolates obtained from 278 Japanese

hospitals published after the report by Hiramatsu et al.80 disproved

the existence of a vancomycin-heteroresistant Mu3-type strain capable

of constitutively producing subpopulations of cells with stable

vancomycin resistance, with MICs above those of the parent strain.

Furthermore, the clinical isolates did not reveal any evidence of

Mu50-type intermediately vancomycin-resistant MRSA, nor the

dissemination of any Mu3-type strain and Mu50-type strain.84

Controversially, the original population analysis conditions

described by Hiramatsu et al.80 to detect hVISA may have led to

the misinterpretation of the data because of poor reproducibility.79,84

The genetic differences between Mu3 and Mu5 have been studied in

detail.85–88 The Mu3 strain is currently used as a standard reference

for the detection of hVISA isolates, despite the fact that the latest

CLSI breakpoints actually classify Mu3 as VISA and not hVISA.89

Although VISA and hVISA phenotypes are globally recognized,

accurate epidemiologic data are confounded by a lack of standardized

criteria for their precise definition and detection. A molecular-based

assay for their discrimination and detection does not exist because the

genetic determinants of hVISA and VISA are poorly understood.

hVISA and VISA may revert to lower levels of resistance during

in vitro passage or during longer-term storage, further confounding

their accurate detection.90–92 The CLSI-approved broth MIC method

is currently used to define VISA.63 In contrast, there is currently no

standardized method for the accurate detection of hVISA, with

standard CLSI broth and agar-based testing methods ineffective

because of masking by the dominant susceptible population.

Detection of the resistant subpopulation of interest necessitates the

use of population analysis profile testing in comparison to a known

hVISA control strain (Mu3), which is costly and time consuming,

rendering it unsuitable for routine automated testing.89 Uncertainties

concerning the incidence, definition, phenotype stability and optimal

detection of hVISA are reflected in the disparity between current

estimates of hVISA in MRSA isolates, most recently reported as 1.3%

(82 698 MRSA isolates collectively analyzed from 43 studies

conducted worldwide)93 compared with other studies reporting

significantly higher rates of 0–50% (15 studies conducted

worldwide).94

Vancomycin in the clinic: use and significance of resistance

In the early days of its use, vancomycin produced a number of side

effects during intravenous (IV) administration, including nephrotoxi-

city (especially with patients with sub-optimal renal function), red-

man syndrome (an initial infusion-related reaction because of

histamine release from non-specific mast cell degranulation) and,

very rarely, ototoxicity. However, initial preparations of vancomycin

were quite impure leading to a nickname of ‘Mississippi Mud’

because of its color. Optimized dosing and purer preparations mean

that vancomycin therapy is now considered safe for patients with

normal renal function.

Clinically employed vancomycin is still not a pure compound, with

the predominant component making up approximately 85% of the

dose. In China, desmethylvancomycin (9) (Figure 1), missing the N-

methyl group on the N-terminal Leu residue, been used clinically

since 1967 and was first isolated from A. orientalis Van-23, which was

obtained from a soil sample collected in Guizhou Province, China in

1959.95,96 Questions have been raised about purity and equivalence of

generic vancomycin, with significant decreases in efficacy demon-

strated by three generics compared to the innovator compound in a

mouse thigh infection model (5.65 log10 reduction in CFUg�1 for

innovator versus 2.0, 2.6 and 3.5 for the generics), despite them being

undistinguishable based on in vitro assays such as MIC or protein

binding.97 The inferior products were then shown to enhance the

production of VISA subpopulations within the thigh infection

model.98 A subsequent study of six generic vancomycin products

(the innovator being no longer available) for treatment of MRSA

endocarditis in rabbits found no significant differences.99

Despite the fact that an overwhelming proportion of MRSA strains

are sensitive to vancomycin in vitro, 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. As the MIC of
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an isolate within the susceptible range increases, the proportion of

