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1.1 Antimicrobial resistance and glycopeptide antibiotics 
 
The rise of multi-drug resistant (MDR) bacteria, paired with the decrease in discovery of 
novel antibiotics, is a major threat to world health. A recent study reported that 1.27 
million deaths were directly attributable to antimicrobial resistance (AMR) in 2019, with 
an additional 4.95 million deaths estimated to be associated with AMR.1 The Gram-
positive pathogens methicillin-resistant Staphylococcus aureus (MRSA) and S. 
pneumonia accounted for 0.5 million deaths alone in 2019.1 Among the therapeutic 
options available for treatment of such Gram-positive infections, the glycopeptide 
antibiotics, typified by vancomycin, have been a mainstay for many years.2 While the 
glycopeptides are among the most potent anti-Gram-positive agents available, resistance 
to these antibiotics is also widespread, spurring the continued search for new 
semisynthetic analogues with enhanced activities and safety profiles. To date, a number 
of reviews have been published on the broad topic of the glycopeptide antibiotics.3–10 In 
this review article we provide an updated overview of recent advancements made in the 
development of novel semisynthetic glycopeptides spanning the period from 2014 to 
today. 
 
1.1.1 Vancomycin 
 
Vancomycin (1) (Fig. 1) was discovered in 1952, when a missionary stationed in Borneo 
provided E.C. Kornfield of Eli Lilly with a soil sample containing Streptomyces 
orientalis, the microorganism that produces vancomycin.2 Early attempts at purifying 
vancomycin for clinical use were challenging, leading to the nickname “Mississippi mud” 
due to the presence of impurities and brown color. Success in clinical trials ultimately led 
to the improved isolation of vancomycin, which derived its name from the word 
‘vanquish’ given its potent antibacterial activity against a variety of Gram-positive strains 
including penicillin-resistant S. aureus.2 In 1958, this novel antimicrobial agent was 
approved for use in the clinic.2 Interestingly, while aspects of vancomycin’s chemical 
structure were partially assigned by researchers in the 1960s and 1970s,11–14 it was not 
until 1982 – some thirty years after its discovery – that a full structural elucidation was 
published.15,16 Notably, vancomycin’s clinical application was initially limited due to its 
less convenient intravenous route of administration, side effects, and the availability of 
alternative treatments such as methicillin and other β-lactams antibiotics. However, the 
rise of drug-resistant pathogens in the 1980s and 1990s, most notably MRSA, led to the 
emergence of vancomycin as standard of care for many Gram-positive infections.5 The 
success of vancomycin subsequently led to the discovery and development of teicoplanin 
(2) (Fig. 1) as the only other natural product glycopeptide antibiotic to be used clinically 
(additional details provided in section 1.1.2 below). 
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Fig. 1. Structures of vancomycin and teicoplanin, the two clinically used natural 
glycopeptide antibiotics. The amino acids of the peptide are numbered in orange, starting at the N-
terminus. 
 

The antibacterial activity of vancomycin is attributable to its capacity to tightly 
bind the bacterial cell-wall precursor lipid II (Fig. 2A) and in turn inhibit cell-wall 
biosynthesis. More specifically, vancomycin interacts with the D-Ala-D-Ala terminus of 
the lipid II stem pentapeptide via a well-defined network of five hydrogen bonds (Fig. 
2B). This interaction effectively sequesters lipid II and sterically hinders subsequent 
transglycosylation and transpeptidation steps, ultimately leading to the inhibition of cell-
wall biosynthesis.8,11,17–19 Interaction of vancomycin with its target is further promoted by 
non-covalent cooperative self-dimerization, which leads to a lower energy barrier 
required to bind a second lipid II molecule on the bacterial cell surface due to co-
localization.20–22  
 

While the clinical use of vancomycin was accompanied by an increase in the 
incidence of acquired resistance to it,2 samples of vancomycin-resistant strains date back 
over 10,000 years ago, also suggesting the presence of an innate resistance reservoir.23 
The first vancomycin-resistant enterococci (VRE) strains were reported in Europe and 
the US in 1986 and 1987 respectively.24–26 Today, multiple vancomycin resistance 
patterns have been elucidated with the plasmid mediated vanA and vanB gene clusters 
being the predominant drivers. Expression of these resistance operons leads to target 
modification of the peptidoglycan precursor termini from D-Ala-D-Ala to D-Ala-D-Lac 
(for vanA, vanB, vanD, vanF, vanM) or D-Ala-D-Ser (for vanC, vanE, vanG, vanL, 
vanN).2,5,27–30 In the former case, the structural change leads to a >1,000-fold reduction in 
the binding affinity of vancomycin, which can be attributed to the loss of a hydrogen bond 
(Fig. 2B) and more prominently to the establishment of strong electrostatic repulsions.31,32 
In the latter case, the effect of the D-Ser mutation is less pronounced as it leads to only a 
6-fold reduction in binding affinity.33,34 The vanA resistance operon has also been 
detected in S. aureus strains (VRSA), although it is not believed to be the main 
mechanism of resistance in staphylococci.5,35,36 Instead, the reduced vancomycin 
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susceptibility in S. aureus, without the acquisition of foreign genetic material typified by 
vancomycin-intermediate S. aureus (VISA) and heteroresistant VISA (hVISA) strains, is 
characterized by thickened cell walls and decreased transpeptidation crosslinking activity. 
These phenomena lead to the accumulation of monomeric D-Ala-D-Ala-containing decoy 
targets, effectively hindering vancomycin in reaching the membrane surface.5,17,37–43 
 

 
Fig. 2. A) Structure of lipid II found in vancomycin-sensitive and -resistant strains. Features 
specific to bacterial species and associated resistance indicated. B) Binding of vancomycin to D-Ala-
D-Ala via hydrogen bonding (dotted lines). Target modification to D-Ala-D-Lac in vancomycin-
resistant strains results in loss of one hydrogen bond (indicated in blue). 
 

Today, vancomycin remains a first-line treatment for a variety of Gram-positive 
infections including MRSA (MIC 0.5-2 µg/mL), S. pneumoniae (MIC 0.06-2 µg/mL) and 
Clostridioides difficile infections (MIC 0.125-4 µg/mL).2,44 Vancomycin has been found 
effective in the treatment of many conditions including endocarditis, skin and skin 
structure infections (SSSI), bone infections, and airway infections.45 Although 
vancomycin can be taken orally with the purpose of reaching the colon for the treatment 
of C. difficile-associated diseases,46 it is preferably administered intravenously due to its 
poor oral bioavailability47 and the risk of VRE colonization linked to oral use.46 
Vancomycin has a relatively low protein binding (<50%),48–50 a half-life of 6-12 hours in 
healthy adults,48 and is primarily eliminated unmetabolized (>80%) through renal 
excretion.48,51 Prolonged and slow infusion with vancomycin is recommended given that 
one of the main toxicity concerns associated with its use is the so-called “red-man 
syndrome”, a histamine-mediated hypersensitivity reaction caused by mast-cell 
degranulation that predominantly occurs upon rapid infusion.52–54 Vancomycin treatment 
has also been linked to nephrotoxicity, particularly in patients with moderate-to-severe 
renal impairment.55 
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1.1.2 Teicoplanin 
 
Approximately thirty years after the discovery of vancomycin, the lipoglycopeptide 
antibiotic teicoplanin (2) (Fig. 1) was isolated from Actinoplanes teichomyceticus. 
Subsequently, teicoplanin was approved for clinical use in Europe but never for the US 
market.8 Its chemical structure, elucidated in 1984,56,57 differs from vancomycin in a 
number of ways including an additional glycosylation site (at positions 6 and 7), an ether 
linked 4-hydroxyphenylglycine portion (position 1), and the presence of a 3,5-
dihydroxyphenylglycine residue (position 3). Teicoplanin is most significantly 
differentiated from vancomycin by the presence of a hydrophobic acyl tail linked to the 
central monosaccharide moiety (at amino acid 4) which is a non-acylated disaccharide 
group in vancomycin.58 Notably, the teicoplanin fatty acid motif is actually introduced as 
a mixture of five related lipids giving rise to teicoplanin A2-1 through A2-5, the ratio of 
which can be somewhat dictated by fermentation conditions.59 Generally administered as 
a mixture of these five similar compounds, teicoplanin has potent antibacterial activity 
against a variety of Gram-positive strains including MRSA (MIC 0.25-2 µg/mL), S. 
pneumoniae (MIC 0.06-0.25 µg/mL), and of particular note, VanB-type VRE (MIC 0.25-
8 µg/mL).44,60 
 

Like vancomycin, teicoplanin binds the D-Ala-D-Ala motif of lipid II through a 
network of five hydrogen bonds22,61,62 but unlike vancomycin, does not show cooperative 
dimerization. Any potential loss of activity due to the lack of teicoplanin self-association 
appears to be compensated for by the hydrophobic tail, which is hypothesized to anchor 
the antibiotic into the bacterial membrane enabling localization of teicoplanin’s 
glycopeptide core to its lipid II target.22,61 While teicoplanin is generally active against 
VanB-type VRE strains, in which the resistance phenotype is induced exclusively by 
vancomycin, for VanA-type VRE and VRSA strains the resistance phenotype is also 
induced by teicoplanin, rendering the antibiotic inactive.63,64 In line with what is observed 
for vancomycin, reduced susceptibility to teicoplanin can also occur in a non plasmid-
mediated fashion in S. aureus, either as vancomycin-susceptible but teicoplanin-resistant 
MRSA65 or by displaying cross-resistance to vancomycin as in VISA/hVISA,66, typified 
by cell-wall thickening and overproduction of decoy D-Ala-D-Ala targets.43,67 
 

In Europe teicoplanin is approved for intravenous and intramuscular use in 
conditions caused by susceptible Gram-positive infections, including SSSI, endocarditis, 
complicated urinary tract infections, bone and joint infections, pneumonia, and 
bacteremia.68 Furthermore, oral formulations are available to treat C. difficile infections.68 
As opposed to vancomycin, the hydrophobic tail makes teicoplanin highly plasma protein 
bound (90%)69 and this feature is responsible for the long half-life of 100-170 hours.68 
Like vancomycin, teicoplanin is primarily excreted renally as the unchanged drug 
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(80%).68 However, it is considered to have a more favorable toxicity profile compared to 
vancomycin given the lower overall occurrence of adverse events, including reduced 
nephrotoxicity, and its limited propensity to promote histamine release.53,70,71 
 
1.2 Clinically used semisynthetic lipoglycopeptide antibiotics 
 
The discovery of the natural lipoglycopeptide teicoplanin spiked interest in the 
development of semisynthetic lipoglycopeptide antibiotics. To date, three members of 
this class have been approved for clinical use: telavancin (3), dalbavancin (4), and 
oritavancin (5) (Fig. 3). As noted above, a number of review articles covering the 
development of glycopeptide antibiotics, including telavancin, dalbavancin, and 
oritavancin have been published over the years.3–6 However, given that these compounds 
present examples of successfully developed semisynthetic glycopeptide antibiotics, we 
will here also briefly touch upon their approval, structure, antibacterial activity, 
mechanism of action, resistance, clinical indications, pharmacokinetics (PK), and 
toxicity. 
 
1.2.1 Telavancin 
 
Telavancin (Vibrativ) (3) (Fig. 3), developed by Theravance Inc, was introduced to the 
clinic in 2009.72 It is the only clinically approved semisynthetic glycopeptide antibiotic 
derived from vancomycin and differs most significantly from its parent structure by the 
decylaminoethyl modification on the vancosamine unit, a modification that is responsible 
for telavancin’s enhanced potency against Gram-positive strains.73,74 This modification 
alone was found to introduce unfavorable excretion and distribution properties, and so an 
additional (phosphonomethyl)-aminomethyl moiety was appended to ring 7, leading to 
an improved ADME profile.73,74 Telavancin is active against a variety of Gram-positive 
species including MRSA (MIC 0.016-0.125 µg/mL), VanB-type VRE (MIC 2 µg/mL), 
and S. pneumonia (MIC 0.008-0.03 µg/mL).44,75,76 Unlike teicoplanin, it is also potent 
against VISA strains.76,77 
 

Telavancin has a dual mode of action. Firstly, it retains the mechanism of action 
of vancomycin by binding lipid II and thereby inhibiting bacterial cell wall 
biosynthesis.78,79 This interaction is promoted by the decylaminoethyl lipid, which 
anchors into the cytoplasmic membrane and brings telavancin into close proximity with 
peptidoglycan precursors. As a consequence, telavancin displays a higher binding affinity 
for the bacterial cell surface and increased inhibition of transglycosylation.80 Telavancin’s 
lipid moiety is also responsible for a secondary mode of action, namely the concentration-
dependent dissipation of bacterial cell membrane potential (at 10-fold MIC), leading to 
membrane permeabilization and leakage of ATP and potassium ions.6,78,80 Telavancin 
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displays a low propensity to induce spontaneous resistance in staphylococci and 
enterococci.81 Similar to teicoplanin, telavancin does not induce vanB, but does 
effectively induce the vanA resistance operon.6 Although this leads to reduced telavancin 
susceptibility in VanA-type strains, this moderate increase in MIC (from ≤2 to 4-16 
µg/mL)76 is not as drastic as the complete loss of activity seen for vancomycin and 
teicoplanin against these strains.76,82,83 

 

 
Fig. 3. Clinically used lipoglycopeptide antibiotics. Structural differences of telavancin and 
oritavancin compared to vancomycin are indicated in blue. Structural differences of dalbavancin compared 
to teicoplanin are indicated in green. The amino acids of the peptides are numbered in orange, starting at 
the N-terminus. 

 
Telavancin is approved to treat complicated SSSIs caused by susceptible Gram-

positive species such as S. aureus, S. agalactiae, S. pyogenes, and E. faecalis.72,77,84,85 
Furthermore, telavancin has been approved to treat hospital-acquired and ventilator-
associated pneumonia when alternative treatment is not suitable.85,86 Due to its poor oral 
bioavailability, telavancin is administered intravenously. It is extensively plasma protein 
bound (93%) and has a half-life of approximately 7-9 hours in healthy adults, enabling 
once-a-day dosing.77,85,87,88 Telavancin is mainly excreted through the kidneys as the 
intact drug (~70%)6 which results in extended half-lives for patients with renal 
dysfunction, potentially leading to adverse effects.89 In relation to that, telavancin was 
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issued a black-box warning from the FDA due to its associated nephrotoxicity concerns 
as well as for pregnancy-related toxicity.85,90 
 
1.2.2 Dalbavancin 
 
Dalbavancin (Dalvance) (4) (Fig. 3) was brought to market by Durata 
Therapeutics/Allergan in 2014. This semisynthetic glycopeptide is synthesized from the 
natural product A40926, which has a teicoplanin-like stucture.91 However, A40926 still 
has significant differences in its glycopeptide core compared to teicoplanin, including the 
presence of a terminal methylamino group at the N-terminus (amino acid 1), the location 
of a chlorine atom at ring 3 rather than ring 2, decoration of residue 4 with a N-
acylaminoglucuronic acid carbohydrate rather than with a N-acylglucosamine, and finally 
the absence of the acetylglucosamine at position 6. Furthermore, the length of the 
hydrophobic acyl tail is one carbon atom longer compared to that of teicoplanin A2-5 
(Fig. 3). Dalbavancin is synthesized from A40926 by a three step sequence resulting in 
amidation of the C-terminus with 3-(dimethylamino)-1-propylamine.92 Dalbavancin 
exhibits potent activity toward Gram-positive strains including MRSA (MIC 0.06-1 
µg/mL), streptococci (MIC ≤0.03 µg/mL), and VanB-type VRE (MIC ≤0.03-4 
µg/mL).44,93–96 
 

As for other glycopeptide antibiotics, dalbavancin binds to the D-Ala-D-Ala 
termini of cell wall precursors. While dalbavancin’s hydrophobic acyl tail may play a role 
similar to that found for teicoplanin in membrane anchoring and localization,4 the cationic 
dimethylaminopropyl moiety is also believed to interact with the negatively charged 
phospholipid head groups of the bacterial surface.97 Interestingly, while vancomycin 
dimerization is cooperative and favored upon ligand binding, dalbavancin adopts a closed 
conformation upon interaction with lipid II, subsequently preventing dimerization.97,98 In 
vitro selection for resistance to dalbavancin has also been successfully demonstrated 
employing a S. aureus strain, although resistance was slower to appear than for 
vancomycin and teicoplanin.99–101 Also of note, dalbavancin-induced non-susceptible 
VSSA and VISA strains have also been isolated from patients, however such accounts 
remain relatively uncommon.102,103 In line with the features of the previously discussed 
lipoglycopeptide antibiotics, dalbavancin is potent against VanB-type VRE strains,95 but 
ineffective against VanA-type strains as it induces the vanA operon.95 Furthermore, 
continuous exposure to sub-lethal dalbavancin concentrations does cause resistance 
selection to dalbavancin in vitro in VanB-type VRE over a twenty day period (MIC from 
0.12 µg/mL to >16 μg/mL).104 

 
At present, dalbavancin is only clinically approved for the treatment of acute 

bacterial SSSIs,105 although it is increasingly used off-label for endocarditis and 
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osteomyelitis.106 Similarly to other lipoglycopeptides, dalbavancin is administered 
intravenously due to its poor oral bioavailability. It has high plasma protein binding (93-
98%) and displays unusual PK properties with half-lives spanning multiple days (8.5 
days),105,107 resulting in once-a-week dosing. Dalbavancin has a long elimination time, 
eventually being excreted as unaltered drug through feces (20%, 70 days), urine (33%) or 
as the hydroxyl-dalbavancin metabolite through renal clearance (12%, 42 days).105,108 
Despite its unusual PK properties, dalbavancin has an acceptable safety profile and is 
suited for use in patients with hepatic or mild-to-moderate renal impairment, with dose 
adjustment only required for patients with severe renal impairment.3,108,109 
 
1.2.3 Oritavancin 
 
Oritavancin (Orbactiv) (5) (Fig. 3) was originally developed by Eli Lilly110 and eventually 
brought to the clinic by The Medicines Company in 2014.5 It is derived from the naturally 
occurring glycopeptide chloroeremomycin and is generated semisynthetically by 
attachment of the 4′-chlorobiphenylmethyl group to the disaccharide moiety. Compared 
to vancomycin, oritavancin also bears an additional 4-epi-vancosamine monosaccharide 
unit attached to amino acid 6.110 Oritavancin has potent antibacterial activity against 
MRSA (MIC ≤0.008-0.5) as well as against both vancomycin-sensitive (MIC ≤0.008-
0.25 µg/mL) and -resistant enterococci (MIC VanA ≤0.008-1, VanB ≤0.008-0.03).44,111 
 

Besides the classical glycopeptide mechanism of action resulting from its 
binding to the D-Ala-D-Ala terminus of lipid II, oritavancin’s enhanced activity relative 
to vancomycin is ascribed to its ability to engage with secondary binding sites on lipid II. 
Specifically, in S. aureus and E. faecium, oritavancin is reported to also bind to the 
pentaglycine (Gly5) and the Asp/Asn crossbridge portion of lipid II respectively (Fig. 
2A). As a result, its antibacterial activity is significantly increased and maintained even 
in the case of VRE strains which produce modified D-Ala-D-Lac peptidoglycan building 
blocks.112–115 Interestingly, in the case of VRSA, while the Gly5 bridge is largely 
absent,116 binding of oritavancin to the amidated α-carbonyl group of the D-glutamate 
residue at position 2 of lipid II (Fig. 2A) appears to compensate for the loss of the key 
hydrogen bond associated with the D-Ala-D-Lac form of lipid II.115 The enhanced affinity 
for amidated D-Ala-D-Ala lipid II-Gly5 compared to unmodified lipid II suggests that 
oritavancin’s ability to target additional binding sites is responsible for its increased 
potency against vancomycin-sensitive strains as well.115 Furthermore, the tendency of 
oritavancin to form tight homodimers increases its affinity for the target sites.114,117,118 In 
addition to its enhanced lipid II binding, the 4′-chlorobiphenylmethyl substituent of 
oritavancin is thought to be involved in anchoring to the bacterial membrane, leading to 
localization of the antibiotic in close proximity to the membrane as well as causing 
dissipation of the membrane potential.117,119–121 Owing to its multiple modes of action, 
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oritavancin retains activity against VRSA and VanA-type VRE, as opposed to the other 
clinically used glycopeptide antibiotics.122–124 Its multiple mechanisms of action could 
also lead to a lower propensity to induce resistance: while in vitro oritavancin resistance 
induction has been observed,104,125 in vivo oritavancin non-susceptible strains have not 
been reported to date.6,126  

 
Oritavancin is used clinically to treat acute bacterial SSSIs in adults caused by a 

variety of Gram-positive strains including MRSA and enterococci.127 It is typically 
administered IV, displays high protein binding (>85%) and has a long half-life of 245-
393 hours (10.3 days), which allows for single dosing.127,128 Oritavancin has high tissue 
accumulation and prolonged retention (mainly in the liver, ≥59%), resulting in slow 
excretion from tissue sites with only <5% and 1% (unmetabolized) recovery in urine and 
feces respectively after 7 days.129 While oritavancin generally shows low incidence of 
serious adverse events, when compared with a vancomycin treatment group patients 
treated with oritavancin did experience higher rates of osteomyelitis as a side 
effect.127,130,131 Oritavancin is therefore not approved for the treatment of bone or bone 
marrow infections and given its long terminal half-life, patients should be monitored for 
signs and symptoms of osteomyelitis following treatment with oritavancin.127,130  
 
1.3 Recent developments in semisynthetic glycopeptide antibiotics 
 
1.3.1 Glycopeptide modification sites and chemistry 
 
In addition to the chemical modifications associated with the clinically used 
semisynthetic glycopeptide antibiotics described above, many other approaches have 
been explored toward the development of novel semisynthetic glycopeptides. For 
extensive reviews on such glycopeptide derivatives, including discoveries before 2014, 
we refer the reader to the previous literature.7–10 The present review focuses on recent 
advancements in the discovery of new semisynthetic glycopeptide antibiotics reported in 
the interval between 2014 and the present. The structural modifications made in 
generating novel semisynthetic glycopeptides occur largely at four defined positions: the 
vancosamine primary amino group (Vv), the C-terminus (Vc), the N-terminus (Vn), and 
the resorcinol moiety (Vr) (Fig. 4). While these positions are most readily modified, 
structural elaboration at other sites has also been reported.132 The introduction of 
substituents at the vancosamine (Vv) motif typically rely on the selective modification of 
the primary amine by means of reductive amination using aldehyde-functionalized 
compounds. The C-terminus (Vc) is readily altered by coupling of an amine to the 
carboxylic acid by means of peptide bond formation. Similarly, the N-terminus (Vn) can 
be conjugated to carboxylic acids using strategies for making amides. Finally, the 
resorcinol moiety (Vr) can be functionalized using the Mannich reaction with 
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formaldehyde and the desired amine. These four modifications sites have been used to 
introduce a wide diversity of structural modifications aimed at: 1) improving binding to 
the bacterial cell surface, 2) enabling multiple modes of action by adding additional 
binding moieties, 3) driving glycopeptide dimerization to enhance localization to the 
target site, 4) delivering the drug to specific target sites in the body, and 5) expanding the 
antibacterial spectrum of activity toward Gram-negative strains. 
 

 
Fig. 4. Main modification sites on vancomycin. Modifications on vancomycin are common on the 
vancosamine (Vv), the C-terminus (Vc), the N-terminus (Vn), and the resorcinol (Vr). The amino acids of the 
peptide are numbered in orange, starting at the N-terminus. 
 
1.3.2 (Cationic) (lipo)glycopeptide antibiotics with enhanced bacterial surface 
binding 
 
Design strategies aimed at conferring semisynthetic glycopeptides with activity against 
vancomycin-resistant strains are usually focused on enhancing their binding to the 
bacterial cell surface. One of the most common approaches employed to achieve this goal 
is the inclusion of lipophilic substituents, as seen in the clinically used lipoglycopeptides, 
and/or the installation of cationic moieties that are positively charged at physiological pH, 
as a means of generating favorable interactions with the negatively charged bacterial cell 
surface. To this end, in 2014 the group of Haldar, one of the key players in the 
lipoglycopeptide field, appended a lipid tail to the vancosamine position and a 
lactobionolactone moiety to the C-terminus of vancomycin to generate compound 6 (Fig. 
5).133 Compound 6 shows potent in vitro activity against MRSA (MIC 0.4 µg/mL) and 
VRE (MIC 1.4-2 µg/mL) (see Table 1 on page 28 for a comparative overview of the 
activity of the semisynthetic glycopeptides covered in this review). Shortly thereafter, the 
same group conjugated two different lipophilic ammonium moieties to the C-terminus of 
vancomycin yielding analogues 7 and 8 (Fig. 5).134 Compound 8 shows potent in vitro 
bactericidal activity against MRSA (MIC 1.1 µg/mL) and VanA-type VRE (MIC 1.2 
µg/mL) (Table 1). The enhanced potency against vancomycin-resistant strains was 
proposed by the authors to be due to the presence of a permanent positive charge. 
Subsequently, the Haldar group refined their previous findings by combining the 



Chapter 1 

– 18 –  

1 
strategies used for 6 (addition of a lipid and a carbohydrate) and compounds 7 and 8 
(installation of a permanent cationic lipid), culminating in the development of the 
lipidated pyridinium analogue 9 (Fig. 5).135 While inclusion of the cationic lipid alone is 
enough to confer excellent activity against MRSA (MIC 0.2 µg/mL) and VRE (MIC 4-
10 µg/mL), the added carbohydrate moiety found in 9 further enhances this analogue’s 
potency against VanA- and VanB-type VRE strains (MIC 0.2 µg/mL and 2.7 µg/mL 
respectively) (Table 1).135 Furthermore, 9 displays anti-MRSA-biofilm activity that leads 
to a 3-log titer reduction compared to vancomycin.135 Mechanistically, the lipophilic 
substituents in 6-9 drive the enhanced potency while the permanent positive charges 
found in 7-9 confer membrane disruptive properties and the carbohydrate moiety at the 
C-terminus in 6 and 9 are proposed to enhance D-Ala-D-Lac binding affinity.133–135 
Furthermore, analogues 7-9 show no resistance selection against MRSA.134,135 Given that 
7 and 9 have the most favorable toxicity profiles,134,135 both compounds were progressed 
to efficacy studies, where 7 was found to exhibit a more pronounced reduction in MRSA 
titer in a murine thigh infection model compared to vancomycin and linezolid.136 In 
addition, 9 outperformed linezolid in a murine VRE kidney infection model by further 
reducing the bacterial titer 2-log.135 In the case of 7, a series of further studies were aimed 
at evaluating its efficacy, PK, and toxicity, revealing a 50% effective dose (ED50) of 3.3 
mg/kg and a 50% lethal dose (LD50) of 78 mg/kg. Moreover, compound 7 displays a 
prolonged half-life of 1.6 h, sustained plasma drug concentrations above MIC for at least 
>4 hours, and no major kidney or liver damage.136 More recently, in 2021, Haldar and 
coworkers developed analogue 10 (Fig. 5), containing a single-site vancosamine 
modification consisting of an aryl-ammonium-alkyl substituent, which exhibits 
bactericidal activity against MRSA (MIC 1.7 µg/mL), VRSA (MIC 0.8-3.4 µg/mL) and 
VRE (MIC 0.8-6.7 µg/mL) (Table 1) while displaying no hemolysis or mammalian 
cytotoxicity.137 In addition to binding to D-Ala-D-Ala and delocalizing cell division 
proteins in cells during exponential phase, 10 also depolarizes and permeabilizes the 
membrane of exponential, stationary, and persister cells. Analogue 10, even when used 
at low concentrations, is able to more effectively reduce the MRSA titer and viability 
within biofilms compared to vancomycin.137 The results of these in vitro studies were also 
reflected in in vivo studies in mice, where 10 was found to be tolerated up to at least 55.5 
mg/kg and shown to be efficacious in reducing murine MRSA thigh burden by almost 3-
log compared to vehicle.137 Finally, analogue 10 was also found to show no resistance 
induction and a prolonged post antibiotic effect.137 
 

In 2017, Boger and coworkers appended the 4′-chlorobiphenylmethyl (CBP) 
unit, also found in oritavancin, to the vancosamine site of vancomycin and added a 
quaternary ammonium at the C-terminus. These modifications resulted in compound 11 
(Fig. 5), which was found to display in vitro antibacterial activity against VanA-type VRE 
(MIC 0.25-0.5 µg/mL) (Table 1).138 Analogue 11 also binds the D-Ala-D-Ala motif of 
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lipid II, inhibits cell wall biosynthesis via direct competitive inhibition of 
transglycosylases (owing to the CBP motif), rapidly permeabilizes and depolarizes the 
bacterial cell membrane (by virtue of the trimethylammonium portion), and binds to 
teichoic acids (due to the trimethylammonium moiety).138–140 In a follow-up publication, 
the same group further optimized compound 11 by retaining the CBP unit but replacing 
the trimethylammonium group with a guanidine moiety, hypothesized to serve as a 
beneficial hydrogen bond donor, to yield analogue 12 (Fig. 5).141 Analogue 12 was found 
to display in vitro potency against MRSA (MIC 0.02 µg/mL), VanA-type VRE (MIC 
0.15-0.6 µg/mL), and VanB-type VRE (MIC 0.04 µg/mL) (Table 1). Mechanistically, 
compounds 11 and 12 are comparable141 and share the key feature of a positively charged 
substituent (at physiological pH) situated at the vancomycin C-terminus. The importance 
of this structural trait is demonstrated by the fact that relocating motifs of cationic nature 
elsewhere on the antibiotic core does not enhance potency and only slightly alters the 
initial rate of membrane permeabilization.139,141,142 While both analogues showed no 
mammalian cytotoxicity138,140 and exhibited good in vivo tolerability (≥50 mg/kg in 
mice),138,141 compound 12 appears superior to 11 by virtue of having 1) a lower propensity 
to induce resistance against VRE (>10-fold MIC increase for 11, marginal changes for 
12),140,141 and 2) superior in vivo efficacy in a murine VRSA thigh infection model at 12.5 
mg/kg (4-log versus 5-log reduction for 11 and 12 respectively when compared to 
vancomycin).140,141 The half-lives of 11 and 12 in mice are 6-7 h and 4.3 h respectively. 
 

Also with an eye to introducing cationic and lipophilic features onto the 
vancomycin core, Blaskovich and Cooper designed the vancaptins.143 The vancaptins 
feature an additional C-terminal peptide, bearing numerous positively charged 
functionalities, followed by a lipophilic membrane-insertive element and are represented 
by compounds 13 and 14 (Fig. 5). Against MRSA, the vancaptins were found to be 20- 
to 100-fold more active than vancomycin and daptomycin (MIC 13 and 14 <0.003-0.03 
µg/mL), along with enhanced potencies against VISA (0.125-0.5 µg/mL), VRSA (0.08-
1 µg/mL), S. pneumoniae (<0.003-0.06 µg/mL) and VanA-type VRE (0.5-6 µg/mL) 
(Table 1).143 These in vitro data were also found to correlate well with the in vivo activity 
of the vancaptins, where treatment with 13 and 14 led to 100% survival in a S. 
pneumoniae murine infection model. Furthermore, 13 was shown to effectively reduce 
murine MRSA thigh burden by 6-log compared to vehicle when employing a dose 8-
times lower than that required of vancomycin to gain the same effect. Interestingly, 
compound 14 was found to be less effective in vivo, which was ascribed to its high protein 
binding given that PK studies indicated that both 13 and 14 reach an in vivo concentration 
above their MIC values for more than 8 hours. Additionally, the vancaptins were shown 
to be bactericidal, non-hemolytic, and non-toxic to mammalian cells (CC50 ≥100 µM) and 
cause minimal resistance induction in MRSA. Mechanistic studies further revealed that 
the vancaptins exert their antibiotic effect through multiple modes of action by 1) 
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inhibiting cell-wall biosynthesis by binding to D-Ala-D-Ala, 2) increased membrane 
binding and cooperative dimerization similar to vancomycin, and 3) depolarizing and 
perturbing the cell membrane (mostly prominently in the case of compound 14).143 
 
 

 
Fig. 5. Cationic and/or lipophilic semisynthetic vancomycin analogues with enhanced cell 
surface binding. Compounds organized according to research group. MIC values indicated for MRSA 
strains allowing for comparison. 
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Fig. 5. Cationic and/or lipophilic semisynthetic vancomycin analogues with enhanced cell 
surface binding (continued). Compounds organized according to research group. MIC values 
indicated for MRSA strains allowing for comparison. 
 

While the strategies described above mainly focused on appending cationic and 
lipophilic substituents to vancomycin, other groups have opted to focus solely on the 
introduction of additional positive charges leading to conjugation of polyarginine motifs 
to vancomycin as in analogues 15144 and 16145 (Fig. 5). To this end, the groups of Wender 
and Cegelski generated 15, modified at the C-terminal position with an octaarginine 
peptide, which was found to exhibit good potency against MRSA (MIC 2-6 µg/mL) 
(Table 1).144 Using a similar approach, Uhl and coworkers examined the effect of 
introducing a hexaarginine moiety at the four different sites of vancomycin indicated in 
Fig. 4.145 This led to identification of the N-terminally modified 16 as the most potent 
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variant with good activity against MRSA (MIC 1 µg/mL) and VRE (MIC ≤2.7 µg/mL) 
(Table 1).145 Interestingly, the activity of 16 is not antagonized by D-Ala-D-Ala, 
suggesting that an alternative mode of action is responsible for the enhanced potency of 
this derivative.145 The mechanism of action of the hexaarginine-substituted compound is 
likely similar to that of analogue 15, for which enhanced binding to the membrane, driven 
by strong electrostatic interactions, facilitates cellular association, along with 
internalization to give access to intracellular peptidoglycan precursors.144 Additionally, 
these compounds also display rapid membrane permeabilization, although only during 
cell growth.144 Both 15 and 16 are active in vivo, with 16 reducing murine MRSA thigh 
burden similarly to vancomycin.145 Compound 15 was found to display a 6-fold potency 
enhancement in a murine MRSA biofilm wound model when compared with a similar 
dose of vancomycin.144 The in vivo anti-biofilm activity of 15 was also demonstrate with 
in vitro experiments, wherein treatment of preformed MRSA biofilms with 15 resulted in 
significantly reduced cell viability to 8.4% after 5 hours compared to 65% viability for 
vancomycin-treated biofilms. Furthermore, the unique ability of 15 to target biofilms was 
demonstrated by the finding that combinations of vancomycin with an octaarginine 
peptide failed to show any anti-biofilm activity.144 Building upon their findings with 
compound 16, Uhl and coworkers also examined the impact of adding lipophilic moieties 
by conjugating lipidated triarginines motifs at three different sites on vancomycin (Vv, 
Vc, Vn). From this series of analogues, vancosamine modified 17 (Fig. 5) was found to 
be the most potent derivative, with a MIC of 0.24-4.7 µg/mL against VRE (Table 1). This 
result is in stark contrast with the finding that when appending a hexaarginine moiety, the 
best antibiotic activity was seen for compound 16, modified at the N-terminus.146 Both 16 
and 17 are non-hemolytic and nontoxic toward liver and kidney cells. Moreover, in vivo 
mice experiments with 16 and 17 revealed that the compounds reside in the liver for 
several hours and do not primarily distribute to the kidneys unlike vancomycin,145,146 a 
behavior which could alleviate the risk of nephrotoxicity in patients with renal 
impairment.55 

 
The design of vancomycin derivatives that focus exclusively on the 

incorporation of lipophilic moieties has also been explored, resulting for example in 
fluorenyl substituted compound 18 reported by Briers and coworkers in 2018 (Fig. 5).147 
Analogue 18 is bactericidal against MRSA (MIC 0.3-0.6 µg/mL) and bacteriostatic 
against VanA-type VRE (MIC 1.3-21 µg/mL) and VanB-type VRE (MIC 5.2 µg/mL) 
(Table 1), while displaying low toxicity against mammalian cell lines (CC50 172 µM) and 
minimal resistance selection against VRE.147 In the same year, the Huang group 
investigated the effect of attaching additional carbohydrate moieties onto lipophilic 
vancomycin analogues culminating in compounds 19 and 20 (Fig. 5), both bearing a 
carbohydrate substituent at the resorcinol position along with hydrophobic para- Cl- or 
CF3-biphenylmethyl moieties attached at the vancosamine site. Both 19 and 20 exhibit 
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strong in vitro activity against MRSA (MIC 0.12 and 0.5 µg/mL respectively), VanA-
type VRE (MIC 2 and 0.5-1 µg/mL respectively), and VanB-type VRE (MIC 0.25 and 
≤0.06 µg/mL respectively) (Table 1).148 When evaluated in an in vivo murine MRSA 
survival study, 19 and 20 respectively led to a 14/15 and 13/15 survival after 10 days as 
well as a >1-log reduction of liver CFUs compared to vehicle and vancomycin in a VISA 
abscess formation assay.148 The in vivo PK properties of compounds 19 and 20 were also 
assessed revealing prolonged half-lives (~3-4 h), with retained plasma concentrations of 
>1 µg/mL for 4 hours. These studies also showed that incorporation of the carbohydrate 
moiety at the resorcinol position can be used to attenuate the compound half-life.148 
Mechanistic studies employing NMR and molecular modeling indicate that the added 
carbohydrate motif might also contribute to antibacterial activity by interaction with D-
Ala-D-Ala,148 a finding in line with the enhanced target binding Haldar and coworkers 
also reported for their carbohydrate modified analogues 6 and 9.133,135  
 

The Huang group also explored the addition of cationic functionalities to 
vancomycin, but instead of the commonly employed ammonium or guanidinium 
moieties, they assessed the effect of adding sulfonium groups. The series’ lead compound 
21 (Fig. 5), consisting of a resorcinol-linked alkyl-sulfonium moiety, was shown to have 
potent activity against MRSA (MIC ≤0.03-0.06 µg/mL) and VanB-type VRE (≤0.0625) 
as well as moderate MIC reductions relative to vancomycin against VanA-type VRE (to 
8 µg/mL) and E. coli (to 32 µg/mL) (Table 1).149 Murine MRSA and VRSA infection 
survival studies found that treatment with 21 led to 13/15 and 12/15 survival respectively 
at 14 days, a significant improvement compared to vancomycin (3/15 survival). To 
investigate the specific impact of the sulfonium group on PK and toxicity, compound 21 
was compared to the corresponding thioether analogue. This showed that 21 has a shorter 
half-life (1.13 h), an unchanged MIC in presence of human serum albumin, and less of an 
effect on mammalian cell viability relative to the thioether.149 The authors hypothesize 
that analogue 21 interacts with the negatively charged bacterial membrane via the 
sulfonium motif, subsequently facilitating permeabilization by means of the lipophilic 
tail. As the thioether-linked compound does not show membrane permeabilization, it can 
be concluded that the charged sulfonium portion is essential to enable this mechanism of 
action.149  
 

Gademann and colleagues also designed sulfur-modified vancomycin 
derivatives, but these do not comprise positively charged substituents.150 Compound 22 
(Fig. 5), bearing a disulfide linked lipid at the C-terminal position, was found to possess 
potent activity against MRSA (MIC 0.12-0.25 µg/mL), S. pneumoniae (MIC 0.06 µg/mL) 
as well as VanB-type VRE (0.5 µg/mL) (Table 1). Furthermore, 22 was also shown to 
suppress MRSA and VRE biofilm formation (MBIC 1 and 2 µg/mL respectively).150 
Given these positive results, it would be interesting to study the influence of the disulfide 
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on PK and toxicity relative to the all carbon-based compound: the potential reductive 
lability of 22 might be expected to lead to decomposition in vivo to generate more 
hydrophilic metabolites, thereby reducing tissue accumulation and promoting excretion 
as previously noted by researchers at Theravance Inc. working with similar vancomycin 
analogues.151 

 
In addition to semisynthetic analogues of vancomycin, derivatives of teicoplanin 

and eremomycin have also been explored in recent years. Herczegh and coworkers 
designed a series of teicoplanin pseudoaglycon compounds featuring N-terminal 
conjugation with various hydrophobic substituents, which were introduced through azide-
alkyne cycloaddition.152,153 Among the analogues thus prepared, compound 23 (Fig. 6) 
was found to have good activity against MRSA (MIC 0.5 µg/mL) and VanB-type VRE 
(MIC 0.31-1.25 µg/mL) (Table 1). Furthermore, some but not all VanA-type VRE 
isolates were found to be susceptible to this novel teicoplanin derivative (MIC 0.31 to 
>20 µg/mL), as well as some strains carrying both vanA and vanB (MIC 1.25 to >20 
µg/mL).153 Optimization of 23 led to the compound 24 (Fig. 6), characterized by the 
addition of a basic moiety at the C-terminus, which displayed improved activity against 
VanA-type VRE (MIC 0.15-2.5 µg/mL) while retaining potency against MRSA (MIC 0.3 
µg/mL) and VanB-type VRE (MIC 0.15 µg/mL) (Table 1).154 In another attempt to confer 
anti-VanA-type VRE activity to teicoplanin-like compounds, analogue 25 (Fig. 6), 
bearing a N-terminal guanidine moiety, was also synthesized.155 This led to a vast 
improvement in potency towards vanA VRE isolates with most strains tested showing 
susceptibility (MIC 0.1-1.6 µg/mL) and with only a few strains exhibiting higher MIC 
values (6.25-12.5 µg/mL) (Table 1). The ability of compound 25 to engage in additional 
hydrogen bonding via the guanidine moiety is assumed to contribute to the enhanced 
activity, although experimental evidence in support of this claim is yet to be reported.155 
Interestingly, analogue 23 was also found to possess antiviral activity against several 
influenza strains,152 leading Herczegh and colleagues to design teicoplanin derivatives 
with structural features aimed at potentiating their antiviral action.156–160 Some of these 
compounds, modified at the N-terminus with lipophilic moieties linked through a triazole, 
still retain some antibacterial activity (see compounds 26 and 27) (Fig. 6).158,159 Of these 
dual antibacterial and antiviral derivatives, compound 27 displays the most favorable 
toxicity profile (CC50 97-100 µM) 152,158,159 while maintaining potent antibacterial activity 
against MRSA (MIC 0.5 µg/mL) and VRE (MIC 1-2 µg/mL) (Table 1).159  
 

In a study involving the preparation of semisynthetic eremomycin analogues, 
Olsufyeva et al. showed that coupling small substituents to the C-terminus can be 
sufficient to enhance potency.161 Using this approach they identified eremomycin 
pyrrolidide analogue 28 (Fig. 6), which was found to exhibit good in vitro activity against 
MRSA (MIC 0.125-1 µg/mL) and VRE (MIC ≤4 µg/mL) (Table 1) along with in vivo 
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activity against S. aureus (ED50 0.8 mg/kg, 100% survival at 2.5 mg/kg). Moreover, 
analogue 28 was shown to be superior to vancomycin and eremomycin in a murine sepsis 
model, maintaining similar in vivo acute toxicity but eliciting reduced histamine 
release.161 
 

 
Fig. 6. Teicoplanin and eremomycin derivatives with enhanced cell surface binding. MIC 
values indicated for MRSA strains allowing for comparison. 
 

As illustrated in the preceding section, a number of the recently reported 
semisynthetic glycopeptides exhibit enhanced activity that is associated with an increase 
in net positive charge most commonly achieved by incorporation of 1) permanently 
positively charged substituents (e.g. terta-alkyl ammonium, sulfonium) and/or 2) 
functional groups that are positively charged at physiological pH (e.g. amine, guanidine). 
While many of these compounds show promising in vitro and in some cases in vivo 
potency, special attention should be paid to their toxicity and PK profiles. Another 
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structural modification commonly associated with improved antibacterial potency is the 
introduction of lipophilic substituents that confer these semisynthetic glycopeptides with 
membrane depolarizing and permeabilizing properties. However, this can also lead to 
enhanced toxicity and unusual PK behavior. That said, it is possible that such issues can 
be addressed by SAR studies to establish optimal lipid lengths or by the use of reductively 
labile disulfide linked lipids. In addition, the introduction of hydrophilic moieties, such 
as carbohydrates, also provides a means for fine-tuning the PK properties of semisynthetic 
glycopeptides. 

 
1.3.3 Pyrophosphate targeting glycopeptides 
 
As demonstrated by oritavancin, the design of glycopeptide antibiotics capable of binding 
to lipid II at multiple sites is a viable strategy for enhancing antibacterial activity: this 
approach can increase potency against vancomycin-sensitive strains as well as 
compensate for the loss in binding affinity to the D-Ala-D-Lac motif in vancomycin-
resistant strains. One such additional binding site explored in this regard is the 
pyrophosphate moiety of lipid II, a target that is exploited by natural product antibiotics 
such as nisin, ramoplanin and teixobactin.162–164 To this end, Haldar and coworkers 
reported the design of Dipi-van (29) (Fig. 7). Compound 29 bears a C-terminal zinc-
binding dipicolyl-1,6-hexadiamine moiety,165 a functionality known to have a high 
affinity for pyrophosphates.166 Compound 29 was found to exhibit potent activity against 
VISA as well as VanA-type and VanB-type VRE (MIC 1.8-3.5 µg/mL) (Table 1),165 an 
effect that was shown to be further enhanced some 2- to 3-fold by the exogenous addition 
of Zn2+.165 The expected dual mode of action, based on binding to both the pyrophosphate 
and to the D-Ala-D-Ala motifs of lipid II, was confirmed.165 Analogue 29 displays no 
resistance selection in MRSA (MIC remained ~0.9 µg/mL), no hemolytic activity or 
mammalian cytotoxicity (at 1 mM), and no systemic in vivo toxicity (at 100 mg/kg).165,167 
Furthermore, in a murine renal VanB-type VRE infection model, 29 (dosed at 12 mg/kg) 
reduces the bacterial titer up to 5-log compared to vehicle and 3-log compared to the same 
dose of vancomycin.165 Interestingly, the Zn2+ binding properties of 29 do not only 
enhance its potency against Gram-positive species, but also resensitize several NDM-1 
producing Gram-negative strains to meropenem by removing the zinc ions bound to the 
metallo-β-lactamase, a well-documented mode of action exploited by anti-NDM 
antibiotic potentiators such as aspergillomarasmine A168 and dipicolinic acid 
derivatives.169 In this regard, co-administration of vancomycin derivative 29 with 
meropenem was found to cause a reduction in the MIC of meropenem from >100 µg/mL 
to 1.5-3.1 µg/mL in Klebsiella pneumonia and 12 µg/mL in E. coli (FIC ≤0.5).167 This in 
vitro synergy was also further substantiated in vivo, specifically in a sepsis model of a 
NDM-positive K. pneumonia infection, where a combination treatment of meropenem 
and compound 29 reduces the bacterial load by 3-4 log compared to vehicle in the liver, 
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kidneys, spleen, and lungs of mice. These results are on par with those obtained with 
colistin treatment, but superior to those gathered using 29 or meropenem monotherapy, 
which resulted in a maximum 1.5-log reduction in the organs assessed.167 
 

Huang and coworkers also explored the possibility of developing semisynthetic 
glycopeptides capable of targeting the pyrophosphate group of lipid II by conjugating 
Cu2+-dipicolylamine (DPA) complexes to either the resorcinol position or C-terminus of 
vancomycin.170 Representative compound 30 (Fig. 7) was shown to have enhanced 
activity against VRE strains (MIC 4 µg/mL), but not against MSSA and VISA (Table 
1).170 A dye displacement assay confirmed that both CuII- and ZnII-30 complexes bind to 
pyrophosphoric acid, suggesting a dual-mechanism of action wherein the decreased 
affinity for D-Ala-D-Lac is compensated for by pyrophosphate binding. Interestingly, the 
copper-containing 30 and the corresponding metal-free ligand are equipotent in vitro, but 
the presence of copper results in reduced cell viability (at >50 µM) suggesting that the 
latter DPA derivative shows more promise.170 Overall, pyrophosphate targeting 
glycopeptide derivatives (29 and 30) display significant improvements in VanA-type 
VRE activity, while maintaining potency against other Gram-positive species. 
 

