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The introduction of new and improved antibacterial agents based on facile synthetic modifications of existing antibiotics

represents a promising strategy to deliver urgently needed antibacterial candidates to treat multi-drug resistant bacterial
infections. Using this strategy, vancomycin was transformed into a highly active agent against antibiotic-resistant Gram-

negative organisms in vitro and in vivo through the addition of a single arginine to yield vancomycin-arginine (V-R). Here, we
report detection of the accumulation of V-R in E. coli by whole cell solid-state NMR using >N-labeled V-R. >N CPMAS NMR
revealed that the conjugate remained fully amidated without loss of arginine, demonstrating that intact V-R represents the

active antibacterial agent. Furthermore, C{N}REDOR NMR in whole cells with all carbons at natural abundance 3C levels
exhibited the sensitivity and selectivity to detect the directly bonded *3C-**N pairs of V-R within E. coli cells. Thus, we also

present an effective methodology to directly detect and evaluate active drug agents and their accumulation within bacteria

without the need for potentially perturbative cell lysis and analysis protocols.

Introduction
We face a future where our current arsenal of antibiotics could be
rendered ineffective by drug-resistant microbes. This is

particularly alarming for highly prevalent bacterial infections such
as complicated urinary tract infections (cUTI), associated with the
highest “critical priority” Gram-negative pathogens as identified
by the World Health Organization'?. There is an urgent need for
the expeditious development of new antimicrobials in consort with
novel interventions to combat antimicrobial resistance. Towards
this end, we recently introduced new vancomycin conjugates
effective against drug-resistant Gram-positive and Gram-negative
ESKAPE pathogens. Vancomycin itself is a widely prescribed
glycopeptide antibiotic reserved for the treatment of Gram-
positive bacteria. It inhibits peptidoglycan biosynthesis required
for cell-wall synthesis and cell viability by sequestering Lipid II
peptidoglycan precursors at the exo-face of the cell membrane®*,
In order to improve efficacy and overcome resistance, vancomycin
has been extensively modified over the past three decades and
several vancomycin analogs, including oritavancin, telavancin,
and dalbavancin have been clinically approved for the treatment
of Gram-positive infections. In contrast to previously reported
semisynthetic or lipophilic derivatives, we introduced a compound
consisting of vancomycin
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linked by an aminohexanoic acid spacer to D-octaarginine (r8),
resulting in the compound we termed V-r8°. The design of this
conjugate was inspired by the cell-penetrating activity of
guanidinium-rich molecular transporters including arginine-rich
contiguous and spaced peptides, and guanidinium-rich peptoids
and nonpeptidic agents®'°, that deliver a variety of cargos,
including antimicrobials''™"*, chemotherapeutics'®!’, peptides'®2°,
proteins®'?%, inositol polyphosphates®, and oligonucleotides
(RNA, DNA)***2¢ into cells in vitro and in vivo. We hypothesized
that conjugates of vancomycin and octaarginine would exhibit
improved penetration through biofilm barriers and enhanced cell
association by engaging anionic cell-surface agents and
potentially enhancing transport across the cell membrane. In line
with our hypothesis, V-8 exhibited significantly improved (4-128
fold) activity against Gram-positive organisms, including
vancomycin-resistant  enterococci’.  Significantly, = V-r8
outperformed vancomycin, often by orders of magnitude, in all
persister cell and biofilm assays, and was superior to current
clinically used agents in a murine biofilm infection model.
Furthermore, we uncovered vancomycin conjugates with highly
promising antibacterial activities towards Gram-negative
bacteria®’?%,

