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CONSPECTUS

Since its discovery, vancomycin has been used in clinic for >60 years. Because of their durability, 

vancomycin and related glycopeptides serve as the antibiotics of last resort for the treatment of 

protracted bacterial infections of resistant Gram-positive pathogens, including methicillin-resistant 

S. aureus (MRSA) and multidrug-resistant (MDR) S. pneumoniae. After 30 years of use, 

vancomycin resistance was first observed and is now widespread in enterococci, and more recently 

in S. aureus. The widespread prevalence of vancomycin-resistant enterococci (VRE) and the 

emergence of vancomycin-resistant S. aureus (VRSA) represent a call to focus on the challenge of 

resistance, highlight the need for new therapeutics, and provide the inspiration for the design of 

more durable antibiotics less prone to bacterial resistance than even vancomycin.

Herein, we summarize progress on efforts to overcome vancomycin resistance, first addressing 

recovery of its original durable mechanism of action and then introducing additional independent 

mechanisms of action intended to increase the potency and durability beyond that of vancomycin 

itself. The knowledge of the origin of vancomycin resistance and an understanding of the 

molecular basis of the binding affinity loss between vancomycin and the altered target ligand D-

Ala-D-Lac provided the basis for the subtle and rational redesign of the vancomycin binding 

pocket to remove the destabilizing lone pair repulsion or reintroduce a lost H-bond, while not 

impeding binding to the unaltered ligand D-Ala-D-Ala. Preparation of the modified glycopeptide 

core structure was conducted by total synthesis, providing binding pocket-modified vancomycin 

aglycons with dual D-Ala-D-Ala/D-Lac binding properties that directly address the intrinsic 

mechanism of resistance to vancomycin. Fully glycosylated pocket-modified vancomycin 

analogues were generated through a subsequent two-step enzymatic glycosylation, providing a 

starting point for peripheral modifications used to introduce additional mechanisms of action. A 

well-established vancosamine N-(4-chlorobiphenyl)methyl (CBP) modification as well as newly 

discovered C-terminus trimethylammonium cation (C1) or guanidine modifications were 

introduced, providing two additional synergistic mechanisms of action independent of D-Ala-D-

Ala/D-Lac binding. The CBP modification provides an additional stage for inhibition of cell wall 

synthesis that results from direct competitive inhibition of transglycosylase, whereas the C1/

guanidine modification induces bacteria cell permeablization. The synergistic behavior of the three 

independent mechanisms of action combined in a single molecule provides ultrapotent antibiotics 
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(MIC 0.01–0.005 μg/mL against VanA VRE). Beyond the remarkable antimicrobial activity, the 

multiple mechanisms of action suppress the rate at which resistance may be selected, where any 

single mechanism of action is protected by the action of others. The results detailed herein that 

rationally targeted durable vancomycin-derived antibiotics have generated compounds with a 

“resistance against resistance”, provided new candidate antibiotics, and may serve as a 

generalizable strategy to combat antibacterial resistance.

Graphical Abstract

1. INTRODUCTION

The extensive use of antibiotics in clinical treatments of microbial infections has resulted in 

widespread antibiotic resistance that is now an urgent threat worldwide. A 2019 CDC report 

on antimicrobial resistance found that at least 2.8 million people were infected by antibiotic-

resistant pathogens, causing at least 35,000 deaths/year in the US alone.5 Moreover, the 

ongoing accumulation of multiple resistance mechanisms in a single pathogen results in 

multidrug resistance,6 introducing further challenges in the treatment of such infections. 

Those caused by both methicillin-resistant S. aureus (MRSA) and multidrug-resistant S. 
pneumoniae are regarded as serious threats, constituting half of these total infection 

numbers.5

Since the disclosure (1956) and clinical introduction (1958) of vancomycin (1, Figure 1) as 

the first member of glycopeptide antibiotics,7,8 the clinical importance of this family of 

natural products has only increased in the treatment of infections caused by Gram-positive 

pathogens, including MRSA and S. pneumoniae.9–13 The target of vancomycin and related 

glycopeptide antibiotics is the D-Ala-D-Ala moiety at the C-terminus of peptidoglycan 

biosynthetic precursors, including Lipid II, where their binding and sequestration of the 

substrate for transpeptidase inhibits peptidoglycan cross-linking and cell wall maturation.
14–16 This robust mechanism of action has allowed vancomycin to largely avoid resistance 

development. The target is neither a protein or nucleic acid that may be altered by single 

genetic mutations, but rather is the substrate of an essential and highly conserved enzyme-

catalyzed reaction in the maturation of the cell wall. The class acts at the outside periphery 

of the cell wall, avoiding other common mechanisms of resistance that include cytosolic 

metabolic deactivation, efflux, or blocked cellular entry. Consequently, vancomycin 

resistance emerged only 30 years after clinical introduction, much slower than other 

antibiotic classes.17–19 The resistance was initially observed and is now widespread in 

enterococci (VRE),20 and recently emerged in S. aureus (VRSA).21 This resistance was not 
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evolved by pathogenic bacteria, but arose by acquisition of the protection genes 

