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Abstract

The emergence of multidrug-resistant Gram-negative bacteria, including carbapenem-resistant
Enterobacteriaceae, is a major health problem that necessitates the development of new antibiotics.
Vancomycin inhibits cell-wall synthesis in Gram-positive bacteria, but is generally ineffective
against Gram-negative bacteria and unable to penetrate the outer membrane barrier. In an effort to
determine whether vancomycin and other antibiotics effective against Gram-positive bacteria
could, through modification, be rendered effective against Gram-negative bacteria, we discovered
that covalent attachment of a single arginine to vancomycin yielded conjugates with order-of-
magnitude improvements in activity against Gram-negative bacteria, including pathogenic E. coli.
The vancomycin-arginine conjugate (V-R) exhibited efficacy against actively-growing bacteria,
induced loss of rod cellular morphology, and resulted in intracellular accumulation of
peptidoglycan precursors, all consistent with cell-wall synthesis disruption as its mechanism of
action. Membrane permeabilization studies demonstrated enhanced outer membrane permeability
of V-R as compared to vancomycin. The conjugate exhibited no mammalian cell toxicity or
hemolytic activity in MTT and hemolysis assays. Our study introduces a new vancomycin
derivative effective against Gram-negative bacteria and underscores the broader potential of
generating new antibiotics through combined mode-of-action and synthesis-informed design
studies.
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INTRODUCTION

Treatment of multidrug-resistant Gram-negative bacteria, including carbapenem-resistant
Enterobacteriaceae (CRE), presents an enormous clinical challenge due to the dearth of
antibiotics efficacious against these pathogens.! It is estimated that CRE contributes to death
in 30-50% of infected patients, emphasizing the urgent need for new strategies and agents to
treat antibiotic-resistant Gram-negative bacteria.>> A key challenge in treating Gram-
negative bacteria is their unique outer membrane and cell-surface modifications which serve
as a barrier of entry to certain antibiotics. The glycopeptide antibiotics, including
vancomycin as the first member of this class to be discovered, are effective clinically only
against Gram-positive bacteria.* Gram-positive bacteria surround themselves with a thick
cell wall composed of peptidoglycan, as the major structural component, plus teichoic acids
and cell wall associated proteins. Vancomycin binds to D-Ala-D-Ala termini of
peptidoglycan precursors at the cell surface and cell division septa in Grampositive bacteria,
sequestering Lipid II and preventing bacterial cell-wall assembly and thus inhibits cell
growth and division.”> ® Gram-negative bacteria produce a much thinner layer of
peptidoglycan, which is surrounded by a unique outer membrane associated with
lipopolysaccharide, proteins, and often other proteinaceous and carbohydrate components
that provide protection from detergents and chemical assault.” Thus, D-Ala-D-Ala binding
sites for vancomycin are also present in E. col/i and other Gram-negative pathogens, but are
located in the periplasm and consequently inaccessible to vancomycin due to its inability to
breach the outer membrane barrier.

A promising approach to generate new treatment options for Gram-negative pathogens is to
chemically modify antibiotics such as vancomycin to enable their translocation across the
Gramnegative outer membrane to access intracellular targets. A classic example of this
approach is the addition of an amine group to penicillin (generally effective only against
Gram-positive organisms) to generate ampicillin, which can breach the Gram-negative outer
membrane and inhibit peptidoglycan synthesis in the periplasm.® This strategy has also been
creatively implemented recently in notable efforts for arylomycin A-C;¢ and
deoxynybomycin, where both compounds were chemically modified to improve antibiotic
uptake.!0- 11 In each of the modified compounds, one or more primary amine substitutions
were incorporated, based on the hypothesis that non-sterically encumbered primary amines,
along with molecular rigidity ( < rotatable bonds) and low globularity, are important factors
in dictating compound entry in Gram-negative bacteria.!2 These same principles do not
appear to have been applied to chemically modify vancomycin for entry across the outer
membrane. Efforts that have been reported involving other entry strategies include the
incorporation of vancomycin in nanoparticles,!3 nanotransformation of vancomycin into
nanospheres using sonochemistry, !4 and incorporation of a lipophilic alkyl chain terminated
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with a quaternary ammonium element,!> and improved efficacy against Gram-negative
bacteria via outer and inner membrane perturbation.