 
Fig. 7. Pyrophosphate targeting glycopeptides 29 and 30. Derivative 30 was assessed as both 
Cu2+-chelation complex as well as non-metal DPA analogue, both displaying equipotent in vitro activity. 
MIC values are relative to experiments carried out on MRSA strains. 
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Table 1. In vitro antibacterial activity as MIC (µg/mL) against Gram-positive strains. 

Category Compound MRSA VanA VRE VanB VRE Refs 

Clinically used 

Vancomycin (1) 0.5-2a >32 >32 44 
Teicoplanin (2) 0.25-2a >32 0.25–8 44,60 
Telavancin (3) 0.016-0.125a 4-16 2 44,76 

Dalbavancin (4) 0.06-1 >32 ≤0.03-4 44,93–96 
Oritavancin (5) ≤0.008-0.5 ≤0.008-1 ≤0.008-0.03 44,111 

(Cationic) 
(lipo)glycopeptide 

antibiotics with 
enhanced 

bacterial surface 
binding 

6 0.4 1.4 2 133 
7 0.6 23.8 2.4 134 
8 1.1  1.2 nd 134 
9 0.2 0.2 2.7 135 

10 1.7 0.8-6.7 137 
11 nd 0.25-0.5 nd 138 
12 0.02 0.15-0.6 0.04 141 

13, 14 0.03, <0.003 6, 0.5 nd 143 
15 2-6 11 90 144 
16 1 ≤2.7 <2.7 145 
17 nd 0.24 4.7 146 
18 0.3-0.6 1.3-21 5.2 147 

19, 20 0.12, 0.5 2, 0.5-1 0.25, ≤0.06 148 
21 ≤0.03-0.06 8 ≤0.0625 149 
22 0.12-0.25 16 0.5 150 
23 0.5 0.31->20  0.31-1.25 152,153 
24 0.3 0.15-2.5 0.15 154 
25 0.4 0.1-12.5 0.4 155 
26 8 8 4 158 
27 0.5 2 1 159 
28 0.125-1 ≤4 161  

Pyrophosphate 
targeting 

29 0.9 3.5 2.6 165 
30 4b 4 4 170 

Hybrids 

31 0.06-8c 8-16d 171 
32 1.5 6.2 nd 172 
33 0.6 nd 0.8 173 
34 6.25-12.5 12.5-25d 174 
35 4 4 8 175 
36 4 8 4 175 

Targeted drug 
delivery 

37 0.79e 28.9f 28.9f 176 
38 2 nd nd 177 
39 nd nd nd 178 
40 0.015 0.03-2 0.03 179 

 
 
 

Gram-negative 
active 

8 1.1 1.2 nd 134,180 
41 0.7 3.8 6.9 181 
42 15-30 nd nd 182 
43 8b 32 nd 183 
44 0.25 64->128 2-64 184 
45 0.8c nd nd 185 
46 0.5 nd nd 186 
47 nd nd nd 187 
48 4c nd nd 188 

 
  

MIC = minimum inhibitory concentration. nd = not determined.  aMIC values of >10 observations are included in the 
reported MIC range from EUCAST.44 bMRSA strain was also VISA. cMIC for MSSA instead of MRSA is indicated. d VanA/B 
not specified. eLow density loading of nanoparticles (0.2 µg/mL vancomycin per 1 mg of 37). fHigh density loading of 
nanoparticles (11.75 µg/mL vancomycin per 1 mg of 37). 



 Recent advances in the development of semisynthetic glycopeptide antibiotics 

– 29 – 

1 
1.3.4 Glycopeptide-hybrid antibiotics 
 
Another strategy often explored to achieve antibiotics with a dual mode of action is based 
on the design of hybrids wherein two different antibiotic molecules are covalently linked 
together. A suggested benefit of this approach is the reduced likelihood of resistance 
induction, which is minimized by the inherent difficulties in simultaneously mutating 
multiple targets.189 Earlier strategies in this field resorted to conjugating glycopeptides to 
β-lactam antibiotics190–192 or antimicrobial peptides such as nisin(1-12) and 
tridecaptin.193,194 More recently, the group of Batta and coworkers reported the 
development of glycopeptide-azithromycin hybrids.171 Coupling azithromycin, a 
macrolide antibiotic that inhibits the assembly of the 50S ribosomal subunit used to treat 
Gram-positive infections,195 to the C-terminus of eremomycin resulted in derivative 31 
(Fig. 8), which displays in vitro activity against S. aureus and S. pneumonia (MIC 0.06-
8 µg/mL) and moderate potency against VRE (MIC 8-16 µg/mL) (Table 1).171 Compound 
31 retains the mechanism of action of the azithromycin fragment and, in an in vitro 
setting, is 4-fold more potent than vancomycin against S. aureus. During in vivo 
experiments in a murine sepsis model with the same strain, hybrid 31 was shown to be 
equipotent to vancomycin, with both having an ED50 of 4 mg/kg.171  
 

 
Fig. 8. Glycopeptide-azithromycin hybrid. Eremomycin-azithromycin hybrid 31 is the most potent 
representative of a panel of glycopeptide-azithromycin analogues designed by Batta and coworkers. MIC 
values are relative to experiments carried out on MSSA strains. 
 

In addition to the hybridization of glycopeptides with other antibiotics endowed 
with a complementary mode of action, covalent homodimerization is another strategy for 
improving antibacterial potency. An exemplary example of this behavior is inspired by 
vancomycin, which cooperatively self-associates to form non-covalent dimers as part of 
its inherent mode of action. The presence of dimers leads to co-localization of the 
glycopeptide to its target site and reduces the energy required for a second binding event 
to lipid II, which results in an improved antimicrobial activity.21,22 The fact that this self-
association occurs only weakly (700 M-1) in solution196 prompted the scientific 
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community to explore the covalent dimerization of vancomycin, of which the first 
examples were reported in 1996 by Griffin and colleagues.196 More recently, Haldar and 
coworkers revisited this approach by synthesizing a number of bis(vancomycin 
aglycon)carboxamides, which are composed by homodimers of vancomycin aglycon 
linked through the C-terminus by lipophilic cationic spacers.172 One of the members of 
this series, compound 32 (Fig. 9) was found to retain activity against MRSA (MIC 1-1.5 
µg/mL) and displayed a 300-fold enhanced potency against VRE (MIC 6.2 µg/mL) 
compared to vancomycin (Table 1).172 The binding affinity of 32 for N,N′-diacetyl-Lys-
D-Ala-D-Ala was demonstrated to be similar to vancomycin while notably a >10-fold 
enhancement towards N,N′-diacetyl-Lys-D-Ala-D-Lac was also measured.172 
Interestingly, this result is in stark contrast to the absence of D-Ala-D-Lac binding 
displayed by previously studied vancomycin dimers, as reported by Ellman and 
coworkers.197 Further assessment of the activity of dimer 32 in an ex vivo whole blood 
study showed that 32 (dosed at 2 µM) causes a 1.5-log reduction of bacterial MRSA titer 
in comparison to vancomycin (dosed at 4 µM), suggesting that antibacterial activity is not 
significantly impacted by binding to plasma proteins. These results were also in line with 
the different in vitro killing kinetics the Haldar group observed wherein compound 32 
was found to be bactericidal while vancomycin functions as bacteriostatic against higher-
inoculum stationary phase MRSA.172 
 

Another convenient approach for generating vancomycin dimers is through the 
use of the copper catalyzed azido-alkyne cycloaddition (CuAAC), as applied by the group 
of Sharpless who prepared a panel of vancomycin homo- and heterodimers characterized 
by different alkyl and PEG spacers.173 The heterodimers, constructed by linking the C-
terminus (Vc) of one vancomycin unit to the vancosamine (Vv) moiety of the other, 
showed no enhanced potency relative to vancomycin itself. However, in the case of the 
homodimers prepared, improved activity was observed with the most potent C-terminal 
homodimer 33 (Fig 9) exhibiting strong in vitro activity against MRSA (MIC 0.6 µg/mL) 
compared to vancomycin (MIC 2.5 µg/mL) (Table 1).173 In addition, 33 is >30-fold more 
active than vancomycin against a VanB-type VRE strain (MIC 0.8 µg/mL).173 In a similar 
study, Sun and colleagues also utilized CuAAC chemistry to obtain covalent glycopeptide 
dimers typified by compound 34 (Fig. 9).174 In preparing their dimers, the Sun group 
elected to convert the N-terminal amine of demethylvancomycin into the corresponding 
azide to facilitate dimerization via triazole formation with a variety of bis-alkynes. In 
addition, a lipophilic group was appended to vancosamine (Vv) site. The dimers this 
formed were found to have no enhancement of potency against MRSA and S. pneumonia 
(MIC 6.25-25 µg/mL), whereas against VRE the activity of dimer 34 did exceed that of 
demethylvancomycin by ≥2-4 fold (Table 1).174  
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Fig. 9. Glycopeptide dimers. MIC values are relative to experiments carried out on MRSA strains. 

 
In another recent report describing glycopeptide dimers, Herczegh and 

coworkers synthesized and characterized the first teicoplanin pseudoaglycon N,N-
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terminal homodimers (35 and 36)  (Fig. 9).175 As noted above, unlike vancomycin, 
teicoplanin does not exhibit cooperative dimerization as part of its mechanism of action. 
The lack of dimerizing activity for teicoplanin is hypothesized to be due to the presence 
of the large acyl tail appended to the amino sugar at position 4 (Fig. 1), which is 
speculated to anchor in the bacterial membrane and make binding to nascent lipid II more 
favorable.21,22 Herczegh and colleagues therefore hypothesized that, by removing this 
hydrophobic moiety and covalently linking the corresponding pseudoaglycon, the 
resulting dimers could have improved activities.175 To this end, two strategies were 
employed: in the first, the teicoplanin pseudoaglycon, lacking the carbohydrate at position 
4 and bearing a C-terminal diethylaminopropyl amide, was dimerized via a PEG-linker 
featuring a lipophilic substituent to yield analogue 35. In the second strategy, a histidine 
residue was first coupled to the N-terminus of the teicoplanin pseudoaglycon lacking the 
carbohydrates at amino acid 4 and 7 followed by coordination with a simple Co3+ Schiff 
base complex to form the dimeric species 36.175 Disappointingly, dimers 35 and 36 both 
showed diminished potency against MRSA (MIC 4 µg/mL) when compared to 
teicoplanin (MIC 0.5 µg/mL).175 Only against a VanA-type VRE strain the activities of 
35 and 36 improved with MICs of 4-8 µg/mL relative to that of teicoplanin (MIC 256 
µg/mL) (Table 1).175 Although derivatives 34-36 show improved activities against VRE 
strains compared to their respective parent compounds, these N-terminal dimers are not 
as potent against MRSA when compared to the C-terminally linked homodimers of 
Sharpless173 and Haldar172 (32 and 33), highlighting the importance of the ligation site for 
antibacterial activity.  
 
1.3.5 Targeted glycopeptide delivery 
 
Glycopeptide antibiotics are generally administered systemically, potentially leading to 
unwanted side effects and to the development of resistant strains. To overcome these 
issues, efforts directed towards delivering vancomycin and its analogues in a targeted and 
controlled fashion have been reported in recent years. In this context, the use of 
technologies such as liposomes198,199 and dendrimers200 have been investigated. In 
addition to these non-covalent drug delivery systems, progress has also been made in 
covalently loading vancomycin on dendrimers or metal nanoparticles (NPs).201–204 Cooper 
and colleagues conjugated a N-hydroxysuccinimide (NHS)-activated PEG-
dibenzocyclooctyne (DBCO) to a human serum albumin monolayer bound to the surface 
of superparamagnetic carboxylated 170 NPs. Subsequently, the NPs were loaded with 
vancomycin-PEG-N3 at different densities, using a copper-free azide-alkyne 
cycloaddition reaction, yielding derivative 37 (Fig. 10).176 Low density 37 was found to 
retain potent activity against MRSA (MIC 0.79 µg/mL) and high density 37 exhibited a 
18-fold improved activity compared to vancomycin against VanA/B-type VRE (MIC 
28.9 µg/mL) (Table 1).176 The improved in vitro antibacterial potency of these 
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nanoparticle-bound vancomycin derivatives is ascribed to two factors: 1) the enhanced 
binding affinity of 37 to the bacteria’s cell surface (for high density particles), highlighted 
by the fact that antagonization of bacterial inhibition requires a 64-fold molar excess of 
acetyl-Lys-D-Ala-D-Ala, and 2) the membrane permeabilization properties of 37, which 
lead to membrane rupture for all density particles at 10-fold MIC.176  
 

In addition to NP conjugation for improved drug delivery, vancomycin has also 
been modified with substituents designed to direct targeting to specific tissues and organs. 
The development of such approaches is of particular interest for those indications where 
vancomycin is advised as a first-line treatment, such as for targeting the bones in treating 
osteomyelitis, the skin for SSSIs, and the lungs in case of pulmonary infections. In one 
such strategy to specifically tackle osteomyelitis, for which S. aureus is a leading cause,205 
researchers at the University of Louisville coupled a functional group with known 
hydroxyapatite affinity and enhanced bone accumulation abilities to the vancomycin C-
terminus (compound 38, Fig. 10).177 Given vancomycin’s poor distribution to the skeletal 
tissue, the local concentration of therapeutic agent at the target site is low and prolonged 
administration is required, diminishing efficacy and increasing the potential for resistance 
development.205,206 By comparison, compound 38 was found to maintain in vitro 
antibacterial activity against MRSA (2 µg/mL)177 (Table 1) and in rats has a 1-log 
reduced MRSA titer in an osteomyelitis model compared to the same dosing of 
vancomycin.207 Localization of 38 to the target site was confirmed in rats, with ~5-fold 
higher concentrations in the bone compared to vancomycin after 12 hours and 47-fold 
higher after 168 hours. However, this particularly long exposure time can also lead to 
adverse events such as renal toxicity and leukocytosis.206,207  

 
In 2020, Gademann and coworkers developed a light irradiation triggered-

release system by functionalizing the surface of Chlamydomonas reinhardtii with 
vancomycin, specifically aimed at SSSI treatment as local and light-triggered release was 
hypothesized to minimize resistance selection.178 This living functionalized algae carrier 
was chosen as it is biodegradable,208 does not trigger immune response in mice,209 and 
chemical engineering of the surface had been demonstrated previously.210 The algae were 
functionalized using the well-established DBCO handle allowing for copper free azide-
alkyne cycloaddition. Vancomycin was modified at the C-terminus via the installation of 
a PEG spacer containing the photocleavable o-nitrobenzyl moiety and a terminal azide-
handle. The azide modified vancomycin species was subsequently conjugated to the 
DBCO decorated algae resulting in species 39 (Fig. 10).178 While the covalent linkage of 
vancomycin to the algae surface was demonstrated to prevent the antibiotic from exerting 
its antimicrobial effect, upon light irradiation and subsequent linker cleavage, 39 was 
shown to inhibit growth of B. subtilis at both lag phase (at 2.5 µM loading) and 
exponential phase (at 5 µM loading) (MIC 0.06 µg/mL) with release of free vancomycin-
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NH2 upon UV irradiation of 39 also confirmed.178 In order to establish the clinical 
potential of delivery system 39 for the intended SSSI treatment, it will need to be further 
assessed against relevant pathogens for this disease profile, such as S. aureus and β-
hemolytic streptococci.211  

 

 
Fig. 10. Glycopeptides designed for targeted drug delivery. MIC values are relative to 
experiments carried out on MRSA strains. 
 

In addition to the treatment of osteomyelitis and SSSIs, vancomycin is also used 
as front-line therapy for persistent pulmonary MRSA infections. The drawbacks 
associated with vancomycin therapy for this indication, which requires high-dose 
systemic administration, include insufficient accumulation in the lungs and risk of renal 
toxicity. To address this, the group of Konicek set out to design derivatives of vancomycin 
suitable for inhalation. These analogues resemble telavancin, but contain a carbonyl 
linker at the vancosamine position and no resorcinol modification.179 Representative 
amide 40 (Fig. 10) was selected for extensive investigation due to 1) its potent in vitro 
activity against target bacteria MRSA (MIC 0.015 µg/ml), S. pneumoniae (MIC 0.008 
µg/mL), C. difficile (0.015-0.06 µg/mL), VanA-type VRE (MIC 0.03-2 µg/mL), and 
VanB-type VRE (0.03 µg/mL) (Table 1), and 2) its prolonged exposure time after 
inhalation in rats, with a half-life of 108 hours, minimal conversion to the hydrolysis 
product, and minimal systemic toxicity.179 Amide 40 was also found to have enhanced 
anti-biofilm activity compared to vancomycin. Furthermore, nebulized 40 was assessed 
in an in vivo acute pulmonary MRSA infection model in neutropenic rats where it 
demonstrated antibacterial activity that was superior to inhaled vancomycin.179 Overall, 
targeted glycopeptide strategies do show promise, however, care and attention is required 
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to ensure that such constructs are tailored to have optimal PK profiles that allow them to 
reach their designated specific target sites while displaying minimal systemic toxicity.  
 
1.3.6 Glycopeptides active against Gram-negative bacteria 
 
Although most semisynthetic glycopeptide antibiotics target Gram-positive strains, the 
primary target of this class of antimicrobial agents – lipid II – is also present in Gram-
negative bacteria. Vancomycin and other glycopeptides are inactive against Gram-
negative bacteria due to their inability to cross the outer membrane (OM). However, the 
ability of vancomycin to bind to E. coli’s lipid II has been established previously.212 
Potentiation of vancomycin by OM disruption by means of serum supplementation213 or 
the addition of synergists as adjuvants has also been demonstrated.214,215 While co-
administration of LPS-active OM disruptors potentiates vancomycin, these agents can 
also be covalently linked to the glycopeptide. In this regard, the previously discussed 
lipophilic cationic vancomycin analogue 8 (Fig. 11) (see above, section 1.3.2), given its 
membrane activity, was further investigated for activity against Gram-negative strains. 
The in vitro potency of 8 was assessed, where it showed moderate activity against E. coli 
(MIC 2.1-7.8 µg/mL) and A. baumannii (MIC 5.2-9.0 µg/mL), as well as K. pneumoniae 
(MIC 15.6 µg/mL) and MDR P. aeruginosa (MIC 10.6 µg/mL) (Table 2).180 The efficacy 
of this vancomycin derivative is reduced 2-fold in the presence of bovine serum albumin, 
likely due to its lipophilic nature and the consequent high protein binding.180 Notably, the 
anti-A. baumannii activity was also demonstrated in an in vivo murine thigh infection 
model, where compound 8 was found to reduce the bacterial titer by 3-log compared to 
vehicle. Building upon these findings, the Haldar group went on to design derivative 41 
(Fig. 11), containing an amide bond between the lipid and ammonium moiety envisioned 
to engage in additional hydrogen bonding. This semisynthetic vancomycin derivative was 
found to have activity against a panel of A. baumannii clinical isolates (MIC 6.8-13.3 
µg/mL) (Table 2).181 Furthermore, when administered at 50 µM, compound 41 reduces 
A. baumannii biofilm thickness in a concentration-dependent fashion, with 4-5 fold 
thinner biofilm formed compared to both vancomycin-treated and untreated biofilms. The 
results of subsequent in vivo experiments also indicate that the inclusion of the extra 
amide functionality improves the toxicity profile compared to 8 when administered IV. 
Furthermore, no propensity for resistance selection against A. baumannii was observed 
for either 8 or 41.180,181 Mechanistically, both of these compounds are thought to inhibit 
cell-wall biosynthesis and exhibit outer and inner membrane permeabilization of both 
exponential and stationary phase cells, for which the permanent positive charge carried 
by the ammonium moiety appears essential.180 Like 8, vancomycin analogue 41 retains 
in vitro activity against MRSA (0.7 µg/mL) while also showing activity against VISA 
(0.17 µg/mL) and VRE (MIC 3.8-6.9 µg/mL) (Table 1).181  
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Fig. 11. Glycopeptides with activity against Gram-negative bacteria. 
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Following similar approaches, the van der Eycken and Huang groups 

independently reported the conjugation of lysine rich antimicrobial peptides to the 
vancomycin C-terminus. The resulting derivatives 42 and 43 (Fig. 11) were envisioned 
to cause OM disruption by interfering with divalent cation binding of LPS.182,183 While 
both compounds displayed reduced potency against the Gram-positive S. aureus (8-30 
µg/mL),182,183 their ability to target Gram-negative strains is noteworthy. Analogue 42 
was shown to be active against E. coli, Yersinia enterocolitica, Pseudomonas putida, and 
Salmonella typhimurium (MIC ≤4-30 µg/mL) (Table 2), for which anti-biofilm activity 
was also established (IC50 4-8 µg/mL).182 Compound 43 displays significant enhancement 
in antibacterial activity (MIC 16 µg/mL) compared to vancomycin (MIC  >128 µg/mL) 
against E. coli and A. baumannii (Table 2).183 The enhanced activity of 43 toward Gram-
negative species indeed appears to be the result of an OM specific effect given that the 
compound showed no reduction in cell viability in mammalian cell lines.183  
 

In 2021, our team developed a panel of OM disrupting vancomycin derivatives 
by linking the known OM disruptor and LPS-binder polymyxin E nonapeptide (PMEN) 
to the C-terminus or vancosamine portion of vancomycin using CuAAC conjugation (See 
Chapter 4).184 These derivatives, termed the vancomyxins, show improved in vitro 
potency compared to vancomycin alone or vancomycin supplemented with PMEN 
against Gram-negative bacterial strains. For example, derivative 44 (Fig. 11) exhibited 
MIC values against K. pneumonia and E. coli of 8 µg/mL and 16 µg/mL respectively 
(Table 2).184 The activity of the vancomyxins was also shown to be antagonized by LPS, 
suggesting that they do exert their activity via LPS binding, with OM disruption 
contributing to their mode of action due to the conjugation to PMEN.184 Besides showing 
activity against a panel of Gram-negative strains, and contrary to analogues 42 and 43, 
vancomyxins such as 44 retain potent activity against a variety of Gram-positive bacteria 
including MRSA (MIC 0.25 µg/mL) and VRE, for which an up to 16,000-fold 
improvement compared to vancomycin was measured (Table 1).184 Compound 44 
displays no hemolysis and has a TD50 of 0.23 mM in proximal tubule epithelial cells, a 
concentration several orders of magnitude higher than the corresponding MIC values.184  
 

While the analogues described above are the result of extensive structural 
modifications, small adjustments to vancomycin can also enhance activity against Gram-
negative bacteria. During their studies on octaarginine conjugation via the C-terminus, 
which culminated in vancomycin analogue 15 (see above, section 1.3.2), Wender and 
Cegelski serendipitously discovered derivatives 45 and 46 (Fig. 11), featuring the 
presence of a single L/D-arginine amide at the same position. Compounds 45 and 46 were 
found to display activity against Gram-negative bacteria185,186 including against multidrug 
resistant E. coli with MIC values of 13-26185 and 8-16 µg/mL186 respectively (Table 2). 
Moreover, derivative 46 was also shown to have activity against some A. baumannii 
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species (MIC 8-32 µg/mL).186 These conjugates retain activity against Gram-positive 
isolates (Table 1), prove non-hemolytic, and notably cause little permeabilization of the 
OM.185 The authors attribute the anti-Gram negative activity of 45 and 46 to their ability 
to displace the LPS stabilizing Mg2+ cations, a feature which is usually linked to self-
promoted uptake.185 Furthermore, the in vitro activity of 46 was reflected in vivo, where 
it reduced the E. coli thigh burden in a murine model in a dose-dependent manner (4- to 
7-log greater reduction compared to vancomycin or vehicle). Also of note is the finding 
that the relatively small structural difference between analogue 46 and the parent 
antibiotic results in an increased half-life in mice (1.29 h versus 0.89 h for 
vancomycin).186 
 

Another strategy to transport glycopeptide antibiotics to their target site is 
facilitating active transport across the OM by covalent linkage to siderophores. 
Siderophores are iron-chelating agents produced by microorganisms to sequester iron 
from the microenvironment. After binding iron, siderophores are trafficked back into the 
bacterial cell through dedicated transporters after which they release the iron, which is 
used in key cellular processes.216 These iron uptake pathways have also been hijacked by 
microorganisms in generating a class of naturally occurring Trojan horse antibacterial 
agents known as the sideromycins. Sideromycins are siderophore-conjugated antibiotics 
that are actively transported past the OM through siderophore uptake receptors and into 
the bacterial cell whereby they can elicit their antibacterial effect.216 This strategy has 
inspired several research groups to design semisynthetic glycopeptide-based 
sideromycins with anti-Gram-negative activity. The first vancomycin-containing 
sideromycin was reported by Miller and coworkers in 1996.217 More recently, the group 
of Nolan used CuAAC to connect enterobactin, a triscatecholate siderophore with 
unparalleled affinity for iron,218–220 to the C-terminus of vancomycin.187 The resulting 
conjugate 47 (Fig. 11) was shown to inhibit the growth of siderophore-deficient E. coli 
and P. aeruginosa. Given that the cargo size of compound 47 was deemed too large for 
active uptake, its antibacterial effect was ascribed to extracellular iron chelation and 
nutrient deprivation.187 Miller and coworkers also employed a similar strategy in 
developing bis-catechol/mono-hydroxymate teicoplanin analogues such as compound 48 
(Fig. 11) wherein the siderophore was introduced at the N-terminus.188 Compound 48 
exhibited in vitro antibacterial activity against A. baumannii (MIC 1-4 µg/mL), with 
impressive activity against a carbapenemase positive strain (MIC 1 µg/mL) (Table 2).188 
Also of note, while 48 was found to retain some potency against Gram-positive S. aureus 
(MIC 4 µg/mL) (Table 1), its anti-Gram-negative activity appears specific for A. 
baumannii as it had no impact on E. coli and P. aeruginosa proliferation.188 In summary, 
conjugating cationic groups or siderophores to glycopeptides is a viable strategy to make 
Gram-negative strains more susceptible to this class of antibiotics, although the resulting 
MIC values usually still fall in the ‘intermediate activity range’.  



 Recent advances in the development of semisynthetic glycopeptide antibiotics 

– 39 – 

1 
Table 2. In vitro antibacterial activity against Gram-negative strains. 

  MIC (µg/mL)  

Category Compound E. coli 
K. 

pneumoniae 
A. 

baumannii 
P. 

aeruginosa Refs 

Gram-
negative 

active 

8 2.1-7.8 15.6 5.2-9.0 10.6 180 
41 22-43 >173 6.8-13.3 22->173 181 
42 7-15 nd nd nd 182 
43 16 64 16 128 183 
44 16 8 32 16-64 184 
45 13-26 nd 51 103 185 
46 8-16 nd 8-32 nd 186 
47 nd nd nd nd 187 
48 >128 nd 1-4 >128 188 

nd = not determined 

 
1.4 Conclusion and perspectives 
 
In order to address resistance to glycopeptides like vancomycin, much effort has been 
applied in designing semisynthetic analogues of natural occurring glycopeptides. As 
opposed to total synthesis, semisynthetic approaches are more time and cost effective and 
have already resulted in the introduction of three novel glycopeptide antibiotics to the 
clinic. While these glycopeptides display enhanced potency, telavancin (3) has a black 
box warning due to its associated toxicity,85,90 and dalbavancin (4) and oritavancin (5) 
have unusual PK properties owing to their extremely long half-lives.105,107,127,128 While 
this can be considered a feature in that it allows for simplification in dosing 
regimen,105,107,127,128 it also carries the risk that any adverse reaction may persist for weeks 
post treatment. Moreover, in vivo exposure to subtherapeutic levels of these antibiotics 
can also confer selection for resistant subpopulations.102,103,127,130 Thus, there remains a 
need for novel glycopeptide antibiotics with both improved potencies and enhanced PK 
and safety profiles. 
 

This review highlights recent developments in the field of semisynthetic 
glycopeptides. In addition to covering new glycopeptides with enhanced activity against 
Gram-positive bacteria, we also summarize recent efforts at extending the activity of these 
antibiotics toward Gram-negative organisms. Also of note are recent reports describing 
glycopeptide analogues as a starting point for the design of novel antiviral agents (against 
for example influenza or COVID-19) as well as in the development of innovative 
diagnostics probes.9,221–224 Most research on semisynthetic glycopeptide derivatives 
revolves around the modification of vancomycin at one or more of the following sites: 
the vancosamine (Vv), C-terminus (Vc), N-terminus (Vn), and resorcinol (Vr). To date a 
limited number of studies have attempted to elucidate which modification site gives the 
most potent analogues, revealing a subtle interplay between the nature and the positioning 
of the substituent(s) and their impact on antibacterial activity.  
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The majority of the strategies employed towards the development of novel 

glycopeptide antibiotics relies on enhancing the bacterial cell surface binding, which 
often translates into the design of glycopeptide derivatives containing additional 
positively charged groups. Not only has this approach proven successful in tackling 
Gram-positive bacteria, it can also confer activity against Gram-negative strains. While 
in Gram-positive strains the presence of positively charged moieties on the antibiotic 
molecule is presumed to favorably impact the interaction with the negatively charged 
membrane, the precise mechanism by which this phenomenon occurs is yet to be explored 
in depth. In Gram-negative strains, the antibiotic’s cationic portions likely displace the 
LPS-stabilizing divalent cations thus disrupting the OM.184,185 While the exogenous 
supplementation of vancomycin with positively charged small molecule or peptide-based 
synergists is an established strategy to enhance its anti-Gram-negative activity,215 many 
of the derivatives presented in this review provide evidence for the advantage of 
covalently linking the glycopeptide to a cationic OM-disrupting moiety. Covalent 
conjugation may facilitate colocalization to the bacterial cell surface, thus bringing the 
glycopeptide structure in close proximity to its target. Also of note is the fact that minor 
structural modifications of the cationic portion, as small as a single guanidine moiety or 
arginine amide, have the power of conferring enhanced potencies against Gram-positive 
bacteria and in some cases Gram-negative strains.155,185,186 Furthermore, lipidated 
moieties, alone or in combination with cationic substituents, have been widely 
demonstrated to improve antibacterial activity against resistant strains. Glycopeptides 
with such hydrophobic substituents are assumed to have the ability to anchor in the 
membrane and in many cases have been shown to depolarize or permeabilize the bacterial 
membrane.80,117,143,119–121,134,137–140 Also of note are recent studies elaborating the 
mechanism of semisynthetic glycopeptides by the introduction of groups aimed at 
bacterial targets other than the traditional Lipid II D-Ala-D-Ala termini. Such strategies 
includes conjugation to pyrophosphate targeting groups or linking to antibiotics with 
alternative targets, both of which have shown promise.165,167,170,171 Moreover, the covalent 
dimerization of glycopeptide antibiotics,172–175,196 inspired by vancomycin’s natural 
cooperative dimerization, can result in enhanced surface binding due to colocalization to 
the target site.20–22 Finally, while the introduction of additional carbohydrate units has 
also been explored primarily to address PK and toxicity issues, such modifications have 
also been found to result in improved target binding to D-Ala-D-Lac, likely facilitated by 
the introduction of favorable hydrogen bonding interactions.133,135,148 
 

In an effort to confer selectivity of glycopeptide antibiotics and to minimize their 
toxicity, targeted approaches have been investigated wherein conjugation to large systems 
(nanoparticles or living organisms such as algae) or specific tissue-targeting moieties 
allow for preferential delivery to the target site.176–179 In addition, exploitation of specific 
Gram-negative bacterial uptake receptors has also been investigated through the 
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conjugation of glycopeptides antibiotics to siderophores.187,188,217 As different bacteria 
employ a multitude of different siderophore transporters, this approach has the potential 
to generate species- or even strain-selective antibiotics.  
 
Overall, while a large number of promising new semisynthetic glycopeptides have been 
described in recent years, the characterization of most remains limited to preliminary 
studies of in vitro potency and cell based toxicity. In order for these new glycopeptide 
antibiotics to progress toward clinical trials and eventually into the clinic, further 
investigations and additional translational studies showing an improved therapeutic 
window compared to the currently clinically used glycopeptides will be necessary. 
Despite these challenges, the broad collection of potent semisynthetic derivatives 
disclosed in the literature since 2014 provides a source of optimism for the discovery of 
tomorrow’s antibiotics. As this overview shows, while the low hanging fruit in antibiotic 
discovery may have been plucked a long time ago, judicious semisynthetic modifications 
of glycopeptides still hold great promise as a means of further optimizing and expanding 
the clinical relevance of this important class of antibacterial agents. 
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1.5 In this thesis 
 
Antimicrobial resistance was directly responsible for 1.27 million deaths in 2019 alone. 
For decades, vancomycin has been a standard of care for many Gram-positive infections, 
including MRSA, S. pneumoniae and enterococcal infections. However, the rise of 
vancomycin-intermediate and -resistant strains highlights the need for new antibiotic 
therapies. One attractive approach is the use of semisynthesis to modify existing 
glycopeptide antibiotics, for which an overview of recent developments is provided in 
Chapter 1. This thesis is focused on the development and assessment of novel 
semisynthetic glycopeptide-based therapies that expand the spectrum of vancomycin and 
overcome resistance mechanisms. 
 

To this end, Chapter 2 describes the development of a novel class of 
lipoglycopeptides, named the guanidino lipoglycopeptides, with enhanced in vitro 
antibacterial activity against clinically relevant Gram-positive strains, including MRSA 
and vancomycin-resistant species. Chapter 3 further elaborates on this novel class of 
guanidino lipoglycopeptides by elucidating its mechanism of action, revealing binding to 
the forms of lipid II found in both vancomycin-sensitive and vancomycin-resistant 
bacteria. Additional experiments show that the guanidino lipoglycopeptides have low 
mammalian cell toxicity and low propensity for resistance selection. Furthermore, this 
novel class of antimicrobial agents displays enhanced in vivo activity compared to 
vancomycin in the treatment of S. aureus infections.  

 
In addition to the development of semisynthetic vancomycin derivatives, active 

against Gram-positive strains, we aimed to covalently modify vancomycin in such a way 
to enhance its potency against Gram-negative bacteria. Vancomycin alone is inactive 
against Gram-negative bacteria due to its inability to cross the outer membrane barrier. 
Chapter 4 summarizes the development of the vancomyxins, in which vancomycin is 
covalently linked to the outer membrane disruptor polymyxin E nonapeptide. While the 
individual components do show synergistic activity, covalent attachment enhances this 
effect, resulting in an improved in vitro potency against a variety of Gram-negative 
strains. Chapter 5 continues to build on the potentiation of glycopeptide antibiotics 
against Gram-negative strains by describing preliminary studies on the synthesis and 
characterization of conjugates of vancomycin and iron-sequestering agents called 
siderophores. As bacteria produce siderophores to chelate iron for subsequent uptake in 
the cell, using a vancomycin-siderophore hybrid was anticipated to facilitate access of the 
antibiotic to its periplasmic target through a Trojan-Horse approach. These sideromycins 
showed enhanced in vitro activity compared to vancomycin against Gram-negative strains 
devoid of their own siderophore production and export machinery. 
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Finally, Chapter 6 summarizes the findings generated over the course of this 

thesis research, reflecting on the potential of semisynthetic glycopeptide antibiotics to be 
used in the fight against Gram-positive and Gram-negative pathogens. 
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2.1 Introduction 
 
Antimicrobial resistance (AMR) poses a major threat to human health and is driven by 
the rise in multidrug-resistant (MDR) bacteria coupled with the steep decrease in 
antibiotic drug discovery.1,2 Infections with Gram-positive pathogens such as methicillin-
resistant Staphylococcus aureus (MRSA) are increasingly responsible for both 
community and hospital-acquired infections that result in significant morbidity and 
mortality.1–4 For many years the glycopeptide antibiotic vancomycin (1) (Fig. 1) has been 
used to effectively treat infections due to MRSA and other Gram-positive pathogens. 
Today, however, vancomycin-resistant clinical isolates are progressively becoming more 
common. These strains include vancomycin-intermediate S. aureus (VISA) with a 
minimum inhibitory concentration (MIC) of 4-8 µg/mL, heteroresistant VISA which is 
largely susceptible with a subpopulation of resistant species, and still relatively rare 
vancomycin-resistant S. aureus (VRSA) with a MIC of ≥16 µg/mL.3,4 In addition to the 
increasing difficulties faced in treating S. aureus infections, vancomycin-resistant 
enterococci (VRE) have emerged as a serious clinical challenge against which 
vancomycin is of no use. It is currently estimated that 30% of all healthcare-associated 
enterococcal infections are resistant to vancomycin.2 As noted in the 2019 CDC report on 
AMR, infections due to MRSA and VRE total nearly 400,000 per year and account for 
half of all AMR-associated deaths in the United States.2 In Europe, MRSA and VRE 
cause approximately 170,000 infections annually and are implicated in 25% of the total 
AMR-related deaths.5 In more recent studies, AMR accounted for 1.27 million deaths 
worldwide in 2019, with drug-resistant Gram-positive species S. aureus and S. 
pneumoniae alone being responsible for a combined 0.5 million annual deaths.6 

 
In susceptible strains, vancomycin targets the cell wall precursor lipid II by 

binding to the D-Ala-D-Ala terminus of the pentapeptide via a defined network of five 
hydrogen bonds. This interaction effectively sequesters lipid II and prevents it from being 
further incorporated into the growing peptidoglycan by bacterial transpeptidases and 
transglycosylases, which in turn leads to inhibition of cell wall biosynthesis. This 
interference with peptidoglycan polymerization results in compromised bacterial cell wall 
integrity and subsequent cell lysis.7–10 High levels of resistance to vancomycin is achieved 
via target modification, wherein the D-Ala-D-Ala termini of peptidoglycan intermediates 
are mutated to D-Ala-D-Lac/Ser. The introduction of the corresponding depsipeptide 
motif results in loss of one hydrogen bond and repulsive electrostatic interactions, which 
are associated with a >1,000-fold reduction in binding affinity rendering vancomycin 
ineffective.11,12 Resistance to vancomycin is predominantly due to acquisition of the vanA 
and vanB gene clusters leading to D-Ala-D-Lac incorporation.13,14 However, reduced 
vancomycin susceptibility can also occur in the absence of a dedicated gene cluster. Such 
vancomycin-intermediate and -resistant strains are instead characterized by a thickened 
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cell wall and decreased autolytic activity leading to an increased abundance of D-Ala-D-
Ala motifs that effectively trap vancomycin and in doing so allow for the continued 
growth of the peptidoglycan layer.3,7,15,16 

 

 
Fig. 1. Structure of clinically used glycopeptide antibiotics  

 
In response to the rapid rise of vancomycin resistance, the lipopeptide 

daptomycin and the oxazolidinone linezolid were both introduced to the clinic in the early 
2000s. However, strains of MRSA and VRE resistant to both antibiotics arose shortly 
thereafter.17–20 In parallel, next generation glycopeptide antibiotics were also actively 
pursued starting with the natural product teicoplanin (2) (Fig. 1), a mixture of five 
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chemical species (A2-1 through A2-5), which was approved for use in Europe in 1998 but 
is not used in the North American market.9 The structure of teicoplanin differs from that 
of vancomycin, most notably due to the presence of a hydrophobic acyl tail that is 
associated with its enhanced antibacterial activity. This in turn spawned interest in 
semisynthetic lipoglycopeptides including telavancin (3), dalbavancin (4), and 
oritavancin (5) (Fig. 1), which were all subsequently developed and approved for clinical 
use between 2009 and 2014.9 While these semisynthetic glycopeptides exhibit more 
potent antibiotic activity than vancomycin, telavancin was recently issued a black-box 
warning from the FDA due to its associated toxicity concerns.21 In addition, dalbavancin 
and oritavancin display unusual pharmacokinetic (PK) properties with half-lives in the 
order of multiple days. Although this allows for advantageous single or weekly dosing, 
adverse reactions to the lipoglycopeptides may also persist for weeks before the drug is 
fully eliminated from the body 22–24 Furthermore, these semisynthetic lipoglycopeptides 
are known to have poor aqueous solubility,25,26 a practical yet important characteristic for 
clinically used agents. Therefore, the development of new glycopeptide antibiotics with 
enhanced antibacterial activity along with improved PK and safety profiles continues to 
be of great importance. 
 

A number of strategies have been described in recent years for pursuing 
glycopeptide antibiotics with enhanced properties.9,27–45 These strategies range from total 
synthesis approaches aimed at backbone modification of vancomycin to overcome 
resistance,28–32,42,45 to semisynthetic strategies typically involving the introduction of 
positively charged motifs and/or hydrophobic moieties27,33–35,37–42 as well as antibiotic-
hybrids.35,43,44 In considering these various approaches, we were particularly intrigued by 
reports describing the introduction of positively charged functional groups at the 
vancosamine moiety in vancomycin as a means of improving antibacterial activity.38,39 
Given our group’s expertise in the synthesis of biologically active compounds containing 
substituted guanidine groups,46–49 we hypothesized that the introduction of an 
appropriately substituted guanidinium motif at the vancosamine site in vancomycin might 
provide access to novel semisynthetic glycopeptides with enhanced properties.  
   

In the present study, we report the development of a panel of novel semisynthetic 
vancomycin derivatives containing lipidated guanidine moieties. These guanidino 
lipoglycopeptides are readily synthesized from vancomycin in a two-step process and 
possess unique properties owing to the presence of both a hydrophobic lipid tail and a 
polar guanidine group. At physiological pH, the guanidine moiety is fully protonated, 
providing a highly delocalized positive charge that also promotes increased aqueous 
solubility. To date, no such guanidino lipoglycopeptides have been reported. The 
guanidino lipoglycopeptides display potent activity in vitro against a variety of Gram-
positive bacteria, including vancomycin-resistant strains. 
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2.2 Results and Discussion 
 
2.2.1 Design and synthesis of the guanidino lipoglycopeptides 

The synthetic route devised for the preparation of the guanidino lipoglycopeptides relies 
upon selective modification of the vancosamine nitrogen in vancomycin by means of 
reductive amination (see Scheme S1 for the synthetic route), a known and reliable method 
for accessing vancomycin analogues.9,38 The aldehyde building blocks required to 
introduce the lipidated guanidine moiety were prepared using a robust and modular 
building block approach. Specifically, the lipophilic substituted guanidino group was first 
prepared as the corresponding allyl carbamate protected species and linked to an aromatic 
aldehyde providing the reactive handle for the key reductive amination step. Following 
the reductive amination and subsequent alloc-group removal, the guanidino 
lipoglycopeptides were purified by high performance liquid chromatography (HPLC). 
Via this route, guanidino lipoglycopeptides 6-20 were prepared incorporating a diverse 
panel of lipophilic fragments: e.g. linear, branched, unsaturated, aromatic substituents 
(Fig. 2). 

 

Fig. 2. Structures of guanidino lipoglycopeptides 6-20 prepared in the present study 
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2.2.2 In vitro antibacterial activity against Gram-positive strains 
 
The antibacterial activities of guanidino lipoglycopeptides 6-20 were assessed in broth 
microdilution assays. Most of the compounds are highly effective against an initial panel 
of Gram-positive pathogens with activities superior to vancomycin and the other 
clinically used glycopeptide antibiotics (Table 1). Notably, the most potent compounds 
identified are >100-fold more active than vancomycin against methicillin-sensitive S. 
aureus (MSSA) and MRSA and even ≥1,000-fold more active against VISA. 
Furthermore, the guanidino lipoglycopeptides also outperform clinically used 
semisynthetic lipoglycopeptides. Specifically, against MRSA and VISA, the most active 
guanidino lipoglycopeptides exhibit MICs >8-fold and >30-fold lower than those 
observed for the most potent clinically used glycopeptides (oritavancin and telavancin 
respectively). In addition, most of the guanidino lipoglycopeptides are ≥100-fold more 
active than vancomycin against VRSA, with some compounds showing enhancements as 
high as 2,000-fold. In the case of VRE with the VanA phenotype, the guanidino 
lipoglycopeptides show increased potencies of up to a 1,000-fold compared to 
vancomycin while against VanB-type VRE isolates enhancements of as high as 16,000-
fold are observed. In addition, the most potent guanidino lipoglycopeptides are >50-fold 
more active than vancomycin against vancomycin-sensitive enterococci (VSE) and S. 
pneumoniae. The guanidino lipoglycopeptides were further assessed against a broader 
panel of MRSA, VISA, VRSA, and VRE (E. faecalis) strains, which again demonstrated 
their superior activity relative to vancomycin and equipotent or superior activity to the 
other clinically relevant glycopeptides (Table S1). Six of the most potent guanidino 
lipoglycopeptides (compounds 7-9, 14, 16, and 18) were also selected for further 
assessment against 31 different VRE isolates revealing MIC50 and MIC90 values ranging 
from 0.031-1.0 μg/mL and 0.5-8.0 μg/mL respectively (Table 2). Additionally, against 
an expanded panel of VISA and VRSA strains compounds 7, 14 and 18 are consistently 
more active than vancomycin, and equipotent or superior to telavancin (Table 3).  
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Table 1. In vitro activity of the guanidino lipoglycopeptides against Gram-positives. 
 MIC (µg/mL) 

Compound Strain 

Id Structure MSSAa MRSAb VISAc VRSAd VSEe VREf 
VanA 

VREg 

VanB S. P.h 

1 Vancomycin 1 1 8 >128 0.5 >128 128 0.5 

2 Teicoplanin 0.5 0.5 16 32 0.5 >128 0.25 0.031 

3 Telavancin 0.125 0.125 0.25 4 0.016 4 ≤0.008 ≤0.008 

4 Dalbavancin 0.25 0.25 1 16 0.063 128 0.016 ≤0.008 

5 Oritavancin 0.25 0.063 1 0.25 0.063 0.5 0.125 ≤0.008 
Guanidino lipoglycopeptides 
6 -C6H13 0.063 0.063 0.25 4 0.031 8 0.031 0.016 

7 -C7H15 ≤0.008 0.016 0.031 1 ≤0.008 4 ≤0.008 ≤0.008 

8 -C8H17 ≤0.008 ≤0.008 ≤0.008 0.5 0.016 1 ≤0.008 ≤0.008 

9 -C9H19 0.016 ≤0.008 ≤0.008 0.125 0.031 0.5 ≤0.008 ≤0.008 

10 -C10H21 0.016 0.063 0.016 0.063 0.016 0.25 ≤0.008 ≤0.008 

11 -C12H25 0.125 0.5 0.5 0.125 0.125 0.125 0.031 ≤0.008 

12 -C14H29 2 4 4 0.5 0.5 0.5 0.5 0.031 

13 -(C4H9)2 0.125 0.125 0.5 16 0.063 32 0.5 0.063 

14 -(C6H13)2 ≤0.008 0.063 ≤0.008 0.25 ≤0.008 1 ≤0.008 ≤0.008 

15 -(C10H21)2 16 16 32 8 4 8 4 2 

16 -Geri ≤0.008 0.031 ≤0.008 0.063 ≤0.008 1 ≤0.008 ≤0.008 

17 -Farj 0.031 0.063 0.125 0.125 0.031 0.125 0.016 ≤0.008 

18 -CH2-CBPk 0.016 0.031 0.016 0.063 ≤0.008 0.125 ≤0.008 ≤0.008 

19 -TCDl 0.016 0.031 0.125 8 ≤0.008 8 0.016 0.016 

20 -CH2-TCDl ≤0.008 ≤0.008 0.016 2 ≤0.008 2 ≤0.008 ≤0.008 
MIC values are the median of a minimum of triplicates. MIC = minimum inhibitory concentration. aATCC29213. 
bMethicillin-resistant S. aureus USA300. cVancomycin-intermediate S. aureus LIM-2, NR-45881. dVancomycin-resistant 
(VanA) S. aureus HIP13419, NR-46413. eVancomycin-sensitive Enterococcus faecium E980. fVancomycin-resistant (VanA) 
E. faecium E155. gVancomycin-resistant (VanB) E. faecium E7314. hStreptococcus pneumoniae 153, ATCC6305. iGer = 
Geranyl. jFar = Farnesyl. kCBP = 4-chloro-1,1'-biphenyl. lTCD = Tricyclo[3.3.1.13,7]decane or adamantane 
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Table 2. MIC, MIC50, and MIC90 of the guanidino lipoglycopeptides against 31 vancomycin-
resistant E. faecium strains. The MIC50 and MIC90 correspond to the concentrations at which growth 
was visibly inhibited for 50% and 90% of the strains tested respectively. 