(vanRSHAX) found in nonpathogenic vancomycin-producing organisms.15,22–25 The basis 

of this resistance entails an intricate inducible late-stage remodeling of the peptidoglycan 

precursor C-terminus from D-Ala-D-Ala to D-Ala-D-Lac, resulting in a loss in binding affinity 

between vancomycin and its target (1000-fold) and producing a corresponding loss in 

antimicrobial activity (1000-fold resistance).26,27

As the antibiotic of last resort for protracted Gram-positive bacterial infections, the 

widespread prevalence of VRE and the emergence of VRSA represent urgent threats and a 

need for new therapeutics. Extensive studies with semi-synthetic derivatives of the natural 

products have been conducted and some exhibit enhanced antimicrobial potency,28–30 

introduce additional mechanisms of action,31–34 or improve pharmacokinetic (PK) 

properties.35 As a result, three second-generation glycopeptide antibiotics, telavancin,36 

dalbavancin37 and oritavancin,38 have been approved for clinical use although their paths to 

approval were anything but straightforward (Figure 1).

We focused on the rational redesign of the vancomycin binding pocket for dual D-Ala-D-Ala/

D-Lac binding to overcome the molecular basis of resistance, building on our total syntheses 

of the glycopeptide antibiotic aglycons that now include vancomycin,39–41 teicoplanin,42,43 

ristocetin,44 and chloropeptins45,46. Expectations are that this alone might extend its clinical 

lifetime for another half century. In addition, we wished to explore whether peripheral 

modifications of such pocket-modified vancomycins could introduce additional mechanisms 

of action independent of D-Ala-D-Ala/D-Lac binding, providing potent and even more 

durable antibiotics. The question was whether we could rationally design antibiotics that are 

even less prone to resistance than vancomycin itself. It is possible such compounds that act 

by up to three synergistic mechanisms of action as detailed herein, only one of which is 

dependent on D-Ala-D-Ala/D-Lac binding, might provide extraordinarily potent antibiotics 

and display clinical lifetimes measured not in decades or even the half a century of 

vancomycin, but perhaps could remain effective for centuries. In this account, we present 

our progress on this redesign of vancomycin to generate such “supernatural” products.47,48

2. Vancomycin binding pocket redesign: overcoming resistance

2.1 Delineating details of the molecular basis of resistance

Based on the attribution of resistance to the decreased binding of vancomycin with its 

altered target (D-Ala-D-Lac vs D-Ala-D-Ala),26,27 we first addressed the origin of the affinity 

loss.49 Created by the rigid macrocyclic backbone, the vancomycin binding pocket interacts 

with D-Ala-D-Ala through a series of hydrophobic interactions and an array of five H-bonds. 

The single-atom alteration in the target ligand (NH→O) not only results in the loss of one 

H-bond, but also introduces a destabilizing lone-pair repulsion. The contribution of each 

feature to the 1000-fold binding affinity loss was established by binding constant 

measurements of vancomycin with model ligands 2–4, where a methylene group was 

incorporated in 3 in place of the amide NH in 2 (D-Ala-D-Ala) and ester O in 4 (D-Ala-D-

Lac).49 The loss in affinity was thereby partitioned into a major impact (100-fold, 2.6 kcal/

mol) derived from introduction of the destabilizing lone-pair repulsion of the ester oxygen 

and a smaller effect (10-fold, 1.5 kcal/mol) derived from loss of an amide H-bond (Figure 
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2), providing the basis for our vancomycin binding pocket redesign. Thus, removal of the 

lone-pair repulsive interaction would provide a vancomycin analogue that recovers most of 

the binding affinity loss with D-Ala-D-Lac, while reinstallation of a reversed H-bond would 

provide complete recovery. Complicating the design and because even resistant organisms 

enlist D-Ala-D-Ala peptidoglycan precursors until challenged by a glycopeptide antibiotic, 

this requires enhancement of D-Ala-D-Lac binding while maintaining D-Ala-D-Ala binding. 

This also ensures the antibiotic remains active against vancomycin-sensitive bacteria as well 

as reinstating activity against vancomycin-resistant organisms.