We explored a new strategy to confer vancomycin with cell killing activity in Gram-negative
bacteria through covalent conjugation of a molecular transporter to enable delivery across
the cell envelope. We hypothesized that conjugation of vancomycin to a cell-penetrating,
guanidinium-rich molecular transporter (GR-MoTr), D-octaarginine (r8), would render it
effective against Gramnegative bacteria, enabling delivery to access periplasmic cell-wall
precursors and arrest cell-wall synthesis. This hypothesis was based on the early observation
that HIV-1 Tat, unlike most proteins, readily enters cells, a function we attributed to its
arginine-rich domain (RKKRRQRRR).!6-18 Through an extensive reverse engineering effort
of this Tat-9-mer, we found that the transport process is driven by the number and spatial
array of guanidinium groups and their initial electrostatic association with negatively
charged cell surface carboxylic acids, sulfates and phosphates.!®> 20 Our groups more
recently discovered and reported the superior efficacy of a vancomycin D-octaarginine
conjugate, V-r8, relative to vancomycin alone, in treating Grampositive bacteria, including
clinically important MRSA biofilms and persister cells.2! However, the same improvement
in efficacy was not observed for V-r8 in uropathogenic E. coli relative to 18 alone or a 1:1
mixture of r8+V, prompting our further evaluation of the use of GR-MoTrs for Gramnegative
antibiotic delivery. Here we report on the design, synthesis, and evaluation of a panel of
vancomycin-amino acid analogues, for which we discovered that addition of a single
arginine residue significantly improved efficacy against Gram-negative bacteria.

RESULTS AND DISCUSSION

A vancomycin-octa-arginine conjugate, V-r8, was recently designed, synthesized and shown
to exhibit extraordinary activity in killing Gram-positive bacteria, notably MRSA and
vancomycin-resistant E. faecium.2! The conjugate was potent in killing .S. aureus persister
cells and biofilm-associated cells, thus exhibiting unique killing activity not exhibited by
vancomycin itself. Here, we examined the efficacy of vancomycin conjugates against Gram-
negative bacteria. V-r8 did not exhibit notable killing activity against a panel of Gram-
negative bacteria, thus we designed, prepared and evaluated new vancomycin analogues and
tested these first against a reference Gram-negative strain, E. coli 25922 (Figure 1).
Vancomycin conjugates with 8- and 4-arginine sequences were ineffective (Table SI-1).
Remarkably however, we discovered that a 2-arginine conjugate, V-RR, was more
efficacious than vancomycin in E. coli 25922 (Figure 1), and a single arginine conjugate, V-
R, was the most efficacious, exhibiting superior activity over vancomycin against E. coli
25922 and other Gram-negative organisms, including V. cholerae, A. baumannii, and P,
aeruginosa and comparable activity against Gram-positive S. aureus (Table 1). MIC values
for V-R treatment of E. coli strains were 8—16 uM, whereas the MIC for vancomycin is 128
uM. Notably, V-R was effective against the carbapenem-resistant E. coli BAA-2469 (Table
1). Covalent conjugation of vancomycin and arginine was essential for activity, as arginine
did not exhibit antibacterial activity on its own (MIC > 64 uM) and a 1:1 mixture of
vancomycin and arginine did not exhibit MIC synergism (MIC >64 uM, Table SI-1). Thus,
in striking contrast to V-r8 and V-r4, we observed efficacy of V-R against Gram-negative
bacteria. The efficacy of V-R and vancomycin were similar against Gram-positive bacteria.
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The discovery of the antibacterial activity of V-R against Gram-negative organisms inspired
our synthesis of a panel of amino acid analogues to investigate the role of the amino acid in
contributing to antibiotic activity. The general scheme for V-R synthesis was implemented to
generate the other analogues and enabled rapid, step economical and scalable synthesis of
vancomycin conjugates (Figure 1). This approach enabled us to chemically tune and explore
the possible contributions of charge and hydrogen bonding conferred by the amino acid
addition, for example, as it could relate to enhanced cellular uptake. Indeed, added positive
charge on an antibiotic could promote electrostatic association with negatively charged
phosphate-containing lipopolysaccharides (LPS) at the Gram-negative outer membrane. !
Too few charges would allow only weak association and too many could deter membrane
release. In general, we observed that conjugates with positively charged amino acids,
specifically V-R and a vancomycin-lysine conjugate (V-K) were the most effective against a
reference E. coli strain, 25922 and pathogenic isolates (Table SI-2). However, a V-threonine
(V-T) conjugate yielded the same efficacy as the V-ornithine (V-O) conjugate, suggesting
that properties other than amino acid charge, such as hydrogen bonding and steric effects,
also appear to influence antibiotic activity. A vancomycin- aspartic acid (V-D) compound
exhibited the least efficacy (Figure 1). These results demonstrate the sensitivity of presenting
the amino acid at the C-terminus of vancomycin, where it appears to be positioned to
contribute to hydrogen bonding and/or electrostatic interactions and impacts a conjugate’s
efficacy against Gram-negative bacteria. Overall, V-R exhibited superior activity among the
conjugates and was selected for further evaluation and mechanism-of-action studies.