 MIC (µg/mL) 
Enterococci Compounds 

Strain 
Id 

Van- 
type 

Vanco
mycin 

(1) 

Telav 
ancin 

(3) 
7 8 9 14 16 18 

E155  VanA >128 4 2 1 0.5 1 1 0.125 
E0013  VanA >128 4 4 1 0.5 2 2 0.25 
E0072  VanA >128 2 0.25 0.5 0.125 0.25 0.5 ≤0.008 

E0300  VanA >128 8 4 2 0.5 1 4 0.25 
E0321  VanA >128 16 8 4 1 2 8 0.5 
E0333  VanA >128 8 8 4 1 2 8 0.5 
E0338  VanA >128 8 4 2 0.5 2 4 0.125 
E0341  VanA >128 8 8 4 1 2 4 0.25 
E0506  VanA >128 4 2 2 0.5 1 2 0.125 
E0745  VanA >128 4 1 0.25 0.125 0.25 1 0.031 
E1130  VanA >128 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E1441  VanA >128 8 4 2 1 2 4 0.5 
E1679  VanA >128 16 16 8 4 8 16 1 
E1763  VanA 128 1 0.25 0.031 ≤0.008 0.031 0.125 ≤0.008 

E2297  VanA >128 4 2 1 0.5 1 2 0.125 
E2359  VanB 128 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E2365  VanB 16 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E2373  VanA >128 8 4 2 0.5 1 4 0.25 
E6016  VanA >128 4 1 0.5 0.25 0.5 2 0.063 
E7312  VanA >128 2 0.25 0.063 0.031 0.125 0.25 0.016 
E7314  VanB 128 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E7319  VanA >128 8 0.5 0.125 0.063 0.25 0.5 0.031 
E7329  VanA 1 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E7401  VanB 16 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E7403  VanB 16 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E7413  VanA >128 8 8 4 2 2 8 0.5 
E7424  VanB 4 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E7464  VanB 16 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E8218  VanB 8 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E8235  VanB 16 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 ≤0.008 

E8237  VanA >128 16 8 2 1 2 4 0.25 

MIC50 128 4 1 0.5 0.125 0.25 1 0.031 
MIC90 128 8 8 4 1 2 8 0.5 
MIC values are the median of a minimum of triplicates. MIC = minimum inhibitory concentration. In cases were >128 
was the MIC, 128 µg/mL was used in the calculation of the MIC50 and MIC90. The real value is higher.  In cases where 
≤0.008 was the MIC, 0.008 µg/mL was used in the calculation of the MIC50 and MIC90. The real value could be lower. 
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Table 3. MIC, MIC50, and MIC90 of the guanidino lipoglycopeptides against a panel of 
vancomycin-resistant and -intermediate S. aureus strains. The MIC50 and MIC90 correspond to the 
concentrations at which growth was visibly inhibited for 50% and 90% of the strains tested respectively. 

  

 MIC (µg/mL) 
VRSA/VISA Compounds 

Strain Id 
Vancomycin 

(1) 
Telavancin 

(3) 
Oritavancin 

(5) 
7 14 18 

Vancomycin-resistant Staphylococcus aureus 

VRS1 >128 8 1 16 4 0.5 
VRS2 32 2 0.25 0.25 ≤0.016 ≤0.016 
VRS3a 64 1 0.5 0.25 ≤0.016 ≤0.016 
VRS3b >128 4 0.25 1 0.25 0.063 
VRS4 >128 4 1 8 2 0.25 
VRS5 >128 4 0.5 4 1 0.25 
VRS7 >128 4 0.5 4 2 0.25 
VRS8 >128 16 1 16 4 1 
VRS9 >128 16 2 16 4 1 
VRS11a >128 8 1 16 4 1 
VRS11b >128 8 1 16 4 1 
NRS63SH >128 8 1 8 2 0.5 
BR-VRSA >128 8 0.25 4 1 0.5 
Vancomycin-intermediate Staphylococcus aureus 

NRS17 8 1 4 0.25 0.5 0.25 
NRS18 8 0.25 1 0.125 0.25 0.063 
NRS19 4 0.25 1 0.063 0.25 0.063 
NRS51 4 0.125 0.5 0.031 0.125 0.016 
NRS52 4 0.25 0.5 0.031 0.031 0.016 
NRS402 8 0.25 4 0.063 0.063 0.031 
LIM-2 8 0.25 1 0.031 ≤0.008 0.016 

VRSA 
MIC50 128 8 1 8 2 0.5 
MIC90 128 16 1 16 4 1 

VISA 
MIC50 8 0.25 1 0.063 0.125 0.031 
MIC90 8 1 4 0.25 0.5 0.25 

Both 
MIC50 128 4 1 4 1 0.25 
MIC90 128 16 4 16 4 1 

MIC values are the median of a minimum of triplicates. MIC = minimum inhibitory concentration. In cases where 
the MIC was >128, 128 µg/mL was used in the calculation of the MIC50 and MIC90. The real value is higher. In cases 
where the MIC was ≤0.008 or ≤0.016, 0.008 µg/mL and 0.016 µg/mL were respectively used in the calculation of 
the MIC50 and MIC90. The real value could be lower.  
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2.2.3 In vitro antibacterial activity against anaerobic Clostridia 
 
Guanidino lipoglycopeptides 7, 14, and 18 were also assessed against anaerobic 
Clostridium species (Table 4). Vancomycin is the standard of care for Clostridium 
infections,50 but resistance to vancomycin has been reported.51,52 Antibiotic treatment in 
humans allows for the anaerobic species to colonize the gut, of which Clostridium difficile 
is one of the most important healthcare-associated pathogens causing antibiotic-induced 
diarrhea (ADD).51,52 C. difficile caused 12,000 deaths in the US alone and is the only 
Gram-positive pathogen indicated as urgent threat by the CDC.2 Furthermore, C. difficile 
is also involved in community-associated infections.2 In addition to C. difficile, one of the 
second largest causes of ADD is caused by C. perfringens.53 Besides healthcare-
associated problems, many Clostridium species are responsible for food spoilage, such as 
C. tyrobutyricum54 and C. botulinum,55 of which the latter is responsible for food-born 
botulism causing severe intoxication by deadly botulinum neurotoxin production and was 
therefore substituted for the highly resembling C. sporogenes in MIC assays.55,56  

 
Table 4. In vitro activity of the guanidino lipoglycopeptides against Clostridia. 

 MIC (µg/mL) 
Clostridia Compounds 

Species Strain Id 
Vanco
mycin 

(1) 

Telava
ncin  
(3) 

Dalbav
ancin 

(4) 

Oritava
ncin 
(5) 

7 14 18 

C. difficile DSMZ27543 6.25 3.13 1.56 0.78 0.25 0.50 0.50 
C. perfringens SM101 1.56 3.13 3.13 0.78 0.13 0.5 0.25 

VWO031 1.56 1.56 0.78 1.56 0.06 0.5 0.25 
C202 3.13 0.78 0.23 3.13 0.25 0.5 0.5 
C198 6.25 6.25 1.56 1.56 0.06 0.5 0.13 
VWA080 3.13 1.56 0.39 1.56 0.03 0.5 0.25 
VWA009 6.25 6.25 3.13 1.56 0.03 0.5 0.13 

C. sporogenes ADRIAS882 12.5 3.13 1.56 1.56 0.25 1 1 
ATCC25579 6.25 1.56 0.39 1.56 0.03 0.5 0.13 
ATCC3584 12.5 1.56 1.56 3.13 0.13 1 0.5 

C. tyrobutyricum DSM663 3.13 1.56 1.56 1.56 0.25 0.5 0.5 
S46 12.5 0.2 0.2 0.78 0.13 1 0.13 
NIZO570 12.5 0.78 1.56 1.56 0.25 1 1 
NIZO575 12.5 1.56 0.78 1.56 0.5 1 1 

MIC values are the median of a minimum of triplicates. MIC = minimum inhibitory concentration. Experiment 
performed by Nils Leibrock at NIZO. 

 
While the MIC of the clinically used glycopeptide antibiotics against C. difficile 

ranged from 6.25 µg/mL (vancomycin) to 0.78 µg/mL (oritavancin), the guanidino 
lipoglycopeptides had superior activity with MIC values of 0.5 µg/mL for 14 and 18, and 
even 0.25 µg/mL for 7. Furthermore, against a panel of C. perfringens, C. sporogenes, 



The guanidino lipoglycopeptides – the development and potent in vitro antibacterial activity 

– 65 – 

2 

and C. tyrobutyricum strains, all three guanidino lipoglycopeptides consistently 
outperformed the clinically used glycopeptide antibiotics, with compound 7 having the 
most potent activity with MIC values as low as 0.03 µg/mL against C. perfringens and C. 
sporogenes and 0.13 µg/mL against C. tyrobutyricum. 
 
2.2.4 In vitro antibacterial activity against Gram-negative strains 
 
Previous research has demonstrated the potential for covalently modified semi-synthetic 
glycopeptide antibiotics, such as vancomycin and teicoplanin, to be repurposed to 
effectively target Gram-negative species as well.33–36,43,44,57,58 However, similar to all 
clinically used glycopeptides, the guanidino lipoglycopeptides exhibit no significant 
activity against Gram-negative bacteria (Table 5). 
 

Table 5. In vitro activity of the guanidino lipoglycopeptides against Gram-negatives. 
 MIC (µg/mL) 

Gram-negatives Compounds 

Strain Id 
Vancomycin 

(1) 
Telavancin 

(3) 
7 8 9 14 16 18 

E. coli 
ATCC 35218 >128 >128 >128 >128 >128 >128 >128 >128 
ATCC 25922 >128 >128 >128 >128 >128 >128 >128 >128 
W3110 >128 >128 >128 >128 >128 >128 >128 >128 
K. pneumoniae 
ATCC 13883 >128 >128 >128 >128 >128 >128 >128 >128 
ATCC 27736 >128 >128 >128 >128 >128 >128 >128 >128 
JS265 >128 >128 >128 >128 >128 >128 >128 >128 
MIC values are the median of a minimum of triplicates. MIC = minimum inhibitory concentration.  

 
2.2.5 Structure-activity relationship 
 
The results of the MIC assays indicate that the guanidino lipoglycopeptides are very 
active with significant enhancements in activity relative to vancomycin. Notably, 
analogues containing straight-chain aliphatic lipophilic tails comprising of seven to nine 
carbon atoms, as in compounds 7-9 (heptyl-nonyl), are more potent against MRSA, 
VISA, and VanB-type VRE strains, whereas the introduction of longer lipid tails, such as 
for 10 and 11 (decyl, dodecyl), perform better against VanA-type VRSA and VRE. 
However, when the lipids become longer, such as for 12 (tetradecyl), activity is 
compromised, as reflected by the reduced potency against MSSA and MRSA where the 
MIC values measured for 12 are higher than those achieved with vancomycin. On the 
other hand, the inclusion of shorter lipophilic substituents, as in analogue 6 (hexyl), 
results in a reduction in activity against vancomycin-resistant strains. Thus, among the 
aliphatic mono-substituted guanidino lipoglycopeptides, optimal potency appears to be 
achieved by incorporating a linear lipophilic moiety of seven to twelve carbon atoms. We 
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also examined the effect of including two substituents on the guanidino moiety, as in 
compounds 13-15. In this case, a slightly different trend was observed compared with the 
mono-substituted guanidino lipoglycopeptides: while the C10 mono-substituted 10 is 
clearly more active than the C6 mono-substituted 6, for the di-substituted analogues the 
trend is reversed. Specifically, the C6 di-substituted system (14) is much more potent than 
the C10 di-substituted analogue (15), with the latter also having reduced activity compared 
to vancomycin. In addition to mono- and di-substitution with linear aliphatic moieties, 
we also explored the introduction of more exotic lipophilic moieties including branched, 
unsaturated, aromatic, and adamantyl-based substituents (compound 16-20). In general, 
these analogues are also highly active with 16-18 performing particularly well against 
vancomycin-resistant strains.  
 
2.3 Conclusions 
 
While the need for new therapies to treat Gram-negative infections is of growing concern, 
the AMR-related morbidity and mortality related to infections caused by Gram-positive 
pathogens still far exceeds that associated with Gram-negative organisms.1,2 From the 
time of their clinical introduction, the glycopeptides have been a cornerstone in the 
treatment of serious Gram-positive infections. In recent years, semisynthetic 
lipoglycopeptides such as the clinically approved telavancin, dalbavancin, and 
oritavancin have proven to be important additions to this arsenal, particularly in light of 
growing rates of resistance to vancomycin.9,59 While these next-generation 
lipoglycopeptides show enhanced antibacterial activity relative to vancomycin, they also 
possess limitations related to their toxicity as well as their physicochemical and 
pharmacokinetic properties.21,22,25,26 

 
We here report a new class of highly active semisynthetic lipoglycopeptides 

containing a basic guanidino group bearing a lipophilic substituent. The route developed 
for the synthesis of the guanidino lipoglycopeptides is flexible and allows for the 
inclusion of a range of different substituents (Scheme S1, Fig. 2). A number of 
compounds prepared following this route were found to exhibit extremely potent in vitro 
antibacterial activity against a panel of aerobic and anaerobic Gram-positive strains 
(Table 1, Table 4). In most cases, the MIC values measured for the guanidino 
lipoglycopeptides are much lower than those measured for vancomycin, typically 
translating into 100- or 1,000-fold increases in activity and enhancements of >16,000-
fold for some vancomycin-resistant strains. In addition, the guanidino lipoglycopeptides 
were consistently found to exhibit superior or equipotent in vitro antibacterial activity 
relative to the clinically used semisynthetic lipoglycopeptide telavancin.  
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In summary, we here report the development of the guanidino lipoglycopeptides, 
a promising new class of semisynthetic glycopeptide antibiotics. The in vitro activity 
studies performed with the guanidino lipoglycopeptides demonstrate the potential of this 
new class of semisynthetic glycopeptide antibiotics. Further assessment of the guanidino 
lipoglycopeptides in in vitro cell-based studies (such as toxicity, resistance induction, and 
anti-biofilm activity), mechanistic studies (such as target binding and membrane 
depolarization studies), and in vivo studies (tolerability, PK, and efficacy) is described in 
Chapter 3. 
 
2.4 Experimental Methods 
 
2.4.1 Chemical synthesis 
 
General. Compounds were obtained commercially unless specified otherwise. In cases 
where the product from a previous reactions was used directly, the equivalents of the other 
components indicated in the reaction were based on the equivalents used in the previous 
reaction, assuming quantitative conversion. Thin layer chromatography (TLC) was 
performed on SiliaPlate TLC plates (SiliCycle, glass-backed, silica, 250 µm). 
Visualization was done using UV light, ninhydrin stain, permanganate stain or cerium 
ammonium molybdate stain. Silica gel column chromatography was performed using 
SiliaFlash® P60 silica gel (SiliCycle). The final compounds were purified by preparative 
reverse phase high performance liquid chromatography (RP-HPLC) using a Reprosil 
Gold 120 C18 10 µm column (length: 250 mm, ID: 25 mm. Lot No: 8768. part No: 
r10.9g.s2525. Serial No: 18020211570. Dr Maisch GmbH) on a BESTA-Technik system 
equipped with an ECOM Flash UV detector monitoring at 214 nm and SCPA PrepCon 5 
software, using a 12 mL/min flow rate. Analytical HPLC to assess compound purity was 
performed using a Dr. Maisch ReproSil Gold 120 C18 column (4.6 × 250 mm, 5 μm) on 
a Shimadzu Prominence-i LC-2030 system, using a 1 mL/min flow rate at 30 °C. All 
spectra displayed to show purity were recorded at 214 nm. Buffers used for preparative 
and analytical HPLC were 50 mM ammonium acetate as buffer A and 95% CH3CN + 5% 
H2O as buffer B unless stated otherwise. Nuclear magnetic resonance (NMR) spectra 
were obtained from a Bruker DPX-300, super conducting magnet with a field strength of 
7.0 Tesla, equipped with 5 mm BBO, Broadband Observe probe head, high resolution 
with Z- Gradient, and a 5 mm 19F / 1H dual high resolution probe. High resolution mass 
spectroscopy (HR-MS) analyses were performed on one of two systems: 1) Thermo 
Scientific Dionex UltiMate 3000 HPLC system with a Phenomenex Kinetex C18 column 
(2.1 x 150 mm, 2.6 μm) at 35 °C and equipped with a diode array detector. The following 
solvent system, at a flow rate of 0.3 mL/min, was used: solvent A, 0.1% formic acid in 
H2O; solvent B, 0.1% formic acid in CH3CN. Gradient elution was as follows: 95:5 (A/B) 
for 1 min, 95:5 to 5:95 (A/B) over 9 min, 5:95 to 2:98 (A/B) over 1 min, 2:98 (A/B) for 
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1 min, then reversion back to 95:5 (A/B) over 2 min, 95:5 (A/B) for 1 min. This system 
was connected to a Bruker micrOTOF-Q II mass spectrometer (electrospray ionization) 
calibrated internally with sodium formate; 2) Shimadzu Nexera X2 UHPLC system with 
a Waters Acquity HSS C18 column (2.1 × 100 mm, 1.8 μm) at 30 °C and equipped with 
a diode array detector. The following solvent system, at a flow rate of 0.5 mL/min, was 
used: solvent A, 0.1% formic acid in H2O; solvent B, 0.1% formic acid in CH3CN. 
Gradient elution was as follows: 95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6 min, 
15:85 to 0:100 (A/B) over 1 min, 0:100 (A/B) for 3 min, then reversion back to 95:5 (A/B) 
for 3 min. This system was connected to a Shimadzu 9030 QTOF mass spectrometer (ESI 
ionisation) calibrated internally with Agilent’s API-TOF reference mass solution kit (5.0 
mM purine, 100.0 mM ammonium trifluoroacetate and 2.5 mM hexakis(1H,1H,3H-
tetrafluoropropoxy)phosphazine) diluted to achieve a mass count of 10000. 
 
Synthesis of previously published compounds. Alloc-NCS was synthesized according to 
a previously published synthesis.60 Synthesis of 4-(1,3-dioxolan-2-yl)aniline was 
performed according to a previously described procedure.61 (2E,6E)-3,7,11-
trimethyldodeca-2,6,10-trien-1-amine was synthesized by making the bromide ((E)-1-
bromo-3,7-dimethylocta-2,6-diene) from trans,trans-farnesol ((E,E)-3,7,11-trimethyl-
2,6,10-dodecatrien-1-ol) as previously described,62,63 followed by conversion to the 
amine according to a published method.64,65 The synthesis of (E)-3,7-dimethylocta-2,6-
dien-1-amine followed the same literature procedures64,65 using the commercially 
available bromide. 4'-Chloro-([1,1'-biphenyl]-4-yl)methanamine was made according 
to a published literature procedure.65 
 
The synthesis of N-(allyloxycarbonyl)-N’-(4-(1,3-dioxolan-2-yl)phenyl)thiourea. To a 
crude solution of 4-(1,3-dioxolan-2-yl)aniline (50 mmol, 1 eq) and DIPEA (50 mmol, 1 
eq) in DCM, crude Alloc-NCS was added at RT until TLC (in DCM with 5% EtOAc) 
confirmed complete conversion of 4-(1,3-dioxolan-2-yl)aniline to N-(allyloxycarbonyl)-
N’-(4-(1,3-dioxolan-2-yl)phenyl)thiourea. Crude product was concentrated under 
reduced pressure and purified by silica gel column chromatography (DCM with 
increasing gradient up to 5% EtOAc). Yield over 2 steps: 77%. 1H NMR (300 MHz, 
CDCl3) δ/ppm: 11.47 (s, 1H), 8.42 (s, 1H), 7.67 (d, J = 8.5 Hz, 2H), 7.51 (d, J = 8.5, 
2H), 6.00 – 5.85 (m, 1H), 5.83 (s, 1H), 5.39 (dd, J = 17.2, 1.4 Hz, 1H), 5.33 (dd, J = 10.4, 
1.2 Hz, 1H), 4.70 (dt, J = 5.8, 1.3 Hz, 2H), 4.18 – 3.98 (m, 4H). 13C NMR (75 MHz, 
CDCl3) δ/ppm: 177.75, 152.65, 138.30, 136.59, 130.84, 127.15, 124.10, 119.86, 103.25, 
67.37, 65.40. HR-MS: m/z 309.0913 (observed), 309.0909 (calculated for [M+H]+). 
 
General procedure for the synthesis of 6a-20a. To a solution of N-(allyloxycarbonyl)-N’-
(4-(1,3-dioxolan-2-yl)phenyl)thiourea (5.8 mmol, 1 eq) in DCM, the desired amine 
substituent (11.7 mmol, 2 eq) and NEt3 (11.7 mmol, 2 eq) were added. Subsequently EDC 
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HCl (11.7 mmol, 2 eq) was added and the reaction mixture was stirred at RT. After 2 h, 
the reaction was complete and the solution was concentrated under reduced pressure. The 
products were purified by silica gel column chromatography (DCM + 5% EtOAc). 
 
Characterization of 6a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.70 
(s, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 6.8 Hz, 2H), 6.13 – 5.91 (m, 1H), 5.78 (s, 
1H), 5.34 (d, J = 17.3 Hz, 1H), 5.21 (d, J = 10.4 Hz, 1H), 4.62 (d, J = 5.6 Hz, 2H), 4.21 
– 3.99 (m, 4H), 3.43 – 3.29 (m, 2H), 1.57-1.38 (m, 2H), 1.36-1.16 (m, 6H), 0.94 – 0.78 
(m, 3H). 13C NMR (75 MHz, CDCl3) δ/ppm: 164.21, 158.64, 137.02, 136.61, 133.67, 
128.33, 117.42, 103.14, 66.02, 65.48, 41.37, 31.45, 29.40, 26.51, 22.54, 14.02. HR-MS: 
m/z 376.2242 (observed), 376.2236 (calculated for [M+H]+) 
 
Characterization of 7a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.70 
(s, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 7.7 Hz, 2H), 6.14 – 5.93 (m, 1H), 5.79 (s, 
1H), 5.34 (dd, J = 17.2, 1.3 Hz, 1H), 5.21 (dd, J = 10.4, 1.2 Hz, 1H), 4.62 (d, J = 5.7 Hz, 
2H), 4.22 – 4.00 (m, 4H), 3.42 – 3.29 (m, 2H), 1.57 1.38 (m, 2H), 1.34 – 1.18 (m, 8H), 
0.92 – 0.80 (m, 3H).13C NMR (75 MHz, CDCl3) δ/ppm: 164.27, 158.69, 137.10, 136.57, 
133.77, 128.40, 117.45, 103.18, 66.06, 65.54, 41.43, 31.77, 29.50, 29.00, 26.85, 22.65, 
14.15. HR-MS: m/z 390.2402 (observed), 390.2393 (calculated for [M+H]+) 
 
Characterization of 8a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.70 
(s, 1H), 7.53 (d, J = 8.0 Hz, 2H), 7.22 (d, J = 7.4 Hz, 2H), 6.12 – 5.93 (m, 1H), 5.79 (s, 
1H), 5.34 (dd, J = 17.2, 1.5 Hz, 1H), 5.21 (dd, J = 10.4, 1.4 Hz, 1H), 4.62 (d, J = 5.7 Hz, 
2H), 4.22 – 3.99 (m, 4H), 3.43 – 3.28 (m, 2H), 1.59 – 1.37 (m, 2H), 1.34 – 1.15 (m, 10H), 
0.93 – 0.81 (m, 3H).13C NMR (75 MHz, CDCl3) δ/ppm: 164.23, 158.67, 137.09, 136.55, 
133.74, 128.37, 125.51, 117.43, 103.15, 66.04, 65.51, 41.41, 31.82, 29.47, 29.27, 29.21, 
26.87, 22.69, 14.16. HR-MS: m/z 404.2547 (observed), 404.2549 (calculated for [M+H]+) 
 
Characterization of 9a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.71 
(s, 1H), 7.53 (d, J = 7.8 Hz, 2H), 7.22 (d, J = 7.2 Hz, 2H), 6.15 – 5.93 (m, 1H), 5.78 (s, 
1H), 5.34 (d, J = 17.2 Hz, 1H), 5.21 (d, J = 10.4 Hz, 1H), 4.61 (d, J = 5.5 Hz, 2H), 4.22 
– 3.97 (m, 4H), 3.44 – 3.26 (m, 2H), 1.57 – 1.38 (m, 2H), 1.38 – 1.13 (m, 12H), 0.96 – 
0.79 (m, 3H). 13C NMR (75 MHz, CDCl3) δ/ppm: 164.14, 158.58, 137.01, 136.45, 133.67, 
128.26, 125.38, 117.32, 103.06, 65.93, 65.41, 41.31, 31.81, 29.41, 29.38, 29.23, 29.18, 
26.78, 22.63, 14.10. HR-MS: m/z 418.2716 (observed), 418.2706 (calculated for [M+H]+) 
 
Characterization of 10a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.70 
(s, 1H), 7.53 (d, J = 7.6 Hz, 2H), 7.22 (d, J = 7.1 Hz, 2H), 6.11 – 5.92 (m, 1H), 5.79 (s, 
1H), 5.34 (d, J = 17.2 Hz, 1H), 5.21 (d, J = 10.4 Hz, 1H), 4.62 (d, J = 5.3 Hz, 2H), 4.22 
– 3.99 (m, 4H), 3.43 – 3.28 (m, 2H), 1.56 – 1.38 (m, 2H), 1.36 – 1.14 (m, 14H), 0.92 – 
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0.82 (m, 3H). 13C NMR (75 MHz, CDCl3) δ/ppm: 164.23, 158.66, 137.09, 136.54, 133.74, 
128.37, 117.43, 103.15, 66.03, 65.51, 41.41, 31.94, 29.56, 29.48, 29.35, 29.32, 26.88, 
22.74, 14.19. HR-MS: m/z 432.2871 (observed), 432.2862 (calculated for [M+H]+) 
 
Characterization of 11a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.70 
(s, 1H), 7.53 (d, J = 7.8 Hz, 2H), 7.22 (d, J = 7.4 Hz, 2H), 6.17 – 5.91 (m, 1H), 5.78 (s, 
1H), 5.34 (d, J = 17.2 Hz, 1H), 5.21 (d, J = 10.4 Hz, 1H), 4.62 (d, J = 5.5 Hz, 2H), 4.21 
– 3.99 (m, 4H), 3.41 – 3.29 (m, 2H), 1.57 – 1.37 (m, 2H), 1.37 – 1.13 (m, 18H), 0.94 – 
0.79 (m, 3H). 13C NMR (75 MHz, CDCl3) δ/ppm: 164.22, 158.64, 137.08, 136.56, 133.72, 
128.34, 125.48, 117.39, 103.12, 66.00, 65.48, 41.38, 31.95, 29.67, 29.60, 29.53, 29.45, 
29.39, 29.30, 26.85, 22.73, 14.17. HR-MS: m/z 460.3184 (observed), 460.3175 
(calculated for [M+H]+) 
 
Characterization of 12a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.71 
(s, 1H), 7.53 (d, J = 7.9 Hz, 2H), 7.22 (d, J = 7.1 Hz, 2H), 6.11 – 5.93 (m, 1H), 5.78 (s, 
1H), 5.34 (dd, J = 17.2, 1.2 Hz, 1H), 5.21 (dd, J = 10.4, 1.0 Hz, 1H), 4.61 (d, J = 5.6 Hz, 
2H), 4.22 – 3.98 (m, 4H), 3.45 – 3.26 (m, 2H), 1.59 – 1.38 (m, 2H), 1.38 – 1.13 (m, 22H), 
0.99 – 0.78 (m, 3H). 13C NMR (75 MHz, CDCl3) δ/ppm: 164.16, 158.61, 137.06, 136.50, 
133.69, 128.30, 125.45, 117.37, 103.11, 65.98, 65.44, 41.36, 31.94, 29.70, 29.66, 29.58, 
29.51, 29.43, 29.38, 29.28, 26.83, 22.71, 14.15. HR-MS: m/z 488.3491 (observed), 
488.3488 (calculated for [M+H]+) 
 
Characterization of 13a. Yield: 81%. 1H NMR (300 MHz, CDCl3) δ/ppm: δ 10.31 (s, 
1H), 7.42 (d, J = 8.5 Hz, 2H), 7.01 (d, J = 8.4 Hz, 2H), 6.10 – 5.89 (m, 1H), 5.75 (s, 1H), 
5.32 (dd, J = 17.2, 1.5 Hz, 1H), 5.19 (dd, J = 10.4, 1.3 Hz, 1H), 4.58 (dt, J = 5.8, 1.3 Hz, 
2H), 4.21 – 3.97 (m, 4H), 3.26 (t, J = 7.4 Hz, 4H), 1.61 – 1.39 (m, 4H), 1.24 (h, J = 7.4 
Hz, 4H), 0.87 (t, J = 7.3 Hz, 6H). 13C NMR (75 MHz, CDCl3) δ/ppm: 163.73, 160.90, 
141.21, 133.74, 133.61, 127.87, 121.12, 117.56, 103.46, 66.25, 65.41, 48.06, 29.76, 
20.12, 13.90. HR-MS: m/z 404.2564 (observed), 404.2549 (calculated for [M+H]+) 
 
Characterization of 14a. Yield: 52%. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.31 (s, 1H), 
7.42 (d, J = 8.4 Hz, 2H), 7.01 (d, J = 8.3 Hz, 2H), 6.09 – 5.92 (m, 1H), 5.76 (s, 1H), 5.32 
(dd, J = 17.2, 1.5 Hz, 1H), 5.20 (dd, J = 10.4, 1.4 Hz, 1H), 4.58 (dt, J = 5.8, 1.3 Hz, 2H), 
4.21 – 3.97 (m, 4H), 3.35 – 3.16 (t, J = 7.4 Hz, 4H), 1.59 – 1.41 (m, 4H), 1.37 – 1.11 (m, 
12H), 0.91 – 0.83 (m, 6H).13C NMR (75 MHz, CDCl3) δ/ppm: 160.93, 141.23, 133.79, 
133.67, 127.89, 121.16, 117.57, 103.50, 66.28, 65.45, 48.37, 31.62, 27.64, 26.61, 22.66, 
14.13. HR-MS: m/z 460.3200 (observed), 460.3175 (calculated for [M+H]+) 
 
Characterization of 15a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.29 
(s, 1H), 7.41 (d, J = 8.4 Hz, 2H), 7.01 (d, J = 8.2 Hz, 2H), 6.11 – 5.89 (m, 1H), 5.74 (s, 
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1H), 5.30 (dd, J = 17.2, 1.4 Hz, 1H), 5.17 (dd, J = 10.4, 1.3 Hz, 1H), 4.57 (d, J = 5.7 Hz, 
2H), 4.18 – 3.92 (m, 4H), 3.26 (t, J = 7.2 Hz, 4H), 1.61 – 1.41 (m, 4H), 1.39 – 1.12 (m, 
28H), 0.95 – 0.80 (m, 6H).13C NMR (75 MHz, CDCl3) δ/ppm: 163.40, 160.56, 140.91, 
133.56, 133.40, 127.58, 120.81, 117.17, 103.17, 65.93, 65.11, 48.09, 31.73, 29.36, 29.14, 
27.39, 26.64, 22.53, 13.97. HR-MS: m/z 572.4429 (observed), 572.4427 (calculated for 
[M+H]+) 
 
Characterization of 16a. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.72 
(s, 1H), 7.52 (d, J = 8.2 Hz, 2H), 7.21 (d, J = 8.0 Hz, 2H), 6.11 – 5.92 (m, 1H), 5.78 (s, 
1H), 5.34 (dd, J = 17.2, 1.5 Hz, 1H), 5.21 (dd, J = 10.4, 1.4 Hz, 1H), 5.15 (t, J = 5.8 Hz, 
1H), 5.09 – 4.98 (m, 1H), 4.62 (d, J = 5.8 Hz, 2H), 4.20 – 4.00 (m, 4H), 4.02 – 3.91 (m, 
2H), 2.12 – 1.91 (m, 4H), 1.65 (s, 3H), 1.63 (s, 3H), 1.58 (s, 3H). 13C NMR (75 MHz, 
CDCl3) δ/ppm: 140.53, 133.52, 131.79, 128.26, 125.27, 123.74, 119.41, 117.49, 103.13, 
66.02, 65.45, 39.45, 26.27, 25.70, 17.72, 16.40. HR-MS: m/z 428.2556 (observed), 
428.2549 (calculated for [M+H]+) 
 
Characterization of 17a. Yield: 75%. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.71 (s, 1H), 
7.52 (d, J = 8.1 Hz, 2H), 7.23 (d, J = 7.4 Hz, 2H), 6.12 – 5.92 (m, 1H), 5.78 (s, 1H), 5.34 
(dd, J = 17.2, 1.3 Hz, 1H), 5.22 (dd, J = 10.4, 1.3 Hz, 1H), 5.18 – 5.01 (m, 3H), 4.62 (d, 
J = 5.5 Hz, 2H), 4.19 – 4.02 (m, 4H), 4.02 – 3.92 (m, 2H), 2.14 – 1.89 (m, 8H), 1.67 (s, 
3H), 1.64 (s, 3H), 1.59 (s, 3H), 1.57 (s, 3H).13C NMR (75 MHz, CDCl3) δ/ppm: 164.20, 
158.45, 140.75, 137.12, 135.50, 133.73, 131.41, 128.36, 125.40, 124.91, 124.38, 123.72, 
119.40, 117.47, 103.19, 66.07, 65.54, 39.77, 39.56, 39.50, 26.79, 26.35, 25.80, 17.80, 
16.53, 16.11. HR-MS: m/z 496.3178 (observed), 496.3175 (calculated for [M+H]+) 
 
Characterization of 18a. 18a was used crude in the next step. The 4'-chloro-([1,1'-
biphenyl]-4-yl)methanamine is present in this reaction as HCl salt. Although the reaction 
is performed under basic conditions in NEt3, partial removal of the cyclic acetal and thus 
partial formation of 18b was already observed in this reaction. Therefore, intermediate 
purification was omitted and 18a (with partially formed 18b) was used crude in the next 
step. 
 
Characterization of 19a. Yield: 91%. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.64 (s, 1H), 
7.51 (d, J = 8.0 Hz, 2H), 7.21 (d, J = 7.9 Hz, 2H), 6.14 – 5.92 (m, 1H), 5.78 (s, 1H), 5.34 
(d, J = 17.3 Hz, 1H), 5.21 (dd, J = 10.4, 1.2 Hz, 1H), 4.80 (s, 1H), 4.65 (d, J = 5.1 Hz, 
2H), 4.21 – 3.96 (m, 4H), 2.20 – 1.95 (m, 9H), 1.74 – 1.57 (m, 6H). 13C NMR (75 MHz, 
CDCl3) δ/ppm: 157.73, 137.62, 134.12, 128.37, 125.06, 117.01, 103.26, 66.46, 65.55, 
42.25, 36.40, 29.65. HR-MS: m/z 426.2396 (observed), 426.2393 (calculated for [M+H]+) 
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Characterization of 20a. Yield: 91%. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.77 (s, 1H), 
7.55 (d, J = 7.4 Hz, 2H), 7.25 (d, J = 7.1 Hz, 2H), 6.13 – 5.90 (m, 1H), 5.80 (s, 1H), 5.34 
(dd, J = 17.2, 1.5 Hz, 1H), 5.21 (dd, J = 10.4, 1.3 Hz, 1H), 4.87 (s, 1H), 4.62 (d, J = 5.7 
Hz, 2H), 4.21 – 4.00 (m, 4H), 3.10 (d, J = 5.4 Hz, 2H), 2.04 – 1.87 (m, 3H), 1.78 – 1.33 
(m, 12H). 13C NMR (75 MHz, CDCl3) δ/ppm: 164.39, 159.09, 140.63, 133.82, 128.41, 
125.30, 117.43, 103.21, 66.07, 65.51, 52.66, 40.36, 36.95, 33.71, 28.20. HR-MS: m/z 
440.2541 (observed), 4440.2549 (calculated for [M+H]+) 
 
General procedure for the synthesis of 6b-20b. To a solution of 6a-20a (5.8 mmol, 1 eq) 
in a minimal amount of THF (~10 mL), 1 M aqueous HCl (11.7 mmol, 2 eq) was added 
and the reaction mixture was stirred at RT for 1 h. The reaction was quenched with 
saturated NaHCO3, and product was extracted with DCM twice. Organic layers were 
combined, dried over Na2SO4 and filtered. The crude products were concentrated under 
reduced pressure and where necessary purified by silica gel column chromatography (2/1 
PE/EtOAc).  
 
Characterization of 6b. Yield; Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.86 (s, 
1H), 7.82 (d, J = 7.9 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 6.07 – 5.86 (m, 1H), 5.33 (dd, J 
= 17.2, 1.4 Hz, 1H), 5.23 (dd, J = 10.4, 1.3 Hz, 1H), 4.61 (d, J = 5.7 Hz, 2H), 3.47 – 3.30 
(m, 2H), 1.67 – 1.52 (m, 2H), 1.43 – 1.22 (m, 6H), 0.94 – 0.82 (m, 3H). 13C NMR (75 
MHz, CDCl3) δ/ppm: 190.84, 132.51, 131.41, 123.21, 118.14, 66.27, 41.51, 31.35, 29.08, 
26.50, 22.45, 13.94. HR-MS: m/z 332.1980 (observed), 332.1974 (calculated for 
[M+H]+) 
 
Characterization of 7b. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.89 (s, 
1H), 7.85 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 7.0 Hz, 2H), 6.05 – 5.86 (m, 1H), 5.33 (dd, J 
= 17.2, 1.4 Hz, 1H), 5.24 (dd, J = 10.4, 1.3 Hz, 1H), 4.61 (d, J = 5.8 Hz, 2H), 3.48 – 3.29 
(m, 2H), 1.67 – 1.53 (m, 2H), 1.41 – 1.21 (m, 8H), 0.93 – 0.83 (m, 3H).13C NMR (75 
MHz, CDCl3) δ/ppm: 190.91, 131.59, 123.37, 118.35, 66.41, 41.56, 31.73, 29.23, 28.96, 
26.90, 22.61, 14.10. HR-MS: m/z 346.2138 (observed), 346.2130 (calculated for [M+H]+) 
 
Characterization of 8b. Yield: 98%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.90 (s, 1H), 
7.86 (d, J = 8.0 Hz, 2H), 7.25 (d, J = 6.3 Hz, 2H), 6.10 – 5.85 (m, 1H), 5.33 (dd, J = 
17.2, 1.4 Hz, 1H), 5.24 (dd, J = 10.4, 1.2 Hz, 1H), 4.61 (d, J = 5.8 Hz, 2H), 3.46 – 3.32 
(m, 2H), 1.67 – 1.50 (m, 2H), 1.41 – 1.22 (m, 10H), 0.92 – 0.82 (m, 3H). 13C NMR (75 
MHz, CDCl3) δ/ppm: 190.95, 131.64, 123.43, 118.40, 66.45, 41.60, 31.83, 29.28, 29.22, 
26.97, 22.69, 14.16. HR-MS: m/z 360.2286 (observed), 360.2287 (calculated for [M+H]+) 
 
Characterization of 9b. Yield: 71%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.90 (s, 1H), 
7.85 (d, J = 7.8 Hz, 2H), 7.25 (d, J = 6.2 Hz, 2H), 6.05 – 5.86 (m, 1H), 5.33 (dd, J = 
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17.2, 1.4 Hz, 1H), 5.24 (dd, J = 10.4, 1.3 Hz, 1H), 4.61 (d, J = 5.8 Hz, 2H), 3.47 – 3.28 
(m, 2H), 1.68 – 1.51 (m, 2H), 1.41 – 1.18 (m, 12H), 0.92 – 0.81 (m, 3H). 13C NMR (75 
MHz, CDCl3) δ/ppm: 190.92, 131.63, 123.41, 118.36, 66.44, 41.57, 31.89, 29.51, 29.32, 
29.28, 26.96, 22.71, 14.16. HR-MS: m/z 374.2450 (observed), 374.2443 (calculated for 
[M+H]+) 
 
Characterization of 10b. Yield: 95%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.88 (s, 1H), 
7.84 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 7.2 Hz, 2H), 6.06 – 5.87 (m, 1H), 5.33 (dd, J = 
17.2, 1.4 Hz, 1H), 5.23 (dd, J = 10.4, 1.2 Hz, 1H), 4.61 (d, J = 5.8 Hz, 2H), 3.45 – 3.29 
(m, 2H), 1.69 – 1.52 (m, 2H), 1.42 – 1.19 (m, 14H), 0.93 – 0.83 (m, 3H).13C NMR (75 
MHz, CDCl3) δ/ppm: 190.87, 131.56, 123.36, 118.26, 66.39, 41.55, 31.90, 29.53, 29.31, 
29.29, 29.21, 26.93, 22.69, 14.14. HR-MS: m/z 388.2610 (observed), 388.2600 
(calculated for [M+H]+) 
 
Characterization of 11b. Yield: 98%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.88 (s, 1H), 
7.84 (d, J = 8.0 Hz, 2H), 7.26 (d, J = 7.2 Hz, 2H), 6.06 – 5.87 (m, 1H), 5.33 (dd, J = 
17.2, 1.4 Hz, 1H), 5.23 (dd, J = 10.4, 1.2 Hz, 1H), 4.61 (d, J = 5.8 Hz, 2H), 3.46 – 3.27 
(m, 2H), 1.69 – 1.53 (m, 2H), 1.42 – 1.17 (m, 18H), 0.94 – 0.81 (m, 3H). 13C NMR (75 
MHz, CDCl3) δ/ppm: 190.86, 131.55, 123.34, 118.33, 66.39, 41.55, 31.92, 29.65, 29.59, 
29.53, 29.36, 29.29, 29.21, 26.94, 22.70, 14.15. HR-MS: m/z 416.2920 (observed), 
416.2913 (calculated for [M+H]+) 
 
Characterization of 12b. Yield: Quantitative. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.87 
(s, 1H), 7.83 (d, J = 8.1 Hz, 2H), 7.26 (d, J = 7.7 Hz, 2H), 6.05 – 5.83 (m, 1H), 5.33 (dd, 
J = 17.2, 1.5 Hz, 1H), 5.23 (dd, J = 10.4, 1.3 Hz, 1H), 4.61 (d, J = 5.8 Hz, 2H), 3.46 – 
3.31 (m, 2H), 1.68 – 1.53 (m, 2H), 1.41 – 1.18 (m, 22H), 0.94 – 0.81 (m, 3H). 13C NMR 
(75 MHz, CDCl3) δ/ppm: 190.81, 131.49, 123.29, 118.27, 66.34, 41.54, 31.91, 29.64, 
29.57, 29.50, 29.35, 29.27, 29.19, 26.91, 22.68, 14.12. HR-MS: m/z 444.3232 (observed), 
444.3226 (calculated for [M+H]+) 
 
Characterization of 13b. Yield: 94%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.90 (s, 1H), 
7.82 (d, J = 8.6 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 6.05 – 5.87 (m, 1H), 5.31 (dd, J = 
17.2, 1.5 Hz, 1H), 5.20 (dd, J = 10.4, 1.4 Hz, 1H), 4.56 (dt, J = 5.8, 1.3 Hz, 2H), 3.34 (t, 
J = 7.5 Hz, 4H), 1.65 – 1.49 (m, 4H), 1.29 (h, J = 7.4 Hz, 4H), 0.90 (t, J = 7.3 Hz, 6H). 
13C NMR (75 MHz, CDCl3) δ/ppm: 190.82, 133.11, 131.64, 131.51, 119.86, 117.86, 
66.43, 48.26, 29.82, 20.12, 13.84. HR-MS: m/z 360.2294 (observed), 360.2287 
(calculated for [M+H]+) 
 
Characterization of 14b. Yield: 88%. 1H NMR (300 MHz, CDCl3) δ/ppm: δ 9.90 (s, 1H), 
7.82 (d, J = 8.6 Hz, 2H), 7.07 (d, J = 8.4 Hz, 2H), 6.04 – 5.88 (m, 1H), 5.31 (dd, J = 
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17.2, 1.5 Hz, 1H), 5.20 (dd, J = 10.4, 1.4 Hz, 1H), 4.56 (dt, J = 5.8, 1.3 Hz, 2H), 3.41 – 
3.23 (m, 4H), 3.33 (t, J = 7.5 Hz, 4H), 1.35 – 1.18 (m, 12H), 0.94 – 0.79 (m, 6H). 13C 
NMR (75 MHz, CDCl3) δ/ppm: 190.82, 133.13, 131.69, 131.52, 119.90, 117.86, 66.44, 
48.55, 31.51, 27.68, 26.57, 22.59, 14.07. HR-MS: m/z 416.2932 (observed), 416.2913 
(calculated for [M+H]+) 
 
Characterization of 15b. Yield: 80%. 1H NMR (300 MHz, CDCl3) δ/ppm: 10.22 (s, 1H), 
9.90 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 6.05 – 5.86 (m, 1H), 5.31 
(dd, J = 17.2, 1.0 Hz, 1H), 5.20 (dd, J = 10.4, 0.9 Hz, 1H), 4.56 (d, J = 5.7 Hz, 2H), 3.32 
(t, J = 7.4 Hz, 4H), 1.68 – 1.47 (m, 4H), 1.38 – 1.15 (m, 28H), 0.97 – 0.79 (m, 6H). 13C 
NMR (75 MHz, CDCl3) δ/ppm: 190.76, 133.14, 131.68, 131.50, 119.71, 117.85, 66.44, 
48.54, 31.94, 29.58, 29.35, 27.72, 26.91, 22.74, 14.19. HR-MS: m/z 528.4174 (observed), 
528.4165 (calculated for [M+H]+) 
 
Characterization of 16b. Yield: 77%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.92 (s, 1H), 
7.86 (d, J = 8.3 Hz, 2H), 7.28 (d, J = 7.1 Hz, 2H), 6.06 – 5.87 (m, 1H), 5.40 – 5.19 (m, 
3H), 5.10 – 5.01 (m, 1H), 4.61 (d, J = 5.8 Hz, 2H), 4.06 – 3.90 (m, 2H), 2.17 – 1.96 (m, 
4H), 1.70 (s, 3H), 1.66 (s, 3H), 1.59 (s, 3H). 13C NMR (75 MHz, CDCl3) δ/ppm: 190.96, 
140.97, 132.03, 131.65, 123.68, 123.16, 119.40, 66.45, 39.64, 39.54, 26.36, 25.76, 17.80, 
16.52. HR-MS: m/z 384.2296 (observed), 384.2287 (calculated for [M+H]+) 
 
Characterization of 17b.  Yield 40%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.93 (s, 1H), 
7.87 (d, J = 8.0 Hz, 2H), 7.35 – 7.19 (m, 2H), 6.05 – 5.87 (m, 1H), 5.39 – 5.20 (m, 3H), 
5.14 – 5.02 (m, 2H), 4.61 (d, J = 5.7 Hz, 2H), 4.05 – 3.93 (m, 2H), 2.18 – 1.91 (m, 8H), 
1.71 (s, 3H), 1.67 (s, 3H), 1.59 (s, 6H). 13C NMR (75 MHz, CDCl3) δ/ppm: 190.96, 
141.11, 135.70, 131.70, 131.48, 124.37, 123.60, 123.20, 119.39, 66.51, 39.79, 39.68, 
39.60, 26.81, 26.36, 25.83, 17.82, 16.60, 16.15. HR-MS: m/z 452.2923 (observed), 
452.2913 (calculated for [M+H]+) 
 
Characterization of 18b.  Yield over 2 steps: 65%. 1H NMR (300 MHz, CDCl3) δ/ppm: 
9.88 (s, 1H), 7.84 (d, J = 8.3 Hz, 2H), 7.59 – 7.45 (m, 4H), 7.45 – 7.34 (m, 4H), 7.19 (s, 
2H), 6.05 – 5.84 (m, 1H), 5.34 (dd, J = 17.2, 1.2 Hz, 1H), 5.25 (dd, J = 10.4, 1.2 Hz, 1H), 
4.68 – 4.58 (m, 4H). 13C NMR (75 MHz, CDCl3) δ/ppm: 190.94, 139.49, 139.12, 137.20, 
133.61, 131.75, 129.06, 128.37, 128.33, 127.45, 123.61, 66.70, 45.05. HR-MS: m/z 
448.1445 (observed), 448.1428 (calculated for [M+H]+) 
 
Characterization of 19b.  Yield: 62%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.92 (s, 1H), 
7.85 (d, J = 8.2 Hz, 2H), 7.11 (s, 2H), 6.05 – 5.79 (m, 1H), 5.32 (dd, J = 17.2, 1.3 Hz, 
1H), 5.25 (dd, J = 10.4, 1.2 Hz, 1H), 4.60 (d, J = 5.6 Hz, 2H), 2.17 – 2.05 (m, 9H), 1.75 
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– 1.62 (m, 6H).  13C NMR (75 MHz, CDCl3) δ/ppm: 191.11, 131.84, 123.22, 66.67, 41.97, 
36.49, 29.65. HR-MS: m/z 382.2120 (observed), 382.2131 (calculated for [M+H]+) 
 
Characterization of 20b.  Yield: 86%. 1H NMR (300 MHz, CDCl3) δ/ppm: 9.93 (s, 1H), 
7.87 (d, J = 8.7 Hz, 2H), 7.24 (s, 2H), 6.09 – 5.80 (m, 1H), 5.34 (dd, J = 17.2, 1.5 Hz, 
1H), 5.25 (dd, J = 10.4, 1.2 Hz, 1H), 4.62 (dt, J = 5.8, 1.3 Hz, 2H), 3.21 – 2.97 (m, 2H), 
2.09 – 1.91 (m, 3H), 1.81 – 1.39 (m, 12H). 13C NMR (75 MHz, CDCl3) δ/ppm: 191.01, 
131.73, 123.25, 66.55, 53.23, 40.48, 36.96, 33.66, 28.27. HR-MS: m/z 396.2271 
(observed), 396,2287 (calculated for [M+H]+) 
 
General procedure for the synthesis of 6c-20c. To a solution of 6b-20b (538 µmol, 2 eq) 
in DMF/MeOH (4 mL), vancomycin hydrochloride (269 µmol, 1 eq) and DIPEA (1.35 
mmol, 5 eq) were added. After the reaction was stirred under reflux conditions at 70 ºC 
for 2 h, NaBH3CN (2.69 mmol, 10 eq) was added and the reaction temperature was 
reduced to 50 ºC. After 5 h, an additional 10 eq of NaBH3CN (2.69 mmol) was added, 
followed 18 h after by an extra 10 eq NaBH3CN (2.69 mmol) and 1 eq of 6b-20b (269 
µmol). After an additional 18 h, the reaction mixture was quenched by the addition of 
H2O. Solvents were evaporated under reduced pressure, the residue was redissolved in 
DMF and precipitated twice in cold diethyl ether. The precipitates were dried and used 
crude in the next step. 
 