2.2 Rational design of binding pocket-modified vancomycins

The effect of a single heavy-atom change in the peptidoglycan ligand suggested the 

introduction of a compensating single atom modifications at the vancomycin residue 4 

amide (D ring) could improve binding with D-Ala-D-Lac by removing the destabilizing lone-

pair repulsive interaction (100-fold) and/or reintroducing a H-bond (additional 10-fold). Two 

such modifications were targeted that first replaced the amide carbonyl with a methylene 

group to recover the majority of binding affinity lost with D-Ala-D-Lac, and subsequently 

with an amidine to fully restore the binding.1 In the absence of semi-synthetic methods to 

selectively target the key amide, our total syntheses of the glycopeptide antibiotics39–46 laid 

the foundation for preparation of the modified glycopeptide core structures (Figure 3). 

[Ψ[CH2NH]Tpg4]vancomycin aglycon (6) was synthesized by following our strategy for the 

synthesis of vancomycin,50 introducing the modified aminomethylene group through a 

reductive amination prior to construction of the CD ring system. The preparation of 

[Ψ[C(=NH)NH]Tpg4]vancomycin aglycon (8) enlisted a divergent synthesis strategy,51,52 

relying on the thioamide derivative [Ψ[C(=S)NH]Tpg4]vancomycin aglycon (7). A selective 

thionation of the macrocyclic CD ring system with Lawesson’s reagent provided the 

thioamide used in the synthesis of the thioamide vancomycin aglycon 7. A newly invented 

AgOAc-promoted late-stage amination of the fully deprotected substrate provided 8 and a 

series of analogues,53 which has been reviewed elsewhere.3

Significant (with 6) or more remarkable (with 8) improvements in binding affinity for D-Ala-

D-Lac were observed with the pocket-modified vancomycin aglycons, and both exhibited the 

dual ligand binding characteristics (Figure 4). In turn, these increases were expressed in their 

activity against a vancomycin-resistant E. faecalis (VanA VRE) strain. Whereas 6 shows a 

40-fold increase in binding affinity with D-Ala-D-Lac and a near equivalent improvement in 

MIC compared with vancomycin aglycon, 8 completely restored the activity against 

vancomycin-resistant organisms with sub pg/mL potency, displaying a further >10-fold 

increase in binding affinity with D-Ala-D-Lac compared with 6 and 600-fold increase 

compared with vancomycin aglycon. Although introduction of a reversed H-bond may be 

invoked to explain this latter result, it is more accurately attributable to introduction of a now 

stabilizing electrostatic interaction that results from binding of 8 as the protonated amidine.
49,51–53

Importantly, 6 and 8 still bind D-Ala-D-Ala and remain active against vancomycin-sensitive 

organisms. As expected, the removal of one H-bond for binding D-Ala-D-Ala with 6 resulted 

in a 35-fold decrease in binding affinity and a corresponding lower antimicrobial activity 
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than vancomycin for sensitive organisms, but it does exhibit the desired dual D-Ala-D-Ala/D-

Lac binding. The behavior of 8 was more remarkable and not as easily predicted. Its binding 

with D-Ala-D-Ala exhibits only a 2-fold decrease compared with vancomycin aglycon, 

indicating that the amidine also effectively serves as a H-bond acceptor when binding D-Ala-

D-Ala. This is achieved by binding to D-Ala-D-Ala as a free base amidine, whereas its 

binding to D-Ala-D-Lac utilizes the protonated amidine. Together, 6 and 8 represent a class 

of synthetic vancomycin analogues that exhibit dual D-Ala-D-Ala/D-Lac binding, overcoming 

the mechanism of resistance to vancomycin while remaining active against vancomycin-

sensitive bacteria.

3. Carbohydrate introduction: the challenge and solution

Although the vancomycin disaccharide does not impact ligand binding or in vitro 
antimicrobial activity, it does improve the hydrophilicity, impacts in vivo efficacy, and 

affects PK and distribution properties. The disaccharide may also introduce an additional, 

albeit weak, mechanism of action through indirect inhibition of transglycosylase.6 

Subsequent to the successful pocket modifications that address the mechanism of resistance, 

we turned to the carbohydrate installation. This not only presented an opportunity to 

complete an improved total synthesis of vancomycin54 but also provide access to fully 

glycosylated pocket-modified analogues.

An enzymatic approach was adopted for the introduction of the disaccharide, providing a 

two-step glycosylation of the vancomycin aglycon and analogues on a preparative scale.54 

With stably overexpressed recombinant enzymes and minor modifications to the Walsh and 

Wong reaction conditions,55,56 the carbohydrates are sequentially added to the aglycons (5–
7) with commercial or synthetic glycosyl donors (UDP-glucose/GtfE and UDP-

vancosamine/GtfD) to provide the pseudoaglycons (9–11) and subsequently vancomycin and 

its analogues [Ψ[CH2NH]Tpg4]vancomycin (13) and [Ψ[C(=S)NH]Tpg4]vancomycin (14) 

in superb yields (Scheme 1). Although the direct glycosylation of 

[Ψ[C(=NH)NH]Tpg4]vancomycin aglycon (8) to give pseudoaglycon 12 was not successful, 