hVISA within that isolate also increases.100,101 The observed gradual

upward trend in MICs in S. aureus clinical isolates within the

susceptibility range, a phenomenon known as ‘MIC creep’, may

manifest as worsened clinical outcomes,102,103 although the global

incidence of MIC creep is contentious as epidemiological and clinical

variations between study sites, and non-conformance between

automated and manual MIC determination methods lead to

conflicting results.104,105 Nonetheless, infections caused by VSSA

displaying subtle reductions in susceptibility to glycopeptides (MIC

X1.5mgml�1) are reported to be predictive of treatment failure

(delayed early response, increased rate of relapse, prolonged

hospitalization), irrespective of MIC testing methodology and

infection source, whereas strains with MICs X2mgml�1 correlate

with increased mortality in staphylococcal bacteremia infections.104

A clinical study106 conducted by the Centers for Disease Control that

demonstrated vancomycin was equally ineffective against MRSA

strains with MICs of either 4 or 8mgml�1 prompted the CLSI to

revise the breakpoints for vancomycin against S. aureus

(Table 1).100,107 Interestingly, antibiotic choice may not be the sole

discriminator of clinical outcome, with a recent prospective study

finding that a high MIC was also associated with worse outcomes in

patients with MSSA infections not treated with vancomycin.108

Most hVISA and VISA are reported in hospital MRSA strains,

arising primarily by in vivo evolution during failed prolonged

glycopeptide therapy for reputably vancomycin-susceptible MRSA

infections, particularly in patients with high bacterial load (for

example, endocarditis, osteomyelitis/septic arthritis, deep abscesses,

infection of prosthetic devices) and/or history of prior vancomycin

exposure.83 Glycopeptide exposure may not be a unique selection

criterion for hVISA. A recent retrospective study from Japan indicates

that hVISAwas prevalent in Japanese hospitals in the late 1980s before

the clinical introduction of vancomycin, for which the mainstay

therapy for MRSA at the time comprised b-lactam antibiotics such as

imipenem and flomoxef.82 It was suggested that imipenem played a

role in the early emergence of hVISA in Japan in 1990, ahead of its

emergence in other countries.82 Indeed, in vitro exposure of S. aureus

to imipenem selects for hVISA with a similar, but not identical,

phenotype to vancomycin-induced hVISA.109

The impact of reduced vancomycin susceptibility is therefore of

great concern, highlighting the need for the continued development

of alternative Gram-positive therapies. In stark contrast to vancomy-

cin, which enjoyed decades of resistance-free use, alternative therapies

like daptomycin, linezolid, telavancin, third generation cephalosporins

(for example, ceftaroline) and the glycylcycline tigecycline antibiotic

classes have led to resistance soon after their clinical introduction.110

Resistance via impediment of glycopeptide access

A significant body of work has been devoted to the identification of

mutations delineating the genetic differences between VSSA and

VISA.79,83,111,112 Although considerable genetic and transcriptional

variability between different lineages results in a myriad of phenotypic

outcomes, cell wall aberrations are a feature observed consistently in

response to the physiological stress imposed by antibiotic

treatment.79,113 This phenomenon, characterized by altered levels of

key biochemical intermediates required for peptidoglycan synthesis, is

considered to be a major contributor to resistance through the

impeded access of cell wall active antibiotics to sites of cell wall

biosynthesis in the division septum. Fluctuations in key enzymatic

processes that regulate peptidoglycan precursor synthesis and cross-

linking ultimately lead to the accumulation of monomeric

muropeptides with redundant D-Ala-D-Ala termini that serve

as non-productive diversion points for glycopeptides. The

accumulation of decoy targets bearing free D-Ala-D-Ala termini may

occur by a number of pathways related to altered regulation of

transpeptidase activity, cell wall precursor synthesis, cell wall turnover

and cell wall cross-linking.114–116 Functionally, the net result is the

same: to sequester the glycopeptide within the bulk peptidoglycan and

hinder its access to sites of cell wall biosynthesis at the membrane

surface in the division septum (Figure 4).

In an effort to understand how altered peptidoglycan synthesis

influences resistance, Hiramatsu and coworkers studied the differ-

ences between VISA strain Mu50 and hVISA strain Mu3.113–115,117

Both strains exhibit accelerated cell wall synthesis and turnover

resulting from enhanced levels of N-acetylglucosamine and the

murein monomer precursor UDP-N-acetylmuramyl-pentapeptide,

enhanced autolysis and cell wall turnover, and overexpression of

penicillin-binding protein 2 (PBP2) and PBP2’, which are involved in

both transglycosylation and transpeptidation. The distinguishing

feature of Mu50 is that its cell wall is twice the thickness of Mu3,

which presumably accounts for its increased level of vancomycin

resistance relative to Mu3. The peptidoglycan of Mu50 exhibited an

increased capacity for vancomycin binding (1.4-fold) because of an

increased amount of muropeptides bearing non-amidated glutamine

in the cell wall (that is, stem peptide side chains composed of L-Ala-

D-gGlu-L-Lys-D-Ala-D-Ala instead of L-Ala-D-gGln-L-Lys-D-Ala-D-Ala).

