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Abstract

A series of vancomycin C-terminus guanidine modifications are disclosed that improve 

antimicrobial activity, enhance the durability of antimicrobial action against selection or induction 

of resistance, and introduce a synergistic mechanism of action independent of D-Ala-D-Ala 

binding and inhibition of cell wall biosynthesis. The added mechanism of action results in induced 

bacterial cell permeability, which we show may involve interaction with cell envelope teichoic 

acid. Significantly, the compounds examined that contain two combined peripheral modifications, 

a (4-chlorobiphenyl)methyl (CBP) and C-terminus guanidinium modification, offer opportunities 

for new treatments against not only vancomycin-sensitive, but especially vancomycin-resistant 

bacteria where they act by two synergistic and now durable mechanisms of action independent of 

D-Ala-D-Ala/D-Lac binding and display superb antimicrobial potencies (MIC 0.6–0.15 μg/mL, 

VanA VRE). For the first time, we demonstrate that the synergistic behavior of the peripheral 

modifications examined requires the presence of both the CBP and guanidine modifications in a 

single molecule versus their combined use as an equimolar mixture of singly modified 

compounds. Finally, we show that a prototypical member of the series, G3-CBP-vancomycin (15), 

exhibits no hemolytic activity, displays no mammalian cell growth inhibition, possesses improved 

and especially attractive in vivo pharmacokinetic (PK) properties, and displays excellent in vivo 
efficacy and potency against an especially challenging multidrug-resistant (MRSA) and VanA 

vancomycin-resistant (VRSA) S. aureus bacterial strain.
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Vancomycin (1) and related glycopeptide antibiotics are one of the most important class of 

natural product drugs1–5. As the first member of the class, vancomycin has been used in the 

clinic for over 60 years and most recently as the antibiotic of the last resort for the treatment 

of infections caused by resistant Gram-positive pathogens, including methicillin-resistant S. 
aureus (MRSA)6–7. Vancomycin binds to the C-terminus D-Ala-D-Ala moiety of bacterial 

cell wall precursors and inhibits cell wall biosynthesis8–9. Clinical resistance to vancomycin 

was initially observed after 30 years of extensive use10–12, first in enterococci (VRE) 

followed by the recent emergence of vancomycin-resistant S. aureus (VRSA)13–14, which 

rank 4th and 5th on the WHO global priority list of antibiotic-resistant bacteria treats15. The 

mechanism of vancomycin clinical resistance found in these pathogens is a late stage 

remodeling of the bacteria cell wall precursor C-termini from D-Ala-D-Ala to D-Ala-D-Lac, 

reducing vancomycin binding affinity (1000-fold) and antimicrobial potency (1000-

fold)16–18. This widespread (VRE) and emerging (VRSA) resistance presents an urgent need 

for the development of next generation glycopeptide antibiotics to overcome such resistance. 

In order to improve potency of the antibiotics against sensitive/resistant strains, peripheral 

modifications on vancomycin and related glycopeptides have been extensively investigated 

and some have been shown to enhance antibacterial potency or efficacy19–20, introduce 

additional mechanisms of action21–24, or improve pharmacokinetic properties25. As a result, 

three second generation glycopeptide antibiotics, telavancin26, dalbavancin27, and 

oritavancin28, have been recently approved for clinical use (Figure 1).

We recently reported a new peripheral modification on vancomycin, a C-terminus quaternary 

trimethylammonium cation, which was found to enhance the antimicrobial potency of 

vancomycin and its analogues by introducing an additional mechanism of action (bacteria 

cell envelope permeabilization)29. This trimethylammonium salt modification was combined 

with a key vancomycin binding pocket modification that conveys dual D-Ala-D-Ala/D-Ala-
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D-Lac binding and directly overcomes the intrinsic molecular basis of vancomycin 

resistance30–33, and a well-known peripheral (4-chlorobiphenyl)methyl (CBP) modification 

that was established to inhibit transglycosylase and cell wall biosynthesis independent of D-

Ala-D-Ala/D-Ala-D-Lac binding34–35. This provided antibiotics bearing multiple 

independent synergistic mechanisms of action that are highly potent against both 

vancomycin-sensitive and vancomycin-resistant pathogens with an even more enhanced 

durability. Further investigation into this added trimethylammonium salt resulted in the 

observation of the structure and site-specific29,36–37 nature of the modification and its 

conveyance of in vivo efficacy against VRSA and improved pharmacokinetic (PK) 

properties38. This included a documentation of the improved antibiotic durability, 

identification of a candidate cell membrane target responsible for the added functional 

activity, and demonstration that it conveyed improved physical (e.g., solubility) and 

pharmacological (e.g., PK) properties without introducing acute liabilities. The observed 

improvement on the properties of vancomycin and its derivatives by a simple 

trimethylammonium salt modification, which appears to serve as a permanently charged 

surrogate for a reversibly protonated dimethylamine, inspired us to explore related 

peripheral modifications. This was addressed by targeting modifications to vancomycin and 

(4-chlorobiphenyl)methyl-vancomycin (2, CBP-vancomycin) to provide analogues capable 

of expressing activity through as many as three independent and synergistic mechanisms of 

action, two of which are not dependent on D-Ala-D-Ala/D-Ala-D-Lac binding (Figure 2).

