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ABSTRACT: Resistance to last-resort antibiotics such as vanco-
mycin for Gram-positive bacterial infections necessitates the
development of new therapeutics. Furthermore, the ability of
bacteria to survive antibiotic therapy through formation of biofilms
and persister cells complicates treatment. Toward this, we report
alkyl-aryl-vancomycins (AAVs), with high potency against vanco-
mycin-resistant enterococci and staphylococci. Unlike vancomycin,
the lead compound AAV-qC10 was bactericidal and weakly
dependent on bacterial metabolism. This resulted in complete
eradication of non-growing cells of MRSA and disruption of its
biofilms. In addition to inhibiting cell wall biosynthesis like
vancomycin, AAV-qC10 also depolarizes and permeabilizes the
membrane. More importantly, the compound delocalized the cell
division protein MinD, thereby impairing bacterial growth through
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multiple pathways. The potential of AAV-qC10 is exemplified by its superior efficacy against MRSA in a murine thigh infection
model as compared to vancomycin. This work paves the way for structural optimization and drug development for combating drug-

resistant bacterial infections.

B INTRODUCTION

Antimicrobial resistance is rapidly rendering blockbuster drugs
obsolete. The situation is best exemplified by the emergence of
enterococci and staphylococci resistant to vancomycin. This
has prompted the World Health Organization (WHO) to list
them as high-priority pathogens for antimicrobial drug
discovery.! Coupled with the emergence of resistance to
conventional antibiotics, chronic infections caused by Staph-
ylococcus aureus are prone to relapses due to the formation of
biofilms and persister cells.”’ Addressing these challenges for
the effective treatment of bacterial infections also needs to be
prioritized.”*

Due to the clinical success of vancomycin before the report
of resistance, continued drug discovery research toward
glycopeptide antibiotics has led to the approval of three new
second-generation glycopeptide antibiotics oritavancin, tela-
vancin, and dalbavancin in the last decade.” Glycopeptide
antibiotics act by binding to the p-Ala-pD-Ala moiety of the
pentapeptide stem of the peptidoglycan precursor.” This
blocks the p-Ala-p-Ala moiety from interacting with trans-
glycosylases and transpeptidases, impairing cell wall biosyn-
thesis. A common feature of the second generation of
antibiotics is an N-lipophile-substituted amino sugar, which
imparts additional mechanisms of action in addition to p-Ala-
p-Ala binding.” For example, telavancin is reported to inhibit
lipid biosynthesis, while, in oritavancin, the liposaccharide
entity can interact with and inhibit the transglycosylase
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enzymes that mediate polymerization of the cell wall
precursors.® To date, numerous resistant phenotypes with
variable susceptibility to each of the glycopeptide antibiotics
have been reported.” The spectrum of activity of these
seemingly similar glycopeptides derivatives differ against
various phenotypes of vancomycin-resistant enterococci in
their mechanisms of action and pharmacological properties,
leaving room for further exploration.®

The bacterial cell envelope consisting of the cell wall and
membrane constitutes various proteins essential for cell
survival.'’ Tt serves as a protective barrier and is an excellent
target for killing bacteria."' Antimicrobial peptides produced
by the immune system also act by disrupting the membrane of
S. aureus.'” Drawing inspiration from the antimicrobial
peptides, research groups have developed membrane-disrup-
tive derivatives to overcome resistance to vancornycin.5
Peripheral modifications on vancomycin to incorporate
membrane-disruptive moieties have been explored."*'°
Other strategies developed involve the enhancement of
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Scheme 1. Synthesis of Alkyl/Aryl-Aryl-Vancomycins
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binding affinity to the target peptide or other components of
the bacterial membrane;'”*® and backbone modifications to
substitute the lost binding affinity to the target."”~>' However,
vancomycin derivatives that overcome both genotypic and
phenotypic resistance to vancomycin still remain underex-
plored. In a continued effort to develop more effective
glycopeptide antibiotics to overcome both these aspects of
infection, we report a class of alkyl-aryl-vancomycins (AAVs).
In these molecules, the vancosamine sugar has been system-
atically functionalized with amphipathic moieties constituting
aliphatic/aromatic groups with and without quaternary
ammonium moieties. The effect of the compounds on bacteria
at various stages of growth hinted at multiple mechanisms of
action being at play. Systematic investigations deciphering the
mode of action were undertaken. Finally, the efficacy of the
best compound was validated in a murine model of infection.