Given that the peptidoglycan layers of Mu50 are about twice as thick

as Mu3, a single Mu50 cell was estimated to bind 2.8 times more

Figure 4 S. aureus cell wall and its interaction with various glycopeptides. (a) Scheme of the cell wall showing the membrane, biosynthetic penicillin

binding proteins (PBPs), which act as transglycosylases and/or transpeptidases, Lipid II, nascent and mature peptidoglycan. The mature peptidoglycan is

cross-linked via the peptide side chains with a pentaglycyl-bridge, but also contains non-cross-linked residues, terminating in either D-gGln-L-Lys-D-Ala-D-Ala

or D-gGlu-L-Lys-D-Ala-D-Ala in vancomycin-sensitive or partially resistant bacteria, or D-gGln/D-gGlu-L-Lys-D-Ala-D-Lac/D-Ser in highly resistant bacteria. These

serve as attachment points for teichoic acids in the cell wall, and also act as ‘decoy targets’ for glycopeptides as they diffuse toward the bacterial

membrane. (b) Vancomycin is a weak dimer (Kdim¼1430mM), and at clinically relevant concentration, is present in plasma exclusively as monomer. It

binds as monomer to free D-Ala-D-Ala residues in bulk peptidoglycan, but this is a fast-on fast-off interaction. Sufficient drug can diffuse to the membrane

surface, where it binds cooperatively to two membrane-anchored Lipid II molecules. This much stronger complex does not dissociate because of the chelate,

or avidity effect, and vancomycin can inhibit peptidoglycan biosynthesis by sterically occluding the action of the PBPs. In contrast, teicoplanin is

monomeric, but it can template on the membrane surface using the C10-acyl chain to insert in the bacterial membrane adjacent to the PBPs. (c) In VISA

and hVISA (vancomycin-resistant) bacteria, the peptidoglycan cell wall is considerably thicker, and there are far more ‘decoy target’ L-Lys-D-Ala-D-Ala

residues. Here, dalbavancin is effective, as although it also weakly dimerizes like vancomycin,35 it possesses a membrane anchoring C12-acyl chain, which

localizes the drug preferentially to the membrane surface to occlude PBP action. (d) In VRE and VRSA, the pendant L-Lys-D-Ala-D-Ala residues are replaced

with L-Lys-D-Ala-D-Lac/D-Ser, which lowers the binding affinity with glycopeptides in free solution by 1000-fold. Compounds such as vancomycin, teicoplanin

and dalbavancin can no longer bind with sufficient affinity to inhibit PBP action, even when templated on the membrane. However, oritavancin, which

possesses a membrane-anchoring 4-chlorobiphenyl moiety and dimerizes much more tightly (Kdim¼5mM),205 gains more benefit from the chelate or avidity

effect when binding two resistant phenotype Lipid II molecules at the membrane surface, and can effectively inhibit PBPs.
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vancomycin molecules than a single Mu3 cell.114 It was proposed115

that the non-amidated muropeptides contribute to under-cross-

linking of peptidoglycan because of their decreased affinity

for PBP, resulting in a surplus of D-Ala-D-Ala residues in the

peptidoglycan. Besides causing under-cross-linking of peptidoglycan,

non-amidated muropeptides are also implicated in the sequestration

of vancomycin because of their greater affinity of binding to

vancomycin than that of their amidated counterpart.114,115 Taken
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together, the altered peptidoglycan mesh serves to impede

glycopeptide access to the desired Lipid II target on the cytoplasmic

membrane through a decrease in effective concentration and

diffusion.78

In another study, Sieradzki and Tomasz116 described a series of 16

isogenic MRSA isolates obtained from a single bacteremic patient

who underwent vancomycin chemotherapy for 2 months. Step-wise

comparison of each isolate revealed a continuous spectrum of altered

morphologies and biochemical profiles. Resistant isolates grew as

multi-cellular aggregates with abnormally thick cell walls, surrounded

by large amounts of amorphous extracellular material, and displayed a

parallel reduction in both peptidoglycan cross-linking and PBP4.