15 was obtained directly in a single step from thioamide 14 with our newly developed 

AgOAc-mediated amination reaction53 capable of conduct on a fully deprotected and 

carbohydrate-bearing vancomycin analogue. The introduction of the disaccharide onto 6 and 

7 represents a beautiful demonstration of the enzymatic glycosylations for functionalization 

of vancomycin analogues that contain deep-seated structural modifications (Scheme 1).2,57

4. Peripheral modifications: added synergistic mechanisms of action 

improve potency and durability

4.1 Peripheral CBP modification

Peripheral modifications of the glycopeptide natural products have generated semi-synthetic 

antibiotics with improved potency against vancomycin-sensitive and vancomycin-resistant 

organisms, introduced additional mechanisms of action independent of D-Ala-D-Ala/D-Lac 

binding, and improved PK/ADME properties. The vancosamine N-(4-chlorobiphenyl)methyl 

(CBP) modification represents an important example of such modifications. First reported 
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by Nagarajan,58,59 this modification restored antimicrobial activity against vancomycin-

resistant organisms and improved the activity against vancomycin-sensitive organisms. As 

demonstrated first by investigators at Lilly with cell free extracts60 and later by Kahne and 

Walker with pure enzyme,61,62 CBP-vancomycin and related compounds were shown to 

competitively inhibit transglycosylase independent of D-Ala-D-Ala binding, providing a 

newly added mechanism of action for cell wall synthesis inhibition.

Central to our goal of not just reinstating the activity of vancomycin but rather to exceed its 

properties, such peripheral modifications were examined with the pocket-modified 

vancomycin analogues (Figure 5). By modifying conditions disclosed for CBP-vancomycin, 

a CBP group was installed on unprotected 13 and 14 by reductive amination without 

competitive reaction of the N-terminus/residue 4 secondary amines or thioamide reduction, 

providing CBP-[Ψ[CH2NH]Tpg4]vancomycin (17) and CBP-

[Ψ[C(=S)NH]Tpg4]vancomycin (18). Direct AgOAc-mediated amination of 18 provided 

CBP-[Ψ[C(=NH)NH]Tpg4]vancomycin (19).2,57

The activity of the pocket-modified vancomycin analogues and their CBP derivatives against 

Gram-positive bacteria is remarkable (Figure 5). Whereas the pocket-modified analogues 

(13 and 15) expectedly display activity essentially identical to their aglycons, the attachment 

of the CBP group (17 and 19) improved the potency as much as 100-fold, now exhibiting 

superb activity against both vancomycin-sensitive and vancomycin-resistant organisms (MIC 

0.13–0.005 μg/mL). The potency of 19 is stunning, being >104-fold more active than 

vancomycin against VanA VRE and 100-fold more potent than vancomycin against sensitive 

organisms. Subtle in these studies is the demonstration that CBP-

[Ψ[C(=S)NH]Tpg4]vancomycin (18), which is incapable of binding D-Ala-D-Ala/D-Lac, 

exhibits good antimicrobial activity against both sensitive and resistant organisms derived 

only from direct competitive transglycosylase inhibition. As a result of the combined 

binding pocket and CBP modifications, 17 and 19 represent analogues that possess two 

independent synergistic mechanisms of action effective against both vancomycin-sensitive 

and vancomycin-resistant organisms, only one of which requires the dual D-Ala-D-Ala/D-Lac 

binding.

4.2 Introduction of a C-terminus C1 modification

A second modification examined was introduction of a protonated tertiary amine or 

trialkylammonium cation on the C-terminus. The C-terminus attachment of a tertiary amine 

in dalbavancin improved its antimicrobial potency against S. aureus.63 More recently, the 

introduction of C-terminus long chain quaternary ammonium salts for membrane anchoring 

provided compounds with enhanced activity against vancomycin-resistant organisms, 

possessing an additional mechanism of action involving disruption of the cell membrane.
32,34

A variety of trialkylammonium salts were attached to the C-terminus carboxylic acid of 

vancomycin and analogues 13, 16 and 17 to establish whether such modifications are 

effective with compounds that incorporate binding pocket and/or CBP modifications.4 The 

modest dual ligand binding affinity and antimicrobial potency of pocket-modified analogue 
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13 permitted the most accurate assessment of the impact of sequential peripheral 

modifications. Although the C14-substituted ammonium salt modification on vancomycin 

(C14-vancomycin, 23) was the most potent derivative with a 125-fold improved activity 

against VanA VRE (Figure 6), no improvement was observed when this modification was 

attached to CBP-vancomycin (28 vs 16/23). Instead, only the simple trimethylammonium 

cation (C1) not previously described displayed an improvement (26, 5 to 10-fold) in activity 

against VanA VRE. The attachment of C1 to 17 provided a similar improvement in activity 