Indeed, conjugates of vancomycin with a single amino acid,
including that of vancomycin and a single arginine, termed V-R,
were discovered to be effective at killing “critical priority” drug-
resistant Gram-negative organisms®’. Unlike Gram-positive
bacteria, E. coli and other Gram-negative pathogens contain a dual
membrane architecture and contain a thin layer of peptidoglycan
in the periplasm, surrounded by the outer membrane. Cell-wall
targeting antibiotics must breach the outer membrane barrier in
Gram-negative bacteria to access peptidoglycan precursors and
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the assembly machinery in the periplasm. Thus, although the
binding sites for vancomycin are present in Gram negative
pathogens, it is generally ineffective in killing Gram-negative
bacteria at relevant concentrations. V-R presents an urgently
needed new antibacterial candidate effective against all extended
spectrum beta-lactamase (ESBL)-positive E. coli, including
carbapenemase-containing E. coli and other Gram-negative
bacteria, while retaining antibacterial activity against Gram-
positive organisms®’. Mechanistically, V-R treatment resulted in
inhibition of peptidoglycan synthesis and the accumulation of
peptidoglycan precursors in E. coli?’. Thus, conjugation of
vancomycin with arginine enables its association with and
translocation across the outer membrane to access intracellular
targets. This discovery simultaneously introduced V-R as a new
molecular probe to study and evaluate cellular changes in Gram-
negative bacteria due to vancomycin-like inhibition of
peptidoglycan synthesis. V-r (the corresponding vancomycin-D-
arginine conjugate) was selected for use in the first animal
experiments, given the assumed enhanced stability of D-amino
acid peptides and conjugates in mammalian hosts in vivo™.
Mammalian cell assays revealed that V-r exhibited no toxicity on
human erythrocytes, HepG2 cells, and primary renal proximal
tubule epithelial cells. V-r was characterized by a lower
frequency-of resistance than ciprofloxacin (the standard-of-care
therapy) and was superior in causing resolution of E. coli infection
in a murine thigh muscle model as compared to ciprofloxacin®.
More recently, V-r demonstrated significant efficacy at low doses
in a murine complicated urinary tract infection model as evaluated
through bacterial burden in bladder, kidneys and urine®. The
estimated putative humanized dose was proposed to be potentially
as low as 1-5 mg/kg®. There is a high risk for long-term
nephrotoxicity associated with vancomycin use and the use of
many antibiotics for serious Gram-positive infections. Thus, the
high concentrations of V-r available in the urinary tract, the
relevant site for treating urinary tract infection, are highly
favorable towards the desire to minimize doses and mitigate
possible toxicity?®. Thus, single amino acid conjugates of
vancomycin present an outstanding opportunity for further
preclinical evaluations towards the clinical entry of vancomycin
analogs to target Gram-negative bacteria’’?®. Additional
vancomycin conjugates with activity against Gram-negative
bacteria have been reported by others since our reporting of V-r8
and V-R. These include a lipophilic cationic vancomycin
derivative®®, vancomycin with a C terminus guanidinium group
modification’!,  additions of  trimethylammonium  salt
modifications to both the C terminus®®> and A ring®® of
vancomycin, and conjugation of polycationic peptides through a
chemical linker to the N terminus, C terminus, A-ring, and
vancosamine of vancomycin***. Vancomycin with lipophilically
acylated peptide sequences have also been designed to enhance
vancomycin association and interactions with the cell membrane.

From antimicrobials to anticancer agents to the delivery of mRNA
into cells, many innovative design strategies have been introduced
to enhance drug delivery into cells and to enhance tissue and cell-
selective delivery and uptake®*. In addition, remarkable design
strategies have been employed in pro-drug approaches, wherein
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the active drug payout and biodistribution is controlled by release
from its covalently or non-covalently associated partnering
molecule to improve efficacy and offer an expanded therapeutic
window**3%. The determination of the active drug agent in drug
conjugates or drug formulations is important in understanding
drug mode(s) of action and for regulatory considerations towards
human clinical studies of a new therapeutic candidate®. We
sought to determine whether V-R was the active agent responsible
for killing E. coli or whether it was possible that free vancomycin
was liberated from V-R once internalized in E. coli. We
hypothesized that V-R is active as an intact conjugate given the
direct conjugation of arginine to the bulky glycopeptide through
an amide bond that would likely be less susceptible to enzymatic
or chemical hydrolysis as compared to longer peptide scaffolds.
Yet, bacteria harbor several amidases, particularly important in the
cleavage of peptidoglycan during cell wall remodeling and
division*. In recent animal model experiments the use of V-r
(using D-arginine) was motivated by the generally enhanced
stability of D-amino acid peptides and conjugates in mammalian
hosts in vivo, however the stability of V-R or V-r as it operates in
bacteria was not evaluated.