We next designed a series of experiments to evaluate the mechanism of action of V-R and to
test whether killing activity was consistent with enhanced vancomycin entry into cells and
inhibition of cell-wall synthesis. The kinetics of cell killing activity were first considered
through the determination of bacterial viability by enumeration of CFU/mL immediately
after introduction of V-R to bacteria and again after 0.5, 2 and 4 hours. V-R killing activity
was growth dependent and only exhibited efficacy once bacteria were given time to grow in
the presence of compound (Figure 2A). Furthermore, vancomycin, at a matched 2X MIC
threshold (256 uM vancomycin), yielded similar time-kill kinetics as observed for treatment
with only 16 uM V-R in nutrient medium, indicating that the two compounds exhibit similar
growth-dependent activity (Figure 2A).

Interruption of peptidoglycan synthesis in E. coli impacts cell size and shape and
vancomycin has been demonstrated to result in loss of rod morphology and blebbing in
susceptible E. coli mutants and wild-type E. coli cells subjected to cold temperatures. 22 23
Thus, we next sought to compare the impact of vancomycin and V-R on cell morphology.
Both vancomycin and V-R, at matched inhibitory concentrations (256 uM and 16 pM,
respectively), induced rounding and blebbing of E. coli cells (Figure 2B), consistent with a
mechanism of cell-wall synthesis inhibition for both compounds. To further investigate cell-
wall synthesis inhibition on a molecular level, we performed HPLC-MS analysis of cells
treated with vancomycin and V-R. HPLC-MS has previously been used to analyze
accumulation of cell wall precursors upon treatment with vancomycin, wherein vancomycin
treatment results in accumulation of UDP-MurNAc pentapeptide, a precursor that normally
is incorporated into peptidoglycan during cell-wall synthesis.24~26 Upon treatment of E. coli
with an equivalent concentration of vancomycin and V-R, we observed that both compounds
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resulted in accumulation of UDP-MurNAc pentapeptide relative to untreated control cells,
and V- R resulted in increased accumulation of UDP-MurNAc pentapeptide relative to
vancomycin (Figure 2C and 2D). Thus, V-R activity exhibits the anticipated hallmarks of
cell-wall synthesis inhibition like vancomycin, yet V-R is significantly more effective,
eradicating E. coli at 16-fold lower concentrations. We hypothesized that the improvement in
activity was due to enhanced uptake of V-R relative to vancomycin, and we investigated one
possible manifestation of this activity using membrane permeabilization assays.

Outer membrane permeabilization studies were performed with the probe 1-N-
phenylnapthylamine (NPN), which exhibits fluorescence upon entry into permeabilized
outer membranes?’ Relative to vancomycin, V-R treatment resulted in modest 1-N-
phenylnapthylamine fluorescence, indicative of modest perturbation to outer membrane
integrity, but was not as potent as observed for a pore-forming peptide, polymyxin B (Figure
3). We also investigated inner membrane permeabilization activity of V-R using the probe
propidium iodide, which exhibits fluorescence upon binding to cytoplasmic DNA.28 Neither
vancomycin nor V-R exhibited inner membrane permeabilization activity relative to
untreated cells. These results suggest that relative to vancomycin, V-R is able to more
effectively breach the outer membrane and access its periplasmic target. Furthermore, the
uptake of NPN upon V-R treatment is consistent with antibiotics that feature self-promoted
cellular uptake, with molecular determinants to facilitate cellular association and eventual
entry.2 Antibiotics that exhibit self-promoted uptake are typically inhibited by
supplementation with MgZ*, where Mg2* cations bridge neighboring LPS phosphate groups
and can be competitively displaced by cationic antibiotics, for example, promoting enhanced
cellular association.3? We found that supplementation of 5 mM MgZ* in the growth medium
reduced V-R efficacy and increased the MIC of V-R from 8 to 64 uM in E. coli. An increase
in MIC for vancomycin is also observed, and vancomycin is positively charged near neutral
pH. For comparison and as anticipated, Mg2* supplementation does not impact the MIC of
chloramphenicol, which enters E. coli via porins (Table SI-3).2% Finally, we sought to
determine whether V-R would exhibit any obvious mammalian cell toxicity using MTT and
hemolysis assays. Superficial bladder epithelial cells (HTB-9) were employed in the MTT
assay towards the consideration of testing V-R in murine urinary tract infection models
where agents can be delivered locally through transurethral introduction. Results with V-R
were similar to those for vancomycin and exhibited no mammalian cell toxicity or hemolytic
activity (Figure SI-1).