Decreased transpeptidase activity through depletion of PBP4, which

catalyzes the cross-linking of the lysine component of one stem

peptide to the penultimate D-Ala of a neighboring stem peptide,118

resulted in the accumulation of muropeptides with free D-Ala-D-Ala

termini. In this instance, the authors attributed the abnormal cell wall

thicknesses to increased amounts of teichoic acid present in the cell

wall,118 which is known to interfere with peptidoglycan hydrolysis.116

Teichoic acids are polysaccharides of ribitol or glycerol phosphate that

are also present in the staphylococcal cell wall, comprising up to 50%

of the dry weight of the cell wall. They are implicated in processes

concerning cell wall function, maintenance and turnover. Ribitol

teichoic acids (wall teichoic acids) are covalently linked to

peptidoglycan and decorated with D-Ala esters and N-

acetylglucosamine residues, whereas glycerol teichoic acids

(lipoteichoic acids) are linked to glycolipids in the cytoplasmic

membrane (Figure 4). In the former case, D-Ala serves to render

the teichoic acid zwitterionic by virtue of its free amino group, and

the degree of alanylation influences the sensitivity of S. aureus toward

glycopeptide antibiotics. Studies of a S. aureus mutant devoid of D-Ala

revealed a moderate increased capacity for binding vancomycin

compared with the wild type.119 It is therefore postulated that

modulation of the net bacterial surface charge by alanylation of

teichoic acids serves to promote resistance to cationic antimicrobial

molecules through charge repulsion.120 In light of this, it appears

unlikely that the D-Ala subunits of teichoic acids are targets for

vancomycin binding.119

Clinical limitations of vancomycin

Although it is one of the mainstay parenteral therapies for MRSA

infections, vancomycin has relatively poor pharmacokinetic proper-

ties, including a short half-life in the range of 4–11h for healthy

adults and poor tissue penetrating properties. During its early years of

use, dosing strategies were conservative because of its putative toxicity,

resulting in target bacteria exposure to sub-inhibitory drug concen-

trations. This practice, in combination with its poor tissue penetra-

tion properties, is thought to promote selection of resistance.121 In

light of the recent advent of S. aureus infections displaying raised

vancomycin MICs (X2mgml�1), achieving therapeutically optimal

target trough concentrations is difficult, if not impossible, even with

aggressive dosing strategies and constant monitoring.107,122 The

drawbacks associated with vancomycin prompted the development

of second generation glycopeptides with improved pharmacokinetic

and safety profiles.