Here, we designed a whole cell solid-state NMR approach to
directly detect the accumulation of V-R in intact E. coli cells and
to determine whether the conjugate was intact or whether arginine
was liberated from the conjugate during conditions in which V-R
kills E. coli. Solid-state NMR 1is uniquely suited to detect
specifically labeled nuclei and specific single bonds in the context
of bacterial, plant and mammalian whole cells, intact plant leaves
and mammalian tissues and can be used holistically to profile all
carbon and nitrogen contributions in cells with dozens of
publications with some referenced here with most relevance for
this study.*'* Whole-cell NMR studies delivered parameters of
cell-wall composition and antibiotic-cell wall binding sites to
more completely define the influence of vancomycin and
oritavancin in Gram-positive S. aureus and enterococci*™> and to
characterize antimicrobial peptide influences on membrane lipids
in E. coli’™,

Results and discussion

In this study, a selectively isotopically labeled V-R was
synthesized to permit detection of V-R in E. coli. V-R was
synthesized using L-['*N4]arginine in order to introduce '*N that
would be incorporated into the moiety directly bonded to the
vancomycin C-terminus and thus report as an amide nitrogen
(Figure 1A). If the L-["*Ny]arginine or other designed moiety
would be liberated from vancomycin, the amide nitrogen chemical
shift would convert to that of an amine nitrogen. Furthermore, we
hypothesized that C{N}Rotational-echo Double Resonance
(REDOR) NMR would exhibit the sensitivity and enable us to
detect V-R directly in cells by selecting the V-R carbons that are
present at natural abundance "*C levels through one-bond dipolar
couplings to the selectively introduced N atoms in the molecule,
even amidst all the cellular carbons also present at natural
abundance.

This journal is © The Royal Society of Chemistry 20xx
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Figure 1. Chemical structure of ['*'N4]V-R and detection of V-R amide nitrogens in the whole cell complex. (A) Vancomycin
(black) is chemically conjugated through an amide bond to L-arginine (red) containing four °N labeled nitrogen atoms (blue).
Carbons directly bonded to '*N are shown with solid black circles. (B) "N CPMAS of pure ['"N4]V-R and ['"N4]V-R treated
E. coli. Spectra of the pure antibiotic (blue) and V-R associated with treated whole cells (black) show intensity exclusively in
the amide region. Each spectrum was the result of 32,768 scans and recycle delay of 2 s.

The E. coli reference strain ATCC 25922 was selected for our
whole cell NMR analysis due to its broad inclusion in many
antibacterial activity studies, permitting broadly applicable
comparative data for future studies by others. The MIC of V-R
against E. coli 25922 is 8 uM?®. The MIC corresponds to the
lowest concentration of compound sufficient to inhibit growth of
bacteria in a defined time period in which the given concentration
of antibiotic is added to a cell culture with a bacterial density of
approximately 5 x 10° cells/mL. Higher concentrations of
antibiotic are required for higher density cell cultures®. For
preparation of a whole cell sample of approximately 20 mg, E. coli
were grown in 150 mL Mueller Hinton nutrient broth to
exponential phase with an ODggo of 0.6, corresponding to 2 x 10
cells/mL as determined by broth dilution and plating. Bacteria
were then collected by centrifugation after reaching the optical
density (ODgpo) of 0.6 and resuspended in 10 mL of 5 mM
glucose/5 mM HEPES containing 6 mg of ['*N4]V-R. An MIC of
8 uM is effective in preventing growth of ~5 x 10° cells/mL. Thus,
an approximate corresponding concentration of antibiotic to kill ~
2 x 10® cells/mL would be 400 uM. The 6 mg of V-R treatment
with cells in a 10 mL volume corresponds to 370 uM. Cells were
treated for 15 min and the whole cell-antibiotic complexes were
collected by centrifugation with removal of excess buffer and free
compound in solution. Using these conditions, bacteria were killed
and unable to grow following introduction into fresh medium (no
increase in ODggg), whereas bacteria from untreated control
samples continued to divide and multiply from the OD of 0.6 to
approximately OD 2.0 after 2 hours. The V-R-treated whole cell
pellet was flash frozen in liquid nitrogen and lyophilized. The dry

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. C{N} REDOR of ['>N4]V-R (7 mg) and the ['*N4]V-
R-treated E. coli complex (18 mg). C{N} REDOR with a 2.2
ms REDOR evolution time identified carbons directly bonded
to N in ['"'N4]V-R (top, blue spectra). These carbons are also
detected in the ["N4]V-R-E. coli cell complex (bottom, black
spectra). Each REDOR S, and S spectrum was the result of
110,592 scans.
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mass of the resulting whole cell-V-R complex was 25 mg of which
18 mg was transferred to a thin-wall (36 pL capacity) 3.2 mm
outer diameter zirconia rotor. The whole cell complex as well as
the pure compound, ['*N4]V-R, were analyzed by "N cross-
polarization magic-angle spinning (CPMAS)® and C{N}REDOR
NMR®!. The arginine N-terminus nitrogen is directly bonded to
vancomycin and displays the amide chemical shift centered at 123
ppm. The two terminal guanidinium nitrogens (1, 12) appear at
74 ppm and the e-nitrogen closer to the backbone is centered at 86
ppm. The "N CPMAS analysis of the whole cell complex yielded
excellent sensitivity, with detection of the nitrogens in [*N4]V-R.
Most notably, there is no appearance of an amine peak (Figure 1B,
bottom spectrum). Thus, arginine has not been liberated from
vancomycin. The "N CPMAS detection of ['*N4]V-R-treated E.
coli revealed that intact V-R is the active antibacterial agent.

