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Abstract: Resistance to glycopeptide antibiotics, the drugs of
choice for life-threatening bacterial infections, is on the rise. In
order to counter the threat of glycopeptide-resistant bacteria,
we report development of a new class of semi-synthetic
glycopeptide antibiotics, which not only target the bacterial
membrane but also display enhanced inhibition of cell-wall
biosynthesis through increased binding affinity to their target
peptides. The combined effect of these two mechanisms
resulted in improved in vitro activity of two to three orders of
magnitude over vancomycin and no propensity to trigger drug
resistance in bacteria. In murine model of kidney infection, the
optimized compound was able to bring bacterial burden down
by about 6 logs at 12 mgkg™"' with no observed toxicity. The
results furnished in this report emphasize the potential of this
class of compounds as future antibiotics for drug-resistant
Gram-positive infections.

Vancomycin, a glycopeptide antibiotic, has been long
considered as the “Antibiotic of Last Resort” for the treat-
ment of lethal infections caused by methicillin-resistant
Staphylococcus aureus (MRSA).' The extensive use of
vancomycin for MRSA infections resulted in reduced sus-
ceptibility to vancomycin, which may be associated with
vancomycin treatment failure against vancomycin intermedi-
ate S. aureus (VISA) and vancomycin-resistant S. aureus
(VRSA).”l' Additionally, the emergence of vancomycin-
resistant Enterococci (VRE) is a growing threat worldwide.®!
At present, only a few drugs such as daptomycin, ceftaroline,
quinupristin/dalfopristin, and linezolid are available for the
treatment of infections caused by VISA, VRSA, and VRE
but resistance to even these last line antibiotics in bacteria has
been reported in clinical settings.*! This persistent threat of
drug resistance has triggered a lot of interest in the scientific
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community to develop various strategies to tackle the
problem.l*2

Vancomycin binds to D-Ala-p-Ala terminus of peptido-
glycan pentapeptide of the bacterial cell wall through five
hydrogen bonds, sequesters the substrate from transpepti-
dases, and inhibits cell-wall crosslinking.!! Over the time,
bacteria developed resistance to the drug by alteration of cell-
wall precursors from pD-Ala-D-Ala to p-Ala-p-Lac (depsipep-
tide, VanA and VanB phenotypes of vancomycin-resistant
bacteria; VRB) which leads to manifold reduction in the
binding constant of vancomycin to its target and results in
> 1000-fold loss of antibacterial activity."*! Divalent, trivalent,
and polyvalent vancomycin derivatives have been shown to
have improved binding affinity towards resistant bacterial
ligand (D-Ala-pD-Lac) but these derivatives did not have
appreciable activity against more virulent VanA phenotypic
VRB.[" Boger and co-workers developed vancomycin agly-
conamidine exhibiting dual binding affinity to both p-Ala-D-
Ala and p-Ala-p-Lac and the derivative showed potent
antibacterial activity against VanA-resistant VRE strain.!"”
Recently, we developed various vancomycin derivatives to
enhance the overall binding constant with the target peptide,
thereby reinforcing the activity of the drug against VRB."!

An alternate approach to tackle vancomycin resistance is
to incorporate bacterial membrane disruption properties to
vancomycin.'"!8 Semi-synthetic lipoglycopeptides such as
oritavancin, dalbavancin, and telavancin were shown to have
bacterial membrane disruption property at high concentra-
tions (10-fold higher than MIC) due to which they exhibited
high activity against resistant strains.'"!) Recently we have
developed vancomycin derivatives having strong membrane
disruption properties at sub-MIC value (< 0.5 um) and were
shown to have high activity against various VRB.[*)

In the present report, with an aim to effectively combat
VRB infections, we have developed permanent positively
charged lipophilic vancomycin—sugar conjugates (Scheme 1),
wherein a sugar moiety is appended to the carboxylic group of
vancomycin in order to enhance the binding affinity towards
target depsipeptide and a permanent positively charged
lipophilic moiety is conjugated to the amine group of
vancosamine in order to confer strong membrane disruption
properties. We have demonstrated that the two effects act
synergistically and with this combined approach, we could
achieve > 8000-fold more activity than vancomycin against
VRE. An optimized compound showed high in vivo anti-
bacterial activity against VRE kidney infection in mouse
models.
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Scheme 1. Synthesis of permanent positively charged lipophilic vancomycin conjugates (1b-5b), vancomycin-sugar conjugate (6) and permanent
positively charged lipophilic vancomycin—sugar conjugates (1-5). DIPEA= N,N-diisopropylethylamine; HBTU = O-(1H-benzotriazoyl-1-yl)-

N,N,N’,N, -tetramethyluronium hexafluorophosphate.