TEICOPLANIN

Discovery and clinical use of teicoplanin

Teicoplanin is a ristocetin-type lipoglycopeptide complex exemplified

by its major component teicoplanin A2-2 (2) (Figure 1) from

Actinoplanes teichomyceticus, which was derived from an Indian soil

sample and first reported by the Lepitit Research Center in 1978.123–125

The structure of the complex components were elucidated in

1984126,127 and showed that the teicoplanin A2 complex differed

from vancomycin (1) by additional glycosylation, an acyl chain and

ether linked 4-hydroxyphenylglycine and 3,5-dihydroxyphenylglycine

groups.16 The complex has five related components TA2-1 to TA2-5

that differ only in their fatty acid side chains, as well as the deacylated

T-A3-1.
126 The ratio of the components can be altered by changing

fermentation conditions.128,129 The difficulties of dealing with an

antibiotic consisting of a mixture of complexes has been recently

discussed, with calls for tighter regulatory standardization.130 For

example, a recent paper reported high variability in teicoplanin

protein binding in critically ill patients.131

Teicoplanin (Targocid) was first approved in Europe in 1988 and is

available in many other countries around the world with the notable

exception of the United States.132 Teicoplanin has a long half-life

(30 h), and may be administered IV or intramuscularly as a single

daily dose following an initial loading dose, which makes it suitable

for outpatient therapy.133,134 Teicoplanin is better tolerated than

vancomycin, in particular causing no histamine release and only

rare incidences of red man syndrome, ototoxicity and

nephrotoxicity.135

Teicoplanin resistance

Teicoplanin retains activity against strains expressing the vanB operon

(a resistant phenotype only induced by vancomycin), but not vanA as

it is inducibly resistant to high levels of teicoplanin.136 Most hVISA

strains have raised teicoplanin MICs (8–16mgml�1) compared with

VSSA (p4mgml�1).78 Clinical isolates of MRSA exhibiting

teicoplanin resistance, but sensitivity toward vancomycin, were

reported in 1990, 7 years before the first reports of the clinical

emergence of VISA and hVISA.137 On the other hand, several clinical

MRSA strains exhibiting reduced susceptibility to teicoplanin (8–

16mgml�1) and cross-resistance to vancomycin have also been

reported.138,139 These strains were characterized by overexpressed

levels of PBP2 in addition to the appearance of an unidentified

membrane protein, both of which were implicated in the production

of the prototypical VISA/hVISA abnormal cell wall phenotype via the

excessive production of false targets bearing D-Ala-D-Ala sequences.

A later study examining in vitro generated S. aureus mutants

supported this view.140 In a recent survey of 9115 S. aureus clinical

isolates, the MIC90 of teicoplanin was p2mgml�1.141

OTHER NATURALLY OCCURRING GLYCOPEPTIDES

The ristocetin complex (Spontin) (for example, ristocetin A (10),

Figure 1) was first reported in 1956142 by Abbott Laboratories

(Chicago, IL, USA) from Amycolatopsis lurida collected in 1951

from Colorado Springs, CO, USA, and was introduced into clinical

use in 1957. Ristocetin is a Type II glycopeptide and the structures of

its major components were finalized in 1982.143–145 Unfortunately,

ristocetin was later withdrawn from the market after a subset of

patients displayed thrombocytopenia, with further studies indicating

that ristocetin causes platelet aggregation in patients missing a platelet

factor in platelet-type von Willebrand disease.146–148 The use of

ristocetin in the medical community was not lost as it forms the

basis of diagnosis of this disease.149

Avoparcin (LL-AV290, Avotan) (for example, b-avoparcin (6),

Figure 1) and actaplanin (for example, actaplanin A (11), Figure 1)

were first reported in 1968150,151 and 1976152 and their structures

elucidated in 1980153,154 and 1984,155,156 respectively. As previously
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noted, avoparcin was used as a growth promoter in animals, but its

use has been halted in most countries.

The increased health issues caused by MRSA in the 1980s led to a

resurgence in the interest in the discovery of new antibiotics,

including glycopeptides.16,40 The use of innovative methods to

identify new glycopeptide-producing strains40 and the ability to

determine their structures led to an explosion in numbers of new

glycopeptides identified from 1982 to 1996, which are summarized in

reviews by Yao and Crandall40 in 1994 and Nicolaou et al.16 in 1999.

To the best of our knowledge, no new naturally occurring

glycopeptides have been published since these reports.