To further interrogate the whole cell complex, we extended the
solid-state NMR approach to observe all the carbons at natural
abundance *C levels in the V-R-whole cell complex. Whole cell
CPMAS NMR experiments using natural abundance "*C detection
have previously been directed to detect carbon compositional
pools of different E. coli strains as well E. coli ribosomes*! 2,
Here, we performed a C{N}REDOR measurement to select and
identify carbons directly bonded to a labeled nitrogen (Figure 2).
The REDOR experiment is performed in two parts. A full-echo
reference (So) spectrum contains all the carbon contributions in the
whole cell-V-R complex. A dephased (S) spectrum is obtained in
a separate spectral acquisition, in which we restore '*C-""N dipolar
couplings that are suppressed by magic-angle spinning (MAS)
using 7 pulses. Thus, the REDOR difference (AS) spectrum
provides the full set of carbons within a certain distance of
nitrogen, depending on the evolution time allowed for recoupling.
We employed a 2.24 ms evolution time (16-Tr with 140 us rotor
period corresponding to 7143 Hz MAS) to select and dephase all
carbons directly bonded to nitrogen (C-N pairs with strong dipolar
couplings of ~900 Hz, corresponding to ~1.5 A). These carbons
are represented in the chemical structure of V-R with solid black
circles (Fig. 1A). The AS spectrum revealed the carbons with
chemical shifts directly corresponding to the anticipated carbons
bonded to nitrogen in V-R (Figure 2). Furthermore, C{N}REDOR
on the pure V-R compound yielded a similar AS spectrum (Figure
2, top). Specifically, we observed dephasing of carbons at 173
ppm, corresponding to the vancomycin C-terminal carbonyl
conjugated to the arginine N-terminus. This provides additional
direct evidence that the vancomycin-arginine amide bond remains
intact after treatment of E. coli with V-R. As anticipated,
dephasing by "N is also observed for the arginine a-carbon (C2)
at 56 ppm, the C; carbon at 42 ppm, and the terminal guanidinium
carbon (C¢) at 158 ppm (Figure 2).

Conclusions

Drug conjugates can be metabolized in cells through chemical and
enzymatic hydrolysis and, in the case of bacteria, specifically
through cell wall remodeling amidases. Owing to the
extraordinary activity of V-R as an active agent against Gram-
negative bacteria, including uropathogenic E. coli, it was pressing
to reveal whether V-R or liberated vancomycin without arginine

4 | J. Name., 2012, 00, 1-3

is the active agent within E. coli to inhibit peptidoglycan synthesis.
We determined that the intact V-R conjugate is the active agent
and is not operating in E. coli through a pro-drug mechanism
wherein arginine is liberated from V-R or otherwise chemically
modified. The "N CPMAS analysis is a direct way to identify and
distinguish between amide and amine nitrogen contributions in
whole cell samples and enabled this determination. Here, we
additionally highlighted the power of utilizing C{N} REDOR with
carbons at natural abundance, to obtain single bond selections to
detect drug carbons in the context of whole cell samples. This
approach is applicable to other antibiotics and antimicrobial
conjugates as well as prodrugs that are designed for release of an
active agent.

Experimental

Synthesis and characterization of [1>N,;]V-R.

[13N4]V-R was synthesized by WuXi AppTec (Shanghai, China) from
commercially available vancomycin HCI (StruChem, Wujiang City,
China, batch no. 20200412) and L-[!>Ng4]arginine (Sigma-Aldrich,
batch no. MBBC6301) according to the following procedure:

o o
IENH, I5NH,
HO HN
PyBOP Vancomycin, PyBOP
. NH;eH,0, DMF i DIEA, DMSO, DMF
H i HIEN
HINZ o, N »,N)mw

o

[*Na]V-R

Figure 3. Synthesis of ['SN4JV-R.

To a solution of compound 1 (60.0 mg, 347 pumol) in DMF (2.00 mL)
and NHs;-H;0 (2.00 mL) was added PyBOP (233 mg, 448 umol). The
reaction mixture was stirred at 25 °C for 18 hrs. LC-MS indicated that
most of the reactant was consumed and desired product mass was
detected. The reaction was concentrated under reduced pressure to
remove solvent to afford compound 2 (300 mg, crude) as a colorless
oil.