A protonated guanidinium group (pKa = 13.2) could act as a better, more persistent positive 

charge under physiological conditions compared with tertiary amine (pKa = 10.6). In 

contrast to a quaternary trimethylammonium cation, a guanidinium group can also serve as a 

multiple hydrogen-bond donor, increasing binding affinity to anionic groups of 

biomolecules. In particular, phosphates found in the phospholipid/teichoic acid39 

components of the cell envelope of Gram-positive pathogens implicated in studies with 4 
may serve as potential binding sites for positively charged groups where a guanidinium 

cation would be expected to display improved interactions. Based on this rationale, we 

examined and herein report structure-activity relationship (SAR) studies and investigations 

on the mechanism of action of C-terminus guanidine modified vancomycin analogues 

(Scheme 1). Although these studies were conducted in part to lay the foundation for studies 

to be conducted on peripherally modified vancomycin analogues that contain key binding 

pocket modifications, they have provided results highlighting that 5 and related analogues 

offer opportunities for improved antibiotics active against not only vancomycin-sensitive, 

but also vancomycin-resistant bacteria even without incorporation of the binding pocket 

modifications.

RESULTS AND DISCUSSION

C-Terminus Guanidine Modifications.

A G3 unit (a guanidinium-containing amine bearing a C3 linker) was chosen initially for 

introduction at the vancomycin C-terminus by amide coupling, resulting in the guanidine-

modified vancomycin analogue 5 (Scheme 1). It is nearly identical to C1-vancomycin (3) 

disclosed in our previous reports29 with the only difference being the replacement of the 
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trimethylammonium cation (C1) with a guanidine group at the C-terminus of the 

glycopeptide. The antimicrobial activity of 5 against vancomycin-resistant organisms (VanA 

VRE, 4 strains) was evaluated in a standard microdilution assay. We found that the 

introduction of this small and simple peripheral modification in 5 resulted in potent 

antimicrobial activity against VanA VRE (MIC = 4 to 16 μg/mL), representing not only a 

substantial improvement in antimicrobial potency compared with vancomycin (8 to 64-fold), 

but that it also proved more potent than C1-vancomycin (3, 4-fold) disclosed in our previous 

reports.

The structure-activity relationships (SAR) of the guanidine modification were explored to 

establish the source of the outstanding activity of 5. We selected a variety of guanidine-

containing modifications with varied linker lengths (6–8) and linker rigidity (9). We also 

prepared compounds 10–12 that can be viewed as derivatives of compound 7 with an added 

side chain substituent. In order to demonstrate the effect of the positive charge of the 

guanidinium group, 13 was also prepared where the positively charged guanidinium group in 

10 was replaced by a neutral urea group still capable of hydrogen bonding. Finally, an amine 

bearing two guanidine groups (14) was attached to vancomycin to examine the influence of 

an additional positive charge to the properties of the candidate antibiotic. Notably, 5 and the 

subsequent analogues 6–14 were prepared by direct amide bond coupling of the 

corresponding guanidine-containing amine with vancomycin without the introduction or 

removal of intermediate protecting groups. The antimicrobial activity of these analogues 

against vancomycin-resistant as well as vancomycin-sensitive organisms was determined. 

The compounds 6–9 maintained the superb antimicrobial potency of 5 against the four VanA 

VRE strains tested (Table 1), which indicates that the improved activity is insensitive to the 

linker length and rigidity within the small range examined. The examination of 10 and 12 
revealed that the improved activity is not affected by the presence of charge-neutral linker 

substituents. However, compound 13 that replaced the protonated guanidinium group with a 

neutral urea group exhibited reduced activity against resistant strains (compared with 10)40. 

Interestingly and although not initially expected, the presence of an extra negatively charged 

side chain carboxylic acid led to a significant decrease in antimicrobial potency (8 to 32-

fold) of the analogue (11). These observations demonstrate not only the importance of the 

protonated guanidinium positive charge, but also that the net positive charge change on the 

C-terminus is essential to the outstanding activity exhibited by these guanidine analogues40. 

It is also noteworthy that a 2 to 4-fold enhancement in antimicrobial potency against 

sensitive strains (S. aureus) was also observed for most of the guanidinium-containing 

vancomycin analogues beyond the already excellent activity of vancomycin itself. Finally, 

we note that Wender and coworkers independently have recently disclosed compound 12 as 

a simplification of a vancomycin-octaarginine conjugate (V-r8)41 with incorporation of 

single arginine (V-r1)42 and that it provided a vancomycin analogue which displayed activity 

against Gram-negative bacteria and maintained the activity of vancomycin against Gram-

positive organisms.

The effect of the incorporation of the guanidinium modifications into CBP-vancomycin (2) 

was subsequently examined. By virtue of the incorporation of the CBP group, CBP-

vancomycin (2) already possess one effective mechanism of action independent of D-Ala-D-
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Ala/D-Ala-D-Lac binding against vancomycin-resistant strains (transglycosylase 

inhibition)34–35. The guanidinium-containing CBP-vancomycin analogues were prepared 

from 2 in a single and scalable step by direct amide coupling of the corresponding 

guanidinium-containing amine without intermediate protection or deprotection (Scheme 1). 