NEXT GENERATION SEMISYNTHETIC GLYCOPEPTIDES

Telavancin

Telavancin (3) (Vibativ, TD-6424) is derived from vancomycin (1) by

addition of a decylaminoethyl lipophilic substituent on the vancosa-

mine amino group, and a hydrophilic (phosphomethyl)aminomethyl

moiety at the para position of the aromatic ring on the C-terminal

dihydroxyphenylglycine residue. The lipophilic group plays the same

role in all lipoglycopeptides, increasing membrane interactions,

whereas the hydrophilic group is proposed to promote tissue

distribution and clearance and reduce nephrotoxic effects.157,158

Telavancin was developed at Theravance Inc. (San Francisco, CA,

USA), and partnered with Astellas (Tokyo, Japan) in 2005, but

Astellas terminated its licensing agreement in 2012. Initial analogs

focused on the hydrophobic substituent, but with only this

modification, molecules were less soluble than vancomycin, more

nephrotoxic, and had reduced urinary clearance. Introduction of the

(phosphomethyl)aminomethyl group ameliorated these effects.157,158

Telavancin has improved potency compared to vancomycin against a

range of Gram-positive bacteria, including vancomycin-resistant

strains. Two phase-III trials assessed 1794 patients with complicated

skin and skin structure infections resulting from suspected or

confirmed MRSA, comparing 7–14 days intravenous dosing of 1 g

of vancomycin administered every 12h with 10mg kg�1 telavancin

administered once daily.159,160 Non-inferiority of telavancin to

vancomycin in the clinically evaluable patients was demonstrated,

but superiority to vancomycin in the all-treated efficacy population

infected with MRSA was not met. FDA approval was granted in 2009

for treatment of complicated skin and skin structure infections caused

by susceptible Gram-positive bacteria. Clinical use of telavancin has

been subsequently extended to include hospital-acquired and

ventilator-associated bacterial pneumonia. Telavancin, with a human

half-life of approximately 8 h, has been associated with nephrotoxicity

and renal impairment and has a black box warning for fetal risk.160

Cautious use is recommended in patients who are also taking drugs

known to prolong the cardiac ventricular polarization (QT)

interval.161

Telavancin resistance. Similar to teicoplanin, telavancin retains

activity against strains that express vanB, but not vanA as it induces

expression of the latter.30 Telavancin has demonstrated a low potential

for development of resistance among enterococci and staphylococci

(o4.0� 10�11 to o2.9� 10�10 at 2�MIC for VSSA, hVISA and

VISA).162 Heteroresistance has not been detected in isolates of

S. aureus, nor has resistance been detected in isolates of S. aureus

or Streptococcus pneumoniae collected in both clinical trials and

through global surveillance.161–164 MIC90 values of 0.25–0.5mgml�1

(S. aureus isolates including MRSA) and 0.03mgml�1 (S. pneumoniae)

have been reported.161

Dalbavancin

Dalbavancin (4) (Dalvance, BI-397) is a semisynthetic derivative of

the teicoplanin-like glycopeptide A40926 Factor B, with a torturous

development pathway, eventually approved in May 2014. It was

originally developed in the 1990s by the Lepitit Research Centre

belonging to Marion Merrell Dow, with the center bought by Hoechst

in 1995 and spun out as Biosearch Italia S.p.A. in 1997. In 2003,

Versicor acquired Biosearch Italia and renamed the new company as

Vicuron Pharmaceuticals, which in turn was acquired by Pfizer

(Groton, CT, USA) in 2005. Three phase-III trials were successfully

completed between 2003 and 2005, but the FDA required additional

non-inferiority data in 2007.30 Durata Therapeutics (Chicago, IL,

USA) acquired the program in 2009 and initiated two additional

phase-III trials (573 patients at 92 sites and 739 patients at 139 sites)

which met their primary endpoint of non-inferiority, comparing two

intravenous doses of dalbavancin given 1 week apart with twice-daily

vancomycin doses for 14 days.165,166

Dalbavancin is derived from the A40926 complex from Nonomur-

aea sp., which is similar in structure and activity to teicoplanin,

including a hydrophobic alkyl substituent.167 Like teicoplanin,

A40926 is a complex of five closely related homologs, with factor

B0 predominating (480%). Amidation of the C-terminal carboxyl

group (based on the precedent that teicoplanin amides were more

active than teicoplanin)168 with a dimethylaminopropylamine group

produced dalbavancin.167,169–171 These modifications led to an

extended half-life of over 300 h in humans172 allowing for once

weekly dosing.

Dalbavancin resistance. Similar to teicoplanin and telavancin, dal-

bavancin resistance is observed for strains that express the vanA

operon, but not vanB as it only induces expression of the former.173

Prospective worldwide surveillance from 2002 to 2012 of the in vitro

potency of dalbavancin from over 150 000 Gram-positive isolates

found no evidence of glycopeptide-resistant or glycopeptide-

intermediate S. aureus isolates by CLSI criteria (MIC90 was

0.06mgml�1 for S. aureus). Isolates from phase-III clinical trials

exhibited similar susceptibility profiles to those detailed in the

surveillance studies.173–175 Serial passage of S. aureus ATCC 25923

at sub-MIC concentrations of dalbavancin did not alter susceptibility

significantly (twofold increase over parental MIC), in contrast to four

and eightfold increases for vancomycin and teicoplanin, respectively,

suggesting dalbavancin has a low potential for resistance

development.173

Oritavancin

Similar to dalbavancin, oritavancin (5) (LY333328) has had a long

development history with a number of companies involved. It was

initially discovered and developed by Eli Lilly (Indianapolis, IN, USA)