(10-fold), generating C1-CBP-[Ψ[CH2NH]Tpg4]vancomycin (29) with outstanding 

antimicrobial activity against vancomycin-resistant organisms (MIC 0.01–0.005 pg/mL) 

(Figure 6) and being nearly 105-fold more potent than vancomycin. It represents the first 

member of this special class of analogues that we have come to refer to as Maxamycins 

(Maxamycin-1).64

Studies of the C1 modification revealed that it induces bacteria cell permeabilization, but not 

membrane depolarization or disruption like the C14 modification. Moreover, this functional 

activity was the only feature that correlated with its impact on antimicrobial activity of the 

analogues examined. While this induction of permeabilization was modest with 21, it was 

more significant when C1 was attached to CBP-vancomycin (26) and the pocket-modified 

vancomycin analogue 29 (Figure 7). Together, the results indicate that an additional 

independent mechanism of action was introduced by attachment of C1 that is synergistic 

with that derived from D-Ala-D-Ala/D-Lac binding (transpeptidase inhibition) and direct 

transglycosylase inhibition (CBP).

In addition to the remarkable improvement in activity (>104-fold) relative to vancomycin, 

the analogues overcome vancomycin resistance. Among the modifications introduced in 29, 

the binding-pocket modification of vancomycin allows dual D-Ala-D-Ala/D-Lac binding that 

directly addresses the intrinsic mechanism of vancomycin resistance. A second synergistic 

mechanism of action was introduced with the CBP modification, leading to direct 

competitive inhibition of transglycosylase and cell wall synthesis independent of D-Ala-D-

Ala/D-Lac binding. The C-terminus trimethylammonium cation introduced a third 

synergistic mechanism of action, induction of bacteria cell permeabilization independent of 

D-Ala-D-Ala/D-Lac binding or transglycosylase inhibition. Because all three mechanisms 

impact cell wall synthesis or integrity, they act synergistically with each enhancing the 

antimicrobial potency. Moreover, the incorporation of multiple independent mechanisms of 

action within a single molecule impacts the rate at which resistance would emerge, the 

crucial question we were focused on. This durability, or “resistance to resistance”, was 

assessed with an extended 50-day serial exposure of stringent vancomycin-resistant bacterial 

strains (VanA VRE) to the antibiotics. Alongside this study are results derived from two 

compounds discussed later in Section 4.3 (30 and 32) that further improve the C-terminus 

activity (potency, durability, and efficacy). While resistance was observed to arise against 16 
and 23 that possess single mechanisms of action, much more muted changes in potency were 

observed for 17 and 26, outperforming the current front-line single-target therapies 

daptomycin, linezolid, and tigecycline. The activity of 29, expressing three independent 

mechanisms of action, remained unchanged after 25 days and exhibited a mere 2 to 4-fold 

loss in potency after the extended 50 days.This represents not resistance but a thickening of 
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the cell wall and increased number of target sites (Figure 8). The magnitude of the MIC 

changes for the analogues acting by multiple mechanisms was sufficiently small to indicate 

that full loss of any one of the contributing mechanisms was not observed, being protected 

by the presence of the others. Combined, these results represent remarkable achievements 

derived by introduction of additional synergistic mechanisms of action, overcoming the 

intrinsic resistance, providing remarkable improvements in potency, and mitigating of the 

rate of resistance development. Both the potency and the durability of the activity to such 

challenges were found to follow predictable trends (three > two > one mechanism of action).

Derivatives that bear a trimethylammonium cation at the N-terminus or on the A-ring were 

prepared from vancomycin or CBP-vancomycin in studies that established the C1 

incorporation is sensitive to the modification site.65,66 While the activity of vancomycin or 

CBP-vancomycin remained unchanged or decreased with a N-terminus trimethylammonium 

cation modification, the A-ring modification led only to a subtle improvement in activity (2 

to 4-fold) less significant than the C-terminus derivatives. As expected, the ability of these 

analogues to induce bacteria cell permeabilization corresponded with their antimicrobial 

activity, following the same trend (C-terminus > A-ring > N-terminus modification). These 

results indicate that the effect of trimethylammonium cation is not only structure specific 

(C1 vs other trialkylammonium salts), but also site specific (C-terminus vs N-terminus or A-

ring), implying the impact is derived from interaction with a specific binding partner.