General procedure for the synthesis of 6-20. To a solution of crude 6c-20c (269 µmol, 1 
eq) in dry DMF (5 mL) under argon atmosphere, Pd(PPh3)4 (67 µmol, 0.25 eq) and 
phenylsilane (6.7 mmol, 25 eq) were added. The reaction mixture was stirred for 1 h at 
RT under argon atmosphere. After complete deprotection, the reaction was quenched with 
H2O and the solvents were evaporated under reduced pressure. The residue was 
redissolved in a mixture of buffer A (50 mM ammonium acetate) and buffer B (95% 
CH3CN, 5% H2O) and centrifuged to remove any residual solids. The supernatant was 
applied to preparative RP-HPLC using different gradients of buffer A to B based on the 
compound’s polarity. The purity of the fractions was assessed on analytical RP-HPLC 
using a 0-100% buffer B gradient over 30 minutes. Pure fractions were pooled and 
lyophilized to obtain a white powder. The purity of the pooled final compound was 
assessed on analytical RP-HPLC using a 0-100% buffer B gradient over 60 minutes. See 
Table 6 for HRMS analysis and yields, see Figure S1 for chromatographic plots and final 
purities of the guanidino lipoglycopeptides. 
 
  



Chapter 2 

– 76 –  

2 

Table 6. HRMS analysis and yields of the guanidino lipoglycopeptides. 

Sample 
ID 

Chemical formula 
Calculated 

M + H 
Calculated 
(M+2H)/2 

Measured 
Yield 

over 2 
steps 

6 C80H96Cl2N12O24 1679.6115 840.3097 840.3100 54% 
7 C81H98Cl2N12O24 1693.6272 847.3175 847.3168 43% 
8 C82H100Cl2N12O24 1707.6428 854.3253 854.3256 5% 
9 C83H102Cl2N12O24 1721.6585 861.3332 861.3334 74% 

10 C84H104Cl2N12O24 1735.6741 868.3410 868.3418 13% 
11 C86H108Cl2N12O24 1763.7054 882.3566 882.3573 16% 
12 C88H112Cl2N12O24 1791.7367 896.3723 896.3725 5% 
13 C82H100Cl2N12O24 1707.6429 854.3254 854.3265 33% 
14 C86H108Cl2N12O24 1763.7055 882.3567 882.3561 34% 
15 C94H124Cl2N12O24 1875.8306 938.4192 938.4197 9% 
16 C84H100Cl2N12O24 1731.6428 866.3253 866.3254 34% 
17 C89H108Cl2N12O24 1799.7054 900.3566 900.3564 11% 
18 C87H93Cl3N12O24 1795.5569 898.2824 898.2828 15% 
19 C84H98Cl2N12O24 1729.6272 865.3175 1729.6245 9% 
20 C85H100Cl2N12O24 1743.6429 872.3253 1743.6435 9% 

 
2.4.2 In vitro activity assessment 
 
Bacterial strains. All ATCC reference strains were commercially obtained or supplied by 
the LUMC, Leiden. The E. faecium and E. faecalis strains were clinical isolates obtained 
from the UMCU, Utrecht. MRSA USA300 is a clinical isolate from the Texas Children’s 
Hospital. The other S. aureus clinical isolates (MRSA, VISA, and VRSA) were supplied 
by the Network on Antimicrobial Resistance in S. aureus (NARSA) via BEI Resources, 
NIAID, NIH. 
 
Broth microdilution assay. From glycerol stocks, bacterial strains were cultured on blood 
agar plates and incubated overnight at 37 °C. A single colony was transferred to tryptic 
soy broth (TSB) with 0.002% polysorbate 80 (p80). In case of VRSA strains, 6 µg/mL 
vancomycin was supplemented to the media. The cultures were grown to exponential 
phase (OD600=0.5) at 37 °C. The bacterial suspensions were diluted 100-fold in TSB with 
0.002% p80 (no vancomycin was supplemented to the media of VRSA from here on) and 
50 µL was added to a 2-fold serial dilution series of test compound (50 µL per well) in 
polypropylene 96-well microtiter plates to reach a volume of 100 µL. The plates were 
sealed with breathable membranes and incubated at 37 °C for 20-24 h with constant 
shaking (600 rpm). For S. pneumoniae direct colony suspension was used by immediately 
suspending multiple colonies from fresh blood agar plates in TSB + 0.002% p80 to an 
OD600 of 0.5 and subsequent 100-fold dilution in TSB + 0.002% p80 + 5% lysed horse 
blood. Antibiotic dilutions for this strain were also made in TSB + 0.002% p80 + 5% 
lysed horse blood. Both agar and microplates containing S. pneumoniae were incubated 
at 37 °C with 5% CO2 for 24 h with constant shaking (600 rpm). The MICs were 
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determined from the median of a minimum of triplicates. For determination of the MIC50 
and MIC90 of the guanidino lipoglycopeptides, the MIC values of a panel of strains was 
assessed. The MIC50 and MIC90 values were based on the concentrations at which growth 
was visibly inhibited for 50% and 90% of the strains tested respectively. MIC testing for 
Clostridium species was performed by NIZO. Similar procedures as described above were 
followed, with some adjustments. As medium, brain-heart infusion medium was used. 
Furthermore, cultures were grown until OD625 = 0.8-1 and subsequently diluted to achieve 
a final concentration of 106 cells per well once 10 µL of cells was added to 50 µL of 
compound serial dilutions. Plates were sealed with sticky foil and incubated at 37 °C 
under anaerobic conditions for 24 h for C. difficile and C. perfringens and 48 h for C. 
sporogenes and C. tyrobutyricum. 
 
2.5 Supplementary Information 

 
Scheme S1. General synthetic route of the guanidino lipoglycopeptides 6-20. a) KNCS, 18-
crown-6, CCl4, 90 °C; b) H2, PtO2, NaHCO3, EtOH, RT; c) Alloc-NCS, DIPEA, CH2Cl2, RT; d) NR1R2, NEt3, EDC HCl, 
CH2Cl2, RT; e) HCl, THF/H2O, RT; f) Vancomycin HCl, DIPEA, NaBH3CN, DMF/MeOH, 50 °C; g) Pd(PPh3)4, 
phenylsilane, DMF, RT. 
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Table S1. Extended in vitro activity of the guanidino lipoglycopeptides against Gram 
positive strains. 

 
  

 MIC (µg/mL) 
Compound Strain 

Id Structure MRSAa VISAb VRSAc VRE 
(VanA)d 

VRE 
(VanB)e 

1 Vancomycin 2 8 >128 >128 16 
2 Teicoplanin 0.5 4 16 >128 0.125 
3 Telavancin 0.031 0.25 8 4 0.063 
4 Dalbavancin ≤0.008 0.5 2 >128 0.031 
5 Oritavancin 0.25 4 0.25 1 0.063 
Guanidino lipoglycopeptides 
6 -C6H13 0.063 0.5 16 32 0.25 
7 -C7H15 ≤0.008 0.063 8 16 0.016 
8 -C8H17 ≤0.008 ≤0.008 2 8 ≤0.008 
9 -C9H19 ≤0.008 ≤0.008 0.5 2 ≤0.008 
10 -C10H21 ≤0.008 0.063 0.25 1 ≤0.008 
11 -C12H25 0.5 0.25 0.25 1 0.063 
12 -C14H29 8 2 1 2 1 

13 
-C4H9 

-C4H9 
0.063 1 64 >128 8 

14 
-C6H13 

-C6H13 
≤0.008 0.063 1 8 ≤0.008 

15 
-C10H21 

-C10H21 
16 16 8 32 4 

16 -Ger f ≤0.008 0.031 1 8 ≤0.008 
17 -Farg 0.125 0.125 0.5 1 0.031 
18 -CH2-CBPh ≤0.008 0.031 0.5 1 ≤0.008 
19 -TCDi 0.031 ≤0.016 8 16 0.125 
20 -CH2-TCDi ≤0.008 ≤0.016 2 16 ≤0.008 
MIC values are the median of a minimum of triplicates. MIC = minimum inhibitory 
concentration. aMethicillin-resistant S. aureus NY-155, NR-46236. bVancomycin-sensitive S. 
aureus HIP12864, NR-46074. cVancomycin-resistant (VanA) S. aureus 880 (BR-VRSA), NR-
49120. dVancomycin-resistant (VanA) Enterococcus faecalis E1246. eVancomycin-resistant 
(VanB) E. faecalis E7604. fGer = geranyl. gFar = farnesyl. hCBP = 4-chloro-1,1'-biphenyl. iTCD 
= tricyclo[3.3.1.13,7]decane or adamantane. 
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Compound 6 (96.6% purity) 

 
 

Compound 7 (98.0% purity) 

 
 

Compound 8 (99.4% purity) 

 
 

Compound 9 (96.2% purity) 

 
 

Compound 10 (98.1% purity) 

 
 

Compound 11 (99.0% purity) 

 
 

Fig. S1. Purity of the guanidino lipoglycopeptides 
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Compound 12 (98.7% purity) 

 
 

Compound 13 (94.6% purity) 

 
 

Compound 14 (95.7% purity) 

 
 

Compound 15 (97.7% purity) 

 
 

Compound 16 (98.9% purity) 

 
 

Compound 17 (96.6% purity) 

 
 

Fig. S1. Purity of the guanidino lipoglycopeptides (continued) 
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Compound 18 (99.3% purity) 

 

Compound 19 (97.1% purity) 

 
  

Compound 20 (97.1% purity) 

 
 

Fig. S1. Purity of the guanidino lipoglycopeptides (continued) 
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3.1 Introduction 
 
The accelerated appearance of multi drug-resistant (MDR) pathogens continues to present 
a growing threat to modern medicine’s capacity to fight infectious diseases. A recent 
study estimates that in 2019 antimicrobial resistance (AMR) was directly responsible for  
1.27 million deaths worldwide and further associated with an estimated 4.95 million 
deaths.1 Among the pathogens that contribute most to this global burden of AMR, drug-
resistant Gram-positive species S. aureus and S. pneumoniae are responsible for a 
combined 0.5 million annual deaths.1 Historically, treatment of such Gram-positive 
infections has relied upon the glycopeptide family of antibiotics, typified by vancomycin, 
as a last line of defense. These glycopeptides bind to the D-Ala-D-Ala terminus of lipid II 
using five hydrogen bonds, preventing elongation of the polymeric cell wall and 
eventually resulting in cell wall biosynthesis inhibition.2–5 In recent years however, 
vancomycin-resistance has emerged. This phenomenon occurs when the target changes 
to D-Ala-D-Lac resulting in electrostatic repulsion and reduced binding affinity, which 
ultimately renders vancomycin inactive.6–9 The diminished susceptibility of Gram-
positive species to last-line therapeutics such as vancomycin highlights the importance of 
developing next generation glycopeptides with enhanced antibacterial activities and 
improved safety profiles. 
 

In Chapter 2 we report the discovery and development of a novel class of highly 
potent semisynthetic glycopeptide antibiotics: the guanidino lipoglycopeptides (for 
chemical structures see Chapter 2 Fig. 2). The guanidino lipoglycopeptides contain a 
unique structural modification not found in any clinically used glycopeptides, consisting 
of a guanidino moiety (positively charged at physiological pH) connected to various 
aliphatic and aromatic groups. These novel glycopeptides exhibit enhanced in vitro 
activity against a panel of clinically relevant Gram-positive bacteria including clinically 
relevant MRSA, vancomycin-resistant strains, and Clostridia.  
 

Importantly, here we report that the potent in vitro antibacterial activity against 
Gram-positive bacteria is also mirrored by the in vivo efficacy demonstrated for the 
guanidino lipoglycopeptides in murine thigh infection and sepsis survival models. In 
addition, the guanidino lipoglycopeptides exhibit promising PK properties, are non-toxic 
to eukaryotic cells, and demonstrate a low propensity to select for resistance. Detailed 
mechanistic studies reveal that the guanidino lipoglycopeptides bind to the bacterial cell 
wall precursor lipid II with a much higher binding affinity than vancomycin. Notably, 
tight binding to both wild-type lipid II and the vancomycin-resistant variant was 
confirmed, providing key insight into the enhanced activity of the guanidino 
lipoglycopeptides against vancomycin-resistant isolates. In this light, the guanidino 
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lipoglycopeptides represent a promising new class of semisynthetic glycopeptides for the 
treatment of Gram-positive infections. 
 
3.2 Results and Discussion 
 
3.2.1 In vitro assessment of the guanidino lipoglycopeptides in cell-based assays  
 
It is known that the activity of compounds containing large hydrophobic groups can be 
impacted by nonspecific interactions with serum proteins.10,11 For this reason, we 
examined the antibiotic activity of the guanidino lipoglycopeptides in the presence of 
50% sheep serum (Table 1). While the clinically used lipoglycopeptides 2-5 all have a 4-
8-fold reduction in activity in the presence of serum, the same is not observed for the 
guanidino lipoglycopeptides. For compounds 6-7, 10-11, 13-14, 16, and 18 only minimal 
changes in antibacterial activity are observed upon addition of serum to the media. 
Among the remaining guanidino lipoglycopeptides, addition of serum does impact 
activity although not in a manner indicating a specific trend: while compounds 8 and 9, 
bearing linear C8 and C9 substituents respectively, do show an 8-fold reduction in activity 
in the presence of serum, the MIC values of compounds 10 and 11, bearing linear C10 and 
C11 lipids, are only increased by a factor of two. For analogues 16-20, containing a variety 
of structurally diverse substituents, the farnesylated compound 17 experiences a large 16-
fold reduction of activity in the presence of serum, while compounds 16 and 18-20 
experience only 2-4 fold increases in MIC.  
 

In parallel to studying the impact of serum proteins on the activity of the 
guanidino lipoglycopeptides, we also assessed the capacity for the guanidino 
lipoglycopeptides to lyse erythrocytes (Fig. 1). Such hemolysis assays provide a 
convenient mean to assess whether a compound displays general membrane disruptive 
properties. Most of the guanidino lipoglycopeptides exhibit very minimal hemolytic 
activity when tested up to 1,000-fold MIC (MIC values based on activity against MRSA). 
Especially those derivatives with smaller substituents (6-9, 13, 14, 16, 18-20) induce only 
marginal hemolysis at the highest concentrations tested, whereas the clinically used 
oritavancin causes 50% hemolysis when tested at the 1000xMIC concentration. Notably, 
the guanidino lipoglycopeptides containing the largest hydrophobic groups are 
significantly hemolytic. Compounds 10 and 17 cause hemolysis similar to oritavancin 
when tested at 1000xMIC, while compounds 11, 12, and 15 exhibit significant hemolytic 
activity at 100xMIC. Building upon the findings of the MIC and hemolysis assays, 
compounds 7, 14, and 18 were taken forward for additional cytotoxicity screening with 
HepG2 and HEK293T cells. These assays revealed that compound 7 is not cytotoxic up 
to the highest concentration tested (100 µM), even while using only 1% Fetal Bovine 
Serum (FBS) to ensure low plasma protein binding and therefore high compound 
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availability. In contrast, compounds 14 and 18 are more toxic with CC50 values 
comparable to the clinically used lipoglycopeptides telavancin and oritavancin 
respectively (Table 2). 
 
Table 1. MIC of the guanidino lipoglycopeptides against MRSA USA300 with and without 
50% serum 

MIC (µg/mL) 
Fold 

increase in 
MIC 

Compound Conditions 

Id Structure MRSAa 
+ 50% 
serumb 

1 Vancomycin 1 0.25 0.25 
2 Teicoplanin 0.5 2 4 
3 Telavancin 0.125 1 8 
4 Dalbavancin 0.25 2 8 
5 Oritavancin 0.063 0.25 4 
Guanidino lipoglycopeptides 
6 -C6H13 0.063 0.063 1 
7 -C7H15 0.016 0.031 2 
8 -C8H17 ≤0.008 0.063 ≥8 
9 -C9H19 ≤0.008 0.063 ≥8 
10 -C10H21 0.063 0.125 2 
11 -C12H25 0.5 1 2 
12 -C14H29 4 16 4 

13 
-C4H9 

-C4H9 0.125 0.063 0.5 

14 
-C6H13 

-C6H13 0.063 0.063 1 

15 
-C10H21 

-C10H21 16 64 4 

16c -Ger 0.031 0.063 2 
17d -Far 0.063 1 16 
18e -CH2-CBP 0.031 0.063 2 
19f -TCD 0.031 0.125 4 
20f -CH2-TCD ≤0.008 0.031 ≥4 
MIC values are the median of a minimum of triplicates. MIC = minimum 
inhibitory concentration. aMethicillin-resistant S. aureus USA300. 
bMethicillin-resistant S. aureus USA300 + 50% sheep serum. cGer = 
geranyl. dFar = farnesyl. eCBP = 4-chloro-1,1'-biphenyl. fTCD = 
tricyclo[3.3.1.13,7]decane or adamantane 
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Fig. 1. Hemolysis analysis of the guanidino lipoglycopeptides. Percent hemolysis of compounds 
1-20 at 100- and 1,000-fold MIC (based on MRSA USA 300) against sheep erythrocytes after 18 h incubation. 
Data were normalized by subtraction of the signal derived from the buffer and compared with a completely 
lysed sample treated with Triton X-100. Data are mean ± SD of a minimum of triplicates. At 1,000-fold MIC, 
DMSO stocks of 12 and 15 were insoluble and therefore not measured: the % hemolysis can be expected to 
be higher than the value at 100-fold MIC for these compounds, therefore the values of 100-fold MIC are 
plotted here (#). MIC = minimum inhibitory concentration. 

 
 

Table 2. Mammalian cytotoxicity of the guanidino lipoglycopeptides. 
 Cytotoxicity CC50 (µM) 
 Structure HepG2 HEK293T 

Vancomycin (1) >50 >50 
Telavancin (3) >50 24 
Oritavancin (5) 9.0 3.5 
Compound 7 >100 >100 
Compound 14 63 27 
Compound 18 14 5.3 
CC50 (µM) after 24 h as measured by MTT assay in HepG2 
and HEK293T cells grown in the presence of 1% FBS 
(biological replicates n = 2). Experiment performed by 
Alexander Bakker. 

We next examined the time-kill kinetics of the guanidino lipoglycopeptides in 
comparison to the clinically used vancomycin, telavancin, and daptomycin. These studies 
revealed the guanidino lipoglycopeptides to have a slow bactericidal effect against VRE 
and MRSA, similar to the glycopeptides vancomycin and telavancin (Fig. 2). The time-
kill data also confirm the previous results of the broth microdilution assays which show 
that significantly lower concentrations of the guanidino lipoglycopeptides are required 
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compared to clinically used glycopeptide antibiotics to achieve the same reduction in 
bacterial titer. In addition, superior activity is evident for compound 7 when compared to 
daptomycin, which is clinically used in the treatment of MRSA infections. While 
administration of daptomycin (at 5 µg/mL) leads to an initial quick drop in colony 
forming units (CFUs) for MRSA, after 24 hours a high bacterial titer is again present. By 
comparison, when the more potent guanidino lipoglycopeptide 7 is used (at 0.156 µg/mL) 
no colonies are detected at 24 hours (Fig. 2B).  

 
Fig. 2. Time-kill kinetics of the guanidino lipoglycopeptides. Bactericidal activity of vancomycin, 
telavancin, daptomycin (left) and compound 7 and 18 (right) against (A) VRE-E155 and (B) MRSA US300 as 
measured by agar plate dilution colony count of samples at different time intervals. Gray dotted lines 
represent limits of detection. Experiments performed in biological replicates (n=2) plated out in technical 
duplicates. CFU = colony forming units.  
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We also investigated the propensity for the guanidino lipoglycopeptides to select 
for resistance. When a VanA-type VRE strain is serially passaged over 30 days in the 
presence of sub-lethal antibiotic concentrations, compounds 7 and 18, bearing C7 or 
chlorobiphenyl lipids respectively, only display limited resistance selection (Fig. 3A). By 
comparison, under the same conditions and using the same bacterial strain, a significant 
level of resistance is selected against the clinically used daptomycin with a 128-fold 
increase in MIC. Similar findings are also made when using an MRSA strain: again, low-
level resistance is observed for compound 7 and 18 while resistance to daptomycin rapidly 
develops (Fig. 3B). 
 

 
Fig. 3. Selection for resistance to guanidino lipoglycopeptides. Daily fold-increase of MIC 
against (A) VRE-E155 and (B) MRSA USA300 grown in sub-lethal concentrations of daptomycin, compound 
7 or compound 18 over 30 days. Experiments were performed in biological replicates (n=2) in technical 
triplicates. Data are shown as median of triplicates of one biological replicate, and is representative for both 
biological replicate experiments. Resistance selection to vancomycin was absent for MRSA, giving similar 
graphs as 7 and 18 (data not shown). MIC = minimum inhibitory concentration. 
 

After establishing the low propensity of the guanidino lipoglycopeptides to 
select for resistance, we investigated their anti-biofilm activity. Biofilm formation is an 
increasingly recognized clinical challenge in the treatment of bacterial infections, wherein 
bacteria form a protective layer capable of blocking antibiotic and immune system 
activity.12 The biofilm matrix usually adheres to important human tissues, such as heart 
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valves and bones, or to implanted medical devices such as pacemakers and catheters.12 
As biofilm forming pathogens are often MDR,13 the development of novel and effective 
anti-biofilm treatments is essential. Persistent infections in patients are largely caused by 
pathogens that are strong biofilm producers, with S. aureus being one of the main 
culprits.13,14 Therefore, we determined the minimal biofilm inhibitory concentration 
(MBIC) and minimal biofilm eradication concentration (MBEC) against S. aureus 
ATCC25923, a strain reported to form strong biofilms15 (Table 3, Fig. S1, Fig. S2). 
Notably, compound 7 has an 8- and 16-fold lower MBIC compared to dalbavancin and 
oritavancin respectively. Compound 7 is also a potent biofilm eradicator, with a MBEC 
of 2 µg/mL, representing a 2- and 8-fold improved value compared to dalbavancin and 
oritavancin respectively. Given its potent antibacterial and anti-biofilm activity, coupled 
with its minimal propensity for resistance selection and low toxicity in cell-based assays, 
compound 7, in which the guanidino moiety is substituted with the linear C7 lipid, was 
prioritized for the subsequent mechanistic and in vivo studies. 
 

Table 3. MIC, MBIC and MBEC values against S. aureus ATCC25923. 
 Compound 7 Dalbavancin Oritavancin 

MIC (µg/mL) 0.004 0.008 0.125 
MBIC (µg/mL) 0.0625 0.5 1 
MBEC (µg/mL) 2 4 16 
Strain was treated with compound 7, dalbavancin and oritavancin. For 
determination of MBICs antibiotics were added with the inoculum before biofilm 
formation. MBECs were determined by addition of compounds to preformed 
biofilm. MICs were determined by standard broth microdilution. MBIC and MBEC 
were detected using the Innovotech peg lid system. Experiment performed by 
Melina Arts/Stefania De Benedetti. 

 
3.2.2 Mechanistic studies with the guanidino lipoglycopeptides 
 
Our mechanistic investigations of the guanidino lipoglycopeptides began by examining 
their capacity to impact the bacterial cell wall. It is well established that vancomycin 
interferes with late-stage cell wall biosynthesis.16 This effect can be studied by measuring 
the accumulation of UDP-MurNAc-pentapeptide (the final soluble precursor in the 
bacterial cell wall synthesis cycle) that occurs upon treatment with cell wall active 
antibiotics such as the glycopeptides.16–18 Our work clearly shows that treatment of S. 
aureus with the guanidino lipoglycopeptides also leads to UDP-MurNAc-pentapeptide 
accumulation, thus confirming that they inhibit cell wall biosynthesis (Fig. 4). To obtain 
a more global view of the impact the guanidino lipoglycopeptides have on bacterial 
morphology, light microscopy was used to image the model species B. subtilis in response 
to antibiotic treatment. Visualization of bacterial cells treated with vancomycin, 
oritavancin, or compound 7 at 5xMIC reveals similarly significant cell deformations with 
disintegration of the peptidoglycan layer inducing formation of membrane blebs (Fig. 5). 
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Fig. 4. UDP-MurNAc-pentapeptide accumulation assay. HPLC-based accumulation assay of 
intracellular cell wall precursor UDP-N-acetylmuramyl-pentapeptide (UDP-MurNAc-pp) in S. aureus 
ATCC29213. Vancomycin, teicoplanin, telavancin, dalbavancin, oritavancin, compound 7, and compound 
18 all accumulate the last soluble precursor of the peptidoglycan layer UDP-MurNAc-pp. Negative control 
(untreated) shows no accumulation. 
 

 
 

 
 
Fig. 5. Microscopic analysis of B. subtilis membrane blebbing by antibiotics. Compound 7 
causes major cell deformations and disruption of the cell wall leading to formation of membrane blebs. 
Deformations were detected for vancomycin and oritavancin as controls. Antibiotics were tested at 5xMIC 
and incubation time was 30 min. Scale bar represents 2 µm. Pictures are representative for biological 
triplicates. Experiment performed by Melina Arts/Stefania De Benedetti. 
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The manner in which vancomycin inhibits cell wall biosynthesis involves 
sequestration of the cell wall precursor lipid II.2,3,5,19 A well-defined network of hydrogen 
bond interactions enables vancomycin to specifically bind to the D-Ala-D-Ala terminus 
of the lipid II pentapeptide which in turn prevents cell wall crosslinking.2–5 The binding 
affinity of vancomycin to lipid II is enhanced by cooperative dimerization.20,21 We 
confirmed that the guanidino lipoglycopeptides retain this lipid II-D-Ala (LII-D-Ala) 
dependent mechanism of action by means of a lipid II antagonization assay. In doing so, 
addition of exogenous LII-D-Ala was shown to effectively antagonize the activity of the 
compounds at 8xMIC indicating strong lipid II binding (Table S1). To gain deeper 
insights into the lipid II binding capacity of the guanidino lipoglycopeptides, we now 
employed isothermal titration calorimetry (ITC) wherein large unilateral vesicles (LUVs) 
comprised of dioleoylphosphatidylcholine (DOPC) containing LII-D-Ala were titrated 
into solutions of vancomycin or compound 7. Control titrations of buffer into the sample 
cell containing solutions of the antibiotics reveal no binding (Fig. S3 and S4) nor does 
titration of blank LUVs into the antibiotics (Fig. S5 and S6). Titration of LII-D-Ala 
containing vesicles into vancomycin provides a well-defined thermogram with an 
associated dissociation constant (KD) of 1170 nM (Fig. 6A). By comparison, when the 
same binding study is performed with guanidino lipoglycopeptide 7, a KD value nearly 
10-fold lower (120 nM) is measured, indicative of a tighter binding interaction between 
the antibiotic and LII-D-Ala (Fig. 6B). Further insights into the capacity for compound 7 
to maintain its potent antibacterial activity against vancomycin-resistant strains were 
obtained by performing binding studies with the D-Ala-D-Lac form of lipid II (LII-D-Lac). 
Mutation of the D-Ala-D-Ala terminus of the lipid II pentapeptide to D-Ala-D-Lac is 
known to significantly impact the antibacterial activity of vancomycin.6,7 In accordance 
with this, our ITC studies with LUVs containing LII-D-Lac reveal a total loss of 
vancomycin binding, with no measurable interaction detected (Fig. S9). In contrast, when 
LUVs containing LII-D-Lac are titrated into a solution of compound 7, a clear indication 
of binding is observed with a measured KD value of 813 nM (Fig. 6C). While this 
indicates a nearly 7-fold reduction in binding affinity relative to the wild type LII-D-Ala, 
it is notable that in absolute terms, compound 7 exhibits a higher binding affinity for the 
mutant LII-D-Lac than vancomycin does for native LII-D-Ala (see Table S2 for full 
thermodynamic parameters and Fig. S7–10 for all triplicate titrations). 
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Fig. 6. Lipid II binding of the guanidino lipoglycopeptides assessed by ITC. (A) Representative 
binding isotherms for the titrations of 200 µM LII-D-Ala, 10 mM DOPC LUVs to vancomycin (10 µM), (B) 100 
µM LII-D-Ala, 10 mM DOPC LUVs to compound 7 (20 µM), and (C) 200 µM LII-D-Lac, 10 mM DOPC LUVs to 
compound 7 (20 µM). Titrations performed in triplicates (n=3). A single titration (n=1) is displayed and is 
representative for all triplicates. See Table S2 for full thermodynamic parameters and Fig. S7-10 for all 
triplicate titrations. Experiment performed by Ioli Kotsogianni. 
 

To further investigate the impact of the guanidino lipoglycopeptides on cell wall 
synthesis and lipid II binding, induction of cell wall stress responses upon treatment with 
compound 7 were studied using a luminescence-based assay.22–24 These studies revealed 
that the S. aureus VraRS-lux and B. subtilis LiaI-lux bioreporters are both activated in 
response to increasing concentrations of compound 7 (Fig. 7, Fig. S11). These stress 
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responses are known to be upregulated upon treatment with cell wall active antibiotics.22 
Notably, the induction of B. subtilis stress response is fully antagonized by addition of 
wild type lipid I and LII-D-Ala at a 2:1 lipid:compound ratio for compound 7, 14, and 18 
as well as for vancomycin and oritavancin (Fig. 7A, Fig. S12). Furthermore, the addition 
of LII-D-Lac, albeit at higher concentrations, also antagonizes the stress response induced 
by guanidino lipoglycopeptides, further substantiating that the guanidino 
lipoglycopeptides bind to both native D-Ala and mutant D-Lac forms of lipid II. Full 
antagonization with LII-D-Lac is achieved at a 8:1 lipid:compound 7 ratio, similar to 
oritavancin (also known to interact with LII-D-Lac)25 (Fig. 7BC). By comparison and in 
line with expectations, little antagonization of the cell wall stress response induced by 
vancomycin in B. subtilis is observed upon addition of LII-D-Lac (Fig. 7A). To further 
confirm the D-Ala-D-Ala motif as the primary target of the guanidino lipoglycopeptides, 
we also included the lipid I/II phospholipid carrier undecaprenyl pyrophosphate (C55PP) 
in the antagonization studies (Fig. S12). This showed that C55PP does not antagonize the 
LiaI-lux response and thus does not seem to be a relevant target of the guanidino 
lipoglycopeptide antibiotics.  
 

 
Fig. 7. Induction and antagonization of cell-wall stress responses. Induction of cell wall stress 
response by (A) vancomycin, (B) compound 7, (C) and oritavancin in B. subtilis reporter strains and 
antagonization by LII-D-Ala and -D-Lac. Graph representative of n=2. Experiment performed by Melina 
Arts/Stefania De Benedetti. 
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The capacity for the guanidino lipoglycopeptides to form stable complexes with 
either the native LII-D-Ala or the LII-D-Lac form was next assessed. Compounds 7, 14, 
and 18 form extraction-stable complexes with LII-D-Ala at a 2:1 molar ratio 
(glycopeptide:LII) (Fig. S13), indicating potential dimerization, a phenomenon not 
uncommon for glycopeptide antibiotics.21,26 In contrast, the guanidino lipoglycopeptides 
do not form extraction-stable complexes with LII-D-Lac, nor do vancomycin or 
oritavancin. We also examined the ability of compound 7 to block various enzymatic 
processes associated with cell wall synthesis when using LII-D-Lac as substrate. These 
studies revealed that compound 7 exhibits a dose-dependent inhibition of reactions 
catalyzed by: 1) MurT/GatD, which normally amidates lipid II at the Glu residue of the 
stem peptide, and 2) PBP2, which catalyzes lipid II transglycosylation. In general, full 
inhibition of both enzymatic processes was observed at a 10-fold excess of compound 7 
(Fig. 8). By comparison, the PBP2 mediated transglycosylation reaction with native LII-
D-Ala is nearly fully inhibited at an equimolar ratio of 7, indicating a stronger binding 
interaction (Fig. 8C). 
 

Given that lipoglycopeptides can exhibit membrane targeting properties,4,20,27–29 
we next turned to the use of membrane-selective fluorescent dyes to determine whether 
the guanidino lipoglycopeptides also cause membrane disruption. In the first instance, we 
used dipropylthiadicarbocyanine iodide (diSC3(5)), a probe that resides on hyperpolarized 
membranes and is released upon disruption of the membrane potential.30 These studies 
showed that no membrane depolarization is induced by the guanidino lipoglycopeptides 
when applied at a concentration of 1.5 µg/mL, while the known membrane disrupting and 
lipid II targeting lantibiotic nisin clearly causes membrane depolarization at the same 
concentration (Fig. 9A, Fig. S14). In general, compound 7 shows little effect on 
membrane polarization, even at the highest concentration tested of 16 µg/mL. By 
comparison, when the clinically used oritavancin is also tested at 16 µg/mL, it is found to 
dissipate membrane potential (Fig. S14), a finding in keeping with previous reports.31,32 
Membrane perturbation effects were also examined by use of propidium iodide (PI), a 
DNA-binding dye that can enter cells and fluoresce after pore formation.33 In this assay, 
compound 7 is again found to be less membrane disruptive relative to oritavancin (Fig. 
9B, Fig. S15) which is known to induce PI fluorescence in bacterial cells.32 We next 
investigated the impact of the guanidino lipoglycopeptides on the cell division regulator 
MinD in B. subtilis. The activity of MinD is modulated by the membrane potential and it 
has previously been shown that under normal conditions a GFP-MinD construct localizes 
to the septum and cell poles. However, once the membrane potential is dissipated, it 
rapidly delocalizes.34 The lipid II dependent membrane disruptor nisin causes dissipation 
of the membrane potential, which in turn is visible as a spotty pattern associated with the 
GFP-MinD construct in the fluorescent microscopy read out. Contrary to nisin, compound 
7 and oritavancin do not induce delocalization of membrane-potential driven GFP-MinD 
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in early exponential phase cultures of B. subtilis (Fig. 10). The absence of membrane 
permeabilization or depolarization is typically seen as favorable, given that antibacterial 
agents that function via membrane disruption are often linked to perturbation of 
mammalian cell membranes leading to off-target effects and toxicity.29,35 

 

 
Fig. 8. Inhibition of enzyme catalyzed reactions on Iipid II. (A) Amidation of LII at the Glu residue 
of the stem peptide is catalyzed by the MurT/GatD enzyme complex. TLC analysis of MurT/GatD catalyzed 
reactions in vitro using LII-D-Lac as substrate. Decreased formation of amidated LII-D-Lac (orange box) 
indicates MurT/GatD inhibition. Visualized by TLC – TLC is representative of three independent experiments. 
(B) PBP2 catalyzed LII transglycosylation resulting in polymerized PGN and release of C55-PP. TLC analysis of 
PBP2 catalyzed reactions in vitro using LII-D-Lac as substrate. Decreased release of C55-PP (orange box) 
indicates PBP2 inhibition. Visualized by TLC – TLC is representative of three independent experiments. (C) 
Impact of compound 7 on the PBP2-catalyzed transglycosylation reaction using LII-D-Ala (orange) and LII-D-
Lac (blue) as substrates. Enzymatic activity is expressed as converted LII. The control reactions in the absence 
of antibiotics were set to 100%. Data are mean ± SD (n=3). Experiment performed by Melina Arts/Stefania De 
Benedetti. 
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Fig. 9. Membrane depolarization and pore formation assessment of the guanidino 
lipoglycopeptides. (A) Membrane depolarization assessment of vancomycin, telavancin, dalbavancin, 
oritavancin, and compound 7 at 1.5 µg/mL, 8 µg/mL, and 16 µg/mL after 20 min using diSC3(5) against MRSA 
USA300. Fluorescence intensity of diSC3(5) releasing from the membrane of MRSA USA300 in the presence 
of antibiotic. diSC3(5) is a cationic fluorescent probe that accumulates on hyperpolarized membranes and 
translocates to the lipid bilayer. Upon disruption of the membrane potential diSC3(5) can no longer partition 
to the cell surface, resulting in release of the dye into the media, which can be measured by an increase in 
fluorescence. After 3 minutes of incubating diSC3(5) and bacterial cells, compounds were added, and a 30-
minute time course was recorded. All data were normalized by subtraction of the signal derived from the 
buffer. Nisin at 1.5 µg/mL was used as positive control. Data are mean ± SD (n=3). (B) Pore formation 
assessment of vancomycin, telavancin, dalbavancin, oritavancin, and compound 7 at 1.5 µg/mL, 8 µg/mL, 
and 16 µg/mL after 20 min using propidium iodide dye against MRSA USA300. Fluorescence intensity of 
propidium iodide (PI) binding to DNA of MRSA USA300 in the presence of antibiotics was recorded in a 30-
minute time course. PI is a red-fluorescent dye impermeable to live cells. Upon pore formation PI enters cells 
and binds DNA resulting in an increased fluorescence signal. All data were normalized by subtraction of the 
signal derived from the buffer. Nisin at 1.5 µg/mL was used as positive control. Data are mean ± SD (n=3). 
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Fig. 10. Microscopic analysis of the membrane potential-dependent localization pattern 
of MinD in B. subtilis. In untreated cells GFP-MinD localizes to the septum and cell poles. Comparable to 
oritavancin, compound 7 treatment does not lead to GFP-MinD delocalization after 15 min. Nisin was used 
as a positive control showing GFP-MinD delocalization (spotty pattern). Scale bar represents 2 µm. Pictures 
representative of biological triplicates. Experiment performed by Melina Arts/Stefania De Benedetti. 
 
3.2.3 In vivo studies 
 
The outstanding performance of compound 7 in the mechanistic and in vitro cell-based 
assays described above led to its further evaluation in a number of in vivo models. Initial 
tolerability studies in mice revealed compound 7 to be well tolerated at doses up to 100 
mg/kg via subcutaneous (SC) administration and 50 mg/kg via intravenous (IV) 
administration. Notably, when dosed at 3 mg/kg SC, pharmacokinetic analysis indicates 
that compound 7 has a half-life of 1.22 hours and maintains bloodstream concentrations 
>MIC (based on activity against MRSA USA300) for >8 hours indicating good exposure 
(Fig. 11, Table S3).  

 
Fig. 11. Mouse PK of guanidino lipoglycopeptide 7. Pharmacokinetic profile of blood 
concentrations of compound 7. Compound 7 was administered subcutaneous at 3 mg/kg in mice, followed 
by serial sampling. Data are mean ± SD (n=3). 
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Subsequently, in vivo efficacy was assessed using an established MRSA murine 
thigh infection model.36 Immunosuppressed mice were infected with MRSA and 
subsequently treated with vehicle, compound 7 (3 mg/kg or 10 mg/kg, SC, dosing interval 
q6h), or vancomycin (25 mg/kg, IV, q12h) as a clinical reference antibiotic (Fig. 12). 
Notably, the lowest dose evaluated for compound 7 (3 mg/kg, SC, q6h, total cumulative 
dose 12 mg/kg) results in a near 6-log reduction in bacterial titer compared to the vehicle 
treatment group. This response compares very well to that seen in the vancomycin group, 
which was treated with a much higher dose (25 mg/kg, IV, q12h, total cumulative dose 
50 mg/kg). Furthermore, when the dosing of compound 7 is increased to 10 mg/kg (SC, 
q6h, total cumulative dose 40 mg/kg) an even greater reduction in bacterial load is 
achieved corresponding to a 7-log reduction compared to vehicle. Overall, compound 7 
displays a clear dose-dependent effect and is bactericidal at all tested doses reducing 
bacterial burden significantly to below pretreatment levels (Fig. 12, see Table S4 and S5 
for individual data and statistical analysis). Importantly, these findings also mirror the 
result of the MIC assays (Chapter 2), clearly demonstrating that the activity of compound 
7 is not only superior to that of vancomycin in vitro but also in the more complex in vivo 
setting.  

 
Fig. 12. In vivo efficacy of guanidino lipoglycopeptide 7 in a murine thigh infection model. 
Colony forming units measured in thigh muscle tissue of neutropenic mice infected in each thigh with MRSA 
USA300 followed by antibiotic treatment at concentrations and dose intervals indicated. 23 h post infection 
the mice were sacrificed and bacterial load determined. Bar = geometric mean (n=12, six mice per group, 
two thighs per mouse). LOD = Limit of detection. q indicates dosing interval. ****p≤0.0001. 
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The capacity for the guanidino lipoglycopeptides to treat systemic infection in 
vivo was next investigated in a 7-day sepsis survival study. To do so, a sepsis model was 
used wherein immunocompetent mice were infected IV with S. aureus NCTC8178. One 
hour post infection, treatment commenced with compound 7 over a 24-hour period, dosed 
at different treatment regimens, vancomycin (25 mg/kg, IV, q12h), or vehicle after which 
survival was monitored for a total of 169 hours (Fig. 13). The mice receiving vehicle only 
survived 51.3 hours on average while the vancomycin-treated mice had a mean survival 
of 131.5 hours with only one out of ten mice surviving to the end of day 7. In contrast, in 
the group treated with compound 7, dosed according to the same regimen used in the 
vancomycin group (25 mg/kg, IV, q12h, total cumulative dose 50 mg/kg), all mice 
survived to the end of the study (≥169 hours survival). Also of note was the finding that 
when administered at lower doses, compound 7 still significantly outperforms 
vancomycin. In the groups treated with compound 7 at 10 mg/kg (SC, q6h, total 
cumulative dose 40 mg/kg) or 3 mg/kg (SC, q6h, total cumulative dose 12 mg/kg) 10/10 
mice and 9/10 mice respectively survived to the 7-day endpoint (see Table S6, S7 and S8 
for individual data and statistical analysis).  