To our delight, the incorporation of guanidine group at the C-terminus of 2 further enhanced 

the antimicrobial potency of the analogues (2 to 8-fold) against the four VanA VRE strains 

tested (Table 2). The net positive charge at the C-terminus was found again to be crucial to 

the antimicrobial potency, where 21 and 23 exhibited no enhanced antimicrobial potency. 

Incorporation of two guanidine groups (24) offered no further improvement, and both G3-

CBP-vancomycin (15) and GBn-CBP-vancomycin (19) emerged as representative of the 

most effective compounds in the series. Notable is the superb sub μg/mL activity of the 

analogues (0.6–0.15 μg/mL) against the small panel of VanA VRE that is derived from two 

peripheral modifications providing two independent and synergistic mechanisms of action, 

neither of which directly impact D-Ala-D-Ala/D-Ala-D-Lac binding. Combined, the CBP 

and guanidine modifications increased the VanA VRE activity as much as 1000-fold relative 

to vancomycin itself.

Just as significantly and as highlighted earlier, the guanidine-containing modifications also 

increased the antimicrobial activity of both vancomycin or CBP-vancomycin against 

sensitive bacteria strains by 2 to 4-fold, albeit being less pronounced because of the already 

superb activity of vancomycin or CBP-vancomycin. This is illustrated with both a sensitive 

and methicillin-resistant S. aureus strain and an insensitive VanB VRE strain in Table 3.

Site Specific Nature of the Guanidine Modification.

Analogous to observations made in our studies with the trimethylammonium salts37, the 

introduction of the guanidinium group as an A-ring substituent versus at the C-terminus 

provided less active analogues, highlighting the site selectivity of the impact of the 

modification (Supporting Information Table S4). Similarly, a C-terminus and A-ring doubly 

modified guanidinium analogue failed to improve on the activity of the corresponding single 

C-terminus modification. Finally, and like the C-terminus trend, an A-ring guanidinium 

modification did prove to be more potent than a corresponding A-ring trimethylammonium 

salt (C1) analogue (Supporting Information Table S4).

Activity Against Gram-negative Bacteria.

As noted earlier, Wender and coworkers independently disclosed compound 12 as a 

simplification of a vancomycin-octaarginine conjugate (V-r8)41 with incorporation of single 

arginine (V-r1)42 and that it provided a vancomycin analogue that displayed activity against 

Gram-negative bacteria. The generalizability of this observation was investigated with the C-

terminus guanidine modified vancomycins (5 and 9) and CBP-vancomycins (15 and 19) and 

their activity against a small panel of Gram-negative bacteria. Reduced strength broth 

conditions were required to observe the activity of these analogues, but the C-terminus 

guanidine modifications in 5 and 9 conveyed potent activity against the small panel of 

Gram-negative bacteria, increasing activity by 4 to 32-fold and with some MICs as low as 1–

2 μg/mL (Supporting Information Table S3). It is noteworthy that although the CBP 

modification provided an additional mechanism of action and improved activity against 
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Gram-positive bacteria, it was found to reduce this activity of 5 and 9 against Gram-negative 

bacteria in the small series of compounds examined.

G3-CBP-Vancomycin is a Durable Antibiotic.

We have demonstrated that vancomycin analogues with multiple synergistic mechanisms of 

action not only exhibit superb potency against vancomycin-resistant organisms, but that they 

also display an even more important enhanced durability where the rate of emergence of 

bacterial resistance significantly decreased with each added mechanism of action29. Such 

durable antibiotics expressing multiple mechanisms of action are expected to suppress the 

emergence of bacterial resistance even with extensive use. In addition to the importance of 

demonstrating the enhanced durability, such comparative studies also provide indirect 

evidence of an added mechanism of action. Thus, in order to establish whether the 

guanidine-modified vancomycin analogues may express an added antimicrobial mechanism 

of action, a multi-passage resistance development assay was conducted initially for 25 days, 

but then extended to 50 days to further illustrate the superb durability. This was conducted 

with two VanA VRE strains already resistant to vancomycin (MIC = 250 μg/mL), notably no 

longer susceptible to its cell wall biosynthesis blockage through D-Ala-D-Ala binding and 

transpeptidase inhibition (Figure 3). Thus, the studies were not only conducted over a longer 

period than is typical (50 vs 25 days), but were also conducted with vancomycin-resistant 

organisms that overcome the intrinsic mechanism of action of vancomycin (D-Ala-D-Ala 

binding) and that are further resistant to many other antibiotic classes43 by virtue of 

assimilation of additional common mechanisms of resistance. As such, they are on the verge 

of becoming multidrug and vancomycin-resistant organisms. G3-Vancomycin (5) exhibited a 

better durability (4 to 8-fold increase in MIC, 1 MOA) than CBP-vancomycin (2, 16 to 32-

fold increase in MIC, 1 MOA) over 25 days, and G3-CBP-vancomycin (15), the analogue 

bearing the two peripheral modifications, exhibited a further enhanced durability (2-fold 

increase in MIC). Even with extension of the study to 50 days, only a subtle 4-fold increase 

in MIC was observed with G3-CBP-vancomycin (15), and the antibiotic remains potent 

(MIC = 1.2–2.5 μg/mL) against the two VanA VRE strains at the end of the study. In 

contrast, the analogues 2 and 5 with single modifications have lost their activity and display 

MIC values similar to vancomycin by the end of resistance development assay. Moreover, 

and with these two VanA VRE strains, the frontline therapies daptomycin, linezolid, and 

tigecycline raise resistance more rapidly and in a more pronounced manner than either 2 or 

529, further highlighting the remarkable behavior of 15 (see Supporting Information Figure 

S1).