Because of the nature of the C1 modification, studies were conducted with 26 to establish its 

potential impact. These revealed that the trimethylammonium cation does not introduce new 

liabilities in common pharmacological properties, established that it is well tolerated in 

mice, and that it even imparts PK improvements over vancomycin and CBP-vancomycin.67 

Finally, 26 was shown to exhibit in vivo efficacy against a challenging vancomycin-resistant 

MRSA strain (VanA VRSA, VRS2) that is representative of the pathogens all fear will 

emerge in the general population. Without dosing optimization, 26 provided a nearly 3-log10 

reduction in bacteria count (Figure 9).67 The results highlight that the improvement in 

antimicrobial potency by the added mechanism of action also translated into improved in 
vivo behavior, laying the foundation for studies to be conducted with peripherally modified 

vancomycin analogues that contain binding-pocket modifications.

4.3 Improvements through introduction of C-terminus guanidine

Improvements in both antimicrobial potency and durability against resistant organisms by 

the C-terminus trimethylammonium cation led us examine alternative modifications. 

Compared to a tertiary amine (pKa = 10.6), a protonated guanidine (pKa = 13.2) could act as 

a more persistent positive charge under physiological conditions. In contrast to a 

trimethylammonium cation, a guanidine could also serve as a multiple H-bond donor with an 

increased affinity for anionic groups (carboxylate, phosphate) of potential binding partners 

in the bacteria cell envelope.

A series of C-terminus guanidine modifications on vancomycin and CBP-vancomycin was 

introduced in a single step amide coupling reaction with guanidine-containing amines 

without protection/deprotection steps.68 The guanidine modifications provided up to 64-fold 

improvements in antimicrobial activity over vancomycin (30 and 31) and up to a further 8-
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fold improvement to CBP-vancomycin (32 and 33) (Figure 10). Whereas the linker length 

and rigidity did not influence the improved activity within the series examined, the presence 

of the guanidine as well as the net positive charge were essential. G3-CBP-vancomycin (32) 

and GBn-CBP-vancomycin (33) emerged as representative of the most effective compounds 

in the series. Moreover, the derivatives (30, 32, 33) were found to express the additional 

mechanism of action observed with the C1 analogues with comparable induced bacterial cell 

permeabilization (Figure 11).

As with C1-CBP-vancomycin (26), derivatives bearing two peripheral modifications 

exhibited a substantial decrease in the rate of resistance development. This behavior was 

even more pronounced with G3-CBP-vancomycin (32, Figure 8).68 While the two VanA 

VRE strains examined rapidly developed resistance to 16 (CBP-vancomycin) and 30 (G3-

vancomycin) with single modifications, only a minor decrease in activity was observed with 

32 (G3-CBP-vancomycin, 4-fold) at the end of the 50 day assessment (Figure 8). This 

improvement in the durability not only confirmed introduction of an independent mechanism 

of action, but can be attributed to the more robust activity of the G3 versus C1 modification. 

Notably, this is observed in VanA VRE strains resistant to vancomycin and with derivatives 

that lack a pocket modification, expressing two mechanisms of action that act independent 

of D-Ala-D-Ala/D-Lac binding.

Finally, the activity of a 1:1 mixture of CBP-vancomycin and C-terminus modified 

vancomycins that contain C1, G3 or GBn (21, 30 and 31) was determined to establish 

whether the improved activity requires the two modifications to be located on the same 

glycopeptide molecule (Figure 12). Unlike the synergistic activity observed with 26, 32 and 

33, the equimolar mixtures of the singly-modified vancomycins displayed simple additive 

effects and activity only at the level of the most potent compound in the mixture (CBP-

vancomycin, 16).68 The improved activity only observed when both peripheral modifications 

are found in a single molecule highlights the synergistic nature of the two peripheral 

modifications.

The G3 modification in 32 did not introduce liabilities in common pharmacological 

properties and exhibited even better in vivo efficacy against a feared MDR VRSA strain than 

26 (Figure 9).68 Together, the studies show that peripheral modifications to vancomycin and 

its binding-pocket analogues provide enhanced in vitro and in vivo antimicrobial potency 

and efficacy, additional synergistic mechanisms of action independent of D-Ala-D-Ala/D-Lac 

binding, and improved durability against the emergence of antimicrobial resistance. The 

analogues generated (26, 29, 32) represent a class of rationally designed glycopeptide 

antibiotics with multiple synergistic mechanisms of action against vancomycin-sensitive and 

vancomycin-resistant organisms. For vancomycin-sensitive organisms, all three compounds 

effectively express their activity through three independent mechanisms of action. For 

vancomycin-resistant organisms, 26 and 32 act by two mechanisms of action derived from 

the peripheral modifications, whereas 29 acts by three independent mechanisms of action, 

only one of which relies on D-Ala-D-Ala/D-Lac binding.
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4.4 Insights into mechanism of action introduced by C-terminus modifications