Permanent positively charged lipophilic vancomycin—
sugar conjugates (Scheme 1, 1-5) were synthesized by
appending a positively charged lipophilic moiety to the
amine group of vancosamine and further by conjugating
a lactobiono sugar moiety to the C-terminal of vancomycin.
Initially, N-alkylation of 4-pyridine carboxaldehyde was
performed with various alkyl (hexyl, octyl, decyl, dodecyl,
and tetradecyl) bromides to form compounds 1a-5a, which
were coupled to vancomycin through Schiff’s base formation
followed by reduction to give permanent positively charged
lipophilic vancomycin analogs (1b-5b). Subsequently, lacto-
bionolactone was reacted with N-Boc-1,3-propanediamine to
yield compound 6a followed by deprotection of N-Boc, to
give compound 6b, which were finally coupled to compounds
1b-5b using O-(1H-benzotriazoyl-1-yl)-N,N,N',N, -tetrame-
thyluronium hexafluorophosphate (HBTU) to afford com-
pounds 1-5. All the compounds were purified by reverse
phase HPLC to more than 95% purity and characterized by
'"H NMR spectroscopy and HRMS. A vancomycin-sugar
conjugate (compound 6, Scheme 1) was also prepared
wherein vancomycin was conjugated to a sugar moiety, 6b,
which does not have a permanent positively charged lip-
ophilic moiety.

The antibacterial activities of all compounds were deter-
mined against vancomycin-sensitive and vancomycin-resist-
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ant bacterial strains including drug-resistant clinical isolates.
The results are summarized in Table 1, and in Tables S1 and
S2 in the Supporting Information. Compounds 1b-5b bearing
a permanent positively charged lipophilic moiety, were found
to be 2 to 3-fold more active than vancomycin against
vancomycin-sensitive strains with the MICs varying from 0.1-
04 um (p <0.01). Further these compounds showed high
activity against MRSA with the MIC of 0.1 to 0.2 um. In case
of VISA, most of these compounds were found to be 40 to
130-fold more active than vancomycin, the lowest MIC being
0.1 um (p <0.01). When tested against VRE (VanA pheno-
type) and VRE (VanB phenotype), these compounds exhib-
ited MIC in the range of 0.8-15 um and 1.0-12 uMm respectively.
The activity increased with increase in chain length of the
lipophilic moiety.

In our previous study,'! wherein lactobiono sugar moiety
was conjugated to vancomycin, compound 6 exhibited an
MIC of 36 pm, which is about 25-fold more active than
vancomycin against VRE. This increase in activity was
attributed to higher binding affinity towards the target
peptide of VRB. Therefore, it was envisioned that incorpo-
ration of a lactobiono sugar moiety to compounds 1b-5b also
might aid in higher binding affinity towards bacterial target
peptides. Thus, compounds 1-5 bearing both a permanent
positively charged lipophilic moiety and a sugar moiety were
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Table 1: n vitro antibacterial activity of the compounds. To check our hypothesis, we had evaluated the
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Compound ~ MRSA VISA®! VSEL VREm VREs® binding constants of compound 6 and the best
- compound of this series (2) using UV-difference
Vancomycin  0.78+0.02 135421  0.60+0.02 750483  250+3.6 . del Tioands which
1b 0224003 02541005 040003 145419 1234165 Spectroscopy against model ligands which represent
2b 0104002 0114002 0314003 29401  62+04  the target peptides found in sensitive and resistant
3b 0.12£0.01 0.13£0.01 020+0.02 1.8+£04  3.3+06 bacteria: N,N'-diacetyl-Lys-D-Ala-D-Ala and N,N'-
4b 0.22+0.03 0.25+0.03 0.224+0.04 1.0+0.1 1.5+0.4 diacetyl-Lys-D-Ala-D-Lac, respectively (Figures S1-
5b 0.10+0.01 0.154+£0.01 0.154+£0.01 0.754+0.05 1.2+0.2 S4), The binding affinities of compounds 2 and 6
1 0104001 0204004 0204004 334043 25405  were found to be 2-fold higher than vancomycin
2 009002 010%001 011£001 009002 134025  oninei N N'-diacetyl-Lys-p-Ala-b-Ala. When eval-
3 0204004 0094002 0124002 0304003 1.3+03 : o
4 0294002 0314001 0134002 0414002 1140  Uated against N.N'-diacetyl-Lys-p-Ala-p-Lac, the
5 0104001 0204003 015+001 055+005 095-+015 binding affinity of compounds 2 and 6 were >150-
6 0444005 0314004 0324003 363+35 307423 fold (5.7x10'M™" and 8.8x10*m™") higher than
Dalbavancin  0.04 N.D.1 0.08 >18 0.12 vancomycin (5x10°m!). This result suggests that
Telavancin 0.3 N.D.0 0.15 4.0 1 conjugation of sugar moiety improved the binding