These results demonstrate clearly the superb durability of 15, the important consequence of 

combining the two peripheral modifications as compared with derivatives bearing only a 

single modification (2 and 5), and illustrate that each peripheral modification and 

independent mechanism of action are critical in such improvements in durability. Thus, 

emergence of resistance against one mechanism of action is suppressed by the other when 

two synergistic mechanisms of action are combined. We observed a similar result in our 

previous work, where C1-CBP-vancomycin (4) exhibited an enhanced durability compared 

with CBP-vancomycin (2) due to an added mechanism of action provided by the newly 

introduced trimethylammonium cation. However, the extended durability of G3-CBP-
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vancomycin (15) described herein exceeds that of C1-CBP-vancomycin (4), which we 

attribute to the more potent and robust activity derived from the G3 versus C1 modification. 

Combined with results of their antimicrobial activity, the studies confirm that an added 

mechanism of action is introduced by incorporation of the guanidinium group and that G3-

CBP-vancomycin (15) and related compounds exhibit their activity through two synergistic 

and independent mechanisms of action against vancomycin-resistant organisms, both of 

which are independent of D-Ala-D-Ala/D-Lac binding.

The Guanidine Modification Induces Bacteria Cell Permeabilization: An Added Synergistic 
Mechanism of Action.

We previously reported that the C-terminus trimethylammonium cation (C1) modification on 

vancomycin induces bacteria cell permeabilization as well as the enhancement of 

antimicrobial activity29, as indicated by propidium iodide (PI) influx. While the 

permeabilization effect was found to be weaker with C1-vancomycin (3) even at high 

concentration (100 μM), C1-CBP-vancomycin (4), bearing both peripheral modifications, 

was able to induce pronounced membrane permeabilization. This observation suggests a 

synergistic nature of the two peripheral modifications, where the presence of one 

modification (CBP) enhances the effect of the other (C1). We also observed that this 

inducement of bacterial membrane permeabilization and the resulting enhancement in 

antimicrobial activity is both structure (C1 vs other trialkylammonium salt) and site (C-

terminus of vancomycin vs N-terminus or A-ring) specific36–37. In order to establish 

whether a similar mechanism of action is introduced by the peripheral guanidine 

modification, representative members of the guanidine-containing vancomycin analogues 

were examined in a permeability assay and conducted alongside 1, 2 and 4 (Figure 4).

While no permeabilization was induced by either vancomycin itself or CBP-vancomycin, 

weak permeabilization was observed upon addition of G3-vancomycin (5) at an elevated 

concentration (50 μM), which is accordance with our observations with C1-vancomycin. G3-

CBP-vancomycin (15) and GBn-CBP-vancomycin (19) induced strong membrane 

permeabilization which is comparable or stronger than that observed with C1-CBP-

vancomycin (4). A reduced bacteria cell permeabilization was observed with analogues 

exhibiting weaker antimicrobial potency (21 and 23), where both the initial rate and final 

extent of the fluorescence signal was reduced (Supporting Information Figure S2). These 

observations reveal that guanidine-containing vancomycin analogues induce bacterial cell 

permeabilization, and that the intensity of the signal in the assay directly correlates with the 

antimicrobial activity of such analogues. Combined with the observations made in the 

durability assay and similar to the observations made with the trimethylammonium salt 

vancomycin analogues, the C-terminus incorporation of a guanidine into vancomycin and 

CBP-vancomycin introduced an additional mechanism of action, resulting in membrane 

permeabilization independent of D-Ala-D-Ala/D-Lac binding and transglycosylase 

inhibition.
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Exogeneous Lipoteichoic Acid Reduces Antimicrobial Activity and Blocks Induced 
Bacteria Cell Permeability.

A guanidinium group, serving as both a persistent positive charge under physiological 

conditions and a multiple hydrogen bond-donor, might well be expected to interact with 

negatively charged phosphate or carboxylate containing components in the bacteria cell 

envelope. Therefore, these components are among the possible specific or non-specific 

binding partners for the guanidinium-containing vancomycin analogues. During the 

investigation of candidate targets of our earlier trimethylammonium salt modification, we 

observed that cell envelop teichoic acid (TA) behaved as a potential binding partner38. 