The structure and site specificity of the trimethylammonium cation and guanidinium 

modifications as well as the synergistic activity they dispaly imply interaction with specific 

cell envelope components. Our efforts have suggested teichoic acids may be a binding 

partner for the modifications. Teichoic acids are polyanionic alditol phosphate polymers in 

the cell envelope contributing to its stability/rigidity, cation homeostasis/transport, and 

sequestration/regulation of autolysins.69–73 Added exogeneous lipoteichoic acid (LTA) 

reduced the antimicrobial activity of such compounds (Figure 13) to the level expressed by 

CBP-vancomycin, rescued their bacteria cell growth inhibition, and blocked their induced 

bacteria cell permeabilization.67,68 These studies suggest a direct interaction of the C-

terminus persistent positive charge present in 26, 32 and 33 with teichoic acid is likely 

contributing to their bacterial cell permeabilization properties and associated antimicrobial 

activity.

4.5 A bonus: improved PK properties with combined peripheral modifications

The tolerability and pharmacokinetic properties were established for C1-CBP-vancomycin 

(26) and G3-CBP-vancomycin (32).67,68 Maximum tolerated doses (MTD, iv) in mice were 

found to be 300 mg/kg for vancomycin (1), 75 mg/kg for CBP-vancomycin (16), and ≥50 

mg/kg for 26 and 32. Although a small decrease in tolerability was observed with the 

introduction of the CBP peripheral modification, the C-terminus modifications did not 

significantly further impact this behavior. The larger progressive improvements in the 

antimicrobial activity of CBP-vancomycin (100-fold) and C1-CBP-vancomycin/G3-CBP-

vancomycin (1000-fold) make the small differences in the MTDs relative to vancomycin 

even more impressive. Importantly, 26 and 32 improved the short terminal half-life (t1/2), 

low exposure (AUC) and rapid clearance (CL) of vancomycin and mitigated the poor dose 

proportionality and extended terminal half-life (t1/2) of 16 that makes clinical administration 

of the oritavancin challenging.74 The improved half-life of 26 and 32 relative to vancomycin 

indicate that both trimethylammonium cation and guanidine are not subject to rapid 

metabolism. Together, the improvements in PK properties and lack of other assessed 

liabilities67,68 displayed by the combined peripheral modifications represent a welcomed 

bonus derived from the design elements (Table 1).

5. Conclusions and Perspective

Herein, we highlight our stepwise progress over the past two decades to overcome 

vancomycin resistance, including a total synthesis-based approach to first design and prepare 

analogues that display dual D-Ala-D-Ala/D-Lac binding affinity and directly reinstate the 

durable mechanism of action of vancomycin. The subsequent introduction of peripheral 

modifications provides additional mechanisms of action independent of D-Ala-D-Ala/D-Lac 

binding (Figure 14). From these studies, the maxamycins emerged that combine a binding 

pocket and two peripheral modifications, resulting in molecules expressing three 

independent synergistic mechanisms of action derived from binding and sequestration of the 

transpeptidase substrate, competitive inhibition of transglycosylase, and permeabilization of 

the cell envelope. Each mechanism of action improves the antimicrobial potency to levels 

well beyond that of vancomycin and suppresses the rate at which bacterial resistance 
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emerges. This provides remarkably potent and exceptionally durable antibiotics that exceed 

the properties of the natural product itself. What do we mean by “durable”, the heart of what 

we would like to champion with this work? The mechanism of action for vancomycin is 

especially robust, sequestering the nearly invariant substrate of an essential enzyme-

catalyzed reaction required for bacterial cell wall maturation. It is not a target subject to 

evolved resistance derived from single genetic mutations. Because it acts at the cell surface, 

vancomycin also avoids other common mechanisms of resistance derived from cytosolic 

bacterial metabolic deactivation, blocked entry, or efflux. Finally, the existing clinical 

resistance was not evolved by pathogenic bacteria, but rather is the co-opted protection 

mechanism found in vancomycin-producing organisms. Combined, these features suggest 

the binding-pocket modifications can not only reinstate activity against vancomycin-resistant 

organisms, but alone might likely also provide antibiotics that display clinical lifetimes 

approaching that of vancomycin (>60 years). Add to this two additional synergistic 

mechanisms of action not found in the natural glycopeptide antibiotics, both of which act 

independent of D-Ala-D-Ala/D-Lac binding and each of which further protects the others 

from resistance, it is not a stretch to suggest they may display clinical lifetimes quantitated 

not in decades, but rather in centuries. That is, a “durability” that substantially exceeds that 

of even the half century use of vancomycin.