[a] Methicillin-resistant S. aureus, [b] vancomycin-sensitive E. faecium, [c] vancomy-
cin-intermediate-resistant S. aureus, [d] vancomycin-resistant E. faecium, VanA and
[e] vancomycin-resistant E. faecalis, VanB. Data [MICy] for dalbavancin and

telavancin was taken from Ref. [18]. [f] No data available.

synthesized and their antibacterial activities were deter-
mined. These compounds showed improved antibacterial
activities compared to their respective homologous com-
pounds (1b-5b) against all the bacteria tested. In case of
vancomycin-sensitive bacteria, compounds 1-5 showed
slightly better activity compared to compounds 1b-S5b
whereas enhanced activity was observed against VRB. Com-
pound 2 bearing an octyl chain showed the best activity
against MRSA with the MIC of 0.09 pm. In case of VISA,
compounds 2 and 3 displayed good activity with the MIC of
about 0.1 uM. When checked against VRE (VanA pheno-
type), compound 2 showed high activity with the MIC of
0.09 um whereas vancomycin was active at 750 um. However,
further increase in lipophilic chain length, did not enhance the
activity significantly against VRE as seen for compounds 3-5
(MIC=0.3-0.4 um). Compounds 1-5 also showed good
activity against VRE (VanB phenotype) with MIC in the
range of 0.9-2.5 um. Further, these compounds (1-5) dis-
played high activity against multidrug-resistant clinical iso-
lates of Staphylococci (S. aureus, S. haemolyticus, and S.
epidermidis) with the MIC of <0.3 pm. Compound 2 dis-
played the best activity exhibiting the MIC of about 0.1 um
(Table S2).

The glycopeptide (compound 6) which bears a sugar
moiety but is devoid of permanent positively charged lip-
ophilic moiety and compound 2b comprising permanent
positively charged lipophilic (octyl) moiety but lacks sugar
moiety showed MIC of 36 um and 2.9 um, respectively, against
VREm, which are about 25 and 300-fold more active than
vancomycin. Glycopeptide 2, on the other hand, (comprising
both sugar moiety and permanent positively charged lip-
ophilic moiety) was > 8000-fold more active than vancomy-
cin. Therefore, this enhanced activity of compound 2 is
attributed to the synergistic action of incorporated sugar
moiety and permanent positively charged lipophilic moiety.
On the other hand, the MIC,, values of telavancin and
dalbavancin against VREm (VanA phenotype) were found to
be 4 and 18 pm, respectively (Table 1).

© 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

affinity of the compound towards target peptides and
this was irrespective of the presence of the perma-
nent positively charged lipophilic moiety.

Next, we investigated membrane disruptive
properties of compounds 1-6 (Figure 1 A-C), com-
pounds 1b-5b (Figure S5) and vancomycin at 5 pm,
using fluorescence spectroscopy against VRE. First, the
ability of the compounds to depolarize VRE membranes
has been examined using a membrane-potential-sensitive dye
DiSC5(5) (3,3-dipropylthiadicarbocyanine iodide). An
increase in fluorescence was observed upon dissipation of
the membrane potential after addition of test compounds.
Unlike in case of vancomycin and compound 6, all the new
compounds were able to dissipate the bacterial membrane
potential (Figure 1 A and Figure S5 A). Bacterial cytoplasmic
membrane permeabilization was studied using the fluorescent
probe propidium iodide. Unlike vancomycin and compound
6, which did not cause significant membrane permeability,
compounds 1-5 and compounds 1b-5b showed strong ability
to permeabilize the cytoplasmic membrane of VRE. Then, we
investigated the release of intracellular potassium ion caused
by the compounds using a potassium-ion-sensitive fluoro-
phore, PBFI-AM compared with a positive control, valino-
mycin. Compounds 1-5 (Figure 1 C) and compounds 1b-5b
(Figure S5C) caused significant leakage of potassium ion
similar to valinomycin, whereas vancomycin and compound 6
were completely ineffective. Hence, bacterial exposure to
these new compounds resulted in increased membrane
permeability, perturbation of cell membrane potential, and
finally leakage of intracellular K" ions, while vancomycin
showed no such effect. Further, we observed a gradual
increase in membrane disruption with increase in lipophilic
chain length.