Teichoic acids are major constituents found in the cell envelop of Gram-positive bacteria 

either in the form of lipoteichoic acids (LTA) that are anchored in the cell membrane and 

extend into or through the peptidoglycan cell wall44 or cell wall teichoic acids (WTA) that 

are covalently linked to N-acetylmuramic acid in the cell wall peptidoglycan45.44 These 

polyanionic alditol phosphate-containing polymers contribute to cell envelop stability and 

rigidity, cation (e.g., Mg2+) homeostasis and transport, and are responsible for binding, 

sequestration, and regulation of autolysins that act to degrade the bacteria cell wall in 

response to the need for damage repair or replication expansion44–46. In order to establish 

whether such TAs may also serve as binding partners for the guanidinium-containing 

vancomycin analogues like cationic peptide antibiotics47,48 that in turn may competitively 

displace sequestered autolysins, the microdilution antimicrobial assay was conducted in the 

presence of added LTA (100 and 1000 μg/mL) as a competitive surrogate for both LTA and 

WTA (Table 4). Whereas the activity of vancomycin (no difference) and CBP-vancomycin 

(decrease by 2-fold) are insensitive to the added LTA, the antimicrobial activity of both 15 
and 19 decreased 8-fold (100 μg/mL LTA). Because of its 10-fold higher MIC and the larger 

amounts of compound needed for bacterial cell growth inhibition, 5 displayed the same 

behavior but required a compensating larger amount of added LTA (1000 μg/mL). This 

impact of LTA concentration on blocking the antimicrobial activity of 5 and 15 was studied 

with one VanA VRE E. faecium strain (ATCC BAA-2317) and the results are summarized in 

Supporting Information Table S5. The presence of either 

NH2CH2CH2CH2NHC(=NH2)NH2
+ (G3+, 100 μg/mL) or an inorganic divalent cation 

(Mg2+, 100 μg/mL) had no effect on this observation, revealing the requirement for covalent 

attachment of this G3 group to vancomycin for diverted binding. In the case of vancomycin 

(not shown) and CBP-vancomycin and although not the objective of these studies, the 

addition of G3 also did not lead to an improvement in the activity, indicating that it must be 

incorporated into the molecule to have its impact (compare 2 + G3 vs 15). Unlike LTA, 

inorganic phosphate anion (H2PO4
−, 100 μg/mL) or a phospholipid (POPE, 100 μg/mL) 

found in bacteria cell membranes did not alter the MIC of 15, indicating that the diverted 

binding observed is selective for TA. Notably, exogeneous LTA only decreases the 

antimicrobial potency of G3-CBP-vancomycin (15) and GBn-CBP-vancomycin (19) to the 

level of CBP-vancomycin (2) rather than completely abolishing the activity. These 

observations are in accordance with competitive binding to exogeneous LTA serving only to 

disrupt association with the target responsible for the guanidinium-derived mechanism of 

action. This was further confirmed in the bacteria cell permeabilization assay where the 

presence of exogenous LTA nearly or completely abolished the permeabilization induced by 

15 (Figure 5).
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Synergistic Activity of the Peripheral Modifications Requires Incorporation into Single 
Molecule.

With the establishment of this newly introduced mechanism of action by the guanidine 

modification, we conducted a study to determine whether the synergistic behavior of the two 

mechanisms of action attributable to the CBP and guanidine modifications requires the two 

to be located on the same glycopeptide molecule. The antimicrobial potency of a 1:1 mixture 

of CBP-vancomycin (2) and G3-vancomycin (5) or GBn-vancomycin (9) was tested 

alongside G3-CBP-vancomycin (15) and GBn-CBP-vancomycin (19) (Table 5). Unlike the 

synergistic activity observed with 15 and 19, the equimolar mixtures of the singly modified 

vancomycins did not display this enhanced potency, exhibiting antimicrobial activity only at 

the level of the most potent compound in the mixture (CBP-vancomycin, 2). Thus, the 

expression of the synergistic activity observed with 15 and 19 requires that both peripheral 

modifications be incorporated in a single molecule. A study was also conducted with our 

earlier C1 trimethylammonium cation modification and provided analogous results (Table 

5). Although we were uncertain what to expect before conducting the study, the results with 

the singly modified antibiotic combinations are consistent with simple additive effects of the 

two antibiotics and observation of only the potency of the most active compound in the 

mixture. This typical behavior stands in contrast to the synergistic, and we would suggest 

special, activity observed when both peripheral modifications are found in a single molecule.

Additional Key Properties.

Neither 5 or 15 exhibited red blood cell hemolytic activity derived from cell membrane lysis 

or disruption even at concentrations >100-fold above their MICs (Supporting Information 

Figure S3). Similarly, neither 5 or 15 displayed mammalian cell toxicity (IC50 >20 μM) 

when assessed for growth inhibition against the NIH/3T3 (mouse embryonic fibroblasts), 

HepG2 (human liver cancer cell line) and HCT116 (human colon cancer) cell lines.

Although a maximum tolerated dose (MTD) for 15 was not established, we did find that it is 

tolerated at doses up to and including 50 mg/kg in the following PK studies in mice. In 

earlier studies, we reported a MTD of 75 mg/kg for CBP-vancomycin (2) and 50 mg/kg for 

C1-CBP-vancomycin (4). Not surprisingly given the safety and tolerability of oritavancin 

that bears a peripheral CBP substituent, the CBP-vancomycin (2) MTD in these studies was 

found to be only 4-fold lower than vancomycin (MTD = 300 mg/kg). The further addition of 

the trimethylammonium cation in 4 did not significantly alter this tolerability and the 

addition of the guanidine modification in 15 detailed herein proved to be at least as well 

tolerated if not better (MTD ≥50 mg/kg). Notably, CBP-vancomycin (2, ca. 100-fold), C1-

CBP-vancomycin (4, ca. 1000-fold) and G3-CBP-vancomycin (15, ca.1000-fold) are 

progressively more potent than vancomycin, and would be administered at accordingly much 

lower doses, making the small MTD distinctions even more impressive. These studies 

establish that there is no significant additional acute toxicity associated with the added 

guanidinium (or trimethylammonium cation) modification, a key question initial studies 

were designed to answer.