 

 
Fig. 13. In vivo efficacy of guanidino lipoglycopeptide 7 in a murine sepsis survival study. 
Kaplan Meier plot of survival following infection with S. aureus NCTC8178 in healthy mice. Starting 1 h post-
infection immunocompetent mice were treated for 24 h (until the vertical dotted bar) and monitored for a 
total of 169 h (7 days). Each group consisted of n=10 mice. q indicates dosing interval. 
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Building upon these promising findings we also examined the organ-specific 
effect of compound 7 in reducing S. aureus NCTC8178 bacterial burden. This involved 
a sepsis model wherein immunocompetent mice were IV infected with S. aureus after 
which they were treated with either vehicle or antibiotic for 24 hours and monitored for 
an additional 25 hours. The animals were then sacrificed and the bacterial burden in the 
spleen, kidneys, and heart was assessed (Fig. 14). Notably, the bacterial burden in the 
spleen of the mice that received no antibiotic was found to be reduced by approximately 
3-log compared to pretreatment levels, an effect ascribed to activity of the immune system 
of the mice in this study. While vancomycin (25 mg/kg, IV, q12h) significantly reduced 
the spleen burden relative to the vehicle treated group, compound 7 administered at the 
same dose (25 mg/kg, IV, q12h) further reduced bacterial burden by approximately 1-log 
fold (Fig. 14A, see Table S9 and S10 for individual data and statistical analysis). In the 
kidneys, the bacterial burden in the vehicle treated group increased relative to 
pretreatment levels and a clear antibiotic affect was observed for both vancomycin and 
compound 7. In the vancomycin treatment group (25 mg/kg, IV, q12h) a near 4-log 
decrease in bacterial burden was measured relative to the vehicle treated group. By 
comparison, the same dosing of compound 7 was found to more effectively reduce the 
kidney burden, resulting in an almost 6-log decrease compared to vehicle. Furthermore, 
a lower total dose of compound 7 (10 mg/kg, SC, q6h) also outperformed vancomycin, 
reducing the kidney burden >1-log fold more (Fig. 14B, see Table S11 and S12 for 
individual data and statistical analysis). In the heart, vancomycin (25 mg/kg, IV, q12h) 
and compound 7 (dosed at either 25 mg/kg, IV, q12h, or 10 mg/kg, SC, q6h) caused 
similar significant reductions in bacterial burden (~3-log fold compared to vehicle) (Fig. 
14C, see Table S13 and S14 for individual data and statistical analysis). The effectiveness 
of compound 7 in clearing S. aureus infection in the heart points to the potential for the 
guanidino lipoglycopeptides to be used in the treatment of infective endocarditis (IE), a 
condition commonly related to S. aureus biofilm formation14 which compound 7 is also 
able to successfully inhibit/eradicate in vitro. Clinically, the treatment of IE presents a 
major challenge with a 20% morbidity rate in the first 30 days of disease.37 While 
glycopeptide therapy with dalbavancin has recently been reported as a promising 
treatment option for IE,38,39 non-susceptible strains and glycopeptide induced IE have also 
been reported,40,41 underscoring the need for new and effective treatments.  
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Fig. 14. In vivo efficacy of guanidino lipoglycopeptide 7 in murine sepsis burden studies. 
(A) Spleen, (B) kidney, and (C) heart burden following infection with S. aureus NCTC8178 in healthy mice. 
Starting 1 h post-infection immunocompetent mice were treated for 24 h. Mice were monitored for a total 
of 49 h after which they were euthanized and the spleen, kidneys, and heart were removed and weighed. 
Tissue samples were homogenized and cultured on MSA agar at 37 °C for 18-24 h followed by colony 
counting. Each group consisted of n=5 mice. LOD = Limit of detection. q indicates dosing interval. ns = non-
significant, *p=0.1-0.01, **p=0.01-0.001, ***p=0.001-0.0001, and ****p≤0.0001. Bar = geometric mean.  
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3.3 Conclusions 
 
To tackle the high AMR-related morbidity and mortality related to Gram-positive 
organisms,1,42,43 we reported the synthesis and potent in vitro antibacterial activity of a 
novel semi-synthetic glycopeptide antibiotic class, the guanidino lipoglycopeptides 
(Chapter 2). Also of note is the finding that addition of serum to the media used in the 
MIC assays has little impact on the activity of most guanidino lipoglycopeptides (Table 
1). This is indicative of low plasma protein binding and suggestive of high compound 
availability in vivo.10,11,44–48 In addition to inhibiting exponentially growing bacteria, 
compound 7 also proved to be a potent S. aureus biofilm inhibitor and eradicator (Table 
3). While the guanidino lipoglycopeptides display enhanced antibacterial activity, this is 
not due to accelerated killing kinetics as indicated by the similarity in the time-kill curves 
obtained with the clinically used glycopeptides vancomycin,49,50 teicoplanin,49 
telavancin,50 and dalbavancin50 (Fig 2). The guanidino lipoglycopeptides also 
demonstrate a low propensity for resistance selection. This is in contrast to the clinically 
used lipopeptide daptomycin, which selects for resistance in the same strains of VRE and 
MRSA used in a 30-day serial passage assay (Fig. 3). Furthermore, in cell-based studies, 
the guanidino lipoglycopeptides, and particularly compound 7, demonstrate a favorable 
toxicity profile relative to the clinically used lipoglycopeptides telavancin and 
oritavancin. Specifically, compound 7 is non-hemolytic (Fig. 1) and shows little effect on 
human kidney and liver cells while telavancin and oritavancin both exhibit appreciable 
levels of toxicity (Table 2). Collectively, the enhanced antibacterial activity observed for 
the guanidino lipoglycopeptides along with their favorable toxicity profile, suggests that 
this novel class of antibiotics might have a larger therapeutic window relative to current 
clinically used glycopeptides. 
 

Mechanistically, the guanidino lipoglycopeptides maintain the lipid II dependent 
mechanism of action common to all glycopeptides causing inhibition of late-stage cell 
wall biosynthesis. Of particular note is the finding that the binding affinity of compound 
7 for LII-D-Ala is nearly 10-times greater than that of vancomycin, providing an 
explanation for the increased antibacterial activity observed (Fig. 6). Compound 7 also 
maintains strong binding to the mutant form of lipid II (LII-D-Lac) most commonly 
associated with vancomycin resistance. In fact, compound 7 binds LII-D-Lac more tightly 
than vancomycin binds native LII-D-Ala (Fig. 6, Table S2). These findings can explain 
the observation that the guanidino lipoglycopeptides retain their potent activity against 
vancomycin-resistant strains. While the specific molecular level details of how the 
guanidino lipoglycopeptides achieve a stronger binding interaction with lipid II remain to 
be fully elucidated, we speculate that the substituted guanidino motif provides a beneficial 
combination of productive electrostatic interactions with the negatively charged bacterial 
cell surface and hydrophobically-driven membrane anchoring. In addition to their 



Chapter 3 

– 106 – 

3 

established lipid II binding, lipoglycopeptides have been reported to have membrane-
targeting effects.4,20,27–29 Among the guanidino lipoglycopeptides evaluated, we found 
that compound 7 is notable in that it does not display significant levels of non-specific 
membrane activity as evidenced by its low propensity to cause membrane 
permeabilization or depolarization (Fig. 9, Fig. 10). The absence of such effects is 
typically seen as favorable trait, given that antibacterial agents that function via 
membrane disruption are often linked to perturbation of mammalian cell membranes 
leading to off-target effects and toxicity.29,35  
 

Based on the outcomes of the various in vitro investigations performed with the 
guanidino lipoglycopeptides, compound 7 was selected for further in vivo evaluation. 
Compound 7 exhibits potent and dose-dependent efficacy in an MRSA murine thigh 
infection model and two S. aureus sepsis studies (Fig. 12, Fig. 13, and Fig. 14). The in 
vivo activity of compound 7 is consistently superior to that of vancomycin in both 
reducing bacterial thigh burden as well as increasing 7-day survival. Investigation of the 
organ-specific effects of compound 7 also shows it to be superior to vancomycin in 
reducing the infection burden in the spleen, kidney, and heart.  
 

In summary, we here report the development of the guanidino lipoglycopeptides, 
a promising new class of semisynthetic glycopeptide antibiotics. To date, telavancin is 
the only approved semisynthetic vancomycin analogue used in the clinic and carries with 
it serious toxicity concerns. The in vitro and in vivo studies performed with the guanidino 
lipoglycopeptides, specifically compound 7, demonstrate the potent antibacterial activity 
and promising toxicity profiles of this new class of semisynthetic glycopeptides. Further 
assessment of the guanidino lipoglycopeptides using advanced in vivo models will be the 
next step towards a more complete characterization of their toxicity and PK profiles en 
route to establishing their clinical potential in the treatment of serious Gram-positive 
infections.  
 
3.4 Experimental Methods 
 
Serum reversal assay. Serum reversal assays were performed according to the broth 
microdilution protocols described in Chapter 2 using 50/50 TSB/sheep serum + 0.002% 
p80 as growth medium once bacteria were added to the antibiotic serial dilution and 
onward. 
 
Hemolysis assay. Whole defibrinated sheep blood was centrifuged for 15 min at 4 °C (400 
g). The top layer was discarded and the bottom layer was washed with phosphate buffered 
saline (PBS) and centrifuged for 15 min at 4 °C (400 g). Washing cycles were repeated 
at least three times. In polypropylene 96-well microtiter plates, serial dilutions of 
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antibiotics in PBS with 0.002% p80 in triplicates were added (75 µL) and an equal volume 
of packed blood cells diluted 25-fold in PBS with 0.002% p80 (75 µL) was added to all 
wells. Plates were incubated for 18 h at 37 °C with continuous shaking (500 rpm). After 
incubation, plates were centrifuged for 5 min (800 g) and 25 µL of supernatant was 
transferred to a clear UV-star flat-bottom polystyrene 96-well plate already containing 
100 µL H2O per well. Absorption was measured at 415 nm. Data were corrected by 
subtraction of the background response of 1% DMSO in the presence of cells with no 
antibiotic and normalized using the absorbance of 0.1% Triton X-100 with blood cells as 
100% hemolysis control. In two separate experiments, the optimal wavelength for the 
hemolysis assay was determined by doing a full scan and the linear detection range was 
determined to ensure correct interpretation of the data. 
 
Mammalian cytotoxicity assay. Compound cytotoxicity was evaluated against HepG2 and 
HEK293T human cell lines using a standard (3-(4,5-dimethylthiazol-2-yl)−2,5-
diphenyltetrazolium bromide (MTT) assay protocol. Briefly, HepG2 and HEK293 cells 
were seeded at a density of 1.5×104 cells per well in a clear 96-well tissue culture treated 
plate in a final volume of 100 μL in Dulbecco’s Modified Eagle Medium (DMEM), 
supplemented with FBS (1%), Glutamax and Pen/Strep. Cells were incubated for 24 h at 
37 °C, 7% CO2 to allow cells to attach to the plates. In addition to a single vehicle control, 
compounds (diluted from DMSO stock) were added into each well at eight concentrations 
ranging from 100 µM to 0.046 µM in three-fold dilutions (final DMSO concentration 
0.5%) following incubation for 24 h at 37 °C, 7% CO2. After the incubation, MTT was 
added to each well at a final concentration of 0.40 mg/mL. The plates were then incubated 
for 2 h at 37 °C, 7% CO2. Medium was carefully removed via suction, and the purple 
formazan crystals were resuspended in 100 μL DMSO. Absorbance was read at 570 nm 
using a Clariostar plate reader. Data analysis was done with GraphPad Prism software. 
CC50 values were calculated using non-linear fitted curve with variable slope settings, 
with values adjusted for background (plotted ABSSAMPLE = (ABSSAMPLE – 
ABSBACKGROUND) / (ABSVEHICLE – ABSBACKGROUND)). The experiment was performed with 
biological duplicates and technical triplicates. 
 
Time-kill assay. From glycerol stocks, bacterial strains were cultured on blood agar plates 
and incubated overnight at 37 °C. Subsequently, a single colony was cultured in TSB + 
0.002% p80 overnight at 37 ºC. The culture was diluted 100-fold in fresh media and 
grown until early exponential phase (OD600=0.2-0.4) followed by dilution in media to 
OD600=0.0025. The culture was split in separate culture tubes containing 2 mL. 
Antibiotics were added to the cultures (at the concentrations indicated in the experiments 
results) and incubated at 37 ºC for a total of 24 h. At indicated time points (t=0, t=1, t=2, 
t=4, t=8, and t=24h), 100 µL of each culture was transferred to eppendorf tubes and 
centrifuged for 5 min (10,000 rpm). The supernatant was removed and the cell pellets 
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were resuspended in an equal volume of 0.9% NaCl in H2O (filter-sterilized). The samples 
were serial diluted with a 10-fold factor in filter-sterilized 0.9% NaCl in H2O. Of these 
serial dilutions the 100-fold, 1,000-fold, 10,000-fold, and 100,000-fold dilution were 
plated out on blood agar plates (20 µL) in technical duplicates, subsequently allowed to 
evaporate and incubated at 37 ºC for 24 h. The colonies were counted and used to 
calculate the CFU/mL remaining in the original culture by taking the dilution factors into 
account. Experiment was performed in biological duplicates.  
 
Resistance selection assay. From glycerol stocks, bacterial strains were cultured on blood 
agar plates and incubated overnight at 37 °C. A single colony was grown to exponential 
phase (OD600=0.5) in TSB + 0.002% p80 and diluted 100-fold in fresh media. In 
polypropylene 96-well microtiter plates, antibiotics were added in biological triplicates 
and serial diluted 2-fold by transfer and mixing from one well to the next to achieve a 
final volume of 50 µL per well. An equal volume of bacterial suspension was added to 
the wells and plates were sealed with a breathable seal and incubated overnight at 37 ºC. 
The next day, bacterial cultures corresponding to 0.25xMIC were diluted 100-fold in fresh 
media and added (50 µL per well) to a newly prepared antibiotic dilution series (50 µL 
per well) followed by overnight incubation at 37 ºC. This procedure was repeated for 30 
days and the MIC was recorded daily. Cultures containing daptomycin were 
supplemented with 50 mg/L CaCl2 and 10 mg/L MgSO4. The experiment was performed 
in biological replicates and for each replicate the MIC was determined from the median 
of a minimum of triplicates.  
 
Determination of MBEC and MBIC. The ability of the compounds to destroy established, 
preformed bacterial biofilms was determined using MBEC Assay Biofilm Inoculators 
with 96-well base.51 The MBEC was defined as the lowest concentration able to sterilize 
a biofilm, that was established for 24h, after 24h of antibiotic treatment. For MBEC 
determination, the manufacturers protocol was adjusted for use with S. aureus 
ATCC25923.32,51 In brief, MBEC plates were inoculated with 150 µL of culture adjusted 
to 106 CFU/mL in TSB supplemented with 0.5% glucose and incubated for 24h at 110 
rpm, 37 °C and 60-80% humidity to allow biofilm formation. The CFU/mL from the 
inoculum was checked to ensure the correct starting cell count. Following incubation 
MBEC peg lids were washed in sterile saline for 10 sec and transferred to a fresh 96-well 
plate containing 200 µL per well of antibiotic dilutions in TSB supplemented with 0.5% 
glucose and 0.002% p80. Plates were treated for 24h before the peg lid was transferred to 
a fresh recovery plate containing 200 µL of TSB and sonicated for 30 min to remove 
residual biofilm from the pegs. MICs and MBCs were determined from planktonic cells 
and the recovery plate was incubated for 24h. The first well from the antibiotic dilution 
not showing visible cell growth was determined to be the MBEC. OD was measured in 
the Tecan Spark M plate reader at 650 nm to confirm the visible results.  
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To determine if the compounds are able to inhibit biofilm formation in the 

MBEC peg lid system, the protocol was adjusted in the way that antibiotic dilutions were 
added directly with the cells before biofilm formation, allowing determination of the 
MBIC. To confirm biofilm formation, biofilm cell numbers were determined by removing 
control pegs from the peg lid after incubation and recovering cells in TSB by sonication 
and spot plating.  
 
UDP-MurNAc-pp accumulation assay. From glycerol stocks, S. aureus ATCC29213 was 
cultured on blood agar plates and incubated overnight at 37 °C. A single colony was 
grown in TSB + 0.002% p80 overnight at 37 °C and diluted 100-fold in fresh media. The 
bacterial culture was grown at 37 °C until exponential phase (OD600 = 0.5). 
Chloramphenicol was added at a final concentration of 130 µg/mL and the culture was 
incubated for an additional 15 min at 37 °C. Next, the culture was split in 5 mL cultures 
and test antibiotics were added at a final concentration of 5 µM. The cultures were 
incubated at 37 °C for 1 h after which they were centrifuged for 5 min at 4 °C to pellet 
the bacteria (3,900 rpm). The supernatant was removed and the pellets were resuspended 
in 1 mL H2O. The samples were boiled at 100 °C for 15 min and subsequently centrifuged 
for 30 min (12,000 rpm). The supernatant of the samples was lyophilized and redissolved 
in 250 µL buffer A (50 mM ammonium bicarbonate, 5 mM NEt3, pH 8.3). Samples were 
analyzed by analytical RP-HPLC at 254 nm using a 0-25% buffer B (MeOH) gradient 
over 25 min. The HPLC analysis was done using a Phenomenex Jupiter su C18 300 Å 
column (250x4.60 mm, 5 µm) on a Shimadzu LC-2030 Plus instrument. 
 
Assessment of cell wall integrity and deformation of B. subtilis. Cell wall integrity and 
deformation of B. subtilis 168 cells were analyzed as previously described.52 Cultures 
were grown in MHB at 30 °C and treated with 5xMIC of vancomycin, 7, or oritavancin 
for 30 min after reaching OD600=0.3. Following incubation, cells were fixed in 1 mL of 
acetic acid and methanol (1:3 (v:v)). 0.5 µL of fixed cells were transferred onto agarose 
slides with 1% (w/v) agarose and pictured with a Zeiss Axio Observer Z1 microscope 
(Zeiss, Jena, Germany) combined with HXP 120 V light source and an Axio Cam MR3 
camera. Images were taken with ZEN 2 software (Zeiss). Analysis of pictures was 
performed with ImageJ v1.45s software (National Institutes of Health). 
 
Purification of cell wall precursor LII- D-Ala and LII-D-Lac. Lipid II ending in D-Ala-D-
Ala and D-Ala-D-Lac was synthesized and purified according to published 
protocols.24,53,54 Briefly, lipid II synthesis reactions were performed with 2 µmol C55P in 
a buffer composed of Tris/HCl pH 7.5, Triton X100, MgCl2, UPD-GlcNAc, M. luteus 
membrane preparations, and either UDP-MurNAc-pentapeptide from S. simulans (for 
lipid II ending in D-Ala) or UDP-MurNAc-depsipeptide from Lactobacillus casei 
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ATCC393 (for LII-D-Lac). The product was purified via HPLC, lyophilized, resuspended 
in chloroform/methanol (1:1), and stored at -20 °C. For purification of UDP-MurNAc-
depsipeptide, MRS broth was inoculated to 1% with a L. casei preculture and incubated 
at 37 °C to OD600=0.6. Chloramphenicol was added in a concentration of 65 µg/mL to 
inhibit protein translation and cell lysis, and cultures were incubated for 15 min at 37 °C. 
0.5 mM ZnCl2 and 40 µg/mL bacitracin were used to induce UDP-MurNAc-pentapeptide 
accumulation. Following incubation for 60 min at 37 °C cells were harvested, extracted 
with boiling H2O, and centrifuged. The supernatant was lyophilized and redissolved in 
H2O.  
 
Lipid II antagonization assay. Lipid II in chloroform was added to a polypropylene 96-
well plate (5-fold molar excess compared to test antibiotics) and the chloroform was 
allowed to evaporate. Test antibiotics (50 µL, 16xMIC) were mixed with the 5-fold molar 
excess of pure LII-D-Ala in triplicates in the plate as well as added to the plate in 
triplicates without LII-D-Ala present. S. aureus ATCC29213 colonies from fresh blood 
agar plates were suspended in TSB + 0.002% p80 by direct colony suspension to an OD600 

of 0.5. The bacterial suspension was diluted 100-fold in TSB + 0.002% p80 and 50 µL 
was added to the test compounds in the microtiter plate to achieve a final concentration 
of 8xMIC for all test compounds. The samples were incubated at 37 ºC for 24 h with 
constant shaking (600 rpm) and subsequently inspected for visible bacterial growth.  
 
Formulation of large unilamellar vesicles (LUVs). Phospholipid stock solutions (10-30 
mM) were prepared in chloroform. Gram-positive LII-D-Ala and LII-D-Lac stock 
solutions (1 mM) were prepared in chloroform/methanol 1:1. Appropriate volumes of the 
stock solutions were mixed, and the organic solvents evaporated under a stream of 
nitrogen at 35-40 ºC. The resulting dry lipid films were hydrated with buffer (20 mM 
HEPES, pH 7.4) and homogenized by 5 cycles of freezing (-196 ºC) and thawing (35-40 
ºC) to produce vesicle suspensions with a final concentration of 10 mM total lipid. The 
suspensions were passed through 2 opposite directed Whatman® polycarbonate 
membranes with a final pore size of 0.2 μm (Sigma Aldrich, Taufkirchen, Germany) 11 
times at room temperature with an Avanti mini extruder (Avanti Polar Lipids Inc., 
Alabaster, Alabama USA) to yield homogeneous LUV suspensions. 
 
Isothermal Titration Calorimetry (ITC). Large unilamellar vesicles (LUV) suspensions 
of DOPC or 1:3 DOPG/DOPC with or without 100 or 200 µM LII-D-Ala or LII-D-Lac 
(10 mM total lipid) were titrated into a freshly prepared glycopeptide solution in the same 
buffer. Control titrations included the titration of buffer into glycopeptide and LUVs into 
buffer. All binding experiments were performed using a MicroCal PEAQ-ITC Automated 
microcalorimeter (Malvern Panalytical Ltd, Malvern, UK). The samples were 
equilibrated to 25 ºC prior to measurement. The titrations were conducted at 25 ºC under 
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constant stirring at 1,000 rpm. Each experiment consisted of an initial injection of 0.3 µL 
followed by 25 separate injections of 1.5 µL into the sample cell of 200 µL. The time 
between each injection was 180 seconds and the measurements were performed with the 
reference power set at 5 μcal/s and the feedback mode set on “high”. The calorimetric 
data obtained were analyzed using MicroCal PEAQ-ITC Analysis Software Version 1.20 
(Malvern Panalytical Ltd, Malvern, UK). ITC data fitting was made based on the “One 
set of sites” fitting model of the software. The best fit is defined by chi-squared 
minimization. Thermodynamic parameters are reported as the mean ± SD of three 
experiments. 
 
Construction of S. aureus vraRS reporter strain. The promoter region of the VraRS two-
component system was cloned into the pXEN1 vector, which contains the luciferase 
luxABCDE operon, using the EcoRI and BamHI restriction sites. Those sites were inserted 
in the vraRS promoter sequence using the forward primer 5’- 
GCGCGGAATTCACGGTGCTATTTGTGCGCC-3’ (PvraSR_EcoRI-FW) and the 
reverse primer 5’- GCGCGGGATCCCACGTTCAACATAGTTCATAACTA-3’ 
(PvraSR_BamHI-RV). S. aureus RN4220 was transformed with the final vector via 
electroporation and the clones were selected on MH agar plates containing 5 μg/mL 
chloramphenicol. 
 
B. subtilis and S. aureus cell wall stress response and antagonization with purified lipids. 
The cell wall stress response was assessed using B. subtilis 168 strain TMB1617 and S. 
aureus RN4220 that express the Photorhabdus luminescens luciferase under the promoter 
PliaI-lux23 and PvraRS-lux respectively. Cultures were grown in MHB with 5 µg/mL 
chloramphenicol and subjected to a serial dilution of antibiotic supplemented with 
0.002% p80. Vancomycin and oritavancin were used as controls. Antagonization of cell 
wall stress response with LII-D-Ala and LII-D-Lac was analyzed using a protocol 
described previously24 with slight modifications. Purified lipids were subjected to 
antibiotic in different molar lipid/compound ratios (2:1, 4:1, 8:1) and incubated at RT for 
15 min before addition of B. subtilis luciferase reporter culture at OD600=0.5. 
Luminescence was measured every 15 min for 10 h using the Tecan Spark 10 M 
microplate reader.  
 
Complex formation with cell wall precursors. Purified LII-D-Ala and LII-D-Lac were 
analyzed for complex formation with glycopeptide antibiotics at increasing 
concentrations. 2 nmol of lipid II variant was incubated with 2-16 nmol of guanidino 
lipoglycopeptide or 4 nmol of control antibiotics vancomycin or oritavancin in 50 mM 
Tris/HCl, pH 7.5 supplemented with 0.002% p80. Incubation was conducted at RT for 30 
min and unbound lipids were extracted using n-butanol/pyridine acetate (2/1, vol/vol) at 
pH 4.2.54,55 The butanol phase was spotted onto a TLC plate and developed in solvent 
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composed of CHCl3/MeOH/H2O/NH3 (88:48:10:1, v/v/v/v).56 Lipids were visualized 
using phosphomolybdic acid staining.  
 
In vitro inhibition of cell wall biosynthesis reactions with LII-D-Ala and LII-D-Lac. The 
influence of glycopeptides on the PBP2 catalyzed transglycosylation of lipid II was 
analyzed using purified PBP2 as described previously with modifications.57 In short, 2 
nmol of LII-D-Ala/LII-D-Lac was resuspended in 100 mM MES, pH 5.5, 10 mM MgCl2 
and 2 mM Ca2+ supplemented with 0.002% p80. 7 was added at molar ratios of 1:1, 2:1, 
and 10:1 with respect to the lipid II. Oritavancin was used as a control. Antibiotics and 
lipids were incubated for 15 min before addition of purified PBP2. A negative control, 
lacking treatment and enzyme, and a positive control, containing PBP2 but lacking the 
compound, were added for comparison. Enzymatic reactions were conducted at 30 °C for 
2 h. Free lipids were extracted and visualized as described for the complexation assays. 
Inhibition of the enzymatic complex MurTGatD was assessed in 160 mM Tris-HCl, 50 
mM KCl, 40 mM MgCl2, 0.26% Triton X-100, 6.6 mM glutamine, 1.25 mM CaCl2, 6 
mM ATP, and 0.002% p80. 2 nmol of the lipid II variant was used in a final volume of 
30 µL.58 Purified MurTGatD complex was added to start the reaction. Compounds were 
added in the same molar ratios as described for PBP2 inhibition and incubation, 
extraction, and staining were performed according to the above described procedure as 
well. Lipid II was quantified for pixel density using ImageJ.  
 
Membrane depolarization assay. From glycerol stocks, MRSA USA300 was cultured on 
blood agar plates and incubated overnight at 37 °C. A single colony was grown in LB 
media overnight and was diluted 100-fold in fresh media. The cells were grown at 37 °C 
to early exponential phase. Cells were pelleted (10,000 rpm, 5 min) and washed with 
filter-sterilized 10 mM HEPES buffer (pH 7.4) supplemented with 50 µg/mL CaCl2 and 
5 mM glucose. Supernatant was removed and cell pellets were resuspended in the same 
buffer at a desired cell density. 100 µL of 6 µM diSC3(5) dye was added to a clear flat-
bottom polystyrene 96-well plate and fluorescence was monitored for 15 min at 37 °C 
collecting data every 1 minute at excitation/emission 643/666 nm using a Biotek 
SynergyMx. Next, 98 µL of cells were added to the wells (final OD600=0.15-0.3) and data 
collection continued for 3 min at 37 °C. Last, antibiotics were added to achieve a final 
concentration of 1.5 µg/mL, 8 µg/mL, or 16 µg/mL (2 µL) and fluorescence was 
monitored on the Biotek SynergyMx (excitation/emission 643/666 nm) at 37 °C for 30 
minutes collecting data every 1 min. The final concentration of diSC3(5) dye in all wells 
was 3 µM. Note that no p80 was supplemented to the media or buffer in this assay, likely 
altering the MIC of the compounds. Data were corrected by subtraction of the background 
response of diSC3(5) in the presence of cells with no antibiotic. Each sample was tested 
in triplicates. 
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Membrane permeabilization assay. From glycerol stocks, MRSA USA300 was cultured 
on blood agar plates and incubated overnight at 37 °C. A single colony was grown in LB 
media overnight and was diluted 100-fold in fresh media. The cells were grown at 37 °C 
to early exponential phase. Cells were centrifuged (10,000 rpm, 5 min) and washed with 
10 mM HEPES buffer (pH 7.4) supplemented with 50 µg/mL CaCl2 and 5 mM glucose. 
Supernatant was removed and cells were resuspended in the same buffer at an appropriate 
cell density. Propidium iodide (PI) dye (final concentration of 10 µM), cells (final 
OD600=0.15-0.3) and antibiotics (final concentration of 1.5 µg/mL, 8 µg/mL, or 16 
µg/mL) were added to a total volume of 100 µL into a black flat-bottom 96-well plate. 
Fluorescence was monitored at excitation/emission 535/620 nm at 37 °C on a Biotex 
SynergyMx for 30 min collecting data every 1 min. Note that no p80 was supplemented 
to the media or buffer in this assay, likely altering the MIC of the compounds. Data were 
corrected by subtraction of the background response of PI dye in the presence of cells 
with no antibiotic. Each sample was tested in triplicate and data ware analyzed with Prism 
software. 
 
Delocalization of GFP-MinD. The impact of compound 7 on membrane potential was 
analyzed as described previously using fluorescence microscopy and B. subtilis 1981 erm 
spc minD::ermC amyE::Pxyl-gfp-minD that is characterized by gfp-minD under the Pxyl 

promotor.34,59 The strain was grown at 30 °C in LB supplemented with 0.1% w/v xylose 
and 50 µg/mL spectinomycin. At OD600=0.25 cells were treated with 5xMIC of 
compound. Nisin was used as a positive control. Samples were taken at different time-
points (2, 5, 15, 30, and 60 min), transferred onto microscope slides with 1% (w/v) 
agarose and pictured with a Zeiss Axio Observer Z1 microscope (Zeiss, Jena, Germany) 
combined with HXP 120 V light source and an Axio Cam MR3 camera. Images were 
taken with ZEN 2 software (Zeiss). Analysis of pictures was performed with ImageJ 
v1.45s software (National Institutes of Health).  
 
In vivo studies – Animal ethics, strain and housing. Animal experiments were performed 
in an AAALAC-accredited animal facility under the authority of UK Home Office 
Establishment, Project and Personal Licences, with local ethical committee clearance. All 
studies were prepared and conducted in keeping with the ARRIVE Guidelines. Male CD1 
specific pathogen free mice (Charles River, Margate UK) were used (total of n=116 mice 
for all studies), weighed 26.6-35.5 gram (for the tolerability, PK, and thigh model) or 
25.0-32.6 gram (for the sepsis burden and survival model) at study start. Mice were 
allowed to acclimatize for at least 7 days. Mice were housed in sterilized individually 
ventilated cages in groups of 3-5 mice supplied with HEPA filtered air and aspen chip 
bedding (changed a minimum of once a week). Food (SDS, Whitham, UK) and water 
were available ad libitum. The room temperature was 22 °C ± 1 °C, with a 60% relative 
humidity and a maximum background noise of 56 dB. Mice were exposed to a 12 h 
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light/dark cycle. Cages of mice were assigned to study groups randomly. No animals or 
values were excluded from analyses.  
 
In vivo studies – Preparation of compound for in vivo studies. Vehicle for all studies was 
10% DMSO in sterile water for injection (WFI) and was clear and colorless. Compound 
7 was prepared by adding DMSO to 10% of the desired volume of diluent, ensuring the 
test article was in solution and then slowly adding WFI to the final volume. The mixture 
was solubilized by vortexing and formed a clear colorless solution. In case of vancomycin 
two preparation protocols were in place: 1) for tolerability, PK and thigh infection it was 
prepared by adding 10 mL of WFI to 500 mg vancomycin to produce a clear colorless 
stock solution at 50 mg/mL. The stock solution was then diluted 1:10 in WFI to 5 mg/mL 
and administered at 5 mL/kg. 2) For the sepsis studies, vancomycin solution was prepared 
by adding saline for injection (SFI) to vancomycin to produce a clear and colorless stock 
solution at 5 mg/mL.  
 
In vivo studies – In vivo tolerability. Tolerability of compound 7 was assessed at 10 mg/kg 
(n=2), 30 mg/kg (n=2) and 50 mg/kg (n=1) and 100 mg/kg (n=1) by intravenous (IV) 
injection at 5 mL/kg and at 100 mg/kg (n=2) by subcutaneous (SC) injection at 5 mL/kg 
(in 10% DMSO in WFI) in naïve mice (n=8 total). 
 
In vivo studies – In vivo pharmacokinetics. Compound 7 was administered at 3 mg/kg SC 
at 5 mL/kg in naïve mice (n=3). Whole blood (20 µL per sample) was collected from the 
lateral tail vein by tail prick sampling at 5 min, 15 min, 30 min, 1 h, 2 h, and 4 h into 
EDTA coated glass capillary tubes. An 8 h sample was taken via terminal cardiac 
puncture under isoflurane anesthesia into an EDTA blood tube. Each 20 µL blood sample 
was mixed with 20 µL sterile water prior to freezing at -80 °C. PK analysis was performed 
by a generic LC-MS/MS method and samples were quantified using matrix matched 
calibrators. Samples were prepared for bio-analysis via protein precipitation. Blood 
concentration vs time data and relevant PK parameters were reported following non-
compartmental analysis (NCA).  
 
In vivo studies – In vivo MRSA thigh infection model. In vivo efficacy was determined in 
a murine thigh infection model. A total of n=30 mice was used in this study, with each 
group consisting of n=6 mice with both thighs infected (n=12 thighs per treatment group) 
and each thigh was treated as a separate sample even though they are not completely 
independent samples. 
 

Immunosuppression. Mice were rendered neutropenic by a SC injection of 150 
mg/kg and 100 mg/kg cyclophosphamide 4 days and 1 day before infection respectively. 
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The immunosuppression regime leads to neutropenia starting 24 h post administration of 
the first injection, which continues throughout the study. 
 

Infection. An aliquot of a previously prepared frozen stock of the bacterial strain 
S. aureus NRS384 in log phase was thawed and diluted in sterile PBS to the desired 
inoculum just prior to infection. Mice were infected in both thighs with 0.05 mL of the 
MRSA USA300 strain S. aureus NRS384 (1.47 x 106 CFU/mL, 7.33 x 104 CFU per thigh) 
intramuscularly under temporary inhaled anesthesia (2.5% isoflurane in oxygen for 3-4 
minutes). Analgesia was provided at infection and every 8-12 h via buprenorphine 
administration through SC injection at 0.03mg/kg. 
 

Treatment. Mice were administered vehicle control every 6 h SC at 5mL/kg, 25 
mg/kg positive control vancomycin every 12 h IV at 5 mL/kg, or 3 mg/kg or 10 mg/kg 
compound 7 every 6 h SC at 5mL/kg, starting 1 h post-infection.  
 

Endpoints. Pretreatment group (n=6) endpoint was 1 h post-infection. The other 
treatment groups had a 25 h planned endpoint, which became 23 h due to mice (in vehicle 
group) reaching clinical endpoint. The clinical condition of all animals was assessed prior 
to humane euthanasia using pentobarbitone overdose, and the thighs removed and 
weighed. Weighed thighs were homogenized in 3 mL sterile PBS containing 10% 
glycerol in Precellys bead beater tubes in a Precellys Evolution homogenizer and 
quantitatively cultured on MSA agar using the Miles and Misra method at 37 °C for 18-
24 h followed by colony counting. 
 

Data analysis. Data analysis was performed with StatsDirect software v. 3.2.8 
using non-parametric statistical models (Kruskal-Wallis using Conover-Inman to make 
all pairwise comparisons between groups). For all calculations, the thighs from each 
animal were treated as two separate data points even though they are not completely 
independent samples. 
 
In vivo studies – In vivo sepsis models. In vivo efficacy was determined in a mouse model 
of S. aureus NCTC8178 disseminated sepsis. The study was split into two: a survival 
model and a burden model. A total of n=50 mice was used in the survival study, with each 
group consisting of n=10 mice. A total of n=25 mice was used in the burden study, with 
each treatment group consisting of n=5 mice and from each mouse the spleen, kidney, 
and heart were harvested.  
 

Infection. The bacterial strain S. aureus NCTC8178 (Newman strain) was 
prepared from an overnight Mueller Hinton broth which was sub-cultured and shaken at 
37 °C at 300 rpm until it reached log phase. Mice were infected with 0.1 mL of the 
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bacterial strain suspensions by IV injection. The inoculum was 3.3 x 107 CFU/mouse for 
the 7-day survival model and 1.8 x 107 CFU/mouse for the 48 h burden study.  
 

Treatment. For the survival model – starting 1 h post-infection mice were 
administered for the first 24 h with either vehicle control every 6 h SC at 5mL/kg, or 25 
mg/kg vancomycin positive control or compound 7 every 12 h IV at 5mL/kg, or 3 mg/kg 
or 10 mg/kg compound 7 every 6 h SC at 5mL/kg. For the burden model – starting 1 h 
post-infection mice were administered for a total of 24 h with vehicle control every 6h 
SC at 5mL/kg, 25 mg/kg positive control vancomycin or compound 7 every 12 h IV at 
5mL/kg, or 10 mg/kg compound 7 every 6 h SC at 5mL/kg. 
 

Endpoints. For the survival model the endpoint was seven days (169 h) or when 
animals reached clinical endpoint, whichever was sooner. The clinical condition of 
animals was assessed prior to humane euthanasia using pentobarbitone overdose. No 
organ culture was performed for the survival study. For the burden model the endpoint 
was 1 h (for pretreatment group, n=5) and 49 h (other groups) post-infection, the clinical 
condition of all animals was assessed prior to humane euthanasia using pentobarbitone 
overdose, and the spleen, kidneys and heart removed and weighed. Tissue samples were 
homogenized in 2 mL ice cold sterile PBS; the homogenates were quantitatively cultured 
onto MSA agar using the Miles and Misra method and incubated at 37 °C for 18-24 h 
before colonies were counted. 
 

Data analysis. Survival data were analyzed by Logrank survival analysis using 
StatsDirect statistical software v 3.3.4 and compared to vehicle control. The data from the 
culture burdens were analyzed using appropriate non-parametric statistical models 
(Kruskal-Wallis using Conover-Inman to make all pairwise comparisons between groups) 
with StatsDirect software v. 3.3.4, and compared to vehicle control. Samples with burden 
below limit of detection were given a value of 1 for graphical and statistical purposes. 
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3.5 Supplementary Information 
 

 
Fig. S1. Effect of glycopeptides on eradication of preformed biofilm. (A) Bar and (B) line graph 
of MBEC determined by treatment of a preformed biofilm with compounds in serially diluted 
concentrations. Experiment performed by Melina Arts/Stefania De Benedetti. 
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Fig. S2. Effect of glycopeptides on biofilm formation. (A) Bar and (B) line graph of MBICs 
determined by addition of compounds with the inoculum. Values represent biological duplicates with 
technical quadruplicates. Data represent mean ± SD. Experiment performed by Melina Arts/Stefania De 
Benedetti. 
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Table S1. Antagonization of guanidino lipoglycopeptides by LII-D-Ala. 
Compound Visible bacterial growth at 

8xMIC 
  Without free 

lipid II present 
With free lipid II 
present (5-fold 
molar excess) 

Vancomycin (1) - + 
Telavancin (3) - + 
Compound 7 - + 
Compound 8 - + 
Compound 9 - + 
Compound 16 - + 
Compound 18 - + 
Antagonization of the activity of vancomycin, telavancin, and selected 
guanidino lipoglycopeptides at 8xMIC by a 5-fold molar excess of lipid II 
with D-Ala-D-Ala terminus. ‘-‘ Indicates no visible bacterial growth, ‘+’ 
indicates visible bacterial growth. Experiment performed in a minimum 
of triplicates. 

 
Table S2. Thermodynamic parameters of glycopeptides binding to LII containing LUVs 
by ITC.  

 Compound 7 Vancomycin  (1) 
LII (type) D-Ala D-Lac D-Ala D-Lac 
LII (µM) 100 200 200 200 
1 or 7 (µM) 20 40 10 10/20 
KD (nM) 120.33 ± 28.05 813.33 ± 34.70 1170 ± 140 No binding 
N (sites) 0.44 ± 0.04 0.55 ± 0.06 1.48 ± 0.09 - 
ΔH (kcal/mol) -11.63 ± 0.26 -8.36 ± 0.24 -7.05 ± 0.36 - 
-TΔS (kcal/mol) 2.19 ± 0.22 0.25 ± 0.53 -1.05 ± 0.38 - 
ΔG (kcal/mol) -9.46 ± 0.13 -8.31 ± 0.02 -8.10 ± 0.07 - 

Titrations of DOPC LUVs (10 mM total lipid) containing 100 µM or 200 µM LII-D-Ala or LII-D-Lac. Experiment performed 
by Ioli Kotsogianni. 

 

 
Fig. S3. Control ITC titrations of buffer titrated into vancomycin (10 µM). Titrations show the 
heat of dilution. n=3. Experiment performed by Ioli Kotsogianni. 
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Fig. S4. Control ITC titrations of buffer titrated into compound 7 (20 µM). Control titrations 
show heat of dilution. n=3. Experiment performed by Ioli Kotsogianni. 
 
 
 

 
Fig. S5. Control ITC titrations of blank DOPC LUVs titrated into vancomycin (10 µM). 
Titrations show heat of dilution. n=3. Experiment performed by Ioli Kotsogianni. 
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Fig. S6. Control ITC titrations of DOPC LUVs titrated into compound 7 (20 µM). Control 
titrations show heat of dilution. n=3. Experiment performed by Ioli Kotsogianni. 

 
 
 

 
Fig. S7. Binding thermograms of 200 µM LII-D-Ala, 10 mM DOPC LUVs titrated into 
vancomycin (10 µM). n=3. Experiment performed by Ioli Kotsogianni. 
 



Chapter 3 

– 122 – 

3 

 
Fig. S8. Binding thermograms of 100 µM LII-D-Ala, 10 mM DOPC LUVs titrated into 
compound 7 (20 µM). n=3. Experiment performed by Ioli Kotsogianni. 
 
 
 

 
Fig. S9. Titrations of DOPC LUVs containing LII-D-Lac into vancomycin. Titrations produced 
negligible heat signals. (A) 1:3 DOPG/DOPC LUVs with 100 µM LII-D-Lac into vancomycin (20 µM). (B) DOPC 
LUVs with 200 µM LII-D-Lac into vancomycin (20 µM) and (C) DOPC LUVs with 200 µM LII-D-Lac into 
vancomycin (10 µM). Experiment performed by Ioli Kotsogianni. 
 

A B C 
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Fig. S10. Binding thermograms of 200 µM LII-D-Lac containing DOPC LUVs titrated into 
compound 7 (40 µM). n=3. Experiment performed by Ioli Kotsogianni. 
 
 
 

 
Fig. S11. Induction of the cell wall stress response. Induction of cell wall stress response after 
treatment of the (A) S. aureus VraRS-lux and (B) B. subtilis LiaI-lux bioreporter with increasing concentrations 
of compound 7. Untreated cells were used as a growth control (GC). n=3. Experiment performed by Melina 
Arts/Stefania De Benedetti. 
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Fig. S12. Antagonization of cell wall stress response in B. subtilis by purified cell wall 
precursors. The liaI-lux response triggered by compound 7, 14, and 18 is antagonized by lipid I (LI) and 
lipid II (LII) at two-fold molar access (left column), while a 10-fold molar excess of LII-D-Lac is required for full 
antagonization (right column). No antagonization is observed with C55PP.  Experiment performed by Melina 
Arts/Stefania De Benedetti. 
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Fig. S13. Complex formation of compound 7, 14, and 18 with purified LII-D-Ala and LII-D-
Lac. Compound 7, 14, and 18 were added to LII-D-Ala and LII-D-Lac at increasing molar ratios. Free lipids 
were extracted with BuOH/PyrAc and applied to TLC plates. The presence of extraction-stable complexes of 
all compounds with LII-D-Ala in the aqueous phase indicated by a reduction of the amount of LII visible on 
TLC. No complex formation with LII-D-Lac was observed similar to oritavancin and vancomycin. Image 
representative for technical replicates. Experiment performed by Melina Arts/Stefania De Benedetti. 
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Fig. S14. Membrane depolarization assessment of the guanidino lipoglycopeptides. 
Fluorescence intensity of diSC3(5) released from the membrane of MRSA USA300 in the presence of 
antibiotic. diSC3(5) is a cationic fluorescent probe that accumulates on hyperpolarized membranes and 
translocates to the lipid bilayer. Upon disruption of the membrane potential, diSC3(5) can no longer partition 
to the cell surface, resulting in release of the dye into the media, which can be measured by an increase in 
fluorescence. After diSC3(5) and bacterial cells were incubated for 3 minutes, compounds were added, and 
a 30-minute time course was recorded. All data were normalized by subtraction of the signal derived from 
the buffer. Nisin at 1.5 µg/mL was used as positive control. Data are mean ± SD (n=3). (A) 30-minute time 
course of diSC3(5) fluorescence intensity of MRSA USA300 treated with nisin, vancomycin, telavancin, 
dalbavancin, oritavancin, and compound 7 at 1.5 µg/mL, (B) 8 µg/mL, and (C) 16 µg/mL. 
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Fig. S15. Membrane pore formation assessment of the guanidino lipoglycopeptides. 
Fluorescence intensity of propidium iodide (PI) binding to DNA of MRSA USA300 in the presence of 
antibiotics was recorded in a 30-minute time course. PI is a red-fluorescent dye impermeable to live cells. 
Upon pore formation PI enters cells and binds DNA resulting in an increased fluorescence signal. All data 
were normalized by subtraction of the signal derived from the buffer. Nisin at 1.5 µg/mL was used as positive 
control. Data are mean ± SD (n=3). (A) 30-minute time course of PI fluorescence intensity of MRSA USA300 
treated with nisin, vancomycin, telavancin, dalbavancin, oritavancin, and compound 7 at 1.5 µg/mL, (B) 8 
µg/mL, and (C) 16 µg/mL. 
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Table S3. Extended mouse PK of guanidino lipoglycopeptide 7. Individual and mean/median 
mouse pharmacokinetic parameters of compound 7 (3 mg/kg, subcutaneous) 

PK Parameter Compound 7 

 Sample 
1 

Sample 
2 

Sample 
3 

Mean / 
Median 

SD 

C0 / Cmax (ng mL-1) 1989 1903 1546 1813 235 
C0 / Cmax (nM) 1174 1123 912 1070 139 
Clast (ng mL-1) 85.3 34.4 44.2 54.6 27.0 
tlast (h) 8.00 8.00 8.00 8.00 - 
tmax (h) 1.00 1.00 2.00 1.00 - 
t1/2 (h) 1.43 1.05 1.17 1.22 0.196 
CL / CL_F (mL min-1 kg-1) 9 9 10 9.30 0.944 
AUCinf (ng hr mL -1) 5664 5759 4814 5412 520 
AUCinf (nM hr) 3342 3398 2841 3194 307 
AUC0-t (ng hr mL-1) 5487 5707 4740 5311 507 
AUC0-t (nM hr) 3238 3368 2797 3134 299 
Number of Points used for Lambda z 3 3 3 3 - 
AUC % Extrapolation to infinity 3.1 0.9 1.6 1.9 1.1 

 
Table S4. Individual data of mouse thigh burden. Thigh burdens in colony forming units (CFU)/g. 
BLD= below limit of detection. q indicates dosing interval. 

Pretreatment Vehicle q6h 
Vancomycin  

25 mg/kg q12h 
Compound 7 
3 mg/kg q6h 

Compound 7 
10 mg/kg q6h 

76075 488345865 106 42132 7984 

80434 3971232877 825 7735 81 

83111 555841584 1030 3885 34 

86078 835263158 2023 113 368 

90667 987022901 1148 368 35 

100286 722195122 142564 456 77 

73102 512903226 4605085 9139 96 

85217 814594595 283390 666 76 

121720 855384615 1204 350 40 

73286 1851351351 310 587 BLD 

89346 1471428571 BLD 75 158 

110505 2851282051 6736 113 BLD 
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Table S5. Kruskal-Wallis statistical comparison of thigh burden. Corrected for multiple 
comparisons, StatsDirect-Conover-Inman. NS = not significant. q indicates dosing interval. 

 Vehicle 
(SC, q6h) 

Compound 7 
(3 mg/kg, SC, 

q6h) 

Compound 7 
(10 mg/kg, SC, 

q6h) 

Vancomycin  
(25 mg/kg, IV, 

q12h) 

Pretreatment p=0.004 p=0.0001 p<0.0001 p=0.0042 

Vehicle (SC, q6h)  p<0.0001 p<0.0001 p<0.0001 

Compound 7 
(3 mg/kg, SC, q6h) 

  p=0.0001 NS 

Compound 7 
(10 mg/kg, SC, q6h) 

   p<0.0001 

Vancomycin  
(25 mg/kg. IV, q12h) 

    

 
Table S6. Mean and Median survival. q indicates dosing interval. 

 Mean survival 
(h) 

Median survival 
(h) 

Vehicle (SC, q6h) 51.3 50.7 
Compound 7 (3 mg/kg, SC, q6h) 165.3 169.0 
Compound 7 (10 mg/kg, SC, q6h) 169.0 169.0 
Compound 7 (25mg/kg, IV, q12h) 169.0 169.0 
Vancomycin (25 mg/kg, IV, q12h) 131.5 132.7 
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Table S7. Individual survival data of the mouse survival study. q indicates dosing interval. 