in the 1990s and is a semisynthetic derivative of the Type I

glycopeptide chloroeremomycin.176–179 It is alkylated on the

vancosamine amine with a hydrophobic chlorophenyl-benzyl

moiety, and possesses an additional aminosugar residue on the

phenylserine hydroxyl group. Like dalbavancin, oritavancin has an

extended human half-life of over 300 h.177 InterMune, Inc. (Brisbane,

CA, USA) acquired the rights in 2001, then Targanta Therapeutics

acquired the rights in 2005. Two phase-III trials were successfully

completed (3 days of 1.5 or 3mg kg�1 per day or 200mg for 3–7

days), with the results disclosed in 2001 and 2003, but the FDA

rejected a new drug application (NDA) in December 2008 because of

concerns over safety and effectiveness.177 Targanta was acquired by

The Medicines Company (Parsippany, NJ, USA) in 2009, with two
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more phase-III trials for Gram-positive ABSSSI completed (SOLO I,

968 patients at 46 centers, SOLO II, 960 patients at 100 centers), both

as a single 1200mg dose, as well as two phase-I safety trials to assess

cardiotoxicity and CYP450 activity. A new drug application was filed

with the FDA in Feb 2014, with an action date set for August 2014.13

Oritavancin resistance. Clinical strains of vanA, vanB and vanC

enterococci are susceptible to oritavancin, although resistance has

been induced in vitro.30 A recent surveillance study of 9115 S. aureus

clinical isolates (collected between 2008 and 2012) from the USA and

Europe revealed an inhibitory rate of 499.9% at p0.25mgml�1

against S. aureus (including those with decreased susceptibility to

vancomycin and daptomycin), with an MIC90 of 0.06mgml�1.141

A study by Arhin et al.180 examining the in vitro susceptibility against

35 clinical isolates of hVISA, VISA and VRSA revealed MIC90 values

of 1, 2 and 0.5mgml�1, respectively, with a combined MIC90 value of

1mgml�1 across the entire series of isolates.