The in vivo PK properties of 15 in mice (iv, n = 3/time point @ 50 and 10 mg/kg) were 

established and conducted side-by-side with 4, which we characterized earlier38 (Table 6). 
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These earlier studies revealed that 4 (t1/2 = 5 h), bearing the CBP group and 

trimethylammonium cation, improved the short terminal half-life (0.5–1.3 h, t1/2), lower 

exposure (AUC), consistent volume of distribution (Vd), and rapid clearance (CL) of 

vancomycin and mitigated the poor dose proportionality49 and extended terminal half-life 

(t1/2) of CBP-vancomycin (2) that makes clinical administration of the structurally related 

drug oritavancin challenging (Supporting Information Table S6). Like vancomycin and 4, 15 
displayed well behaved dose proportional PK across all parameters, whereas CBP-

vancomycin (2) does not, exhibiting a relatively lower plasma exposure at the higher dose 

(Supporting Information Table S6). Compound 15 improved the short terminal half-life, 

lower exposure, and rapid clearance of vancomycin like 4. It displayed overall PK 

parameters similar to 4, but was found to exhibit an improved Cmax, now approaching that of 

vancomycin itself, and improved AUC while maintaining the excellent terminal half-life in 

mice (t1/2 4.3–4.4 h). Notably, the improved terminal half-life relative to vancomycin along 

with other properties illustrate that 15 and its guanidine modification are not subject to rapid 

metabolism. These preliminary studies establish that 15, bearing both the peripheral CBP 

group and guanidine modification, displays substantial in vivo PK improvements over both 

vancomycin (1) and CBP-vancomycin (2).

In vivo Efficacy.

Finally, an in vivo efficacy study of 15 was conducted in neutropenic mice (n = 5/dosed 

group) using a well-established thigh infection model with an especially challenging VanA 

VRSA strain (VRS250). This S. aureus strain is representative of an especially challenging 

class of antibiotic-resistant pathogens, being both multidrug-resistant (MRSA) and 

vancomycin-resistant (VRSA). Therefore, the results are remarkable especially with this 

challenging pathogen. Following the experimental protocol of our previous in vivo efficacy 

study with C1-CBP-vancomycin (4)38, the right thigh of each mouse was injected 

intramuscularly (im) with the pathogen. After 2 h, control vehicle, linezolid (po, 50 mg/kg × 

2) and 15 (sc, 12.5–100 mg/kg) were administered. After 26 h, the bacterial CFU/g of 

harvested thighs was established and compared with baseline bacterial count at 2 h and 

vehicle control at 26 h. While vancomycin was found to be inactive in this model50, a nearly 

3-log10 reduction in bacterial count was observed after treatment with 15 (50 or 100 mg/kg), 

outperforming linezolid (administered po twice at 2 and 12 h) (Figure 6). Notably, a >2-

log10 reduction was observed even at the lower doses of 15 (12.5 and 25 mg/kg), 

outperforming 2 and 4 at the same dose (Figure S4).38

CONCLUSIONS

Inspired by the discovery of the productive impact of a vancomycin C-terminus 

trimethylammonium cation modification and its underlying mechanism, we examined an 

analogous and further improved guanidine modification. The rationale for the studies, the 

evolution of the improvements, and the impact of this new peripheral modification on 

antimicrobial potency are summarized in Figure 7. This C-terminus guanidine modification 

improves antimicrobial activity, enhances the durability of action against selection of 

resistance, and introduces a synergistic mechanism of action independent of D-Ala-D-

Ala/D-Lac binding and inhibition of cell wall biosynthesis. The added mechanism of action 
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results in induced bacterial cell permeability, which we suggest involves interaction with 

teichoic acid in the cell envelope. For the first time, we show that the synergistic behavior of 

the combined peripheral modifications we identified requires the presence of both the CBP 

and guanidinium modifications (or C1 modification) in a single molecule versus their 

combined use as an equimolar mixture of singly modified compounds. Finally, we show that 

a prototypical member of the series, G3-CBP-vancomycin (15), exhibits no hemolytic 

activity, displays no mammalian cell growth inhibition, possesses especially attractive in 
vivo PK properties, and exhibits exciting in vivo efficacy and potency against an especially 

challenging multidrug-resistant (MRSA) and VanA vancomycin-resistant (VRSA) S. aureus 
bacterial strain (VRS-2). Although the inspiration for the studies has been the incorporation 

of such combined peripheral modifications into pocket modified vancomycin 

analogues29–33,51–55, their incorporation into vancomycin (1) or CBP-vancomycin (2) 

provide attractive new semisynthetic vancomycin analogues that act by two or three 

independent and synergistic mechanisms of action, only one of which is dependent on D-

Ala-D-Ala binding. Significantly, those that contain the two combined peripheral 

modifications offer attractive opportunities for new treatments against not only vancomycin-

sensitive, but especially for vancomycin-resistant bacteria even without incorporation of 

binding pocket modifications where they still can act by two synergistic and now durable 

mechanisms of action and display superb antimicrobial potencies (MIC 0.6–0.15 μg/mL, 