Treatment Animal number Survival 
(h) 

Survival 
(days) 

Vehicle (SC, q6h) 

1  49.4  2.1  
2  53.0  2.2  
3  46.0  1.9  
4  44.2  1.8  
5  56.5  2.4  
6  49.4  2.1  
7  50.7  2.1  
8  50.7  2.1  
9  56.5  2.4  

10  56.5  2.4  

Compound 7 
(3 mg/kg, SC, q6h) 

11  132.2  5.5  
12  169.0  7.0  
13  169.0  7.0  
14  169.0  7.0  
15  169.0  7.0  
16  169.0  7.0  
17  169.0  7.0  
18  169.0  7.0  
19  169.0  7.0  
20  169.0  7.0  

Compound 7 
(10 mg/kg, SC, 

q6h) 

21  169.0  7.0  
22  169.0  7.0  
23  169.0  7.0  
24  169.0  7.0  
25  169.0  7.0  
26  169.0  7.0  
27  169.0  7.0  
28  169.0  7.0  
29  169.0  7.0  
30  169.0  7.0  

Compound 7 
(25mg/kg, IV, 

q12h) 

31  169.0  7.0  
32  169.0  7.0  
33  169.0  7.0  
34  169.0  7.0  
35  169.0  7.0  
36  169.0  7.0  
37  169.0  7.0  
38  169.0  7.0  
39  169.0  7.0  
40  169.0  7.0  

Vancomycin  
(25 mg/kg, IV, 

q12h) 

41  119.7  5.0  
42  153.5  6.4  
43  120.0  5.0  
44  133.0  5.5  
45  133.0  5.5  
46  132.4  5.5  
47  169.0  7.0  
48  81.0  3.4  
49  120.0  5.0  
50  153.5  6.4  
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Table S8. Statistical comparison of survival times. q indicates dosing interval. 

Comparison Log-rank test 
Generalized 

Wilcoxon 
(Peto-Prentice) 

Vehicle vs 7 (3 mg/kg, SC, q6h) p<0.0001 p<0.0001 
Vehicle vs 7 (10 mg/kg, SC, q6h) p<0.0001 p<0.0001 
Vehicle vs 7 (25 mg/kg, IV, q12h) p<0.0001 p<0.0001 

Vehicle vs vancomycin 25 mg/kg, IV, q12h) p<0.0001 p<0.0001 
Vancomycin (25 mg/kg, IV, q12h) vs 7 (25 

mg/kg, IV, q12h) 
p<0.0001 p=0.0001 

 
Table S9. Individual data of mouse spleen burden. Burdens in colony forming units (CFU)/g. BLD= 
below limit of detection. q indicates dosing interval. 

Pre-
treatment 

Vehicle 
(SC, q6h) 

Compound 7 
(10 mg/kg, 

SC, q6h) 

Compound 7 
(25 mg/kg, 
IV, q12h) 

Vancomycin  
(25 mg/kg, 
IV, q12h) 

14133333 26423 22705 1052 25650 
16800000 25127 3688 5460 21700 
12900000 8720 13997 2543 12218 
14133333 26087 8720 7537 25554 
15766667 20645 6596 2785 21317 

 

Table S10. Kruskal-Wallis statistical comparison of spleen burden. Corrected for multiple 
comparisons, StatsDirect-Conover-Inman. NS = not significant. q indicates dosing interval. 

 Vehicle 
(SC, q6h) 

Compound 7 
(10 mg/kg, 

SC, q6h) 

Compound 7 
(25 mg/kg, 
IV, q12h) 

Vancomycin  
(25 mg/kg, 
IV, q12h) 

Pretreatment p=0.0029 p<0.0001 p<0.0001 p=0.0014 

Vehicle (SC, q6h)  p=0.0059 p<0.0001 NS 

Compound 7 
(10 mg/kg, SC, q6h) 

  p=0.0054 p=0.0012 

Compound 7 
(25mg/kg, IV, q12h) 

   p<0.0001 

Vancomycin  
(25 mg/kg, IV, q12h) 

  
 

 

 
 
Table S11. Individual data of mouse kidney burden. Burdens in colony forming units (CFU)/g. 
BLD= below limit of detection. q indicates dosing interval. 

Pre-treatment 
Vehicle 

(SC, q6h) 

Compound 7 
(10 mg/kg, SC, 

q6h) 

Compound 7 
(25 mg/kg, IV, 

q12h) 

Vancomycin  
(25 mg/kg, IV, 

q12h) 
30000  831818  BLD  BLD  452  
33273  2102128  420  BLD  1268  
27727  12400000  192  BLD  445  
34571  11756098  BLD  526  53  
23048  384324  BLD  BLD  53  
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Table S12. Kruskal-Wallis statistical comparison of kidney burden. Corrected for multiple 
comparisons, StatsDirect-Conover-Inman. NS = not significant. q indicates dosing interval. 

 Vehicle 
(SC, q6h) 

Compound 7 
(10 mg/kg, 

SC, q6h) 

Compound 7 
(25 mg/kg, 
IV, q12h) 

Vancomycin  
(25 mg/kg, 
IV, q12h) 

Pretreatment NS p=0.0002 p<0.0001 NS 

Vehicle (SC, q6h)  p<0.0001 p<0.0001 p=0.0019 

Compound 7 
(10 mg/kg, SC, q6h) 

  NS p=0.0287 

Compound 7 
(25mg/kg, IV, q12h) 

   p=0.0096 

Vancomycin  
(25 mg/kg, IV, q12h) 

  
 

 

 
 
Table S13. Individual data of mouse heart burden. Burdens in colony forming units (CFU)/g. BLD= 
below limit of detection. q indicates dosing interval. 

Pre-treatment 
Vehicle 

(SC, q6h) 

Compound 7 
(10 mg/kg, SC, 

q6h) 

Compound 7 
(25 mg/kg, IV, 

q12h) 

Vancomycin  
(25 mg/kg, IV, 

q12h) 
1090  459  BLD  BLD  BLD  
9366  848  BLD  BLD  675  
4149  330  BLD  BLD  BLD  

11488  4127  164  14746  BLD  
10530  1787059  BLD  BLD  128  

 
Table S14. Kruskal-Wallis statistical comparison of heart burden. Corrected for multiple 
comparisons, StatsDirect-Conover-Inman. NS = not significant. q indicates dosing interval. 

 Vehicle 
(SC, q6h) 

Compound 7 
(10 mg/kg, 

SC, q6h) 

Compound 7 
(25 mg/kg, 
IV, q12h) 

Vancomycin  
(25 mg/kg, 
IV, q12h) 

Pretreatment NS p=0.0011 p=0.0037 p=0.005 

Vehicle (SC, q6h)  p=0.005 p=0.0152 p=0.0203 

Compound 7 
(10 mg/kg, SC, q6h) 

  NS NS 

Compound 7 
(25mg/kg, IV, q12h) 

   NS 

Vancomycin  
(25 mg/kg, IV, q12h) 
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4.1 Introduction 
 
Vancomycin (Fig. 1) is the most prominent clinically-used glycopeptide antibiotic and 
exhibits potent activity against Gram-positive bacteria. It functions by inhibiting cell-wall 
biosynthesis by targeting the peptidoglycan precursor lipid II, and specifically by binding 
the D-Ala-D-Ala terminus of the lipid II pentapeptide via a network of five hydrogen 
bonds. In binding to this peptidoglycan precursor, vancomycin prevents cell-wall 
polymerization by bacterial transpeptidases and transglycosylases which leads to 
decreased bacterial cell-wall integrity, eventually resulting in lysis of the bacterial cell.1,2 
Furthermore, binding of vancomycin to lipid II is enhanced by cooperative dimerization 
which increases the binding affinity of vancomycin to lipid II and enhances its 
antimicrobial activity.3–5 While lipid II is also present in Gram-negative bacteria, 
vancomycin is unable to access it due to the presence of the additional outer membrane 
(OM) found in Gram-negatives.6 The OM is characterized by an inner leaflet of 
phospholipids and an outer leaflet decorated by lipopolysaccharide (LPS).7 Notably, the 
ability of vancomycin to also bind to Gram-negative lipid II from E. coli was confirmed 
by the group of Shlaes. Furthermore, this study suggested that defects in the LPS core can 
revert resistance of Gram-negative strains to large hydrophilic molecules such as 
vancomycin.6 Additionally, in a recent investigation Bardoel and coworkers showed that 
serum can sensitize multi-drug resistant (MDR) K. pneumonia to vancomycin, a process 
facilitated by the membrane attack complex (MAC) of the complement system found in 
human serum. The MAC forms pores in the OM causing disruption, allowing otherwise 
Gram-positive specific antimicrobials to also exert their action against Gram-negative 
strains.8 These studies, and others carried out in the same area, highlight the potential of 
vancomycin to be effective against Gram-negative bacteria when the integrity of the OM 
is compromised.  
 

Different strategies to sensitize Gram-negative bacteria to antibiotics which 
typically only work against Gram-positive pathogens have been explored in the 
literature.9–11 The two main approaches used most often rely on: a) covalent attachment 
of OM-disrupting or OM-bypassing moieties and b) co-administration with “adjuvants’’, 
which can either affect the OM integrity or impair the bacteria’s efflux system.7,12,13 
Previously described covalent conjugates include those reported by Miller and coworkers 
wherein vancomycin was linked to an iron sequestering siderophore mimetic to yield 
hybrids with slightly reduced activity against Gram-positive strains but with enhanced 
activity towards a hypersensitive strain of Pseudomonas aeruginosa under iron depleted 
conditions.14 More recently, the group of Haldar reported a lipophilic cationic 
vancomycin analogue, VanQAmC10, which was shown to be bactericidal against MDR 
A. baumannii.15 Another recent vancomycin derivative, developed by the groups of 
Wender and Cegelski, involves the introduction of an arginine-amide moiety at the 
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vancomycin C-terminus, significantly enhancing activity against E. coli (MIC 8-16 µM) 
including resistant strains.16,17 Notably, this arginine-vancomycin conjugate was 
demonstrated to successfully reduce bacterial burden >6-log fold compared to vehicle and 
vancomycin in a murine thigh E. coli infection model.16 In addition to such covalent 
approaches to enhance anti-Gram-negative activity, agents capable of potentiating or 
synergizing with Gram-positive-specific antibiotics also present an attractive option. In 
this regard, many OM-disrupting cyclic or linear cationic peptides have been reported to 
sensitize Gram-negative pathogens to anti-Gram-positive antibiotics including 
vancomycin.10,18,19  

 

 
Fig. 1. Structure of vancomycin and colistin. 

Among the most notable OM disrupting agents are the so-called polymyxin 
nonapeptides which are derived from the clinically used antibiotics polymyxin B and 
polymyxin E (colistin). Readily obtained by enzymatic degradation of the full-length 
antibiotic, the cyclic nonapeptides lack the fatty acyl tail and N-terminal Dab residue 
present in the parent polymyxins (Fig. 1). Due to its associated (nephro)toxicity when 
administered systemically, colistin has traditionally only been used as an antibiotic of last 
resort.20 However, given increasing rates of resistance, the use of colistin is now on the 
rise.20 By comparison, the polymyxin nonapeptides are significantly less toxic than the 
parent compounds,21,22 but still maintain the capacity to bind to Gram-negative bacteria 
by recognition of the Lipid A unit of LPS.23,24 Given their high positive charge, polymyxin 
nonapeptides displace the divalent cations responsible for stabilizing membrane packing 
in the Gram-negative OM25 resulting in disruption of the OM.20 Notably, while polymyxin 
nonapeptides retain little-to-none of the activity of the parent antibiotic,26 they function 
effectively as synergistic agents and can improve the activity of otherwise Gram-positive 
specific antibiotics including vancomycin.18,19  
 

To date, a small number of studies have explored the effect of conjugating 
polymyxins to antibiotic agents with the aim of using the covalently attached OM 
disruptor as an adjuvant for the antimicrobial agent. Generally speaking, these studies 
have focused on conjugation with Gram-negative active antibiotics. In a recently 
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example, Schweizer and coworkers described the ligation of full-length polymyxin B to 
the aminoglycoside tobramycin.27 The resulting hybrid did not outperform either 
polymyxin or tobramycin in direct activity, but interestingly did potentiate other 
antibiotics towards several P. aeruginosa strains, including MDR isolates.27 In another 
even newer development, researchers at Polyphor described bicyclic hybrids comprising 
a monocyclic β-hairpin peptidomimetic of protegrin I and PMEN.28 While neither 
monocyclic peptide exhibits significant activity on its own, the bicyclic hybrids 
demonstrated extremely potent activity both in vitro and in mouse models of infection 
with a range of Gram-negative pathogens. Notably, these bicyclic constructs are proposed 
to target the extracellular part of the OM protein BamA, thereby avoiding the need to pass 
the OM.28  
 

Given previous reports showing that covalent attachment of siderophores, LPS 
binding moieties, or positively charged moieties to vancomycin can lead to improved 
antimicrobial activity against Gram-negative strains,15–17,29,30 we hypothesized that 
conjugation of vancomycin to the highly positively charged OM disruptor PMEN could 
sensitize Gram-negative strains. Our interest in exploring vancomycin-PMEN conjugates 
was further spurred given that OM disruption has also previously been demonstrated to 
enable anti-Gram-negative activity for vancomycin.6,8,10,18,19 Also of note are recent 
reports showing that the covalent attachment of cationic moieties to vancomycin is also 
an effective means to resensitize clinically relevant vancomycin-resistant Gram-positive 
strains.15,31–35 For these reasons we anticipated that vancomycin-PMEN conjugates might 
exhibit enhanced activity towards drug-resistant Gram-positive strains as well. Here we 
report the synthesis and evaluation of the vancomyxins, a new class of vancomycin-
PMEN hybrid antibiotics. The antimicrobial activities of the vancomyxins against Gram-
positive and Gram-negative bacteria (including drug-resistant clinical isolates) as well as 
an assessment of their toxicity towards eukaryotic cells is here reported. 
 
4.2 Results and Discussion 
 
4.2.1 Development and initial activity assessment of the vancomyxins 
 
As a strategy for preparing the vancomycin/PMEN conjugates we envisioned the use of 
so-called “click chemistry”, wherein complementary azide and alkyne containing 
precursors are covalently linked by means of the well-established copper-catalyzed azide-
alkyne cycloaddition reaction.36–38 In pursuing this approach we opted to add the required 
azide handle to the N-terminus of the PMEN moiety while the alkyne functionality was 
incorporated into the vancomycin structure at two different locations (Fig. 2). The azido-
modified PMEN building blocks were obtained via a convenient semisynthetic approach 
starting from colistin. In short, degradation of colistin using the readily available enzyme  
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Fig. 2. Structure of vancomyxins 8-13. a) CuSO4 pentahydrate, sodium ascorbate, H2O. 
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ficin yielded PMEN which was subsequently converted to PMEN-Boc4 wherein the four 
Dab side chains are selectively protected and the N-terminus remains free.39 
Subsequently, azido-carboxylic acids of varying lengths were coupled to the N-terminus 
of PMEN-Boc4 using BOP/DIPEA. Following Boc-deprotection and HPLC purification, 
the azide-modified PMEN building blocks 3-5 where obtained (Fig. 2). In the case of the 
alkyne-modified vancomycin partners, we followed a previously described protocol 
reported by Sharpless and coworkers who used click chemistry approaches in preparing 
various dimers of vancomycin.38 To this end, an alkyne handle was incorporated at either 
the vancomycin C-terminus or at the vancosamine moiety. Given that neither of these 
modifications impacts the lipid II binding core of vancomycin, it was expected that 
structural alterations at these sites would not impair the ability of vancomycin to 
recognize its target. To install the alkyne at the C-terminus, vancomycin was treated with 
propargyl amine and HBTU/DIPEA resulting in building block 6. For the preparation of 
building block 7, installation of the alkyne handle at the vancosamine moiety was 
achieved via reductive amination using a known alkyne-containing aromatic aldehyde 
(see Fig. 2, Scheme 1, Scheme 2).31,38 With the required PMEN-azides and vancomycin-
alkynes in hand, the conjugation step involving triazole formation was achieved by means 
of copper catalysis.36–38 In all cases the ligation reactions proceeded cleanly and rapidly 
to yield the expected vancomyxins (8-13). As indicated in Fig. 2, compounds 8 and 11 
feature the shortest spacer deriving from the azido glycine modified PMEN, compounds 
9 and 12 contain a 5-carbon moiety while compounds 10 and 13 include a longer and 
more hydrophilic PEG3 spacer. 

 
Scheme 1. Synthesis route of vancomyxin 8-10. a) propargylamine, HBTU, DIPEA, DMF/DMSO, RT; 
b) PMEN-azide 3, 4, or 5, CuSO4, sodium ascorbate, H2O, RT 

 
The antibacterial activities of PMEN azides 3-5, the alkyne modified 

vancomycins 6 and 7, and the resulting hybrid vancomyxins 8-13 were all assessed for 
antibacterial activity. As expected, compounds 3-5 were significantly less active than 
colistin while compounds 6 and 7 showed activity comparable to vancomycin (see 
supporting information Table S1). The vancomyxins 8-13 were initially assessed against 
two Gram-negative and two Gram-positive strains (Table 1). Notably, against the Gram-
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negative E. coli ATCC25922 strain used, the vancomyxins displayed improved 
antimicrobial activity, with a >8-fold reduction in MIC compared to vancomycin 
observed for compounds 8, 9, 11, 12 (MIC going from >128 to 16 µg/mL). The decrease 
in MIC values was less pronounced for the compounds with PEG3-based spacers 10 and 
13. Against the K. pneumonia ATCC27736 strain used, vancomyxin 11 was found to have 
an MIC of 8 µg/mL, a >16-fold improvement with respect to vancomycin, while the other 
vancomyxins were also found to have increased potencies in the range of >4- to >8-fold 
(Table 1). In the case of the Gram-positive B. subtilis and S. aureus ATCC29213 strains 
used in this preliminary screen, it was found that conjugation of PMEN to vancomycin 
did not significantly impair anti-Gram-positive activity relative to the parent vancomycin.  

 
Scheme 2. Synthesis route of vancomyxin 11-15. a) propargylbromide, K2CO3, DMF, RT; b) 
NaBH3CN, DIPEA, DMF/MeOH, 70 °C then 50 °C; c) PMEN-azide 3, 4, or 5, CuSO4, sodium ascorbate, H2O, RT; 
d) L-glycine amide or L-arginine amide, PyBOP, DIPEA, DMF/DMSO, RT; e) 3, CuSO4, sodium ascorbate, H2O, 
RT. 
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Table 1. Preliminary antibacterial activity assessment of vancomyxins 8-13. 
 MIC (µg/mL) 

Strain ID Vancomycin 8 9 10 11 12 13 
Gram-negative bacteria 
E. coli ATCC25922 >128 16 16 32 16 16 32 
K. pneumonia ATCC27736 >128 32 16 64 8 16 32 
Gram-positive bacteria 
B. subtilis 168 0.25 0.5 0.25 0.5 0.25 0.25 1 
S. aureus ATCC29213 0.125 0.25 0.25 0.25 0.25 0.25 0.5 
MIC = Minimum inhibitory concentration 
  

In assessing these preliminary results, it was notable that compounds 10 and 13 
consistently exhibited higher MIC values compared to the other vancomyxins, indicating 
that shorter spacers are preferable. In addition, the location used for attachment of the 
PMEN moiety to vancomycin (C-terminus or vancosamine) was found to have minimal 
impact on antibacterial activity, with MIC values differing by no more than 2-fold for the 
same spacers. Compound 11, wherein the PMEN motif is connected to the vancosamine 
functionality, performed particularly well. On the basis of these results against Gram-
negative and Gram-positive strains, conjugates 8, 9, 11, and 12 were selected for further 
assessment and vancomyxin 11 for further modification. 
 

As noted above, recent studies by the groups of Wender and Cegelski have 
shown that C-terminal modification of vancomycin with a positively charged amino acid 
(arginine-amide) leads to a significant improvement of anti-Gram-negative activity. 
These reports prompted us to synthesize two additional compounds building upon 
vancomyxin 11 wherein either a glycine amide or arginine amide was coupled to the C-
terminus of 11. In doing so it is possible to probe the influence of charge at the C-
terminus: whereas the parent vancomyxin 11 contains a negative charge, analogues 14 
and 15 are neutral and positively charged respectively (Fig. 3). Vancomyxins 14 and 15 
were prepared by coupling either glycine amide or arginine amide to the C-terminus of 
vancomycin alkyne building block 7 (see supporting information Scheme 2). Subsequent 
copper-catalyzed click ligation to azido-PMEN building block 3 yielded analogues 14 
and 15. An expanded antibacterial activity assessment using a variety of Gram-negative 
and Gram-positive strains was then performed for vancomyxins 14 and 15 along with 
compounds 8, 9 11, and 12, which were identified as most promising in the initial screen.  
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Fig 3. Structure of vancomyxin 11, 14 and 15 with different charges at the C-terminus at 

neutral pH. 

4.2.2 In vitro antibacterial activity against Gram-negative bacteria 
 
As anticipated, neither vancomycin nor PMEN showed any activity against the Gram-
negative strains tested when administered on their own. However, the addition of 8 µg/mL 
PMEN to vancomycin resulted in increased activity against E. coli (≥4-fold), K. 
pneumonia and A. baumannii (both ≥2-fold), as well as P. aeruginosa (≥8/16-fold). This 
synergistic effect of PMEN with vancomycin is in accordance with previous studies.18,19 
In the case of vancomyxins, 8, 9, 11, 12, 14, and 15, however, the covalent linking of the 
vancomycin and PMEN units was found to enhance the activity against most of the strains 
tested. Against the two E. coli strains used, all six vancomyxins showed improved activity 
relative to the vancomycin/PMEN combination. Notably, the C-terminally-modified 14 
and 15 exhibited the greatest enhancement with a 4-fold improvement in activity against 
E. coli ATCC35218, reaching MICs as low as 8 µg/mL. When tested against K. 
pneumonia, the vancomyxins typically displayed a 4- to 8-fold improved activity 
compared with the vancomycin/PMEN combination, which itself showed little effect. In 
this case, 11 was found to be the most active compound with an MIC of 8 µg/mL against 
both Klebsiella strains tested and 12 with an MIC of 8 µg/mL against K. pneumonia 
ATCC13883 (a 16-fold enhancement relative vancomycin + 8 µg/mL PMEN). Similarly, 
in assays with A. baumannii, the vancomycin/PMEN combination was only moderately 
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active (MIC 128 µg/mL) while the vancomyxins showed 2- to 8-fold improvements in 
antibacterial activity. Interestingly, while the covalently linked vancomyxins show 
enhanced activity compared to vancomycin supplemented with PMEN against E. coli, K. 
pneumonia, and A. baumannii, the opposite pattern was observed in the case of P. 
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aeruginosa. Against P. aeruginosa ATCC10145 vancomycin supplemented with 8 
µg/mL PMEN exhibited an MIC of 16 µg/mL (an >8-fold enhancement) while the 
vancomyxyins showed little to no improvement relative to vancomycin. A similar trend 
was observed with P. aeruginosa ATCC27853. While the vancomyxins in this case 
generally displayed an >8-fold reduction in MIC compared to vancomycin alone (16 
µg/mL vs >128 µg/mL), PMEN supplementation strongly synergized with vancomycin 
reducing its MIC to 4 µg/mL (Table 2). The greater sensitivity of the P. aeruginosa 
strains to the vancomycin/PMEN combination versus the larger covalently linked 
vancomyxins may be attributable to the known low-permeability of the P. aeruginosa 
outer membrane.40 Furthermore, previous investigations have established that 
Pseudomonas strains are particularly sensitive to the polymyxin antibiotics as well as the 
synergistic effects of the corresponding nonapeptides when co-administered with other 
Gram-positive specific antibiotics.41,42 
 

From a mechanistic perspective, we hypothesized that the enhanced anti-Gram-
negative activity of the vancomyxins compared to vancomycin might be due to the ability 
of PMEN to bind LPS and disrupt the outer membrane.23,24 To investigate this, we 
performed an LPS antagonization assay which indeed points to an interaction of 
compound 11 with LPS, as its MIC against E. coli ATCC25922 increased significantly 
from 16 µg/mL to >128 µg/mL when incubated with exogenous LPS (Table 3). 

 
Table 3. LPS antagonization of compound 11 and colistin. 

 MIC in µg/mL (MIC in µM shown in brackets) 
No LPS 1 mg/mL LPS 

Colistin 0.5 (0.428) >16  (>14) 
Vancomyxin 11 16 (6) >128 (>86) 
MIC = Minimum inhibitory concentration. Strain used: E. coli ATCC25922. 

 
4.2.3 In vitro antibacterial activity against Gram-positive bacteria 
 
In assessing the activity of the vancomyxins against Gram-positive bacteria, a number of 
vancomycin-sensitive (MIC ≤2 µg/mL), vancomycin-intermediate (MIC 4-8 µg/mL) and 
vancomycin-resistant (≥16 µg/mL) strains were selected (Table 4). For the vancomycin-
intermediate and vancomycin-resistant strains the effect of PMEN addition at 8 µg/mL 
was also investigated which, not surprisingly, had no impact on the reduced potency of 
vancomycin. This lack of synergy was expected given that PMEN serves as an OM 
disruptor, a barrier only present in Gram-negative strains. Among the vancomycin-
sensitive strains tested (MSSA, MRSA and VSE) the vancomyxins were found to exhibit 
a similar or slightly enhanced activity relative to vancomycin. Notably, when assessed 
against B. subtilis, compounds 8, 9, 11 and 12 were found to be as active as vancomycin, 
while 14 and 15 were found to be extremely potent with activities below 0.008 µg/mL, a 
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>32-fold improvement. Similarly, all the vancomyxins showed significantly increased 
potency compared to vancomycin against the strain of S. simulans tested. When tested 
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against VISA, the vancomyxins demonstrated potencies similar or slightly enhanced 
relative to vancomycin. Interestingly however, against VRSA, compounds 9, 12, 14 and 
15 were found to show no enhancement of activity while compounds 8 and 11 displayed 
improved antibacterial potencies with a ≥4-fold reduction of MIC values compared to 
vancomycin. Among the VRE strains tested, the activities of the vancomyxins relative to 
vancomycin were found to be highly variable. Against vancomycin-resistant E. faecalis, 
the vancomyxins showed little-to-no enhancement whereas against vancomycin-resistant 
E. faecium, particularly the VanB type, the vancomyxins exhibited potent antibacterial 
activity. Specifically, for the VanB type E. faecium strain tested, vancomyxins 9 and 12 
have an MIC of 8 µg/mL and vancomyxins 8 and 11 have MIC values of 2 µg/mL, while 
14 and 15 demonstrated even more impressive potencies with MICs of 0.5 µg/mL and 
0.031 µg/mL respectively (Table 4). 
 

The enhanced antimicrobial activities observed for the vancomyxins against 
vancomycin-resistant strains suggest that our novel compounds are able to (partially) 
compensate for the reduced binding of the vancomycin core to the D-Ala-D-Lac lipid II 
motif common to VREs containing either vanA or vanB resistance genes. It is well 
established that mutation of the D-Ala-D-Ala unit found in wild type lipid II to the D-Ala-
D-Lac unit found in VanA or VanB positive strains results in a >1000-fold reduction in 
binding affinity for vancomycin and loss of antimicrobial activity.1,2,4,43 The finding that 
the vancomyxins overcome this resistance, especially in the case of VanB positive E. 
faecium, indicates that other structural features are contributing to their enhanced activity. 
Specifically, the large positive net charge introduced by conjugating the PMEN motif to 
vancomycin may facilitate electrostatic interactions with the negatively charged bacterial 
membrane. This in turn may lead to increased membrane anchoring and lipid II 
engagement thereby interfering with cell wall synthesis and lowering the MIC of the 
vancomyxins towards otherwise vancomycin-resistant strains. In this regard it is 
noteworthy that previous reports have also described the addition of positively charged 
moieties to vancomycin as means of overcoming vancomycin resistance.4,15,31–35 
Furthermore, conjugation of vancomycin to bacteriocin nisin(1-12) has previously shown 
to reduce the MIC against VRE.44 

 
As described above, vancomyxins 14 and 15 were synthesized to assess if a 

difference in charge at the C-terminus (neutral and positive) compared to 11 (negative) 
would enhance activity. Against Gram-negative strains this did not appear to have a large 
effect on activity as the MICs of vancomyxins 11, 14 and 15 are generally similar, 
differing by no more than 2-fold. Against Gram-positive strains, however, there are 
notable species-dependent differences; against VRSA the negatively charged C-terminus 
of 11 results in activity superior to that of the neutral 14 and positive-charged 15, while 
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against vancomycin-resistant E. faecium the positively charged 15 exhibits enhanced 
activity. 
 
4.2.4 Cell-based toxicity studies 
 
In parallel to the antibacterial activity assays, the hemolytic properties of the vancomyxins 
were also assessed, revealing them to be non-hemolytic up to the highest concentration 
tested (512 µg/mL). These findings are in line with our expectations given the non-
hemolytic nature of both vancomycin and colistin (Fig. 4A). We next turned our attention 
to evaluating the nephrotoxicity of the vancomyxins. Reports in the literature indicate that 
both polymyxins and vancomycin can impair kidney function.45,46 In particular, proximal 
tubule epithelial cells are known to be sensitive to the polymyxins as a result of extensive 
reabsorption and intracellular accumulation.46 In addition, proximal tubule cells have 
been previously used to characterize the cytotoxic effects of vancomycin.47 To compare 
the hybrid vancomyxins with the corresponding parent compounds, their nephrotoxicity 
was assessed by means of a viability assay using conditionally immortalized proximal 
tubule epithelial cells (ciPTECs), with relative mitochondrial activity after 24 hours as 
the endpoint measurement. In these assays, polymyxin B was found to exhibit relatively 
high nephrotoxicity (TC50 = 0.07 mM) while vancomycin and PMEN were significantly 
less toxic (>50% viability at a concentration of 1 mM for both). By comparison, the 
vancomyxins were found to exhibit intermediate toxicity towards ciPTECs with TC50 
values ranging from 0.11 mM for compound 15 to 0.37 mM for compound 8 (Table 5 
and Fig. 4B), concentrations generally multiple orders of magnitude higher than the 
corresponding MIC values. 
 

 
Fig. 4. Toxicity assessment of the vancomyxins. (A) Hemolytic activity of the vancomyxins and their 
intermediates. (B) Cytotoxicity of the vancomyxins against conditionally immortalized proximal tubule 
epithelial cells. Experiment (B) performed by Jaco Slingerland. 
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Table 5. TC50 values for the vancomyxins. 
Sample Id TC50 (mM) 

Vancomycin (1) > 1 
PMEN > 1 
8 0.37 

11 0.23 

14 0.18 

15 0.11 
Polymyxin B 0.07 
Experiment performed by Jaco 
Slingerland. 

 

4.3 Conclusions 
 
While vancomycin is an important antibiotic for the treatment of hospitalized patients 
with Gram-positive infections, it has little activity against Gram-negative bacteria due to 
the inaccessibility of its target. Given that vancomycin can bind to the Gram-negative 
form of lipid II,6 OM disruptors present a possible means for enhancing the activity of 
vancomycin against Gram-negative pathogens. 8,10,18,19 To this end, combination 
strategies involving polymyxin nonapeptide or other OM disruptors have been 
explored.10,18,19 However, the covalent conjugation of vancomycin to the OM disrupting 
PMEN motif has not been previously described. In this study we report a new class of 
vancomycin-PMEN hybrids, the vancomyxins. The vancomyxins maintain the activity of 
vancomycin against vancomycin-sensitive strains and in some cases also overcome 
vancomycin-resistance in Gram-positive organisms. Against Gram-negative organisms 
the vancomyxins also show enhanced activity that was generally superior to that observed 
with a simple combination of vancomycin with PMEN. It is worth noting that when 
comparing the activities of the hybrid vancomyxins to vancomycin or the combination of 
vancomycin/PMEN, the conventional concentration units of µg/mL was used. However, 
given that the molecular weights of the vancomyxins are approximately double that of 
vancomycin, the differences in MIC are even more pronounced when comparing the 
appropriate molar concentrations (see supporting information Tables S1 and S2). In 
addition, LPS binding of the vancomyxins is confirmed. Furthermore, the vancomyxins 
are not hemolytic and exhibit lower toxicity against kidney cells compared to the 
clinically used polymyxin B. In summary, these findings indicate that the covalent 
attachment of an OM disrupting PMEN motif to vancomycin is a viable strategy for 
enhancing its anti-Gram-negative activity. 
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4.4 Experimental Methods 
 
General procedures. All reagents were commercially available, American Chemical 
Society (ACS) grade or finer and used without further purification unless stated 
otherwise. For characterization of new compounds high resolution mass spectrometry 
(HRMS) was performed on a Shimadzu Nexera X2 UHPLC system with a Waters 
Acquity HSS C18 column (2.1 × 100 mm, 1.8 μm) at 30 °C and equipped with a diode 
array detector. At a flow rate of 0.5 mL/min, a solvent system with solvent A, 0.1% formic 
acid in H2O, and solvent B, 0.1% formic acid in CH3CN, was used. Gradient elution was 
as follows: 95:5 (A/B) for 1 min, 95:5 to 15:85 (A/B) over 6 min, 15:85 to 0:100 (A/B) 
over 1 min, 0:100 (A/B) for 3 min, then reversion back to 95:5 (A/B) for 3 min. This 
system was connected to a Shimadzu 9030 QTOF mass spectrometer (ESI ionization) 
calibrated internally with Agilent’s API-TOF reference mass solution kit (5.0 mM purine, 
100.0 mM ammonium trifluoroacetate and 2.5 mM hexakis(1H,1H,3H-
tetrafluoropropoxy)phosphazine) diluted to achieve a mass count of 10000. Purity and 
confirmation of the synthesis of small molecule building blocks, although previously 
reported in the literature, was assessed with nuclear magnetic resonance (NMR). Spectra 
were obtained from a Bruker DPX-300, super conducting magnet with a field strength of 
7.0 Tesla, equipped with 5 mm BBO, Broadband Observe probe head, high resolution 
with Z- Gradient, and a 5 mm 19F / 1H dual high-resolution probe.  
 

Compounds were purified using preparative high performance liquid 
chromatography (HPLC) using a BESTA-Technik system with a Dr. Maisch Reprosil 
Gold 120 C18 column (25 × 250 mm, 10 μm) and equipped with a ECOM Flash UV 
detector monitoring at 214 nm. All compounds were ran at a flow rate of 12 mL/min. For 
the vancomyxins and PMEN a solvent system with solvent A, 0.1% TFA in H2O/CH3CN 
95:5, and solvent B, 0.1% TFA in H2O/CH3CN 5:95, was used. For the vancomyxins (8-
15) the gradient elution was as follows: 95:5 (A/B) for 5 min, 95:5 to 40:60 (A/B) over 
50 min, 40:60 to 0:100 (A/B) for 1 min, 0:100 (A/B) for 2 min, then reversion back to 
95:5 (A/B) over 1 min, 95:5 (A/B) for 2 min. For PMEN the gradient elution was as 
follows: 100:0 (A:B) for 5 min, 100:0 to 70:30 (A:B) over 50 min, 70:30 to 0:100 (A:B) 
for 1 min, 0:100 (A:B) for 2 min, then reversion back to 100:0 (A:B) over 1 min, 100:0 
(A:B) for 2 min. The vancomycin building blocks (7, Int-1, Int-2) had an alternative 
solvent system of solvent A, 50 mM ammonium acetate, and solvent B, H2O/CH3CN 
5/95. Gradient elution was as follows: 95:5 (A/B) for 2 min, 95:5 to 80:20 (A/B) for 5 
min, 80:20 to 40:60 (A/B) over 40 min, 40:60 to 0:100 (A/B) for 1 min, 0:100 (A/B) for 
2 min, then reversion back to 95:5 (A/B) over 1 min, 95:5 (A/B) for 2 min. 
 

Purity of the vancomyxins was assessed by integration and confirmed to be 
>95% unless stated otherwise (see supporting information Fig. S1), using analytical 
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reverse phase HPLC (RP-HPLC) using a Shimadzu Prominence-i LC-2030 system with 
a Dr. Maisch ReproSil Gold 120 C18 column (4.6×250 mm, 5 μm) at 30 °C and equipped 
with a UV detector monitoring at 214 nm. At a flow rate of 1 mL/min, a solvent system 
with solvent A, 0.1% TFA in H2O/CH3CN 95:5, and solvent B, 0.1% TFA in H2O/CH3CN 
5:95, was used. Gradient elution was as follows: 95:5 (A/B) for 2 min, 95:5 to 0:100 
(A/B) over 55 min, 0:100 (A/B) for 2 min, then reversion back to 95:5 (A/B) over 1 min, 
95:5 (A/B) for 2 min. 
 
Bacterial strains used for MIC assays. The following strains were obtained from BEI 
Resources, NIAID, NIH: Staphylococcus aureus, Strain HIP12864, NR-46074. 
Staphylococcus aureus, Strain LIM 2, NR-45881. Staphylococcus aureus, Strain 
HIP11983, NR-46411. Staphylococcus aureus, Strain HIP13419, NR-46413. 
 
Synthesis of PMEN. PMEN was obtained by enzymatic digestion of colistin by ficin, by 
modification of a previously reported method.48 Colistin sulphate (4.8 mmol, 1 eq) was 
dissolved in H2O (180 mL). To the solution were added dithiothreitol (1.3 mmol, 0.3 eq) 
and ficin (~0.06 mmol, 0.01 eq). Enzymatic cleavage was run at 37 oC under nitrogen 
atmosphere overnight. Additional dithiothreitol (0.3 mmol 0.06 eq) and ficin (~0.01 
mmol, 0.002 eq) were added, followed by incubation overnight. Once complete, the 
solution was heated to reflux for 20 min, cooled down and filtered. The filtrate was 
adjusted to pH 2 with 5 M HCl. Sample was extracted by n-butanol (5 x 50 mL). The pH 
of the aqueous layer was neutralized with 6 M NaOH. The resulting sample was 
lyophilized after addition of t-BuOH. Pure PMEN was obtained by reverse phase HPLC 
purification. Experiment performed by Jaco Slingerland. 
 
Synthesis of PMEN-Boc4. PMEN-Boc4 was prepared as previously described.39 PMEN 
(semi-pure after extraction, 2.0 g, 2.2 mmol) was dissolved in H2O (13 mL). 
Triethylamine (13 mL) was added to it and the mixture was stirred for 5 min. 2-(Boc-
oxyimino)-2-phenylacetonitrile (Boc-ON) was dissolved in dioxane (13 mL) and added 
to the PMEN. Reaction was run at RT for 25 min. Reaction was quenched by the addition 
of methanolic NH3 (7 M, 8 mL). The resulting mixture was concentrated on the rotavap. 
The residue was dissolved in MeOH (200 mL) and filtered. The filtrate was collected, 
concentrated and subjected to flash column chromatography (5% MeOH/DCM – 10% 
MeOH/DCM/0.5% Et3N). Relevant fractions were combined and solvent was evaporated. 
Yield: 1.9 g (1.4 mmol, 65% (~ 90% pure)). Experiment performed by Jaco Slingerland. 
 
Synthesis of PMEN azides 3-5 
PMEN-C2-N3 (3). PMEN-Boc4 (0.45 g, 0.34 mmol) was dissolved in DCM and DMF (8:2 
v:v, 10 mL). In a separate flask, 2-azidoacetic acid (68 mg, 0.68 mmol) and BOP (0.30 g, 
0.68 mmol) were dissolved in DCM (8 mL). The mixture of 2-azidoacetic acid and BOP 
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was then added to the PMEN-Boc4, followed by addition of DIPEA (0.24 mL, 1.4 mmol). 
The reaction was left to stir overnight at RT under N2 atmosphere. After completion, the 
solvent was evaporated and the residue treated with TFA/TIPS/H2O (95:2.5:2.5, 8 mL) 
for 1.5 h. The reaction mixture was added to ice-cold MTBE/PE (2/1, 120 mL). The 
resulting precipitate was washed with MTBE/PE (2/1). Crude peptide was lyophilized 
from t-BuOH/H2O and HPLC purified. Yield: 130 mg, 0.13 mmol, 39%. Experiment 
performed by Jaco Slingerland. 
 
PMEN-C5-N3 (4). Compound was prepared as PMEN-C2-N3 (3), starting from PMEN-
Boc4 and 5-azidopentanoic. Yield: 85 mg, 0.08 mmol, 36%. Experiment performed by 
Jaco Slingerland. 
 
PMEN-(PEG)3-N3 (5). Compound was prepared as PMEN-C2-N3 (3), starting from 
PMEN-Boc4 and 3-(2-(2-(2-azidoethoxy)-ethoxy)ethoxy)propanoic acid. Yield: 120 mg, 
0.11 mmol, 43%. Experiment performed by Jaco Slingerland. 
 
Synthesis of vancomycin alkynes 6-7. Vancomycin alkyne building block 6 was 
synthesized as previously described3 and used without any further purification. 
Vancomycin alkyne building block 7 was synthesized according to procedures described 
previously with minor alterations.31,38 In short, 3-methoxy-4-(prop-2-yn-1-
yloxy)benzaldehyde was synthesized starting from vanillin as described in the literature.49 
Subsequently, amine-derivatized vancomycin 7 was prepared by dissolving vancomycin 
HCl (1.3 mmol, 1 eq) in 1/1 DMF/MeOH (40 mL). 3-methoxy-4-(prop-2-yn-1-
yloxy)benzaldehyde (2.6 mmol, 2 eq) and DIPEA (6.5 mmol, 5 eq) were added and the 
reaction was stirred at 70 °C for 2 h. Next the mixture was cooled to 50 °C and NaBH3CN 
(13 mmol, 10 eq) was added. After 5 h another 10 eq of NaBH3CN were added and after 
16 h again 1 eq of 3-methoxy-4-(prop-2-yn-1-yloxy)benzaldehyde and 10 eq of 
NaBH3CN were added. The reaction was stirred for another 24 h before a few mL of H2O 
were added. Solvent was evaporated and the mixture was dissolved in a minimum amount 
of DMF. Product was precipitated in cold Et2O twice (2 x 600 mL). The precipitate was 
redissolved in HPLC buffer and purified using preparative HPLC. Fractions were 
analyzed using analytical HPLC and pure fractions were pooled and lyophilized.  
 
Synthesis of C-terminally modified vancomycin alkynes Int-1 and Int-2. Int-1 and Int-2 
were synthesized according to a previous procedure.17 In short, 7 (62 µmol, 1 eq) was 
dissolved in 1/1 DMF/DMSO (5 mL). Glycine amide HCl or arginine amide HCl (124 
µmol, 2 eq) was added and the mixture was cooled to 0 °C. DIPEA (310 µmol, 5 eq) and 
PyBOP (93 µmol, 1.5 eq) were added. The mixture was allowed to warm to RT and stirred 
for 16 h. Additional equivalents of glycine/arginine amide HCl, DIPEA, and PyBOP were 
added at 0 °C and the reaction was further stirred at RT until LCMS showed complete 
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disappearance of starting material 7. DMF was evaporated and 600 mL CH3CN was 
added to precipitate the product. The mixture was passed over a filter and washed with 
600 mL CH3CN and 600 mL Et2O. Int-1 was used in the next reaction without 
intermediate purification. Int-2 was dissolved in HPLC buffer and purified using 
preparative HPLC. Fractions were analyzed using analytical HPLC and pure fractions 
were pooled and lyophilized.  
 
Copper-catalyzed azide-alkyne cycloaddition to synthesize vancomyxins (8-15). The 
ligation protocol used generally  followed that previously described by Silverman et al.38 
In short, to a solution of the vancomycin alkyne (0.03 mmol, 1 eq) in H2O (1.5 mL), the 
PMEN azide (0.03 mmol, 1 eq) in H2O (1.5 mL) was added. Subsequently, sodium 
ascorbate (0.008 mmol, 0.25 eq) and CuSO4 · 5H2O (0.003 mmol, 0.1 eq) were added and 
the mixture was allowed to stir at RT for 16 h. The reaction  mixture was directly purified 
using preparative high performance liquid chromatography (HPLC) using a C18 column 
(25 × 250 mm, 10 μm) with UV detection at 214 nm. The following method was used: 
Flow rate = 12 mL/min; solvent A, 0.1% TFA in H2O/CH3CN 95:5, and solvent B, 0.1% 
TFA in H2O/CH3CN 5:95. The gradient elution was as follows: 95:5 (A/B) for 5 min, 
95:5 to 40:60 (A/B) over 50 min, 40:60 to 0:100 (A/B) for 1 min, 0:100 (A/B) for 2 min, 
then reversion back to 95:5 (A/B) over 1 min, 95:5 (A/B) for 2 min. Fractions were 
immediately freeze dried and subsequently analyzed by LCMS. Pure product containing 
fractions were redissolved, pooled, and lyophilized to yield the vancomyxins as white 
powders (for yields and HRMS characterization see Table 6). 
 

Table 6. HRMS analysis and yields. 
Sample 

ID 
Chemical 
formula 

Calculated 
M + H 

Calculated 
(M+2H)/2 

Measured Yield 

3 C42H77N17O12 1012.6016 506.8047 506.8043 39% 

4 C45H83N17O12 1054.6485 527.8282 527.8278 36% 

5 C49H91N17O15 1158.6959 579.8519 579.8515 43% 

6 C69H78Cl2N10O23 1485.4696 743.2387 743.2379 65% 

7 C77H85Cl2N9O26 1622.5061 811.7570 811.7562 52% 

8 C111H155Cl2N27O35 2497.0634 1249.0356 1249.0345 54% 

9 C114H161Cl2N27O35 2539.1103 1270.0591 1270.0581 74% 

10 C118H169Cl2N27O38 2643.1577 1322.0828 1322.0821 55% 

11 C119H162Cl2N26O38 2634.0998 1317.5538 1317.5525 53% 

12 C122H168Cl2N26O38 2676.1468 1338.5773 1338.5762 38% 

13 C126H176Cl2N26O41 2780.1941 1390.6010 1390.6000 18% 

Int-1 C79H89Cl2N11O26 1678.5435 839.7757 839.7769 78% 

Int-2 C83H98Cl2N14O26 1777.6232 889.3155 889.3165 29% 

14 C121H166Cl2N28O38 2690.1373 1345.5726 1345.5742 44% 

15 C125H175Cl2N31O38 2789.2169 1395.1124 1395.1142 51% 
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Broth microdilution assays. From glycerol stocks bacteria were plated out on blood agar 
plates overnight at 37°C. One colony was transferred to growth media and grown at 37°C 
at 200 rpm to exponential growth phase as determined by OD600. The growth media used 
for most strains was cation adjusted Mueller Hinton Broth (0.5 mM Mg2+ and Ca2+) + 
0.002% of polysorbate 80 (p80), except for all Enterococci and VISA/VRSA strains, for 
which the positive control was unable to grow well in this media, therefore TSB + 0.002% 
p80 was used in these cases. For VRSA the media was supplemented with 6 µg/mL 
vancomycin at this stage. At OD600 = 0.5 the bacteria were diluted 100-fold in media (not 
supplementing vancomycin from here on for VRSA) and 50 µL was added to a 2-fold 
serial dilution series of test compound (50 µL) to reach a total volume of 100 µL per well. 
The 96-well polypropylene plates were incubated at 37°C at 600 rpm overnight (18-20 h 
for Gram-negative strains, 20-24 h for Gram-positive strains) and plates were inspected 
for visual bacterial growth. Synergy experiments were performed in a similar manner as 
the MIC assay, except 8 µg/mL PMEN final concentration was added to the wells. LPS 
antagonization assays were performed in a similar manner except that a final 
concentration of 1 mg/mL LPS was added to the wells. In this case colistin was used as a 
control. MICs are reported as the median of triplicates. 
 
Hemolysis assays. Defibrinated whole sheep blood was centrifuged for 15 minutes at 4°C 
(400 g). The top layer was discarded and the bottom layer was washed with phosphate 
buffered saline (PBS) and centrifuged for 15 minutes at 4°C (400 g). Washing cycles were 
repeated at least three times. In polypropylene 96-well microtiter plates 10-fold serial 
dilutions of antibiotics in PBS with 0.002% p80 in biological triplicates were added (75 
µL) and an equal volume of packed blood cells diluted 25x in PBS with 0.002% p80 (75 
µL) was added to all wells. Plates were incubated for 20 h at 37°C with continuous 
shaking (500 rpm). After incubation, plates were centrifuged for 5 min (800 g) and 25 µL 
of supernatant was transferred to a clear UV-star flat-bottom polystyrene 96-well plate 
already containing 100 µL H2O per well. Absorption was measured at 415 nm. Data were 
corrected by subtraction of the background response of 1% DMSO in the presence of cells 
with no antibiotic and normalized using the absorbance of 0.1% Triton X-100 with blood 
cells as 100% hemolysis control.  
 