One could make the argument that incorporation of multiple mechanisms of action into a 

single molecule might only express activity at the level of the most potent. However, the 

three mechanisms of action incorporated into the maxamycins individually display similar 

potencies, act on the same pathway but in different ways with each inhibiting bacterial cell 

wall synthesis or integrity. Combined, they ultimately display synergistic and stunning 

activity, acting at concentrations as much as 1000-fold lower than any individual 

modification.75

A challenge to moving the work forward has been the development of an efficient synthesis 

of the analogues, including not only maxamycin-1 (29) but others (e.g., 35), as well as the 

establishment of their in vivo properties to determine whether they will live up to 

expectations. A practical solution to the late-stage scalable and protecting group-free 

conversion of the aglycons to the fully glycosylated analogues is already in hand (Figure 

14). What remained is work that we should be especially good at addressing - the 

development of a streamlined scalable total synthesis of vancomycin aglycon and its pocket-

modified analogues with a considerably reduced step count, simplified implementation, 

more concise syntheses of the unnatural amino acid subunits, and increased overall yield.76 

The quality of these recently disclosed efforts, a next-generation total synthesis of 

vancomycin, ensure there is now an approach capable of providing the needed supplies of 

materials for preclinical studies.77 Long term, it is even possible semi-synthetic or coerced 

biosynthetic approaches to maxamycin precursors could be developed if they live up to 

expectations. For the latter, it is unlikely a producing organism could survive an engineered 

biosynthesis of a residue 4 amidine or aminomethylene vancomycin. However, our discovery 

that the thioamide, [Ψ[C(=S)NH]Tpg4]vancomycin, is unable to bind D-Ala-D-Ala/D-Lac 

and does not display antimicrobial activity provides the foundation for such efforts given the 

simplicity of its late-stage conversion to the maxamycins.
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Figure 1. 
Vancomycin, teicoplanin, and semi-synthetic glycopeptide antibiotics.
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Figure 2. 
Interaction of vancomycin with ligands 2–4.
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Figure 3. 
Binding pocket redesign and synthetic strategy.
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Figure 4. 
Ligand binding affinity and antimicrobial activity of pocket-modified vancomycin aglycons 

and dual binding behavior of amidine 8.
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Figure 5. 
Activity of vancomycin, binding-pocket analogues 13–15, and their CBP derivatives 16–19.
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Figure 6. 
Activity of CBP and C-terminus modified vancomycin analogues against vancomycin-

resistant organisms.
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Figure 7. 
Bacterial cell permeability induced by 1 and 25–29 (10 μM added at 5 min) in VanA VRE.
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Figure 8. 
Resistance acquisition on serial passaging of VanA VRE in presence of 0.5xMIC levels of 

compound.
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Figure 9. 
Efficacy of vancomycin, CBP-vancomycin (16), C1-CBP-vancomycin (26), G3-CBP-

vancomycin (32) and linezolid against the multidrug-resistant vancomycin-resistant S. 
aureus (VRSA) strain VRS-2 in a mouse thigh infection model (n=5/dose). Dose-dependent 

bactericidal effect (relative to 2 h baseline): 32 > 26 ≥ 16 > linezolid > 1.
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Figure 10. 
Activity of C-terminus guanidine-modified vancomycin and CBP-vancomycin against 

vancomycin-resistant strains.
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Figure 11. 
Bacterial cell permeability induced by 1, 16, 26, 32 and 33 (10 μM added at 5 min) in VanA 

VRE.
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Figure 12. 
Activity of equimolar mixtures of CBP-vancomycin and C-terminus vancomycin analogues 

(21, 30, 31) against VanA VRE presented alongside that of 26, 32, 33.
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Figure 13. 
Impact of added lipoteichoic acid (LTA) on the activity of vancomycin and 16, 26, 32 and 

33.
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Figure 14. 
Stepwise development of vancomycin analogues.
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Scheme 1. 
Enzymatic glycosylation of vancomycin aglycon and pocket-modified analogues.
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Table 1.

PK properties of 1, 16, 26and 32.
a

Parameter vancomycin (1) CBP-vancomycin (16) C1-CBP-vancomycin (26) G3-CBP-vancomycin (32)

300 mg/kg 10 mg/kg 75 mg/kg 10 mg/kg 50 mg/kg 10 mg/kg 50 mg/kg 10 mg/kg

Cmax (μg/mL) 1665 62.8 125 65.0 58.9 14.1 152 35.9

tmax (h) 0.083 0.083 0.25 0.083 0.25 0.50 0.28 0.14

AUC (μg-h/mL) 935 21.8 575 135 430 81.1 312 66.0

Vd (L/kg) 0.62 0.34 1.24 1.28 1.04 1.25 0.35 0.41

CL (L/h/kg) 0.32 0.46 0.13 0.074 0.12 0.12 0.09 0.09

t1/2 (h) 1.35 0.52 6.6 12.0 6.2 7.0 4.4 4.3

a
Compounds administered iv @ MTD and 10 mg/kg in mice (n = 3/time point, measured at 0.083, 0.25, 0.5, 1, 2, 4, 6, 8 and 24 h).
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