VanA VRE). As such, the C-terminus guanidine modifications found in G3-vancomycin (5), 

G3-CBP-vancomycin (15) and related analogues herein constitute new prototypical 

representatives of an exciting new class of vancomycin analogues that include not only our 

earlier C1-vancomycin (3) and C1-CBP-vancomycin (4), but also other basic or cationic C-

terminus modifications disclosed in the recent studies of Cooper56, Halder24 and most 

notably Wender41–42. The latter recently disclosed that simplification of a vancomycin-

octaarginine conjugate (V-r8)41 with incorporation of single arginine (V-r1)42 provided a 

vancomycin analogue that displayed activity against Gram-negative bacteria and maintained 

the activity of vancomycin against Gram-positive organisms.

METHODS

Reagents and solvents were purchased from commercial sources and used as received unless 

otherwise noted. 1H and 13C NMR spectra were obtained using a Bruker Avance III HD 600 

MHz spectrometer equipped with either a 5 mm QCI or 5 mm CPDCH probe or a Bruker 

Avance III 500 MHz spectrometer equipped with a 5 mm BBFO probe at 298 K. Residual 

solvent peaks were used as an internal reference. Coupling constants (J) (H, H) are given in 

Hz. Coupling patterns are designated as singlet (s), doublet (d), triplet (t), quadruplet (q), 

multiplet (m), or broad signal (br). High resolution mass spectra were measured with a TOF 

mass spectrometer. Analytical and preparative reverse-phase HPLC was performed using a 

Waters HPLC and an Agilent HPLC-MS. In vitro antimicrobial activity was determined on 

samples established to be ≥95% pure (HPLC: Nacalai Tesque, Inc., ARII-C18, 5 μm, 10 × 

150 mm, 1–40% (analogues 5-14) or 20–80% (analogues 15-24) MeCN/H2O–0.07% TFA 

gradient over 40 min, 3 mL/min) through a standard microdilution assay. UV-Vis signal of 

hemolysis assay and cytotoxicity assay and flourescence signal of bacteria cell permeability 

assay was recorded with a TECAN plate reader.
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Figure 1. 
Structure of vancomycin (1) and three clinically approved semisynthetic glycopeptide 

antibiotics.
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Figure 2. 
A. Structure of CBP-vancomycin (2), C1-vancomycin (3), C1-CBP-vancomycin (4). B. 

Rationale in the introduction of a guanidine-containing modification.
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Figure 3. 
Resistance acquisition on serial passaging of two strains of VanA VRE in the presence of 0.5 

× MIC levels of compound: CBP-vancomycin (2), G3-vancomycin (5) and G3-CBP-

vancomycin (15).
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Figure 4. 
Examination of cell membrane permeability induced by compounds 1, 2, 4, 15 and 19 (10 

μM added at 5 min) and compound 5 (50 μM added at 5 min) in VanA VRE E. faecalis BM 

4166 and E. faecium ATCC BAA-2317.
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Figure 5. 
Examination of cell membrane permeability induced by compounds 1, 2, 15 (10 μM added 

at 5 min) and compound 15 in the presence of 100 μg/mL exogeneous LTA in VanA VRE E. 
faecalis BM 4166 and E. faecium ATCC BAA-2317.
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Figure 6. 
Efficacy of G3-CBP-vancomycin (15) and linezolid against the multidrug resistant and 

vancomycin-resistant S. aureus (VRSA) strain VRS-2 in the mouse thigh infection model (n 

= 5/dose). Compound 15 and control vehicle were administered sc once at 2 h at the doses 

indicated. The reference standard linezolid was administered orally (po) twice at 2 and 12 h 

at 50 mg/kg. Left: dose-dependent reduction in bacterial load. Right: dose-dependent 

bactericidal effect (relative to 2 h baseline).
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Figure 7. 
Evolution and comparison of the C-terminus cationic modifications examined.

Wu et al. Page 22

ACS Infect Dis. Author manuscript; available in PMC 2021 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Structure and synthesis of 5–24.

Wu et al. Page 23

ACS Infect Dis. Author manuscript; available in PMC 2021 August 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Wu et al. Page 24

Table 1.

Antimicrobial activity of 1 and 5–14 against four VanA VRE strains, MIC (μg/mL).
a

Compound
VanA E. faecalis VanA E. faecium VanA E. faecalis VanA E. faecium

BM 4166 ATCC BAA-2317 ATCC BAA-2573 TX2465

vancomycin (1) 250 250 125 250

G3-vancomycin (5) 16 4 4 16

G2-vancomycin (6) 16 4 8 16

G4-vancomycin (7) 16 4 4 16

G6-vancomycin (8) 16 4 4 16

GBn-vancomycin (9) 16 4 4 8

Arg(OMe)-vancomycin (10) 8 8 4 8

Arg-vancomycin (11) 63 63 125 125

Arg(NH2)-vancomycin (12) 16 4 4 8

Cit(OMe)-vancomycin (13) 63 31 16 63

DiG-vancomycin (14) 8 1 2 4

a
MIC = minimum inhibitory concentration.
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Table 2.