PTECs assay – Cell culture. ciPTECs overexpressing organic anion transporter 1 (OAT-
1)50,51 were cultured in DMEM/F12 medium,  supplemented with fetal calf serum (10%), 
insulin (5 µg/mL), transferrin (5 µg/mL), selenium (5 µg/mL), hydrocortisone (35 
ng/mL), Epidermal Growth Factor (10 ng/mL) and tri-iodothyronine (40 pg/mL). Cells 
were cultured at 33°C for sustained proliferation. For the experiment, cells were washed 
with HBSS and detached by incubating them with Accutase® solution for 5 minutes at 
37°C. Density was adjusted to 2.0x105 cells/mL of which 100 µL was added to each well 
of a 96 well plate. Seeded cells were incubated for 24 h at 33°C, followed by 6 days 
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incubation at 37°C to allow them to fully differentiate. Medium was refreshed every 
second or third day. All cells were grown in a humidified atmosphere containing 5% (v/v) 
CO2. 
 
PTECs assay – Cell viability assay. Cytotoxicity was assessed using PrestoBlue™ cell 
viability reagent. Compounds were dissolved and diluted in serum free medium. 
Differentiated ciPTECs were washed once with HBSS and exposed to the compounds for 
24 h at 37°C. Afterwards, cells were washed with HBSS, and incubated with 10% 
PrestoBlue™ reagent in HBSS at 37°C for 1 h in the dark. Fluorescence was recorded 
using excitation wavelength of 530 nm and emission wavelength of 590 nm. Raw data 
were corrected for PrestoBlue™ background fluorescence and reported relative to the no-
treatment control (cells with medium only). Data were fitted with Graphpad Prism 
software by non-linear regression with 0 as constraint to obtain TC50 values. Presented 
data are based on triplicates and presented as mean ± S.E.M (or SD).   
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Compound 3 (90.8% purity) 

 
 

Compound 4 (90.3% purity) 

 

Compound 5 (95.6% purity) 

 

Compound 6 (85.4% purity) 

 

Compound 7 (90.1% purity) 

 

 
Fig. S1. Purity of intermediates and vancomyxins determined by analytical HPLC. 
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Vancomyxin 8 (98.6% purity) 

 
 

Vancomyxin 9 (97.0% purity) 

 
 

Vancomyxin 10 (98.2% purity) 

 
 

Vancomyxin 11 (99.0% purity) 

 

 
Vancomyxin 12 (99.9% purity) 

 

 

Vancomyxin 13 (96.4% purity) 

 

 
Fig. S1. Purity of intermediates and vancomyxins determined by analytical HPLC 

(continued). 
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Int-1 (91.2% purity) 

 
 

Int-2 (88.3% purity) 

 
 

Vancomyxin 14 (99.0% purity) 

 
 

Vancomyxin 15 (91.8% purity) 

 
 

Fig. S1. Purity of intermediates and vancomyxins determined by analytical HPLC 
(continued). 
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5.1 Introduction 
 
Antimicrobial resistance (AMR) poses a major threat to human health. In 2019, 4.95 
million deaths were estimated to be associated with AMR, including 1.27 million deaths 
directly attributable to AMR infections.1 The leading cause of nosocomial infections are 
the so-called ESKAPE pathogens (E. faecium, S. aureus, K. pneumoniae, A. baumannii, 
P. aeruginosa, and Enterobacter species), most of which are multi-drug resistant and are 
becoming increasingly difficult to treat with clinically approved antibiotics.2,3 Among the 
ESKAPE pathogens, it is exclusively the Gram-negative species that are indicated as 
“critical” according to the World Health Organization’s priority pathogens list, 
underscoring the importance of developing novel anti-Gram-negative strategies.4 One 
approach to combatting Gram-negative bacterial infections is by potentiating existing 
antibiotics, which otherwise only work against Gram-positive strains. This strategy has 
been applied on a variety of Gram-positive specific antibiotics, such as vancomycin.5–11 
 

Vancomycin (Fig. 1) is a last-resort glycopeptide antibiotic that has been used 
to treat serious Gram-positive bacterial infections since the 1950s.12 It acts as a cell-wall 
biosynthesis inhibitor by binding to the cell-wall precursor lipid II via a network of five-
hydrogen bonds, thereby blocking the crosslinking activity of transglycosylases and 
transpeptidases to form the polymeric cell wall.13–17 Whereas the peptidoglycan layer and 
lipid II are readily accessible in Gram-positive strains, Gram-negative bacteria have an 
outer membrane (OM) barrier, characterized by an inner leaflet of phospholipids and an 
outer leaflet containing lipopolysaccharide (LPS, endotoxin),18 which prevents large, 
hydrophobic antibiotics like vancomycin from reaching its target site. For vancomycin to 
reach the periplasm of Gram-negative strains, where lipid II resides, transport across the 
OM is crucial. Previous reports have demonstrated the potential for vancomycin to target 
Gram-negative strains if it can pass the OM and Shlaes and coworkers confirmed the 
binding interaction of vancomycin with Gram-negative lipid II of E. coli.19 Bardoel and 
colleagues proved the sensitization of MDR K. pneumoniae to vancomycin in the 
presence of serum proteins targeting the OM. Specifically, the membrane attack complex 
of the human complement system residing in serum can form pores in the OM, allowing 
for enhanced potency of Gram-positive specific antibiotics against the Gram-negative K. 
pneumoniae.20 Furthermore, successful potentiation of vancomycin against Gram-
negative bacteria has been previously reported either by co-administration of,21–25 or 
covalent conjugation to,5–10 OM disrupting moieties. These previous reports stipulate the 
possibility for vancomycin to exert antimicrobial activity against Gram-negative bacteria 
when the OM barrier is breached. Besides strategies relying on OM permeabilization, 
active transport of vancomycin through the OM by bacterial receptors and transporters 
has been previously explored. In an early study of this kind Miller and coworkers 
conjugated vancomycin to an iron chelating siderophore mimetic, to yield a hybrid that 
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showed enhanced potency towards a hypersensitive strain of P. aeruginosa under iron 
depleted conditions.11 In more recent efforts, they synthesized bis-catechol- and mixed 
ligand (bis-catechol-mono-hydroxamate)-teicoplanin conjugates active against MDR A. 
baumannii.26 In addition, the group of Nolan demonstrated that conjugation of the natural 
iron sequestering siderophore enterobactin to vancomycin results in a hybrid with 
enhanced potency against E. coli and P. aeruginosa strains deficient of native siderophore 
production.27 
 

Siderophores are small molecule metabolites excreted by microorganisms to 
scavenge iron in the environment, and subsequently solubilize and complex with ferric 
iron with high affinity.28–30 These molecules are secreted because iron is an essential 
bacterial nutrient required for numerous enzymatic reactions involved in fundamental 
cellular processes in bacterial cells.30 Over 500 siderophores have been identified to date31 
generally containing one of four main iron coordinating moieties: hydroxamates, 
catecholates, carboxylates, and phenolates, with mixtures of these moieties also 
prevalent.32 The most well-known naturally produced siderophore enterobactin (Fig. 1), 
consists of three catecholate moieties linked in a triserine macrocycle33 and has 
unparalleled affinity for iron (K = 1052 M−1).34,35 In addition to uptake of Fe2+ by G-protein 
like receptors30,36 and Fe3+ uptake via host-iron complexes such as lactoferrin, transferrin, 
and haem,30,36–38 siderophores are one of the main sources bacteria use for iron 
acquisition.30 During an infection, bacterial and host cells continuously compete for 
acquisition of the extremely low free iron concentrations (e.g. <1024 M in human serum).39 
Host cells use lactoferrin and transferrin to chelate extracellular iron and limit its 
availability for pathogens, while bacteria compete for the iron by secreting the iron-
sequestering siderophores, which scavenge the environment for free ferric iron as well as 
extract iron from the host’s iron–protein complexes.40–43 In Gram-negative bacteria, after 
complexation with Fe3+, siderophores are recognized by β-barrel outer membrane proteins 
facilitating TonB-dependent passage across the OM.34,44,45 Upon release in the periplasm, 
translocation to the cytosol is usually facilitated by periplasmic-binding proteins and 
ATP-dependent membrane transporters.34,44,45 Once inside the cell, the Fe3+-siderophore 
complex is reduced or hydrolyzed, releasing the iron.34 This entire process is regulated 
by ferric uptake regulator Fur, which in high iron environments complexes with ferrous 
iron and binds the promotor region of siderophore synthesis and regulatory activator 
genes, thereby repressing their transcription. Under low iron bioavailability, Fur 
dissociates and siderophore transcription and uptake is promoted.28,46–48 Siderophores are 
not only used for harvesting iron in the host-cell microenvironment, but microorganisms 
also exploit the iron sequestering properties of siderophores in competition against other 
microorganisms, for example by excretion of antibiotic-conjugated siderophores called 
sideromycins.49 
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Fig. 1. Structures of vancomycin, enterobactin, and albomycin δ2. Albomycin intracellular 

peptidase N cleavage site indicated with dashed line (--). 
 
Sideromycins are siderophores that are covalently linked to an antibacterial 

compound. Using a Trojan-Horse approach, sideromycins are actively transported across 
the OM to facilitate entry of the antibiotic into the bacterial cell. A few natural 
sideromycins have been discovered, of which albomycin (Fig. 1), discovered in 1947 and 
produced by Streptomyces, is among the best characterized.49–52 Gause pioneered studies 
into the structure and activity of albomycin, discovering its iron-dependent mechanism.53 
However, it was not until the 1980s that Benz and coworkers fully elucidated the chemical 
structure of albomycin.54 The tri-δ-N-hydroxy-δ-N-acetyl-L-ornithine siderophore of 
albomycin has structural similarities to ferrichrome and is linked via a L-serine bridge to 
a thioribosyl pyrimidine antibiotic.54 Albomycin is transported across the OM by the 
TonB-dependent FhuA transporter55–60 and is subsequently transported through the 
periplasm by FhuD61,62 towards inner membrane-associated protein FhuB. IM transport 
is energized by ATPase FhuC, which resides on the cytosolic side of FhuB.57,63–65 After 
transport to the cytosol, the antibiotic moiety is cleaved of by peptidase N,66,67 allowing 
it to exert its action. Albomycins have potent antibacterial activity against both Gram-
negative and Gram-positive pathogens,53,68,69 and were historically used to treat bacterial 
infections in patients in the former Soviet Union.53  
 

Natural sideromycins have also inspired the design of semisynthetic 
sideromycins, of which the first was reported as early as 1977 by Zahner and coworkers.70 
Over the years much research has been directed towards designing synthetic 
sideromycins,11,33,71–80 a topic that has been extensively reviewed.31,75,79 Notably, while 
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synthetic siderophores provide access to structural diversity, when pursuing synthetic 
sideromycins it appears that natural siderophores offer the most effective iron binding 
moieties, of which catecholate and hydroxamate units are most commonly explored.75 For 
linker moieties, cleavability is considered crucial for antibiotics with cytoplasmic targets, 
but not for antibiotics with periplasmic targets.75,81 The conjugation of siderophores to 
various antibiotic moieties has been reported previously, of which β-lactam antibiotics 
are most widely explored.75 The most successful such example is that of cefiderocol 
(brand name Fetroja), a cephalosporin-catechol sideromycin,33 which as of 2020 is the 
first sideromycin approved by the FDA for clinical use against various Gram-negative 
ESKAPE pathogens.82 In addition to β-lactam sideromycins, many other siderophore-
antibiotic conjugates have been reported, including those linking an iron sequestering 
agent to anti-Gram-positive antibiotics75 such as daptomycin,71,72,80 linezolid,74,83 
erythromycin,84 and vancomycin.11,27 
 

Given previous studies showing that conjugation of siderophores to anti-Gram-
positive drugs, including vancomycin, can lead to improved antimicrobial activity against 
Gram-negative strains.11,27,71,72,80 we hypothesized that linking vancomycin to the 
naturally occurring tri-δ-N-hydroxy-δ-N-acetyl-L-ornithine siderophore of albomycin, 
might allow for transport across the OM barrier, subsequently sensitizing Gram-negative 
strains to the action of vancomycin. Notably, the most successful semisynthetic 
siderophore-conjugates reported to date incorporate anti-Gram-positive drugs that have 
periplasmic targets, such as daptomycin, amino-penicillins and vancomycin.11,27,71,72,80 
Our interest in vancomycin was further spurred by previous reports from our group and 
others demonstrating the enhanced antibacterial effect of vancomycin-conjugates capable 
of disrupting the Gram-negative OM.5,6 In designing our semisynthetic sideromycins, the 
albomycin trihydroxamate motif was selected as the siderophore given that hexadentate 
moieties are widely considered to be the most effective in generating synthetic 
sideromycins.79,85 Here, we report the synthesis of a novel class of vancomycin-
siderophore conjugates, the semisynthetic vancomycin-trihydroxamate sideromycins. 
The antibacterial activity of these compounds was evaluated against a panel of bacterial 
strains, including siderophore biosynthesis and transport deletion strains. In addition, the 
iron-chelating activity and in vitro toxicity of these compounds was investigated. 
 
5.2 Results and Discussion 
 
5.2.1 Development of vancomycin-trihydroxamate sideromycins 
 
As a strategy for the preparation of the vancomycin-trihydroxamate sideromycin 
conjugates 1 and 2 (Fig. 2) we elected for a convenient “click chemistry” based approach 
wherein complementary azide and alkyne containing precursors can be linked by means 
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of the well-established copper-catalyzed azide-alkyne cycloaddition (CuAAC) 
reaction.86–88 In pursuit of these conjugates, we incorporated the alkyne handle into the 
vancomycin structure, while the azide moiety was installed on the trihydroxamate 
siderophore unit. Given that lipid II, the cell wall precursor target of vancomycin, can 
reside both in the periplasm and on the cytosolic side of the IM, we also chose to 
incorporate the peptidase N cleavage site in the peptide-based linker bridging the 
antibiotic with the siderophore. 

 
Fig. 2. Vancomycin-trihydroxamate sideromycins 1 and 2. 

 
To obtain the alkyne-modified vancomycin precursors, we followed procedures 

previously reported by Sharpless and coworkers, who employed the CuAAC reaction to 
prepare a variety of vancomycin dimers.88 The alkyne handle was thereby installed at 
either the vancomycin C-terminus or the vancosamine moiety. Both sites have been 
widely modified in semisynthetic vancomycin analogues previously described in the 
literature89 and were therefore not expected to alter binding of the vancomycin core to 
lipid II.5 As previously described in Chapter 4, for the preparation of C-terminally alkyne 
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modified vancomycin, propargyl amine was coupled to vancomycin using HBTU/DIPEA 
to yield Int-1. Introduction of the alkyne moiety at the vancosamine unit was in turn 
achieved via reductive amination using an alkyne-substituted benzaldehyde building 
block derived from vanillin to give Int-2 (see Scheme S1 and S2 for details). 

 
For the azide-containing siderophore precursor, we envisioned installing the 

azide handle at the C-terminal side of the peptidase N cleavage site found in albomycin. 
To this end we prepared the appropriately modified L-serine building block 5 as indicated 
in Scheme 1. The synthesis commenced with the preparation of azidopropylamine linker 
3 following literature protocols.90 Subsequently, 3 was coupled with Boc-L-Ser(tBu)-OH 
using HATU/DIPEA to generate 4, followed by removal of the Boc and tert-butyl 
protected groups by treatment with TFA to yield 5. This building block was subsequently 
used in the preparation of the siderophore azide 12 as shown in Scheme 2. The 
preparation of 12 first required the synthesis of the iron chelating motif of albomycin, tri-
δ-N-hydroxy-δ-N-acetyl-L-ornithine. The synthesis of this siderophore has been 
described by the groups of Benz91,92 and Miller78,93,94, and more recently by He and 
coworkers,52 which is the synthetic procedure we followed. As shown in Scheme 2, the 
synthesis begins with the oxidation of the chain amine of Boc-L-ornithine tert-butyl ester 
with benzoyl peroxide, followed by acylation with AcCl to yield a the fully protected 
hydroxamate 6. Next, the acid sensitive tert-butyl-carbonate and tert-butyl groups were 
removed using TFA to yield 7, after which the free amine group was reprotected as the 
Fmoc carbamate to obtain 8. Iterative dipeptide (9) and subsequent tripeptide (10) 
synthesis was achieved using active amide-mediated conditions as described by 
Katritzky,95–98 minimizing the risk of epimerization.52 Condensation of the tripeptide tri-
δ-N-hydroxy-δ-N-acetyl-L-ornithine 10 to the azide-containing serine 5 using 
HATU/DIPEA yielded tetrapeptide 11. Simultaneous removal of the Fmoc and benzoyl 
groups using K2CO3 then afforded the C-terminal azide-modified albomycin siderophore 
12.  

 

 
Scheme 1. Synthesis of azide-containing L-serine linker 5. a) NaN3, H2O, 80 °C; b) 3, HATU, DIPEA, 
DMF, 0 °C then RT; c) TFA, H2O, RT. 
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Scheme 2. Synthesis of azide-modified albomycin siderophore 12. a) BPO, CH2Cl2, NaHCO3 
buffer pH 10, then AcCl, RT; b) TFA, H2O, RT; c) Fmoc-OSu, NEt3, DMF, -15 °C; d) i. BtH, SOCl2, THF, -15 °C then 
RT. ii. 7, NEt3, CH3CN/H2O, -15 °C then RT; e) i. BtH, SOCl2, THF, -15 °C then RT. ii. 7, NEt3, CH3CN/H2O, -15 °C 
then RT; f) 5, HATU, DIPEA, DMF, 0 °C; g) K2CO3, CH3CN/H2O, RT.  

 

 
Scheme 3. Synthesis of vancomycin-trihydroxamate sideromycins 1-2. a) CuSO4, THPTA, 
sodium ascorbate, H2O, RT. 
 

With the required azide-containing siderophore (12) and alkyne-containing 
vancomycin (Int-1 and Int-2) building blocks in hand, conjugation was accomplished by 
means of triazole formation (Scheme 3). The click reaction was performed using copper 
catalysis,86–88 with CuSO4, CuI-stabilizing ligand tris(3-
hydroxypropyltriazolylmethyl)amine (THPTA)99,100, and sodium ascorbate, conditions 
previously used by Gotsbacher and Codd to achieve CuAAC on desferrioxamine 
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siderophores.100 In all cases the ligation reactions proceeded smoothly to generate the 
final vancomycin-trihydroxamate sideromycins 1 and 2 in 89-94% yield after HPLC 
purification. 
 
5.2.2 Assessment of in vitro antibacterial activity  
 
The antibacterial activities of the vancomycin-trihydroxamate sideromycins 1 and 2, as 
well as the alkyne and azide building blocks (Int-1, Int-2, compound 12), were assessed 
against a panel of Gram-negative pathogens, including strains of E.coli, K. pneumoniae, 
A. baumannii, and P. aeruginosa. Since siderophore transport across the OM by TonB-
dependent transporters is highly specific for the type of siderophore structure,101 all tested 
bacterial strains were selected based on the presence of the fhuA gene in their genome, as 
FhuA is the β-barrel outer membrane protein responsible for the transport of ferrichrome-
like structures such as tri-δ-N-hydroxy-δ-N-acetyl-L-ornithine and albomycin55. The 
presence of this transporter was hypothesized to be crucial in order for the vancomycin-
trihydroxamate sideromycins to exhibit activity, as OM passage of vancomycin is 
essential for it to reach the periplasm, where lipid II resides. Antibacterial activity was 
determined in two different media: Iron-depleted cation-adjusted Mueller Hinton Broth 
(CAMHB), prepared according to CLSI procedure, and iron-repleted CAMHB, which 
was prepared from iron-depleted CAMHB supplemented with 0.2 mg/L Fe3+. Iron-
depleted CAMHB, containing ≤0.02 mg/L iron, is commonly used to test the 
antimicrobial activity of sideromycins as it: 1) induces ferric iron transporters in 
bacteria,28,46,47,102–104 2) replicates the iron concentrations in the human tissue and 
fluids,104 and 3) has previously been shown to have predictive value in mirroring the in 
vivo efficacy of the clinically approved sideromycin cefiderocol.105 Broth microdilution 
assays revealed compounds 1 and 2, as well as the alkyne and azide building blocks (12, 
Int-1, Int-2), to be inactive against a panel of Gram-negative strains, regardless of the 
iron concentration in the media (Table 1, see Table S1 for µM concentrations).  
 

Upon visual inspection of the microplates, it was found that wells containing P. 
aeruginosa ATCC27853 were much brighter in color (yellow-green) in iron-depleted 
conditions compared to iron-repleted conditions (Fig. 3). Since the naturally produced 
siderophore of Pneudomonas, pyoverdine,106 is yellow-green,107  this observation led us 
to hypothesize that the vancomycin-trihydroxamates cannot compete with the natural 
siderophores produced by the Gram-negative bacterial strains tested, an effect not 
uncommon for synthetic sideromycins.79,108,109 Successful iron scavenging by pyoverdine 
has shown to trigger increased siderophore production in a positive feedback loop,48 
which can explain the color intensity of the growth media. To confirm this hypothesis, 
the antibacterial activity of the vancomycin-trihydroxamate sideromycins against a 
siderophore-deficient strain was next assessed. For this study E. coli BW25113 was 
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selected as a model strain for several reasons: 1) this strain is a commonly used lab strain 
which has the fhuABCD genes110 that translate to the proteins facilitating trihydroxamate 
uptake,55,61,62,110 2) a library, known as the Keio collection, with single-gene deletions of 
all non-essential genes of this strain is readily available111, and 3) E. coli BW25113 
produces only one natural siderophore, enterobactin, thus deletion of a single gene is 
sufficient to create a non-siderophore-producing strain.  
 
Table 1. In vitro activity of the vancomycin-trihydroxamate sideromycins against a panel 
of Gram-negative strains. 

 MIC (µg/mL) 
 E. coli K. pneumonia A. baumannii P. aeruginosa 

 
ATCC 
25992 

ATCC 
35218 

BW 
25113 

ATCC 
13883 BAA-747 

ATCC 
27853 

Iron-repleted CAMHB 
Vancomycin >128 >128 256 >128 >128 >128 
1 >128 >128 >256 >128 >128 >128 
2 >128 >128 >256 >128 >128 >128 
12 >128 >128 >256 >128 >128 >128 
Int-1 128 64 64 >128 >128 >128 
Int-2 >128 >128 >256 >128 >128 >128 
Iron-depleted CAMHB 
Vancomycin >128 >128 128 >128 >128 >128 
1 >128 >128 >256 >128 >128 >128 
2 >128 >128 >256 >128 >128 >128 
12 >128 >128 >256 >128 >128 >128 
Int-1 64 64 64 >128 >128 >128 
Int-2 >128 >128 >256 >128 >128 >128 

 

 
Fig. 3. P. aeruginosa ATCC 27853 growth under iron-repleted (left) and iron-depleted 
(right) conditions. 
 

The vancomycin-trihydroxamate sideromycins were tested against an entA 
deletion strain of E. coli BW25113 (Table 2, see Table S2 for µM concentrations). EntA 
oxidizes dihydro-2,3-dihydroxybenzoate to dihydro-2,3-dihydroxybenzoate 
dehydrogenase,112,113 a key step for enterobactin biosynthesis. In iron-depleting 
conditions, the antibacterial activity of both compound 1 and 2 was enhanced ≥32-fold to 
8 µg/mL against this enterobactin-deficient strain compared to the wild-type 
enterobactin-producing E. coli (MIC ≥256 µg/mL) and ≥16-fold compared to 
vancomycin. Notably, supplementation with exogenous enterobactin antagonized the 

Iron-repleted MHB 

 
Iron-depleted MHB 
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activity of our vancomycin-trihydroxamate sideromycins, causing the MIC values to be 
elevated to the same level as observed when tested against the wild-type E. coli BW25113 
strain (MIC ≥256 µg/mL). These observations indicate that the increased potency against 
ΔentA is due to the absence of enterobactin production. This increased potency of the 
vancomycin-trihydroxamate sideromycins suggests effective transport through the OM, 
allowing the vancomycin moiety to reach its target site and exert its action. These results 
are in line with previously reported potencies of vancomycin against Gram-negative 
strains upon OM disruption5,6. Alternatively, the sideromycins could deprive the E. coli 
of iron, which also can result in lower MIC values.27 Similar results were obtained for 
iron-repleted conditions, with no more than 2-fold differences compared to iron-depleted 
media, which could be attributed to induction of ferric iron transporters in iron-depleted 
conditions.102–104 
 
Table 2. In vitro activity of the vancomycin-trihydroxamate sideromycins against E. coli 
BW25113 and Δent with and without exogenous enterobactin supplementation. 

 MIC (µg/mL) 
 E. coli BW25113 

 WT ΔentA 
ΔentA + 8 µg/mL 

enterobactin 
Iron-repleted CAMHB 
Vancomycin 256 128 128 
1 >256 16 >256 
2 >256 16 >256 
12 >256 >256 >256 
Int-1 64 64 64 
Int-2 >256 >256 >256 
Iron-depleted CAMHB 
Vancomycin 128 128 128 
1 >256 8 >256 
2 >256 8 >256 
12 >256 >256 >256 
Int-1 64 64 64 
Int-2 >256 >256 >256 

 
The antibacterial activities of the vancomycin-trihydroxamate sideromycins 

were further assessed against other mutants with disrupted enterobactin production or 
transport including the well characterized: ΔentC (enterobactin biosynthesis), ΔtolC 
(enterobactin secretion), and ΔfepABD (enterobactin uptake) deletion strains. The 
antibacterial activities measured against these strains are summarized in Table 3 (see 
Table S3 for µM concentrations). Deletion of entC, which isomerizes chorismate to 
isochrismate in the enterobactin biosynthesis,112,113 results in similar enhanced potency of 
the vancomycin-trihydroxamate sideromycins 1 and 2 (≥16-fold) as for the ΔentA mutant, 
further confirming the sideromycins to be effective in E. coli deprived of enterobactin 
biosynthesis. The activity of 1 and 2 was also enhanced against the enterobactin export 
deletion (ΔtolC) strain with an increase in potency of ≥16-fold. TolC is responsible for 
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enterobactin secretion and mutations have previously shown to cause accumulation of 
periplasmic enterobactin in E. coli.114 An explanation for this observation could be that 
the inability of the ΔtolC mutant to secrete enterobactin may force the bacteria to acquire 
iron via other siderophores making it more likely to take up vancomycin-trihydroxamate 
sideromycins 1 and 2. Alternatively, it could also be that the enhanced antibacterial 
activity of 1 and 2 towards the ΔentC and ΔtolC mutants is due to their chelation of all 
available iron, thereby depriving the cells of iron, rather than successful OM passage.27 
The activity of 1 and 2 was also tested against enterobactin import deletions ΔfepA, ΔfepB, 
and ΔfepD, which are required for siderophore import across the OM and IM.115–118 
Although the potency of 1 was slightly enhanced (≥2-8-fold), no enhancement was found 
for 2. Furthermore, slight enhancements of vancomycin activity (2-fold) could point to 
the inherently more sensitive nature of these deletion strains, as defective enterobactin-
dependent iron uptake was previously reported to result in increased sensitivity to a 
variety of compounds.119–121  
 
Table 3. In vitro activity of the vancomycin-trihydroxamate sideromycins against E. coli 
BW25113 and enterobactin biosynthesis, export and import deletion strains. 

 MIC (µg/mL) 
 E. coli BW25113 
 WT ΔentA ΔentC ΔtolC ΔfepA ΔfepB ΔfepD 
  biosynthesis export import 
Iron-repleted CAMHB 
Vancomycin 256 128 128 256 64 128 128 
1 >256 16 32 32 128 64 64 
2 >256 16 32 32 >256 256 >256 
12 >256 >256 >256 >256 >256 >256 >256 
Int-1 64 64 64 64 128 64 64 
Int-2 >256 >256 >256 >256 >256 >256 >256 
Iron-depleted CAMHB 
Vancomycin 128 128 128 128 64 64 64 
1 >256 8 16 16 128 32 64 
2 >256 8 16 16 >256 256 >256 
12 >256 >256 >256 >256 >256 >256 >256 
Int-1 64 64 64 64 64 64 64 
Int-2 >256 >256 >256 >256 >256 >256 >256 

 
Overall, loss of enterobactin biosynthesis and export appears to most 

significantly enhance the activity of vancomycin-trihydroxamate sideromycins 1 and 2 
(≥16-32-fold). Deficiency in enterobactin import also resulted in improved activity for 1, 
although not as prominently as for the biosynthesis or export deletion strains. Given that 
the import-deletion strains (unlike biosynthesis and export deficient strains) are still able 
to produce and secrete enterobactin, the reduced potency of 1 and 2 against the import-
deletion strains could also be reflective of a stronger chelation efficiency for enterobactin 
vs. that of the trihydroxamate-moiety in 1 and 2.34,35 Resistance to synthetic sideromycins 
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due to presence of native siderophores with stronger iron binding ability is not 
uncommon, and is generally paired with reduced sideromycin assimilation and 
upregulation of native siderophore transporters.79,108,109  
 

The demonstrated potency of 1 and 2 against enterobactin biosynthesis deletion 
strains points to either the sideromycin’s ability cross the OM to access their target lipid 
II, or their ability to deprive the bacterial cells of iron. To establish if OM disruption 
would further potentiate sideromycins 1 and 2, their synergistic effects with the known 
OM-disruptor polymyxin B nonapeptide (PMBN)122 was assessed (Table 4, see Table 
S4 for µM concentrations). Disruption of the OM by covalent linkage to OM-targeting 
peptides5,6 or exogenous supplementation of OM disruptors21–25 has been shown to 
enhance vancomycin potency to Gram-negative bacteria. While the activity of 
compounds 1 and 2, as well as vancomycin, improved slightly against the WT E. coli 
strain upon addition of exogenous PMBN, no enhancement was observed with the ΔentA 
mutant. This finding indicates that in the absence of enterobactin, the vancomycin-
trihydroxamate sideromycins exert antibacterial action without need for OM disruption. 
 
Table 4. In vitro activity of the vancomycin-trihydroxamate sideromycins against E. coli 
BW25113 and ΔentA in the presence and absence of exogenous outer membrane 
disruptor PMBN. 

 MIC (µg/mL) 
 E. coli BW25113 

 WT WT + 8 µg/mL 
PMBN ΔentA 

ΔentA + 8 
µg/mL PMBN 

Iron-repleted CAMHB 
Vancomycin 256 64 128 64 
1 >256 64 16 16 
2 >256 256 16 16 
12 >256 >256 >256 >256 
Int-1 64 32 64 32 
Int-2 >256 128 >256 128 
Iron-depleted CAMHB 
Vancomycin 128 64 128 32 
1 >256 32 8 8 
2 >256 128 8 8 
12 >256 >256 >256 >256 
Int-1 64 32 64 16 
Int-2 >256 128 >256 64 

 
Given that the glycopeptide core of the sideromycins remains intact; we 

anticipated compounds 1 and 2 to retain anti-Gram-positive activity, similarly to 
vancomycin. Assessment against a panel of vancomycin-sensitive and -resistant S. aureus 
strains revealed, however, a somewhat reduced antibacterial activity for 1 and 2 compared 
to vancomycin (8-16-fold), although activity was not completely compromised (Table 5, 
see Table S5 for µM concentrations). These findings suggest that the introduction of the 
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albomycin trihydroxymate siderophore unit interferes with lipid II target engagement by 
the glycopeptide moiety. 

 
Table 5. In vitro activity of the vancomycin-trihydroxamate sideromycins against Gram-
positive S. aureus strains. 

 MIC (µg/mL) 
 S. aureus 

 
ATCC 
29213 

MRSA 
USA300 

NRS384 BR-VRSA 

Iron-repleted CAMHB 
Vancomycin 1 1 1 >128 
1 8 8 8 >128 
2 16 16 16 >128 
12 >128 >128 >128 >128 
Int-1 0.5 1 0.5 >128 
Int-2 1 2 1 >128 
Iron-depleted CAMHB 
Vancomycin 1 1 1 >128 
1 4 8 8 >128 
2 8 16 16 >128 
12 >128 >128 >128 >128 
Int-1 1 1 0.5 >128 
Int-2 1 2 1 >128 

 
5.2.3 Iron sequestering by the sideromycins 
 
The studies with the deletion strains described above revealed that disruption of 
enterobactin biosynthesis and export, but not uptake, improves vancomycin-
trihydroxamate sideromycin potency. We speculated this difference could be correlated 
to the competition between naturally secreted enterobactin and the vancomycin-
trihydroxamates 1 and 2 for the chelation of ferric iron. As the uptake of sideromycin 
antibiotics relies on their iron-chelation activity,42,45 successful sequestration of ferric iron 
is considered crucial for the antimicrobial activity of 1 and 2. Enterobactin is, however, 
one of the strongest chelators for Fe3+, and the presence of significant quantities of this 
native siderophore in the growth media could diminish the potency of 1 and 2 by 
sequestering all available ferric iron. The chelating activity of the vancomycin-
trihydroxamate sideromycins for iron was therefore determined using a chrome azurol S 
dye (Fig. 4). This colorimetric assay is commonly used to detect siderophores by 
monitoring reduction in absorbance at 630 nm (A630) associated with the iron-bound form 
of the dye.105,123,124 In this assay, we found EDTA and enterobactin both strongly and 
rapidly chelate Fe3+ (Fig. 4AB), while compound 1 and 2 appear to do so in a time-
dependent manner: after one hour incubation Fe3+ sequestering was minimal, but over the  
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Chelation of ferric iron by different components as detected by decrease in A630. 
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course of 24 hours clear iron chelation by 1 and 2 did occur, although higher 
concentrations of both 1 and 2 were required for full iron sequestration relative to Fig. 4.  
enterobactin (Fig. 4CDF). The difference in chelating abilities between the vancomycin-
trihydroxamates and enterobactin suggest that 1 and 2 cannot outcompete enterobactin’s 
iron chelating abilities, which also provides an explanation for the absence of antibacterial 
activity for 1 and 2 against siderophore-excreting strains. Moreover, because iron 
chelation is likely influenced by the protonation state of the trihydroxymate moiety in 1 
and 2, the pKa of the siderophore donors must be taken into consideration when 
establishing iron complexation efficacy.34 Hydroxamates have pKa values ranging from 
8-9 whereas the pKa for catecholates (like enterobactin) ranges from 6.5-8 for dissociation 
of the first proton.34 Therefore, the assay conditions (pH 5.6) may not reflect the optimal 
chelation conditions for the vancomycin-trihydroxamate sideromycins 1 and 2. In 
addition, the pH of growth media (pH 7.3) may therefore also not favor iron chelation for 
trihydroxamate-containing sideromycins. Nonetheless, the iron chelating capacity of 
enterobactin is unmatched,34,35 making it impossible for the vancomycin-trihydroxamate 
sideromycins to outcompete its iron-sequestering abilities. In line with expectations, 
control experiments with trihydroxamate-azide 12 showed that it has iron chelating 
properties similar to compound 1 and 2, whereas vancomycin was unable to chelate ferric 
iron (Fig. 4EF). 

 
5.2.4 Additional in vitro cell-based assays 
 
The diminished activity of 1 and 2 against vancomycin-sensitive Gram-positive bacteria 
was surprising, as the glycopeptide core required for binding to lipid II remained intact. 
Therefore we assessed whether the sideromycins still act as late-stage cell-wall 
biosynthesis inhibitors. Upon treatment with cell-wall active antibiotics such as 
vancomycin and other glycopeptide antibiotics,125–127 the soluble cell-wall precursor 
UDP-MurNAc-pentapeptide accumulates in S. aureus, an effect that is detectable by 
HPLC analysis. Treatment of S. aureus with compound 1 and 2 also resulted in UDP-
MurNAc-pentapeptide accumulation (Fig. 5). The extent of the accumulation for bacteria 
treated with 1 and 2 appears less prominent than vancomycin, which correlates with the 
diminished in vitro activity against Gram-positive strains (although quantitative 
conclusions cannot be drawn from this assay). 
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Fig. 5. UDP-MurNAc-pentapeptide accumulation of the vancomycin-trihydroxamate 

sideromycins. 
 
Preliminary toxicity studies were also performed by assessing the hemolytic potential of 
compounds 1 and 2 against sheep erythrocytes. Such assays can provides an indication of 
the general membrane disruptive properties of a compound. These assays revealed no 
appreciable hemolysis by the vancomycin-trihydroxamate sideromycins 1 and 2 up to the 
highest concentration tested (256 μg/mL) (Fig. 6). 
 

 
Fig. 6. Hemolytic assessment of the vancomycin-trihydroxamate sideromycins. 
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5.3 Conclusions 
 
While vancomycin is an important last-resort antibiotic in the clinic against Gram-
positive infections, it is ineffective against Gram-negative strains as it cannot cross the 
OM and access lipid II. Given that vancomycin has affinity for E. coli lipid II,19 
circumvention of the OM to potentiate vancomycin against Gram-negative strains has 
been widely studied.20,23–25 To this end, vancomycin catecholate siderophore conjugates 
have been previously explored.11,27 However, the conjugation of vancomycin to the 
trihydoyxymate motif, as present in natural sideromycin albomycin, has not been 
described. In this study we report novel vancomycin-siderophore hybrids, the 
vancomycin-trihydroxamate sideromycins 1 and 2. These sideromycins were found to 
display little-to-no activity against a panel of siderophore producing Gram-negative 
bacteria. However, against strains deprived of native siderophores, in which genes 
essential for their biosynthesis (ΔentAC) or export (ΔtolC) are deleted, 1 and 2 display 
enhanced potency, an effect reversed upon exogenous enterobactin supplementation. The 
improved antibacterial activity of 1 and 2  against such mutant strains might be a result 
of effective transport of the sideromycins across the OM to the target site and/or iron-
deprivation of the bacterial strains. Further OM disruption does not contribute to 
improved antibacterial activities. Future studies to assess effective vancomycin-
trihydroxamate transport to the periplasm should be aimed at determining their 
antibacterial activity against ferrichrome uptake and enterobactin biosynthesis deficient 
strains (ΔfhuAΔentA). Enterobactin import deletions (ΔfepABD) cause a less prominent 
reduction in MIC compared to biosynthesis and export deficient strains, likely due to the 
difference in chelating efficiency of the sideromycins compared to enterobactin. Reduced 
binding to ferric iron was further confirmed in a colorimetric assay. Activity against 
Gram-positive strains was diminished compared to native vancomycin, although late-
stage cell wall biosynthesis inhibition was still confirmed. Additionally, the vancomycin-
trihydroxamate sideromycins have no hemolytic activity. In summary, covalent linkage 
of siderophores to vancomycin has the potential enhance the activity of vancomycin 
against Gram-negative bacteria deprived of endogenous siderophores. Considerations in 
design of next-generation vancomycin sideromycins should be directed at conjugation of 
siderophores that circumvent resistance due to the presence of intrinsic siderophores as 
well as modifications which avoid the attenuation of antibacterial activity now seen 
against Gram-positive strains.79  
 
5.4 Experimental Methods 
 
General methods. All reagents were commercially available, American Chemical Society 
(ACS) grade or finer and used without further purification unless stated otherwise. For 
characterization of new compounds, high resolution mass spectrometry (HRMS) was 
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performed on a Shimadzu Nexera X2 UHPLC system with a Waters Acquity HSS C18 
column (2.1 × 100 mm, 1.8 μm) at 30 °C and equipped with a diode array detector. At a 
flow rate of 0.5 mL/min, a solvent system with solvent A, 0.1% formic acid in H2O, and 
solvent B, 0.1% formic acid in CH3CN, was used. Gradient elution was as follows: 95:5 
(A/B) for 1 min, 95:5 to 15:85 (A/B) over 6 min, 15:85 to 0:100 (A/B) over 1 min, 0:100 
(A/B) for 3 min, then reversion back to 95:5 (A/B) for 3 min. This system was connected 
to a Shimadzu 9030 QTOF mass spectrometer (ESI ionization) calibrated internally with 
Agilent’s API-TOF reference mass solution kit (5.0 mM purine, 100.0 mM ammonium 
trifluoroacetate and 2.5 mM hexakis(1H,1H,3H-tetrafluoropropoxy)phosphazine) diluted 
to achieve a mass count of 10000. LCMS analyses were performed on a Shimadzu LC-
20AD system with a Shimadzu Shim-Pack GISS-HP C18 column (3.0 x 150 mm, 3 μm) 
at 30 °C and equipped with a UV detector monitoring at 214 and 254 nm. The following 
solvent system, at a flow rate of 0.5 mL/min, was used: solvent A, 0.1 % formic acid in 
water; solvent B, acetonitrile. This system was connected to a Shimadzu 8040 triple 
quadrupole mass spectrometer (ESI ionisation). Purity and confirmation of the synthesis 
of small molecule building blocks, although previously reported in the literature, was 
assessed with nuclear magnetic resonance (NMR). Spectra were obtained from a Bruker 
DPX-300, super conducting magnet with a field strength of 7.0 Tesla, equipped with 5 
mm BBO, Broadband Observe probe head, high resolution with Z- Gradient, and a 5 mm 
19F / 1H dual high-resolution probe. Compounds were purified using preparative high 
performance liquid chromatography (HPLC) using a BESTA-Technik system with a Dr. 
Maisch Reprosil Gold 120 C18 column (25 × 250 mm, 10 μm) and equipped with a ECOM 
Flash UV detector monitoring at 214 nm and a flow rate of 12 mL/min. Purity of the final 
compounds was assessed by integration and confirmed to be >95% unless stated 
otherwise (see supporting information Fig. S1), using analytical reverse phase HPLC 
(RP-HPLC) using a Shimadzu Prominence-i LC-2030 system with a Dr. Maisch ReproSil 
Gold 120 C18 column (4.6 × 250 mm, 5 μm) at 30 °C and equipped with a UV detector 
monitoring at 214 nm. At a flow rate of 1 mL/min, a solvent system with solvent A, 0.1% 
TFA in H2O/CH3CN 95:5, and solvent B, 0.1% TFA in H2O/CH3CN 5:95, was used. 
Gradient elution was as follows: 95:5 (A/B) for 2 min, 95:5 to 0:100 (A/B) over 55 min, 
0:100 (A/B) for 2 min, then reversion back to 95:5 (A/B) over 1 min, 95:5 (A/B) for 2 
min. 
 
Copper-catalyzed azide-alkyne cycloaddition to synthesize vancomycin-siderophores (1-
2). To vancomycin-alkyne Int-1 or Int-2 (11-12 µmol, 1 eq) in H2O (2.5 mL), 
siderophore-azide 12 (11-12 µmol, 1 eq) was added. CuSO4⋅5H2O (1.1 µmol, 0.1 eq), 
THPTA (2.2 µmol, 0.2 eq), and sodium ascorbate (4.4 µmol, 0.4 eq) in H2O (2.5 mL) 
were added to the flask. The reaction was stirred overnight and monitored by LCMS. In 
case of incomplete conversion, additional CuSO4⋅5H2O (0.1 eq), THPTA (0.2 eq), and 
sodium ascorbate (0.4 eq) in H2O was added. Upon reaction completion, the mixture was 
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centrifuged for 5 min at 4500 rpm, after which it was directly purified using the 
preparative high performance liquid chromatography (HPLC) using a C18 column (25 × 
250 mm, 10 μm) with UV detection at 214 nm. The following method was used: flow rate 
= 12 mL/min; solvent A, 0.1% TFA in H2O/CH3CN 95:5, and solvent B, 0.1% TFA in 
H2O/CH3CN 5:95. The gradient elution was as follows: 95:5 (A/B) for 5 min, 95:5 to 
40:60 (A/B) over 50 min, 40:60 to 0:100 (A/B) for 1 min, 0:100 (A/B) for 2 min, then 
reversion back to 95:5 (A/B) over 1 min, 95:5 (A/B) for 2 min. Fractions were 
immediately freeze dried and subsequently analyzed by LCMS. Pure product containing 
fractions were redissolved, pooled, and lyophilized to yield the vancomyxins as white 
powders. Yield: 89-94%. 1: HRMS (ESI): [M+H]+ calculated: 2188.8309, found: 
2188.8295. 2: HRMS (ESI): [M+H]+ calculated: 2325.8674, found: 2325.8675. For purity 
see Fig. S1. 
 
Synthesis of 3. Azide 3 was synthesized according to a previously described procedure.90 
In short, to a solution if 3-chloropropan-1-amine (HCl salt, 38 mmol, 1 eq) in H2O, NaN3 
(115 mmol, 3 eq) was added and the mixture was stirred overnight at 80 °C. The mixture 
was basified with aqueous KOH (2M, 49 mL) and extracted with Et2O three times. The 
organic layers were combined and dried over NaSO4, filtered and evaporated in vacuo to 
yield 3, which was used crude in the next reaction.  
 
Synthesis of 4. To a solution of Boc-L-Ser(tBu)-OH (7.7 mmol, 1 eq) in DMF at 0 °C, 3 
(8.4 mmol, 1.1 eq), DIPEA (15.3 mmol, 2 eq), and HATU (11.5 mmol, 1.5 eq) were 
added. The reaction was stirred at RT until completion. The solvent was evaporated and 
the residue was redissolved in DCM. The organic layer was washed with H2O and brine, 
dried over NaSO4, filtered, and evaporated. The product was purified by flash 
chromatography (2/1 PE/EtOAc). Yield: Quantitative. 1H NMR (300 MHz, CDCl3) 
δ/ppm 6.67 (s, 1H), 5.38 (s, 1H), 4.10 (s, 1H), 3.76 (dd, J = 8.7, 3.8 Hz, 1H), 3.42 – 3.28 
(m, 5H), 1.77 (p, J = 6.7 Hz, 2H), 1.43 (s, 9H), 1.16 (s, 9H).13C NMR (75 MHz, CDCl3) 
δ/ppm 171.03, 155.61, 80.24, 74.01, 61.92, 54.58, 49.07, 36.87, 28.83, 28.40, 27.53. 
HRMS (ESI): [M+H]+ calculated: 344.2298, found: 344.2295. 
 
Synthesis of 5. Azide 4 (3.5 mmol, 1 eq) was dissolved in TFA (10 mL) and H2O (17.9 
mmol, 5 eq) and stirred for 12 h at RT. The solvent was evaporated, after which the 
residue was redissolved in MeOH and evaporated in vacuo. This process was repeated 
three times and the residue was used crude in the next reaction. 
 
Synthesis of 6. Ester 6 was synthesized according to a previously described procedure52 
with minor adjustments. To a solution of BPO (36.9 mmol, 1.2 eq) in DCM (300 mL), 
Boc-Orn-OtBu (HCl salt, 30.8 mmol, 1 eq) in buffer (NaHCO3 buffer adjusted with 
NaOH to pH 10.5, 300 mL) was added quickly. The mixture was stirred for 7 h at RT. 
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Acetyl chloride (30.8 mmol, 1 eq) in DCM (30 mL) was added and the reaction was 
stirred overnight at RT. The H2O layer was extracted with DCM three times, after which 
the organic layers were combined and washed with brine. The DCM layer was dried over 
NaSO4, filtered and evaporated. The product was purified by flash column 
chromatography with 3/1 PE/EtOAc. Yield: 83%. HRMS (ESI): [M+H]+ calculated: 
451.2444, found: 451.2442. 
 