B RESULTS

Design and Synthesis. The second-generation glycopep-
tide antibiotics dalbavancin, oritavancin, and telavancin contain
alkyl or aryl lipophilic substitutions on the sugar moieties of
the glycopeptides. Dalbavancin is a derivative of the natural
glycopeptide, teicoplanin containing a terminally branched
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dodecyl chain and is amidated at the carboxylic acid group.””
Telavancin has a decylaminoethyl moiety conjugated at the
vancosamine sugar and a methylaminophosphonic acid group
at the resorcinol position.”” This methylaminophosphonic acid
group results in increased clearance and a reduction in kidney
and liver distribution as compared with the derivative lacking
it.”> Oritavancin is a derivative of the naturally occurring
glycopeptide chloroeremomycin containing a 4-chlorobiphe-
nylmethyl moiety at the sugar and an additional 4-epivancos-
amine sugar. These variable modifications result in improved
activity of the second-generation glycopeptides against
vancomycin-resistant bacteria (VRB). We had also previously
reported that C-terminus cationic lipophilic vancomycin
derivatives were highly active against VRB.”> Derivatives
containing alkyl-, aryl-, and cationic moieties at the vancos-
amine sugar of vancomycin remain unexplored. Combinations
of aromatic and aliphatic groups in various designs of
antimicrobial agents have been shown to change the spectrum
of activity and selectivity.”*** To explore this variation, broadly
two sets of vancomycin derivatives with alkyl-aryl or aryl-aryl
substitutions were synthesized, each consisting of subsets with
and without a cationic moiety. We designed four sets of
lipophilic/amphiphilic-aryl aldehyde precursors for derivatiza-
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Table 1. Antibacterial Activity of Alkyl/Aryl-Aryl-Vancomycins against Multidrug-Resistant Gram-Positive Bacteria and
Toxicity against Human Erythrocytes (HCg,)”

compounds
AAV-CS8 (1)
AAV-C10 (2)
AAV-C14 (3)
AAV-qC6 (4)
AAV-qCS (5)
AAV-qC10 (6)
AAV-qC12 (7)
AAV-qCl4 (8)
AAV-qPh (9)
AAV-qNaph (10)
AAV-gBiph (11)
CBP-Van (12)

Vancomycin

MIC (uM) HCso
MRSA VRSA1 VRSA4 VRSA12 VRE903 VRE909 VREATCC 51575  VRE ATCC 51559 (uM)
1 42 2.1 0.3 42 2.1 1 8.3 >250
2 2 1 2 2 2 02 2 62.5
4 8 4 4 2 4 4 4 27.5
0.4 14.9 29.8 7.4 7.4 14.9 >30 >30 >250
0.4 1.8 3.7 3.7 0.9 0.9 147 14.7 >250
0.9 1.8 0.45 0.9 0.45 0.9 3.6 3.6 >250
1.8 0.9 0.9 0.9 0.9 0.9 1.8 1.8 72
1.8 1.8 1.8 1.8 0.9 0.9 1.8 1.8 35
0.9 30.5 30.5 30.5 >30 >30 >30 >30 >250
0.9 29.8 149 3.7 14.9 7.4 >30 >30 >250
0.5 7.3 7.3 3.7 7.3 3.7 14.7 14.7 >250
0.5 42 2.1 42 4.2 42 2.1 42 N.D
0.6 346 346 346 692 346 346 1384 N.D