In summary, vancomycin is one of the most widely studied and derivatized antibiotics in use
today, directed to the treatment of Gram-positive infections. We previously reported that a
conjugate of vancomycin and the cell penetrating peptide octaarginine exhibits superior
activity relative to vancomycin against Gram-positive bacteria. Here we report on our design
and discovery of a new vancomycin derivative with a single arginine modification that
results in a compound with order of magnitude improved activity against Gram-negative E.
coli. The arginine modification enables retainment of the mechanism of action of the parent
antibiotic vancomycin in inhibiting peptidoglycan synthesis, but confers the antibiotic with
enhanced activity. Our results suggest that V-R follows a self-promoted uptake mechanism,
permitting entry in the E. coli periplasm and effective inhibition of cell-wall synthesis. Thus,
V-R can now be used as a tool to conveniently inhibit cell-wall assembly and further study
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vancomycin-associated activity in Gram-negative bacteria. Conjugate synthesis is facile and
readily amenable to other vancomycin derivatives. Our study highlights a simple chemical
modification to vancomycin that generated an antibiotic active against critical carbapenem-
resistant bacteria, furthering the development of new antibiotic strategies for resistant Gram-
negative pathogens and inspiring the design of new antibiotic conjugates even for parent
compounds that may seem to have been exhaustively studied.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Preparation and antibacterial activity of vancomycin-amino acid conjugates. R corresponds
to each amino acid amide connected to vancomycin (left). An MIC activity screen was
performed in E. coli 25922 (right), where V-O, V-K, and V-D exhibited MICs of 32 uM or
higher and were not further examined in subsequent experiments. Data for V-R, V-K, V-RR,
and vancomycin represents median MICs obtained from 2-3 independent experiments, with
ranges provided in parentheses.

ACS Chem Biol. Author manuscript; available in PMC 2019 October 15.



1duosnuepy Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Antonoplis et al. Page 10

Log (CFU/mL)
g

| ~= V-R (16 pM)

—+ Untreated B
- v?zss uM) Untreated V (256 pM) V-R (16 uM)

Time (hrs) .
D 100 IM+329I-é-‘gDP]! UDP-MurNAc
UDP-MurNAc ~ — Untreated [M+H-UDPJ* pentapeptide
. 1 790.5 mass spectrum
pentapeplide — 50 [M+NH+H}]?*
605.4

Relative Abundance (%)
& 5]

I | I 1
1 12 13 14 15

Retention Time (min)

o

Figure 2.
V-R targets actively growing E. coli and inhibits cell-wall synthesis. A) Time-Kkill kinetic

analysis of V and V-R-treated UTI89 in Mueller-Hinton broth. Treatment concentrations
were 16 uM for V-R and 256 uM for V. B) Both V and V-R treatment result in alteration of
E. coli 25922 morphology, inducing rounding of bacterial cells (scale bar: 10 pm).
Treatment concentrations were 16 uM for V-R and 256 uM for V. C & D) V-R treatment
results in accumulation of UDP-MurNAc peptide in UTI89 as identified by HPLC and mass
spectrometry. In C, treatment concentrations were 16 uM for V-R and 16 uM for V.
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Figure 3.

Impacts of V-R on outer and inner membrane integrity in E. co/i. A) Outer membrane
permeabilization assay in UTI89 using the fluorescent probe, NPN. B) Outer and inner
membrane permeabilization assay in UTI89, where propidium iodide was used as probe of
membrane perturbation. In A and B, treatment concentrations were performed at 4X MIC (4
uM for polymyxin B, 512 uM for V and 64 uM for V-R).
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Table 1.

Minimum Inhibitory Concentrations (MICs, pM)a of V and V-R

Strain \Y | V-R

E. coli25922 128 8 (8-16)

E. coli UTI89 128 12 (8-16)

E. coliBAA-2469 (CR) 128 (64-128) | 16 (8-16)

V. cholerae El Tor A1552R | 128 12 (8-16)

A. baumannii 19606 96 (64-128) 32

P, aeruginosa PA14 512 64

S. aureus 29213 0.5 0.5 (0.25-0.5)

Median MICs from 2-3 independent experiments, with ranges provided in parentheses.
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