GLYCOPEPTIDE SYNTHESIS

The total synthesis of the glycopeptide antibiotics is difficult because

of a number of synthetic challenges presented by the tricyclic peptide

core, including non-natural amino acids, formation of the aryl

ether linkages, the presence of atropisomers and further complications

presented by the glycosyl substituents. The glycopeptides contain

unnatural amino acids including 30-chlorotyrosine, 40-hydroxyphe-

nylglycine, 30,40,50-trihydroxyphenylglycine, b-hydroxytyrosine

and chlorinated versions of these, further modified by both biaryl

ether and biaryl linkages. Total syntheses of vancomycin and the

vancomycin aglycon were reported in 1998–1999 by three

separate groups50–60 with glycosylations of the aglycon described in

1999,181,182 total syntheses of the teicoplanin aglycon in 2000183 and

2001,184,185 of chloropeptin in 2003,186 and ristocetin aglycon in

2004.187

Two different approaches have been taken to forming the macro-

cyclic peptide/biaryl ether ring systems of vancomycin and related

compounds, with the ring system created by either an amidation

reaction or by biaryl ether formation. Cycloamidation sequences have

been less popular, but a number of researchers have addressed the

synthesis of the biaryl ether ring systems via macrocyclization during

biaryl ether synthesis, with an extensive review published in 1995.188

Biosynthetic studies of balhimycin, an antibiotic from A. mediterranei

with an identical aglycon to vancomycin, indicate that this is the

approach nature employs, with linear halogenated peptides

synthesized first, followed by oxidative ring closures to form the

biaryl ethers and biphenyl linkages, as well as N-methylation and

glycosylation.189 Fluorine was introduced into balhimycin via a

mutant strain of A mediterranei deficient in b-hydroxy-Tyr

biosynthesis, which was supplemented with 2-fluoro-b-hydroxy-Tyr,

30-fluoro-b-hydroxy-Tyr or 30,50-difluoro-b-hydroxy-Tyr. The resulting

balhimycin contained fluorine-substituted b-hydroxy-Tyr residues.190

The stereochemical issues and atropisomerism caused by axial and

non-planar chirality in the vancomycin aglycon have been discussed

in several publications.56,191,192 Another study examined thermal

atropisomerism of teicoplanin aglycon derivatives, looking at

selective equilibration of the DE ring system (Figure 5).193

The difficulties of total synthesis have generally prevented their use

in structural modifications. However, over 20 years after the first total

synthesis of vancomycin, one of the groups involved has described a

total synthesis that replaced the amide carbonyl oxygen of residue 4 in

the aglycon with a sulfur and then amine, with the goal of the

amidine isostere [c[C(dNH)NH]Tpg4] (12) retaining hydrogen

bonding to the ester oxygen of the D-lactate residue found in resistant

Van A Lipid II (Figure 3). Indeed, the modified glycopeptide retained

good activity against Van A bacteria.194–196

In contrast to the total synthesis route, semisynthetic modifications

have been reported for many years, focusing mainly on alkylation/

acylation of the vancosamine primary amine group, or amidation of

the heptapeptide C-terminal free carboxyl group (Figure 5).

A comprehensive review of structural modifications of glycopeptide

antibiotics was published in 1997.197 Desmethylvancomycin (9)

(Figure 1), which has been employed clinically in China, has been

N-alkylated on the vancosamine amino group, as with oritavancin

(5).95,198 The N-terminal amine of teicoplanin has been converted

into an azide and used for ‘click’ copper catalyzed 1,3-dipolar

cycloadditions with lipophilic alkynes.199

More difficult modifications include preparation of a number of

methyl ether derivatives of the vancomycin aglycon.200 The chloro

group of vancomycin on residue 2, or on both residues 2 and 6, has

been selectively replaced with substituted aryl and vinyl groups by a

Suzuki-Miyaura cross-coupling reaction using aryl/alkenyl

boronic acids,201 or converted into a reactive boronic acid and

functionalized with a range of substituents.202 Site selective

bromination of vancomycin on residues 5 and 7 is possible using

N-bromophthalimide and various catalysts.203
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CONCLUSION AND FUTURE OUTLOOK

For over half a century, the naturally occurring glycopeptides

vancomycin and teicoplanin have been key weapons in the fight

against bacterial infections and they still remain one of the first

treatment options for MRSA and penicillin-resistant S. pneumoniae

infections today. Although widespread clinical resistance to these

glycopeptides did not develop for many years, it is now a significant

issue that threatens their continued effectiveness. Resistance can be

caused by VRE and VRSA strains expressing the vanA and vanB

operon that alters the D-Ala-D-Ala binding epitope leading to reduced

Lipid II binding, and by VISA and hVISA strains with thickened cell

walls that overproduce muropeptides with uncross-linked D-Ala-DAla

as false targets. This begs the question as to how these second

generation glycopeptides are able to maintain their effectiveness if

access to the primary Lipid II binding sites on the cell membrane is

restricted; oritavancin has been demonstrated to interact with the

bridge peptide component as a secondary mode of action with

dimerization and membrane interactions also critical. Whether other

glycopeptides bearing lipophilic tails behave similarly to oritavancin

remains to be determined. Further exploitation of the bridge peptide

binding could lead to the design of new glycopeptide antibiotics with

enhanced activity against resistant strains.

Although there is considerable emphasis on the threat posed by

Gram-negative bacteria,2,4 the need for effective antibiotics against

Gram-positive strains must not be underestimated or overlooked. The

number of infections and deaths per year in the United States from

the two main resistant Gram-positive pathogens, MRSA and

S. pneumoniae, vastly exceeds those caused by the most serious

resistant Gram-negative pathogens Escherichia coli, Pseudomonas

aeruginosa, Klebsiella pneumoniae and Acinetobacter baumannii, with

1.28 million versus 49 000 infections and 18 285 versus 3240 deaths

per annum, respectively.64 The approval of two second generation

antibiotics, telavancin in 2009 and dalbavancin in 2014, and the

potential approval of oritavancin later in 2014 will help with the

treatment of serious Gram-positive infections and hopefully extend

the clinical lifetime of glycopeptide antibiotics for many years to

come. Another approach to extend the lifetime of glycopeptide

antibiotics is to adopt the same strategy used for b-lactam

antibiotics, where co-administration of a b-lactamase inhibitor is

used to overcome the primary resistance mechanism. The development

of inhibitors of the VanX-induced zinc metallopeptidase dipeptidase

involved in the remodeling of bacterial Lipid II D-Ala-D-Ala to the

resistant D-Ala-D-Lac, as seen in VRE and VRSA, would allow the

glycopeptides to retain efficacy, as has been demonstrated in vitro.204
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