“MRSA, methicillin-resistant S. aureus ATCC 33591; VRSA, vancomycin-resistant S. aureus; VRE, vancomycin-resistant enterococci; and N.D., not

determined.
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Figure 1. Antibacterial activity and cytotoxicity. (A) Trend of antibacterial activity of AAVs against VRE 909 and VRSA 4. (B) Viability of HEK
cells upon treatment with AAV-qC10. (C) Microscopic images of HEK cells post-treatment with AAV-qC10 (30 M) and 0.1% Triton-X and
stained with calcein AM and propidium iodide (PI) dyes (scale bar for all images corresponds to SO ym). Time-dependent bactericidal activity of
vancomycin and AAV-qC10 against exponential growth phase drug-resistant (D) MRSA and (E) VRE (vancomycin was used at 64 yg/mL). “*”

indicates <50 cfu/mL.
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tion of vancomycin at the primary amine of vancosamine
through reductive amination (Scheme 1). In Set 1A (alkyl-aryl-
vancomycins), an alkyl moiety (octyl-, decyl-, or tetradecyl-)
was conjugated to 4-carboxy-benzaldehyde; Set 1B (aryl-alkyl-
cationic-vancomycins) contained an amphiphilic moiety (alkyl-
cationic moiety-), which includes a positive charge between the
lipophilic group and the benzyl group, while Set 2A contains
an aryl-cationic moiety conjugated to benzyl, as an appendage
to vancomycin (Scheme 1). Set 2B consisted of one molecule
with an aryl-aryl moiety (4-chlorobiphenyl-) conjugated to the
vancosamine sugar (CBP-Van).

In the first step, alkyl amines (hexyl-, octyl-, decyl-, dodecyl-,
and tetradecyl-amines) were reacted with bromoacetyl bro-
mide in the presence of K,CO; to yield activated bromides
(1a—S5a, Scheme 1). The tertiary amine of tert-butyl (3-
(dimethylamino)propyl)carbamate was then reacted with
respective activated alkyl bromides (1a—Sa) and aryl bromides
(benzyl-, naphthalen-1-yl-methyl-, and 4-chlorophenyl-benzyl
bromides; 6a—8a) to yield Boc-protected cationic-lipophilic
intermediates 1b—8b. This was followed by deprotection of
the Boc-group under acidic conditions to generate primary
amines bearing lipophilic-cationic intermediates (1c—8c).
Then, the primary amine bearing lipophilic-cationic amines
(1c—8c) and various alkyl amines (octyl-, decyl-, and
tetradecyl-amines; 9c—11c) was conjugated to the carboxylic
acid of 4-carboxy-benzaldehyde through amide bond for-
mation, using HBTU as a coupling agent, to obtain the
precursor aldehydes (1d—11d). These aldehydes (1d—11d)
and 4-chlorobiphenyl-carboxaldehyde (12d) were then con-
jugated with the primary amine of vancosamine of vancomycin
by Schiff base formation, followed by reduction using
NaCNBHj (reductive amination) to obtain the vancomycin
derivatives (AAVs; 1—12). All the derivatives of vancomycin
were then purified by reversed-phase high-performance liquid
chromatography (RP-HPLC) to more than 95% purity and
characterized by high-resolution mass spectrometry (HRMS)
and 'H nuclear magnetic resonance (NMR) spectroscopy
(Supporting Information).