To a solution of vancomycin (344 mg, 237 umol) in DMF (3.00 mL)
and DMSO (3.00 mL) was added PyBOP (264 mg, 508 umol),
compound 2 (300 mg, crude) and DIEA (131 mg, 1.02 mmol). The
resulting mixture was stirred at 25 °C for 12 hrs. LC-MS indicated that
the starting material compound 2 was completely consumed and
desired product mass was detected. The reaction mixture was
filtered and the filtrated was purified by preparatory high-
performance liquid chromatography to afford the TFA salt of [13N4]V-
R (6.3 mg, 1.14% yield, 95% purity) as a white solid. Above-described
procedure was repeated twice to yield a total of 17.2 mg material.
The identity of the product was confirmed by mass spectrometry,
with data as follows:

This journal is © The Royal Society of Chemistry 20xx
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HRMS (ES+, m/z) calculated for C7;Hg1Cl2N10024(15N)4 (3+):
536.5191; Found: 536.5198.

HRMS (ES+, m/z) calculated for C7;HgoCl2N10024(15N)4 (2+):
804.2750; Found: 804.2760.

HRMS data are consistent with published HRMS data for the 3+ ion
of unlabeled V-R: (ES+, m/z) calculated for C7,Hg1024N14Clps*:
535.1897, Found: 535.1905.%7

Whole cell-[*>N,;]V-R sample preparation.

E. coli strain 25922 is a standard quality control strain and was
obtained from the American Type Culture Collection (ATCC 25922).
E. coli 25922 was grown in 150 mL Mueller Hinton nutrient broth to
exponential phase (ODgoo = 0.6), corresponding to 2 x 108 cells/mL as
determined by broth dilution and plating. Bacteria were collected by
centrifugation, resuspended in 10 mL of 5 mM glucose/5 mM HEPES
containing 6 mg of [1°N,]V-R, and incubated at room temperature for
15 min. The whole cell-antibiotic complexes were collected by
centrifugation with removal of excess buffer and free compound in
solution. Using these conditions, bacteria were killed and unable to
grow following introduction into fresh medium (observing no
increase in ODgoo), Whereas bacteria from untreated control samples
continued to divide and multiply from the ODgyo of 0.6 to
approximately ODgoo 2.0 after 2 hours. The V-R-treated whole cell
pellet was flash frozen in liquid nitrogen and lyophilized for solid-
state NMR analysis.

Solid-state NMR spectroscopy experiments.

Experiments were performed inan 11.7 T wide-bore magnet (Agilent
Technologies, Danbury CT) using an HCN BioMAS 3.2 mm Agilent
probe (Agilent Technologies) with a DD2 console (Agilent
Technologies). Samples were spun at room temperature in thin-wall
(36 pL capacity) 3.2 mm outer diameter zirconia rotors at 7143 + 2
Hz. CPMAS47 was performed using ramped CP (1.5 ms) and with
TPPM decoupling of 1H at 92 kHz and a recycle delay of 2 s. Field
strengths for 13C and 15N cross-polarization were all 50 kHz with 1t-
pulses of 10 ps and with a 10% linear H ramp centered at 57 kHz.
TPPM 1H decoupling was performed at 92 kHz during acquisition. 80
Hz exponential line broadening was applied to all free induction
decays prior to Fourier transformation. Spectrometer chemical shift
referencing was performed using 13C referenced to solid adamantine
at 38.5 ppm.>?2

Rotational-echo Double-resonance (REDOR) NMR* was used to
restore the 13C-13N dipolar couplings that are removed by magic-
angle spinning (MAS). REDOR experiments are performed in two
parts, once with dephasing (S) and once without (full echo, So). The
difference in signal intensity, referred to as the REDOR difference, AS
(So -S), for the observed spin is directly related to the corresponding
distance to the dephasing spin. The REDOR evolution time of 2.2 ms
enables complete dephasing of carbons directly bonded to 1°N.
Standard REDOR for Figure 2 made use of alternating mt-pulses on 13C
and 3N channels with XY8 phase cycling and echo detection. For
REDOR NMR, the decoupling field strengths were also 92 kHz (using
TPPM) during acquisition and during periods containing REDOR
pulses and employed 13C and 15N rt-pulses of 10 ps.

This journal is © The Royal Society of Chemistry 20xx
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