Antimicrobial activity of 1, 2 and 15–24 against VanA VRE strains, MIC (μg/mL).

Compound
VanA E. faecalis VanA E. faecium VanA E. faecalis VanA E. faecium

BM 4166 ATCC BAA-2317 ATCC BAA-2573 TX 2465

vancomycin (1) 250 250 125 250

CBP-vancomycin (2) 5 2.5 0.3 5

G3-CBP-vancomycin (15) 0.6 0.3 0.15 0.6

G2-CBP-vancomycin (16) 0.6 0.3 0.15 1.2

G4-CBP-vancomycin (17) 0.6 0.3 0.15 0.6

G6-CBP-vancomycin (18) 0.6 0.3 0.3 1.2

GBn-CBP-vancomycin (19) 0.6 0.3 0.15 0.6

Arg(OMe)-CBP-vancomycin (20) 0.6 0.3 0.15 0.6

Arg-CBP-vancomycin (21) 1.2 1.2 0.15 2.5

Arg(NH2)-CBP-vancomycin (22) 0.6 0.3 0.15 0.6

Cit(OMe)-CBP-vancomycin (23) 1.2 2.5 0.3 5

DiG-CBP-vancomycin (24) 0.6 0.6 0.15 0.3
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Table 3.

Antimicrobial activity of 1, 2, 5, 9, 15 and 19 against VanB and S. aureus strains, MIC (μg/mL).

Compound
VanB E. faecalis Sensitive S. aureus MRSA S. aureus

ATCC 51299 ATCC 25923 ATCC 43300

vancomycin (1) 8 0.5 0.5

G3-vancomycin (5) 8 0.25 0.12

GBn-vancomycin (9) 8 0.25 0.12

CBP-vancomycin (2) 0.08 0.08 0.08

G3-CBP-vancomycin (15) 0.04 0.04 0.02

GBn-CBP-vancomycin (19) 0.04 0.04 0.02
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Table 4.

Impact of added lipoteichoic acid (LTA) and other anionic additives on the antimicrobial activity of 

vancomycin derivatives, MIC (μg/mL).
a

Compound
VanA VRE E. faecalis VanA VRE E. faecium

BM 4166 ATCC BAA-2317

Condition −LTA +LTA −LTA +LTA

vancomycin (1) 250 250 250 250

CBP-vancomycin (2) 5 10 2.5 5

G3-vancomycin (5) 16 16 4 8 (63)
b

G3-CBP-vancomycin (15) 0.6 5 0.3 2.5 (10)
b

GBn-vancomycin (9) 16 16 4 4

GBn-CBP-vancomycin (19) 0.6 5 0.3 2.5

CBP-vancomycin (2) + G3+ 5 10 2.5 5

G3-CBP-vancomycin (15) + G3+ 0.6 5 0.3 2.5

G3-CBP-vancomycin (15) + Mg2+ 0.6 5 0.3 2.5

Condition −NaH2PO4 +NaH2PO4 −NaH2PO4 +NaH2PO4

G3-vancomycin (5) 16 16 4 4

G3-CBP-vancomycin (15) 0.6 0.6 0.3 0.3

Condition −POPE +POPE −POPE +POPE

G3-vancomycin (5) 16 16 4 4

G3-CBP-vancomycin (15) 0.6 0.6 0.3 0.3

G3+ >800 >800

a
Assays run in the absence or presence of additives (lipoteichoic acid (LTA), NaH2PO4, or POPE, 100 μg/mL) as well as the absence or presence 

of H2N(CH2)3NHC(=NH2)NH2+ (G3+, 100 μg/mL) or Mg2+ (MgCl2, 100 μg/mL).

b
With 1000 μg/mL LTA.
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Table 5.

Antimicrobial activity of equimolar mixtures of CBP-vancomycin (2) and C-terminus vancomycin analogues 

(3, 5 and 9) against VanA E. faecium, presented alongside the individual activity of compounds 2, 3, 4, 5, 9, 

15, 19, MIC (μg/mL).

Compound
VanA E. faecium

ATCC BAA-2317

CBP-vancomycin (2) 2.5

G3-vancomycin (5) 4

G3-CBP-vancomycin (15) 0.3

CBP-vancomycin (2) + G3-vancomycin (5) 2.5 + 2.5

GBn-vancomycin (9) 4

GBn-CBP-vancomycin (19) 0.3

CBP-vancomycin (2) + GBn-vancomycin (9) 2.5 + 2.5

C1-vancomycin (3) 31

C1-CBP-vancomycin (4) 0.3

CBP-vancomycin (2) + C1-vancomycin (3) 2.5 + 2.5
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Table 6.

Comparison PK properties of 4 and 15.
a

Parameter CI-CBP-vancomycin (4) G3-CBP-vancomycin (15)

10 mg/kg 10 mg/kg 50 mg/kg

Cmax (Mg/mL) 14.5 35.9 152

tmax (h) 0.08 0.14 0.28

AUC (Mg-h/mL) 48.4 66.0 312

Vss (L/kg) 0.64 0.41 0.35

CL (L/h/kg) 0.12 0.09 0.09

MRTINF obs (h) 5.6 3.9 4.6

t1/2 (h) 5.1 4.4 4.3

a
Compounds administered iv @ 50 or 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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