To investigate the effect of newly installed properties on
inhibition of peptidoglycan biosynthesis, we determined the
accumulation of UDP-linked peptidoglycan precursor, UDP-
N-acetyl-muramyl-pentadepsipeptide (UDPMurNAc-pp)
after treating VRE with compounds 2, 6 and vancomycin at
5 uM. On treatment with compounds 2 and 6, a more intense
peak was observed at 260 nm, compared to vancomycin,
indicative of greater accumulation of UDPMurNAc-pp;
which was confirmed by HRMS (m/z=1150.94 (cal),
1150.90 (obs) for [M + H]") (Figure 1D and Figure S6). The
higher accumulation of UDPMurNAc-pp indicated increased
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Figure 1. Mechanistic studies: Disruption of bacterial cell membrane integrity of vancomycin and compounds 1-6, at 5 um against VRE (A-C).
A) Cytoplasmic membrane depolarization, B) cytoplasmic membrane permeabilization, C) intracellular potassium ion leakage, and D) intracellular
accumulation of the cell-wall precursor UDPMurNAc-pp after treatment of VRE with vancomycin, compounds 2 and 6 at 5 um by monitoring

absorbance at 260 nm wavelength.

inhibition of cell-wall biosynthesis by compounds 2 and
6 over vancomycin. The enhanced ability of compound
2 to inhibit the cell-wall biosynthesis can be attributed
to its higher binding affinity to the target peptide and
its membrane-disruptive properties which may also
indirectly affect the cell-wall biosynthesis.

The escalating rise of drug resistance in bacteria led
us to evaluate the possibility of emergence of bacterial
resistance to this class of compounds. Here, we
exposed MRSA to vancomycin and compound 2 for
serial passages and monitored the changes in MIC
values for a period of 25 days. Even after 25 passages,
the MIC of compound 2 remained unchanged. How-
ever, the MIC of vancomycin started increasing after 7
passages and the value increased to > 10-fold after 25
passages (Figure 2A). Thus bacteria were futile in
acquiring resistance against compound 2 and this
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Figure 2. A) Bacterial resistance studies of vancomycin and compound 2
against MRSA. B) In vivo antibacterial activity of vancomycin, linezolid, and
compound 2 in renal infection model against VRE. Differences are considered
statistically significant from the untreated group with a value of P<0.05. Error
bars represent 95% confidence intervals. The red arrow in (B) indicates the
bacterial pretreatment titer.

indicates the potential, long-lasting clinical utility of this
class of compounds. Further, the compounds were found to be
non-toxic even up to 100 um concentration against human
RBC and HeLa cells (Table S3).
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Biofilms constitute a protected mode of bacterial growth
that allows survival in a hostile environment and are resistant
to conventional antibiotics. The biofilm disruption ability of
vancomycin, compounds 2 and 2b was performed against
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MRSA. Compounds 2 and 2b displayed significant reduction
(> 5 log colony-forming units per milliliter; CFUmL ) of cell
viability in preformed biofilms at 5 um whereas vancomycin
showed only an about 2 log CFUmL ™' reduction compared to
nontreated control (Figure S7A). Further, compound 2 was
more effective in disrupting the biofilm compared to com-
pound 2b. Crystal violet staining was used to visually observe
the extent of biofilm disruption (Figure S7B).

The invivo activity of compound 2 was evaluated in
a murine kidney infection model against VRE (10° CFU per
mouse; intravenous, iv). After 4 h of infection, the mice were
treated with three doses of vancomycin, linezolid, compound
2 (each at 12 mgkg'; intraperitoneal, ip), and saline (Fig-
ure 2B). After 72 h of the initial treatment, the antibacterial
activity was evaluated by determining the bacterial titer in the
infected kidneys. In comparison to vancomycin and linezolid,
compound 2 reduced the bacterial titer from the infected
kidneys more effectively. Linezolid produced an about 4 log,,
CFU reduction from vehicle-treated control (saline) whereas
compound 2 produced an about 6 log;, CFU reduction
(Figure 2B). Further, compound 2 was found to be non-toxic
even at 100 mgkg ™! (bolus dosage, iv) indicating a good safety
profile of the compound required for therapeutic applica-
tions.

The clinical impact of such efficient glycopeptides anti-
biotics is likely to be significant, presenting a rational
approach forward in the development of antibiotics for the
treatment of drug-resistant bacterial infections. The incorpo-
ration of membrane disruption properties into vancomycin
along with increased binding affinity makes these new
glycopeptides distinct from other existing derivatives in
their ability to effectively tackle VRB. This is displayed in
the high antibacterial activity of the compounds against
MRSA, VISA, VRE, and in curbing the development of
bacterial resistance. An optimized compound showed potent
activity against VRE, being 2 to 3 orders of magnitude more
effective than vancomycin. Further, this compound showed
high in vivo antibacterial activity against VRE kidney infec-
tion. We firmly believe that our multipronged approach bears
high potential and could be a valuable extension to the
antibiotic arsenal to combat infections caused by VRB.
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