Synthesis of 8. First, carboxylic acid intermediate 7 was synthesized according to a 
previously described procedure52 with minor alterations. Ester 6 (24 mmol, 1 eq) was 
dissolved in TFA (50 mL) and H2O (120 mmol, 5 eq), and stirred at RT for 12 h. The 
solvent was evaporated, after which the residue was redissolved in MeOH and evaporated 
in vacuo. This process was repeated three times and the residue was used crude in the 
next reaction. Then, carboxylic acid 8 was synthesized according to a previously 
described procedure52 with minor adjustments. In short, to a solution of crude 
intermediate 7 (~12.8 mmol, ~1 eq) in DMF (40 mL) at -15 °C, NEt3 (38.4 mmol, 3 eq) 
and Fmoc-OSu (15.4 mmol, 1.2 eq) were added. The reaction was stirred at -15°C for 1 
h and subsequently acidified to pH 5 with aqueous HCl (1 M). Solvent was removed in 
vacuo and the residue was diluted with EtOAc. The organic layer was washed with 
aqueous HCl (1 M) and brine, and subsequently dried over NaSO4, filtered and 
evaporated. The product was purified by flash column chromatography using DCM with 
0-5% MeOH gradient. Yield: 35% over two steps. HRMS (ESI): [M+H]+ calculated: 
517.1975, found: 517.1971  
Synthesis of 9. Carboxylic acid 9 was synthesized according to a previously described 
procedure52 with minor adjustments. To a solution of 1H-benzotriazole (29.1 mmol, 5 eq) 
in THF (20 mL), thionyl chloride (7.3 mmol, 1.25 eq) was added. The mixture was stirred 
at RT for 20 min, and subsequently cooled to -15 °C. Compound 8 (5.8 mmol, 1 eq) in 
THF (10 mL) was added dropwise, and the reaction was stirred at RT for 30 min. The 
white precipitate was filtered off and the filtrate was concentrated in vacuo. The mixture 
was diluted with EtOAc, and the precipitate was filtered off again and washed with 
EtOAc. The residue was evaporated to obtain crude active amide, which was added to a 
solution of carboxylic acid 7 (6.4 mmol, 1.1 eq) with NEt3 (3.1 eq) in a mixture of 
CH3CN/H2O (20 mL / 8 mL) cooled at -15 °C. The mixture was stirred at RT for 1 h, and 
the CH3CN was evaporated. The residue was diluted with EtOAc, and the organic layer 
was washed with aqueous HCl (0.5 M) and brine. The organic layer was dried with NaSO4 
and concentrated in vacuo. The product was purified by flash column chromatography 
with DCM + 1% AcOH  DCM/MeOH 95/5 + 1% AcOH. Yield: 28%. HRMS (ESI): 
[M+H]+ calculated: 793.3085, found: 793.3084.   
 
Synthesis of 10. Carboxylic acid 10 was synthesized according to a previously described 
procedure52 with minor adjustments, and as described for 9. The reaction was carried out 
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starting from 9 (1.6 mmol, 1 eq) and employed 1H-benzotriazole (6 eq) and thionyl 
chloride (1.5 eq). Yield: 55%. HRMS (ESI): [M+H]+ calculated: 1069.4195, found: 
1069.4190  
 
Synthesis of 11. To a solution of carboxylic acid 10 (692 µmol, 1 eq) in DMF (15 mL), 
azide 5 (761 µmol, 1.1 eq) and HATU (1.0 mmol, 1.5 eq) were added. DIPEA (1.4 mmol, 
2 eq) was added dropwise at 0 °C and the reaction was stirred for 3 h at 0 °C. The mixture 
was acidified to pH 5 with aqueous HCl (1 M) and evaporated in vacuo. The mixture was 
redissolved in EtOAc, and washed with aqueous HCl (0.5 M), saturated aqueous NaHCO3 
and brine. The organic layer was dried over NaSO4, filtered and evaporated. The product 
was purified by flash column chromatography with DCM + 1% AcOH  DCM/MeOH 
95/5 + 1% AcOH. Yield: 35%. 1H NMR (300 MHz, CDCl3) δ/ppm 8.12 – 7.97 (m, 6H), 
7.71 (d, J = 7.4 Hz, 2H), 7.68 – 7.55 (m, 5H), 7.54 – 7.41 (m, 6H), 7.35 (t, J = 7.4 Hz, 
2H), 7.30 – 7.22 (m, 3H), 7.10 – 7.03 (m, 1H), 6.41 (s, 1H), 4.62 – 4.36 (m, 2H), 4.36 – 
4.08 (m, 4H), 4.08 – 3.58 (m, 8H), 3.36 – 3.24 (m, 3H), 2.12 – 1.88 (m, 14H), 1.87 – 1.62 
(m, 9H). 13C NMR (75 MHz, CDCl3) δ/ppm 174.7, 173.3, 171.9, 170.6, 164.9, 164.8, 
164.6, 157.4, 143.7, 143.6, 141.3, 134.8, 130.1, 129.0, 127.8, 127.2, 126.3, 125.2, 120.0, 
67.4, 62.5, 55.9 55.7, 55.7, 54.7, 48.8, 47.6, 47.0, 36.72, 28.5, 27.7, 27.5, 24.45, 24.2, 
23.8, 20.4, 20.3. HRMS (ESI): [M+H]+ calculated: 1238.5158, found: 1238.5150. For 
purity see Fig. S1. 

Siderophore-azide 12. To a solution of azide 11 (165 µmol, 1 eq) in MeOH, aqueous 
K2CO3 (1 M, 330 µL, 2 eq) was added and the reaction war stirred at RT for 1 h. 
Additional portions of aqueous K2CO3 (1 M, 330 µL, 2 eq) were added and stirred for 1 
h until the reaction reached completion. The mixture was acidified to pH 7 with aqueous 
HCl (1 M). The solvent was evaporated and the solid was washed three times with DCM. 
The residue was used crude in the next reaction. For biological assessment, a portion was 
purified using preparative HPLC using a 12 mL/min flow rate. Solvent A was 0.1% TFA 
in H2O/CH3CN 95:5 and solvent B was 0.1% TFA in H2O/CH3CN 5:95. Gradient for 
elution was 0-100% buffer B over 55 min. HRMS (ESI): [M+H]+ calculated: 704.3691, 
found: 704.3687. For purity see Fig. S1. 

 
  



 Vancomycin-trihydroxamate sideromycins – a Trojan-horse approach 
 

– 189 – 

5 

Table 6. HR-MS analysis 
Sample 

ID 
Chemical formula Calculated 

M + H 
Calculated 
(M+2H)/2 

Measured 

1 C96H127Cl2N21O34 2188.8309 1094.9194 2188.8295, 1094.9191 
2 C104H134Cl2N20O37 2325.8674 1163.4376 2325.8675, 1163.4365 
3 C3H8N4 101.0827 51.0453 101.0821 
4 C15H29N5O4 344.2298 172.6188 344.2295 
5 C6H13N5O2 188.1147 94.5613 188.1144 
6 C23H34N2O7 451.2444 226.1261 451.2442 
7 C14H18N2O5 295.1294 148.0686 295.1290 
8 C29H28N2O7 517.1975 259.1027 517.1971 
9 C43H44N4O11 793.3085 397.1582 793.3084 

10 C57H60N6O15 1069.4195 535.2137 1069.4190 
11 C63H71N11O16 1238.5158 619.7618 1238.5150 
12 C27H49N11O11 704.3691 352.6885 704.3687 

 
Iron-depleted and iron-repleted CAMHB. Iron-depleted CAMHB was made according to 
CLSI procedures. In short, 100 g Chelex-100 (wet bead size 150-300 µm) was added to 
1 L of autoclaved MHB and stirred for 2 h at RT. The media was filter-sterilized using 
sterile 0.2 µm bottle top filters into an autoclaved empty flask. The pH was adjusted to 
7.2-7.4 using aqueous HCl (1 M). The media was filter-sterilized again using sterile 0.2 
µm bottle top filters into empty autoclaved flasks. To complete the iron-depleted 
CAMHB, 0.5 mM CaCl2, 0.5 mM MgSO4 and 10 µM ZnSO4 (from 1 M stocks in H2O, 
filter-sterile) were added to the media. For iron-repleted CAMHB, 2.5 µM FeCl3 was 
added as well. 
 
Broth microdilution assays. From glycerol stocks, bacteria were plated out on blood agar 
plates overnight at 37 °C. One colony was transferred to growth media and grown at 37 
°C at 200 rpm to exponential growth phase as determined by OD600 in iron-repleted 
CAMHB. For VRSA the media was supplemented with 6 µg/mL vancomycin at this 
stage. For the deletion strains, 25 µg/mL kanamycin was added to the media during this 
phase. At OD600 = 0.5 the bacteria were diluted 100-fold in either iron-repleted or iron-
depleted CAMHB and 50 µL was added to a 2-fold serial dilution series of test compound 
(50 µL) in the same media to reach a total volume of 100 µL per well. The 96-well 
polypropylene plates were incubated at 37 °C at 600 rpm overnight (18-20 h for Gram-
negative strains, 20-24 h for Gram-positive strains) and inspected for visual bacterial 
growth. Trailing was observed for some strains and taken into account in recording the 
MIC values as described previously for cefiderocol.104,128 Synergy experiments were 
performed in a similar manner as the MIC assay, except 8 µg/mL PMEN or enterobactin 
final concentration was added to the wells. MICs are reported as the median of triplicates. 
 
Chelating activity with ferric iron. The iron chelation was assessed according to a 
previously described procedure.129 In short, 0.75 mL of 1 mM FeCl3 dissolved in 10 mM 
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HCl was added to 3.75 mL of 2 mM chrome azurol S solution in H2O. The mixture was 
added to 3 mL of a 10 mM cetyltrimethylammonium bromide. 42.5 mL of 0.588 M MES 
pH adjusted with 50% KOH to pH 5.6 was added to the dye (achieving a final MES 
concentration of 0.5 M). In a clear flat-bottom plate, to a serial dilution of compound (50 
µL), 50 µL dye solution was added to all wells except blank well (100 µL H2O). 
Absorbance was measured at 630 nm at 1 , 2, 3, 4, 5, 6, 7, 8, and 24 h. Plates were 
incubated at RT in the dark at 170 rpm between measurements. 
 
UDP-MurNAc-pentapeptide accumulation. From glycerol stocks, S. aureus ATCC29213 
was cultured on blood agar plates and incubated overnight at 37 °C. A single colony was 
grown in TSB + 0.002% p80 overnight at 37 °C and diluted 100-fold in fresh media. The 
bacterial culture was grown at 37 °C (200 rpm) until exponential phase (OD600 = 0.5). 
Chloramphenicol was added at a final concentration of 130 µg/mL and the culture was 
incubated for an additional 15 min at 37 °C (200 rpm). Next, the culture was split in 5 
mL cultures and the test antibiotics were added at a final concentration of 10 x MIC. The 
cultures were incubated at 37 °C (200 rpm) for 1 h after which they were centrifuged for 
5 min at 4 °C to pellet the bacteria (3,900 rpm). The supernatant was removed and the 
pellets were resuspended in 1 mL H2O. The cells were lysed by boiling in a water bath at 
100 °C for 15 min and subsequently centrifuged for 30 min (12,000 rpm). The supernatant 
of the samples was lyophilized and redissolved in 250 µL buffer A (50 mM ammonium 
bicarbonate, 5 mM NEt3, pH 8.3). Samples were analyzed by analytical RP-HPLC at 214 
nm using a 0-25% buffer B (MeOH) gradient over 25 min. The HPLC analysis was done 
using a Phenomenex Jupiter su C18 300 Å column (250 x 4.60 mm, 5 μm) on a Shimadzu 
LC-2030 Plus instrument. 
 
Hemolysis assays. Defibrinated whole sheep blood was centrifuged for 15 minutes at 4 
°C (400 g). The top layer was discarded and the bottom layer was washed with phosphate 
buffered saline (PBS) and centrifuged for 15 min at 4 °C (400 g). Washing cycles were 
repeated at least three times. In polypropylene 96-well microtiter plates, 10-fold serial 
dilutions of antibiotics in PBS with 0.002% p80 in biological triplicates were added (75 
µL) and an equal volume of packed blood cells diluted 25-fold in PBS with 0.002% p80 
(75 µL) was added to all wells. The plates were incubated for 20 h at 37 °C with 
continuous shaking (500 rpm). After incubation, the plates were centrifuged for 5 min 
(800 g) and 25 µL of supernatant was transferred to a clear UV-star flat-bottom 
polystyrene 96-well plate already containing 100 µL H2O per well. Absorption was 
measured at 415 nm. Data were corrected by subtraction of the background response of 
1% DMSO in the presence of cells with no antibiotic and normalized using the absorbance 
of 0.1% Triton X-100 with blood cells as 100% hemolysis control.  
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5.5 Supplementary Information 
 
 

 
Scheme S1. The synthesis of Int-1. a) propargylamine, HBTU, DIPEA, DMF/DMSO, RT. 

 

 
Scheme S2. The synthesis of Int-2. a) propargylbromide, K2CO3, DMF, RT; b) NaBH3CN, DIPEA, 

DMF/MeOH, 70 °C then 50 °C. 
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Table S1. In vitro activity of the vancomycin-trihydroxamate sideromycins against a 
panel of Gram-negative strains in µM. 

 MIC (µM) 
 E. coli K. pneumonia A. baumannii P. aeruginosa 

 
ATCC 
25992 

ATCC 
35218 

BW 
25113 

ATCC 
13883 

BAA-747 
ATCC 
27853 

Iron-repleted CAMHB 
Vancomycin >86 >86 172 >86 >86 >86 
1 >58 >58 >117 >58 >58 >58 
2 >55 >55 >110 >55 >55 >55 
12 >182 >182 >364 >182 >182 >182 
Int-1 86 43 43 >86 >86 >86 
Int-2 >79 >79 >158 >79 >79 >79 
Iron-depleted CAMHB 
Vancomycin >86 >86 86 >86 >86 >86 
1 >58 >58 >117 >58 >58 >58 
2 >55 >55 >110 >55 >55 >55 
12 >182 >182 >364 >182 >182 >182 
Int-1 43 43 43 >86 >86 >86 
Int-2 >79 >79 >158 >79 >79 >79 

 
Table S2. In vitro activity of the vancomycin-trihydroxamate sideromycins against E. coli 
BW25113 and Δent in µM with and without exogenous enterobactin supplementation. 

 MIC (µM) 
 E. coli BW25113 

 WT ΔentA ΔentA + 8 µg/mL 
enterobactin 

Iron-repleted CAMHB 
Vancomycin 172 86 86 
1 >117 7 >117 
2 >110 7 >110 
12 >364 >364 >364 
Int-1 43 43 43 
Int-2 >158 >158 >158 
Iron-depleted CAMHB 
Vancomycin 86 86 86 
1 >117 4 >117 
2 >110 3 >110 
12 >364 >364 >364 
Int-1 43 43 43 
Int-2 >158 >158 >158 
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Table S3. In vitro activity of the vancomycin-trihydroxamate sideromycins against E. coli 
BW25113 and enterobactin biosynthesis, export and import deletion strains in µM. 

 MIC (µM) 
 E. coli BW25113 
 WT ΔentA ΔentC ΔtolC ΔfepA ΔfepB ΔfepD 
  biosynthesis export import 
Iron-repleted CAMHB 
Vancomycin 172 86 86 172 43 86 86 
1 >117 7 15 15 58 29 29 
2 >110 7 14 14 >110 110 >110 
12 >364 >364 >364 >364 >364 >364 >364 
Int-1 43 43 43 43 86 43 43 
Int-2 >158 >158 >158 >158 >158 >158 >158 
Iron-depleted CAMHB 
Vancomycin 86 86 86 86 43 43 43 
1 >117 4 7 7 58 15 29 
2 >110 3 7 7 >110 110 >110 
12 >364 >364 >364 >364 >364 >364 >364 
Int-1 43 43 43 43 43 43 43 
Int-2 >158 >158 >158 >158 >158 >158 >158 

 
Table S4. In vitro activity of the vancomycin-trihydroxamate sideromycins against E. coli 
BW25113 and ΔentA in µM in the presence and absence of exogenous outer membrane 
disruptor PMBN. 

 MIC (µM) 
 E. coli BW25113 

 WT 
WT + 8 µg/mL 

PMBN ΔentA 
ΔentA + 8 

µg/mL PMBN 
Iron-repleted CAMHB 
Vancomycin 172 43 86 43 
1 >117 29 7 7 
2 >110 110 7 7 
12 >364 >364 >364 >364 
Int-1 43 22 43 22 
Int-2 >158 79 >158 79 
Iron-depleted CAMHB 
Vancomycin 86 43 86 22 
1 >117 15 4 4 
2 >110 55 3 3 
12 >364 >364 >364 >364 
Int-1 43 22 43 11 
Int-2 >158 79 >158 39 
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Table S5. In vitro activity of the vancomycin-trihydroxamate sideromycins against Gram-
positive S. aureus strains in µM. 

 MIC (µM) 
 S. aureus 

 
ATCC 
29213 

MRSA 
USA300 

NRS384 BR-VRSA 

Iron-repleted CAMHB 
Vancomycin 0.673 0.673 0.673 >86 
1 4 4 4 >58 
2 7 7 7 >55 
12 >182 >182 >182 >182 
Int-1 0.336 0.673 0.336 >86 
Int-2 0.616 1 0.616 >79 
Iron-depleted CAMHB 
Vancomycin 0.673 0.673 0.673 >86 
1 2 4 4 >58 
2 3 7 7 >55 
12 >182 >182 >182 >182 
Int-1 0.673 0.673 0.336 >86 
Int-2 0.616 1 0.616 >79 

 
Compound 1 (95.8% purity) 

 
 

Compound 2 (97.5% purity) 

 

 
Compound 11(84.5% purity)  

 

Compound 12 (95.0% purity for bioassays) 

 
Fig. S1. Purity of final vancomycin-trihydroxamate sideromycins determined by 

analytical HPLC. 
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Summary 
 
Vancomycin is a last-resort antibiotic for the treatment of many Gram-positive bacterial 
infections. Mechanistically, vancomycin functions by inhibiting cell-wall biosynthesis. 
More specifically, vancomycin binds to the D-Ala-D-Ala termini of the bacterial cell-wall 
precursor lipid II, preventing its crosslinking (Fig. 1AB). Worryingly, vancomycin 
resistance is becoming increasingly prevalent and can occur in multiple ways, including: 
1) lipid II target modification from D-Ala-D-Ala to D-Ala-D-Lac, which is the most 
commonly encountered resistance mechanism (Fig. 1C); 2) lipid II target modification 
from D-Ala-D-Ala to D-Ala-D-Ser; and 3) cell-wall thickening coupled with decreased 
crosslinking activity, leading to increased D-Ala-D-Ala decoy targets. To tackle 
vancomycin-resistant bacteria, significant efforts have been spent in designing 
semisynthetic glycopeptide antibiotics with enhanced properties. Semisynthesis 
represents a convenient and cost-effective means to generate novel glycopeptide 
antibiotics. The work in this thesis describes the development and assessment of such 
novel semisynthetic glycopeptide antibiotics. 
 

 

 
Fig. 1. Vancomycin activity and resistance against Gram-positive bacteria. (A) Gram-positive 
bacterial cell wall zoomed in on the peptidoglycan layer and vancomycin binding to lipid II. (B) Vancomycin 
binding to D-Ala-D-Ala with five hydrogen bonds. (C) Target modification to D-Ala-D-Lac results in loss of one 
hydrogen bond, leading to vancomycin resistance. 

A 
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Chapter 1 describes all clinically approved and recently developed 
semisynthetic glycopeptide antibiotics with a focus on their structure, modes of action, 
resistance development, in vitro and in vivo antibacterial activity, pharmacokinetics, and 
toxicity. While the clinically used lipoglycopeptides telavancin, dalbavancin, and 
oritavancin partly overcome vancomycin resistance, they are generally characterized as 
having poor aqueous solubility, unusual pharmacokinetics (PK), and toxicity concerns. 
Therefore, the design of new glycopeptide antibiotics with enhanced antibacterial activity 
paired with improved PK and safety profiles continues to be of great importance. To 
address this, many different strategies have been employed, mostly focusing on 
enhancing glycopeptide binding to the bacterial surface often by including lipophilic 
and/or cationic charges. In addition, attempts at introducing multiple modes of action 
have also been reported, for example by conjugating glycopeptides to pyrophosphate-
targeting groups or other antibiotics with alternative modes of action. Glycopeptide 
dimers that exhibit enhanced cell surface localization have also been developed. In 
addition, novel delivery systems have been described by which glycopeptides can be 
specifically targeted to relevant disease-related tissue. Beyond this, recent progress has 
even been made in expanding the spectrum of activity of glycopeptides to include Gram-
negative strains.  
 

Chapter 2 describes the synthesis of a panel of semisynthetic lipoglycopeptide 
antibiotics named the guanidino lipoglycopeptides (Fig.  2). The guanidino 
lipoglycopeptides consist of vancomycin, which is semisynthetically modified to include 
an aryl linker, a guanidine moiety (which is positively charged at physiological pH), and 
a lipophilic tail. The guanidino lipoglycopeptides 
are readily synthesized from vancomycin in a 
two-step process. Although no anti-Gram-
negative activity was detected, the guanidino 
lipoglycopeptides display potent activity in vitro 
against a range of clinically relevant Gram-
positive bacteria, including methicillin-resistant 
S. aureus (MRSA), S. pneumoniae, and 
Clostridia as well as vancomycin-intermediate 
and vancomycin-resistant strains, such as VISA, 
VRSA, and VRE. The in vitro activity of the 
guanidino lipoglycopeptides is vastly superior to 
that of vancomycin and generally equipotent or 
superior to the clinically used semisynthetic 
lipoglycopeptides telavancin, dalbavancin, and 
oritavancin.  Fig. 2. General structure of the 

guanidino lipoglycopeptides 
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Building upon these findings, Chapter 3 describes a more elaborate in vitro and 
in vivo assessment of the guanidino lipoglycopeptides, which revealed the guanidino 
lipoglycopeptides have anti-S. aureus-biofilm activity. Furthermore, they indicate low-
plasma protein binding and display similar killing kinetics as observed for clinically used 
glycopeptides. Moreover, these compounds show lower mammalian cell toxicity 
compared to clinically used lipoglycopeptides and exhibit minimal propensity for 
resistance selection. Mechanistically, the guanidino lipoglycopeptides retain the cell-wall 
biosynthesis inhibitory mode of action of vancomycin, by binding to the D-Ala-D-Ala 
moiety of lipid II with significantly enhanced binding affinity. Notably, the guanidino 
lipoglycopeptides were also found to maintain binding to the resistant version of lipid II, 
containing D-Ala-D-Lac. In addition, no significant membrane depolarization and 
permeabilization was detected in bacterial cells treated with the guanidino 
lipoglycopeptides, also supporting a specific, targeted mechanism of action. The most 
promising guanidino lipoglycopeptide, containing a linear fully saturated C7 lipid, was 
selected for in vivo assessment, which revealed it to be well tolerated while maintaining 
blood concentrations above the minimum inhibitory concentration for >8 hours in mice 
when dosed at a low 3 mg/kg. In vivo efficacy studies showed, both in a S. aureus murine 
thigh infection and a 7-day sepsis survival study, that this C7 guanidino lipoglycopeptide 
was significantly superior to vancomycin in reducing the bacterial burden and increasing 
survival (Fig. 3). Ongoing work is aimed at further characterizing the toxicity and PK 
profile of the guanidino lipoglycopeptides. 

 

 
Fig. 3. Murine S. aureus sepsis survival upon treatment with vehicle (blue), vancomycin 
(orange), and C7 guanidino lipoglycopeptide (green). 
 

While the guanidino lipoglycopeptides are promising semisynthetic 
glycopeptides with potent activity against Gram-positive bacteria, Chapter 4 focuses on 
glycopeptide derivatives with activity against Gram-negative organisms. Vancomycin is 
generally inactive against Gram-negative bacteria as it cannot cross the outer membrane 
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(OM) present in these strains, preventing the antibiotic from reaching its target (Fig. 4). 
To address this, we covalently linked the known OM disruptor polymyxin E nonapeptide 
(PMEN) to vancomycin, creating the vancomyxins (Fig.  5). Exogenous supplementation 
of PMEN to vancomycin results in improved in vitro activity against Gram-negative 
strains, however, covalent conjugation to PMEN, as present in the vancomyxins, further 
enhances potency, especially against E. coli and K. pneumoniae. Notably, the 
vancomyxins maintain activity against vancomycin-sensitive Gram-positive 
microorganisms and even overcome vancomycin resistance in some Gram-positive 
strains. Antagonization studies indicate that the vancomyxins are able to bind to the 
lipopolysaccharide present in the OM. Furthermore, the vancomyxins were found to be 
non-hemolytic and displayed low cytotoxicity against proximal tubular epithelial cells, as 
their 50% cytotoxic concentration was multiple orders of magnitude higher than the 
concentrations required to inhibit bacterial cell growth.  

 

 
Fig. 4. Strategies for potentiation of vancomycin against Gram-negative bacteria. 

 

 
Fig. 5. Representative vancomyxin 
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As an alternative to OM disruption, Chapter 5 focuses on hijacking bacterial 
active transport systems to facilitate the passage of vancomycin across the OM in an 
attempt to confer activity against Gram-negative bacteria (Fig. 4). To this end, the iron-
chelating siderophore trihydroxymate was covalently linked to vancomycin (Fig.  6). The 
working hypothesis in this case relates to the knowledge that siderophores sequester iron 
in the environment and are actively transported to the periplasm, where the vancomycin 
target lipid II resides. The vancomycin-trihydroxymates prepared were found to retain 
some of the bacterial cell wall biosynthesis inhibition of the parent glycopeptide, however 
they showed diminished activity in preventing the growth of Gram-positive organisms 
and were inactive against siderophore producing Gram-negative bacteria. This lack of 
activity against the Gram-negative strains initially tested was attributed to the lower 
chelating efficiency for ferric iron of trihydroxymates compared to the naturally produced 
siderophores. However, against Gram-negative E. coli deficient of its own siderophore 
biosynthesis or export, the vancomycin-trihydroxymates did display enhanced in vitro 
potency relative to vancomycin. Whether this effect is due to active uptake or iron 
deprivation of the bacterial cells remains to be fully elucidated. 

 

 
Fig. 6. Representative vancomycin-sideromycin 
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Nederlandse samenvatting 
 
Antibiotica zijn essentiële medicijnen om bacteriële infecties te bestrijden. Veel 
antibiotica hebben het peptidoglycaan, een onderdeel van de bacteriële celwand, als 
doelwit. De bouwsteen voor peptidoglycaan is lipid II, dat na twee reacties –  
transglycosylatie en transpeptidatie – de peptidoglycaan laag vormt (Fig. 1). Dit maakt 
lipid II een interessant doelwit voor antibiotica.  Een antibioticum dat lipid II als doelwit 
gebruikt is vancomycine, een glycopeptide antibioticum die gebruikt wordt om 
Grampositieve bacteriële infecties te behandelen. Door met hoge affiniteit aan de D-Ala-
D-Ala termini van lipid II te binden, remt vancomycine de biosynthese van de 
Grampositieve bacteriële celwand (Fig. 1 en Fig. 2), aangezien de transglycosylatie en 
transpeptidatie reacties hierdoor geblokkeerd worden. Echter, deze Grampositieve 
bacteriën kunnen resistent worden, waardoor vancomycine zijn activiteit verliest. 
Vancomycineresistentie kan voorkomen op verschillende manieren, waaronder: 1) 
modificatie van de D-Ala-D-Ala termini naar D-Ala-D-Lac, het meest voorkomende 
resistentiemechanisme, wat er in resulteert dat vancomycine niet meer goed kan binden 
aan zijn doelwit lipid II (Fig. 2), 2) modificatie naar D-Ala-D-Ser, en 3) verdikking van 
de peptidoglycaan laag en een verhoogd aantal D-Ala-D-Ala verbindingen om 
vancomycine te verstrikken. Om vancomycineresistente bacteriën te bestrijden, 
ontwikkelen onderzoekers nieuwe semisynthetische glycopeptide antibiotica. In 
semisynthese wordt gebruikt maakt van een bestaande glycopeptide structuur die 
gemodificeerd wordt door middel van organische synthese. Omdat de glycopeptide niet 
van de grond af aan opgebouwd hoeft te worden, is semisynthese een toegankelijke en 
kost-effectieve manier om nieuwe glycopeptide antibiotica te produceren. Het werk in 
deze thesis beschrijft de ontwikkeling en beoordeling van zulke nieuwe semisynthetische 
glycopeptide antibiotica. 
 

 
Fig. 1. Grampositieve bacteriële celwand ingezoomd op de peptidoglycaan laag en 
vancomycine binding aan peptidoglycaan precursor lipid II. 
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Fig. 2. Vancomycine activiteit en resistentie tegen Grampositieve bacteriën. Vancomycine 
bindt aan de D-Ala-D-Ala termini van lipid II met 5 waterstofbruggen. Doelwit modificatie naar D-Ala-D-Lac 
resulteert in het verlies van een waterstofbrug, wat leidt tot vancomycine resistentie. 
 

Hoofdstuk 1 beschrijft alle semisynthetische glycopeptide antibiotica die 
gebruikt worden in de kliniek of die recent ontwikkeld zijn, met een focus op hun 
structuur, werkingsmechanisme, resistentieontwikkeling, in vitro en in vivo antibacteriële 
activiteit, farmacokinetiek, en toxiciteit. Telavancine, dalbavancine, en oritavancine zijn 
de enige semisynthetische glycopeptide antibiotica in gebruik in de kliniek. Hoewel deze 
glycopeptides vancomycineresistentie deels omzeilen, zijn de eigenschappen van deze 
antibiotica niet ideaal, zoals de slechte oplosbaarheid, de ongewone farmacokinetiek, en 
de toxiciteitsproblemen. Daarom is de ontwikkeling van nieuwe glycopeptide antibiotica 
met verbeterde antibacteriële activiteit en verbeterde farmacokinetiek- en 
toxiciteitsprofielen essentieel. Strategieën om deze glycopeptide antibiotica te 
ontwikkelen omvatten onder andere 1) het verkrijgen van verhoogde cel oppervlakte 
binding door lipide en/of positief geladen groepen in de glycopeptide structuur te 
verwerken, 2) het verkrijgen van een tweedelig werkingsmechanisme door conjugatie van 
glycopeptides aan pyrofosfaat-bindende groepen of antibiotica met andere 
werkingsmechanismen, 3) het covalent verbinden van twee glycopeptides, resulterend in 
glycopeptide dimeren, die colokalisatie naar het doelwit kunnen faciliteren, 4) focus op 
gerichte medicijnafgifte aan ziekte-gerelateerd weefsel, en 5) het uitbreiden van het 
antibacteriële spectrum van glycopeptides naar Gramnegatieve bacteriën.  

 
Hoofstuk 2 gaat in op de synthese van een nieuwe klasse van semisynthetische 

glycopeptide antibiotica, de guanidino lipoglycopeptides (Fig.  3). Deze guanidino 
lipoglycopeptides bestaan uit vancomycine, gelinkt aan een aromatische linker, een 
positief geladen guanidino groep (bij fysiologische pH), en een lipofiele staart. Met 
vancomycine als start materiaal zijn deze antibiotica gesynthetiseerd in twee 
reactiestappen. Ondanks dat ze niet actief zijn tegen Gramnegatieve bacteriën, hebben de 
guanidino lipoglycopeptides potente antibacteriële activiteit in vitro tegen ziekte-
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gerelateerde Grampositieve bacteriën, zoals meticilline-resistente Staphylococcus aureus 
(MRSA), Streptococcus pneumoniae, Clostridia, en vancomycineresistente S. aureus en 
enterokokken. De guanidino lipoglycopeptides overtreffen de antimicrobiële activiteit 
van zowel vancomycine als telavancine, dalbavancine, en oritavancine tegen veel van de 
geteste pathogene Grampositieve micro-organismen. 

 

 
Fig. 3. Guanidino lipoglycopeptides 

 
Voortbouwend op deze bevindingen, beschrijft Hoofdstuk 3 een meer 

uitgebreide in vitro en in vivo beoordeling van de guanidino lipoglycopeptides. Deze 
nieuwe antibiotica hebben activiteit tegen S. aureus biofilms, en hebben bacteriedodende 
kinetiek gelijkwaardig aan de glycopeptides die in de kliniek gebruikt worden. Daarnaast 
hebben de guanidino lipoglycopeptides lage initiële toxiciteit en veroorzaken ze minimale 
resistentieselectie. Het werkingsmechanisme van deze antibiotica is gelijk aan 
vancomycine, namelijk remming van de biosynthese van de celwand, aangezien ze de D-
Ala-D-Ala termini van lipid II binden met een nog hogere affiniteit dan vancomycine. In 
tegenstelling tot vancomycine, binden de guanidino lipoglycopeptides ook aan 
vancomycineresistente D-Ala-D-Lac lipid II. Verder veroorzaken deze antibiotica geen 
significante membraandepolarisatie, wat een indicatie kan zijn voor lage toxiciteit. De 
meest potente guanidino lipoglycopeptide, die een alifatische C7 verbinding bevat, werd 
geselecteerd voor meer extensieve in vivo testen. Het antibioticum werd goed getolereerd 
door muizen en concentraties van de guanidino lipoglycopeptide in het bloed van de 
muizen bleven >8 uur lang boven concentraties vereist voor effectieve remming van 
bacteriële groei. De C7 guanidino lipoglycopeptide is ook effectief in het bestrijden van 
infecties in muizen: de bacteriële MRSA lading in een dij-infectie model was significant 
lager in muizen behandeld met C7 guanidino lipoglycopeptide in vergelijking met 
vancomycine, en 100% van de muizen behandeld met C7 guanidino lipoglycopeptide 
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overleefden een S. aureus sepsis infectie tegen 10% van de vancomycine-behandelde 
groep (Fig. 4). Vervolgstudies zullen de focus leggen op extensieve farmacokinetiek- en 
toxiciteitstesten. 

 
Fig. 4. In vivo S. aureus sepsis overlevingsstudie. Overleving van S. aureus geïnfecteerde muizen 
over een periode van 7 dagen na een behandeling van 24 uur met placebo (blauw), vancomycine (oranje), 
of C7 guanidino lipoglycopeptide (groen). 
 

Waar de guanidino lipoglycopeptides potent zijn tegen Grampositieve micro-
organismen, beschrijft Hoofdstuk 4 glycopeptide derivaten die Gramnegatieve bacteriën 
bestrijden. Ondanks dat het doelwit van vancomycine, lipid II, onderdeel is van het 
peptidoglycaan in Gramnegatieve bacteriën, is vancomycine niet effectief in het 
behandelen van Gramnegatieve bacteriële infecties. Deze micro-organismen bevatten een 
extra buitenmembraan die niet door vancomycine gepenetreerd kan worden (Fig. 5). 
Dientengevolge was vancomycine gekoppeld aan een buitenmembraan verstoorder 
genaamd polymyxine E nonapeptide (PMEN), met als gevolg de ontwikkeling van een 
nieuwe antibioticaklasse genaamd ‘vancomyxins’ (Fig. 6). Exogene toevoeging van 
PMEN resulteert in verbeterde antimicrobiële activiteit van vancomycine tegen 
Gramnegatieve bacteriën, maar covalent verbonden, zoals in de vancomyxins, is deze 
antimicrobiële activiteit nog meer evident. De vancomyxins binden aan een belangrijk 
bestandsdeel van het buitenmembraan, lipopolysaccharide. Daarnaast behouden de 
vancomyxins ook activiteit tegen Grampositieve micro-organismen die sensitief zijn voor 
vancomycine en omzeilen ze vancomycineresistentie in sommige Grampositieve micro-
organismen. Tevens zijn de vancomyxins niet hemolytisch, wat lage initiële toxiciteit 
indiceert, en vertonen ze lage toxiciteit tegen menselijke proximale tubulus 
epitheelcellen, gezien de 50% cytotoxische concentratie meerdere ordes van grootte 
hoger is dan de concentratie vereist voor effectieve remming van bacteriële groei.  
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Fig. 5. Strategieën om het spectrum van vancomycine uit te breiden naar antimicrobiële 
activiteit tegen Gramnegatieve bacteriën.  
 

 
Fig. 6. Representatieve vancomyxin 

 
Naast buitenmembraan verstoring, is actief transport van vancomycine door het 

buitenmembraan tevens een optie om vancomycine activiteit tegen Gramnegatieve 
bacteriën te verkrijgen (Fig. 5), zoals beschreven in Hoofdstuk 5. Hier wordt de synthese 
van de vancomycine-sideromycines beschreven, een nieuwe antibioticum waarin de ijzer-
chelerende siderofoor trihydroxymaat covalent verbonden is aan vancomycine (Fig.  7). 
Sideforen sekwestreren ijzer in de omgeving en worden vervolgens actief getransporteerd 
door het buitenmembraan van Gramnegatieve bacteriën naar onder andere het periplasma. 
Op deze locatie bevindt lipid II, het doelwit van vancomycine, zich. Ondanks dat de 
vancomycine-sideromycines remmers van celwand biosynthese blijven, verliezen ze hun 
antimicrobiële activiteit tegen Grampositieve bacteriën. Daarnaast zijn ze ook niet actief 
tegen siderofoor-producerende Gramnegatieve bacteriën. Dit valt onder andere te wijden 
aan de lagere efficiëntie in ijzerchelatie van de vancomycine-sideromycines in 
vergelijking met natuurlijk geproduceerde sideroforen. Echter, tegen E. coli gebrekkig 
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aan endogene siderofoorproductie of export, tonen de vancomycine-sideromycines 
verbeterede in vitro antibacteriële activiteit in vergelijking met vancomycine. 
Vervolgstudies moeten duidelijk maken of deze antimicrobiële activiteit het resultaat is 
van actief transport van de antibiotica door het buitenmembraan of van complete 
ijzerchelatie leidend tot een ijzertekort in de bacteriële cellen. 
 

 
Fig. 7. Representatieve vancomycine-sideromycine



Appendices 

– 214 – 

& 

List of abbreviations 

 
ABS absorbance 
ADD antibiotic-induced diarrhea 
Ala alanine 
AMR antimicrobial resistance 
API-TOF Atmospheric pressure interface time-of-flight 
Asn asparagine 
Asp aspartic acid 
ATP adenosine triphosphate 
AUC area under the curve 
BBO broadband observe 
BLD below limit of detection 
BOP benzotriazol-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate 
BPO benzoyl peroxide 
BSA bovine serum albumin 
C55P undecaprenyl pyrophosphate 
CAMHB cation-adjusted Mueller Hinton broth 
CAS Chrome azerol S 
CBP 4-chloro-1,1'-biphenylmethyl 
CC50 50% cytotoxic concentration 
CDC Centers for Disease Control and Prevention 
CFU colony forming unit 
ciPTECs conditionally immortalized proximal tubule epithelial cells 
CLSI Clinical & Laboratory Standards Institute 
CuAAC copper-click azido-alkyne catalysis 
d doublet 
Dab diaminobutyric acid 
DBCO dibenzocyclooctyne 
DCM dichloromethane 
DIPEA N,N-Diisopropylethylamine 
diSC3(5) dipropylthiadicarbocyanine iodide 
DMEM Dulbecco’s Modified Eagle Medium 
DMF dimethylformamide 
DMSO dimethyl sulfoxide 
DOPC dioleoylphosphatidylcholine 
DPA dipicolylamine 
EC50 50% effective dose 
EDC 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
EDTA ethylenediaminetetraacetic acid 
eq equivalent 
ESI electrospray ionization 
EtOAc ethyl acetate 
far farnesyl 
FBS fetal bovine serum 
FDA Food and Drug Administration 
FIC fractional inhibitory concentration 
GC growth control 
ger geranyl 
GFP green fluorescent protein 
Glu glutamic acid 
Gly glycine 
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h hours 
HATU Hexafluorophosphate Azabenzotriazole Tetramethyl Uronium 
HBSS Hank's Balanced Salt Solution 
HBTU Hexafluorophosphate Benzotriazole Tetramethyl Uronium 
HEPA high-efficiency particulate air 
HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HPLC high performance liquid chromatography 
HRMS high resolution mass spectrometry 
HSA human serum albumin 
Hz Hertz 
IE infective endocarditis 
IM inner membrane 
ITC isothermal titration calorimetry  
IV intravenous 
KD association constant 
Lac lactate 
LB Lysogeny broth  
LCMS liquid chromatography mass spectrometry 
LD50 50% lethal dose 
LI lipid I 
LII lipid II 
LOD limit of detection 
LPS lipopolysaccharide 
LUMC Leiden University Medical Center 
LUVs large unilateral vesicles 
m multiplet 
MAC membrane attack complex 
MBEC minimal biofilm eradication concentration 
MBIC minimal biofilm inhibitory concentration 
MBTE methyl-tert-butylether 
MDR multi-drug resistance 
MES 2-(N-morpholino)ethanesulfonic acid 
MHB Mueller Hinton Broth 
MIC minimum inhibitory concentration 
min minutes 
MRSA methicillin-resistant S. aureus 
MSSA methicillin-sensitive S. aureus 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 
NARSA Network on Antimicrobial Resistance in S. aureus 
nb no binding 
NC negative control 
NCA non-compartmental analysis 
NDM New Delhi metallo-β-lactamase  
NHS N-hydroxysuccinimide 
NMR nuclear magnetic resonance 
NP nanoparticle 
ns non-significant 
OD optical density 
OM outer membrane 
orn ornithine 
p80 polysorbate 80 
PBP penicillin binding protein 
PBS phosphate buffered saline 
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PC positive control 
PE petroleum ether 
PEG polyethylene glycol 
PI propidium iodide 
PK pharmacokinetics 
PMBN polymyxin B nonapeptide 
PMEN polymyxin E nonapeptide 
ppm parts per million 
PyBOP benzotriazol-1-yloxytripyrrolidinophosphonium hexafluorophosphate 
q dosing interval 
QTOF quadrupole time-of-flight 
RP-HPLC reverse phase high performance liquid chromatography 
rpm rounds per minute 
RT room temperature 
s singlet 
S.P. Streptococcus pneumoniae 
SC subcutaneous 
SD standard deviation 
Ser serine 
SFI saline for injection 
SSSI skin and skin structure infections 
t triplet 
TC50 50% toxic concentration 
TCD Tricyclo[3.3.1.13,7]decane or adamantane 
TFA trifluoroacetic acid 
THF tetrahydrofuran 
THPTA tris(3-hydroxypropyltriazolylmethyl)amine 
TIPS triisopropyl silane 
TLC thin layer chromatography 
TSB tryptic soy broth 
UDP-MurNAc-pp UDP-N-acetylmuramic acid pentapeptide 
UK United Kingdom 
UMCU University Medical Center Utrecht 
US(A) United States (of America) 
UV ultraviolet 
Vc vancomycin C-terminus 
VISA vancomycin-intermediate S. aureus 
Vn vancomycin N-terminus 
Vr vancomycin resorcinol 
VRE vancomycin-resistant enterococci 
VRSA vancomycin-resistant S. aureus 
VSE vancomycin-sensitive enterococci 
Vv vancomycin vancosamine 
WFI water for injection 
WHO World Health Organization 
WT wildtype 
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List of publications 
 
Patents during doctoral research 
 

 2019 Dutch Patent application filing, 2021 granted; Title: “Antibacterial 
Compounds”; Inventors: Martin, N.I.; van Groesen, E.; Tehrani, K.H.M.E.; 
Wade, N. Priority date: September 24, 2019; Application no. N2023883 

 
Publications during doctoral research 
 

 van Groesen, E.,* Slingerland, C. J.,* Innocenti, P., Mihajlovic, M., Masereeuw, 
R. & Martin, N. I. Vancomyxins: Vancomycin-Polymyxin Nonapeptide 
Conjugates That Retain Anti-Gram-Positive Activity with Enhanced Potency 
against Gram-Negative Strains. ACS Infect. Dis. 7, 2746–2754 (2021).  
 

 van Groesen, E., Innocenti P., Martin, N.I. Recent advances in the development 
of semisynthetic glycopeptide antibiotics (2014-2022). ACS Infect. Dis. 
(accepted) 

 
Manuscripts in preparation / submitted / under revision during doctoral research 
 

 van Groesen, E., Kotsogianni, I., Arts, M., Tehrani, K.H.M.E., Wade, N., 
Zwerus, J.T., De Benedetti, S., Bakker, A., Chakraborty, P., van der Stelt, M., 
Scheffers, D-J., Holden, K., Schneider, T., Martin, N.I. The guanidino 
lipoglycopeptides: Novel semisynthetic glycopeptides with potent in vitro and 
in vivo antibacterial activity. (under revision at Science Translational Medicine). 

 
Publications from previous research 
 

 Fliervoet, L. A. L., Zhang, H., van Groesen, E., Fortuin, K., Duin, N. J. C. B., 
Remaut, K., Schiffelers, R. M., Hennink, W. E. & Vermonden, T. Local release 
of siRNA using polyplex-loaded thermosensitive hydrogels. Nanoscale 12, 
10347–10360 (2020). 
 

 Lohans, C. T., Freeman, E. I., van Groesen, E., Tooke, C. L., Hinchliffe, P., 
Spencer, J., Brem, J. & Schofield, C. J. Mechanistic Insights into β-Lactamase-
Catalysed Carbapenem Degradation Through Product Characterisation. Sci. 
Rep. 9, 13608 (2019). 
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 van Groesen, E.,* Lohans, C. T.,* Brem, J.,* Aertker, K. M. J., Claridge, T. D. 
W. & Schofield, C. J. 19F NMR Monitoring of Reversible Protein Post-
Translational Modifications: Class D β-Lactamase Carbamylation and 
Inhibition. Chem. – A Eur. J. 25, 11837–11841 (2019). 
 

 Lohans, C. T., Chan, H. T. H., Malla, T. R., Kumar, K., Kamps, J. J. A. G., 
McArdle, D. J. B., van Groesen, E., de Munnik, M., Tooke, C. L., Spencer, J., 
Paton, R. S., Brem, J. & Schofield, C. J. Non-Hydrolytic β-Lactam Antibiotic 
Fragmentation by l,d-Transpeptidases and Serine β-Lactamase Cysteine 
Variants. Angew. Chemie Int. Ed. 58, 1990–1994 (2019). 
 

 Lohans, C. T., van Groesen, E., Kumar, K., Tooke, C. L., Spencer, J., Paton, R. 
S., Brem, J. & Schofield, C. J. A New Mechanism for β-Lactamases: Class D 
Enzymes Degrade 1β-Methyl Carbapenems through Lactone Formation. Angew. 
Chemie Int. Ed. 57, 1282–1285 (2018). 
 

 
*denotes shared first authorship 
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Curriculum vitae 
 

Emma van Groesen was born on 14 January 1994 in Goirle, The 
Netherlands. After graduating high school at the Sint 
Odulphuslyceum in Tilburg in 2012, she started the honors 
bachelor College of Pharmaceutical Sciences at Utrecht 
University, where she joined the group of Prof. Dr. Nathaniel 
Martin for 6 months to work on the development of novel 
semisynthetic nisin antibiotics. After she graduated cum laude in 

2015, Emma initiated her masters Drug Innovation at Utrecht University. Here, she first 
spend 9 months on the development of a novel controlled drug delivery system for 
DNA/RNA therapeutics in the lab of Prof. dr. Tina Vermonden. Subsequently, Emma 
moved to Oxford for 7 months to study lysine carbamylation and substrate/inhibitor 
binding of antimicrobial resistance enzyme OXA-48 using NMR in the lab of Prof. dr. 
Christopher Schofield at the University of Oxford. In 2017, she obtained her Masters of 
Science with judicium cum laude. October 2017, Emma started her PhD research in the 
group of Prof. dr. Nathaniel Martin, initially at Utrecht University and subsequently at 
Leiden University. Here, Emma worked on the development and assessment of novel 
semisynthetic glycopeptide antibiotics to tackle drug-resistant infections. As of June 
2022, Emma works as Scientist in the Non-Clinical Bioanalytical Science team at 
Genmab in Utrecht. 
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