In Vitro Antibacterial Activity. The antibacterial activity
of the AAVs (1—12) was assessed as the minimum inhibitory
concentration (MIC) against various vancomycin-resistant
strains of staphylococci (VRSA) and enterococci (VRE),
respectively. The MIC was determined as the lowest
concentration of a compound required to completely inhibit
the growth of bacteria. Vancomycin was inactive up to a
concentration of 346 yM (512 pg/mL) against all vancomycin-
resistant strains and showed an MIC of 0.7 uM against MRSA
(Table 1). AAV-C8 showed 166-330-fold enhancement in
activity against vancomycin-resistant strains (VRSA and VRE)
and about 2-fold against vancomycin-sensitive strains (MRSA)
as compared to vancomycin. The antibacterial activity
increased in the decyl derivative AAV-C10 by up to 670-fold
and 390-fold against VRE (MIC = 0.2—2 pM) and VRSA
(MIC = 1-2 uM), respectively. The tetradecyl chain derivative
(AAV-C14) exhibited 2- to 4-fold lower activity than the lower
alkyl chain derivative, AAV-C10 (Figure 1A). The attachment
of the alkyl-aryl moieties onto vancomycin (Set 1A: AAVs; 1—
3) resulted in the increased activity against VRB.

In Set 1B (alkyl-cationic-aryl-vancomycins, 4—8), AAV-qC6
showed a 2-fold higher activity against MRSA, and 10- to 93-
fold enhancement in activity against vancomycin-resistant
pathogens (VRSA and VRE) as compared to vancomycin
(Table 1). Substitutions with longer chains resulted in an

increase in antibacterial activity. Against MRSA, the activity of
AAV-qC8 was close to that of vancomycin, while against
various strains of VRSA and VRE, an up to 750-fold increase in
activity as compared to vancomycin was observed. The decyl-
chain-containing derivative, AAV-qC10, showed an up to
1384-fold increase in activity against VRB as compared to
vancomycin. An increase in the hydrophobicity beyond decyl
did not result in a further enhancement in antimicrobial
activity. Both AAV-qC12 and AAV-qC14 possessed similar
activity, with up to 780-fold higher activity than vancomycin
against VRB. These compounds had a similar trend of
enhancement in activity against both VRE and VRSA (Figure
1A). The optimum activity was achieved by the decyl chain
derivative AAV-qC10 (MICygg = 0.45—3.6 uM and MICyggs
= 0.45—1.8 uM, Table 1). The introduction of alkyl-cationic-
aryl moieties onto vancomycin in Set 1B also increased activity
against both VRSA and VRE as compared to vancomycin and
this enhancement was similar to that observed in Set 1A.
When the alkyl group of Set 1B was replaced with an
aromatic group in Set 2A (aryl-cationic-aryl-vancomycins, 9—
11), the activity against VRE and VRSA was reduced. The
phenyl-substituted derivative (AAV-qPh) was inactive up to 30
UM and the activity increased with the number of aromatic
rings in AAV-qNaph and AAV-qBiph. The activity followed the
order of AAV-qPh < AAV-qNaph < AAV-qBiph (Figure 1A).
Among these, AAV-gBiph resulted in highest activity with 47—
94-fold enhancement in activity against VRE and VRSA as
compared to vancomycin (MIC = 3.7—14.7 uM). Although
the compounds were more active than vancomycin against
VRSA and VRE, the inclusion of aryl-cationic-aryl moieties
also deterred the antimicrobial activity as compared to that of
CBP-Van (Set 2B: aryl-aryl-vancomycin, 12). CBP-Van
showed activity similar to that of Set 1 against VRE and
VRSA (MIC = 2—4 uM) but was more active than vancomycin
against both VRE and VRSA. Overall, the compounds in Set
2A and Set 2B containing aryl-aryl substitutions were less
active than a combination of alkyl-aryl substitutions in Set 1.
Given that the compounds in Set 1B showed highest activity,
the activity of the cationic lipophilic portion of the most active
compound, AAV-qC10, alone (Compound 13, Scheme S1)
and in combination with vancomycin was tested against
vancomycin-resistant Enterococcus faecium (VRE). The MIC
value of compound 13 was found to be > 40 M against VRE.
The physical mixture of vancomycin and compound 13 was
inactive even up to their individual concentrations of 40 yM
against VRE, whereas AAV-qC10 showed an MIC of 0.45 uM.
In Vitro Toxicity. Toxicity against Human Erythrocytes
(Hemolytic Activity). For a drug candidate to be successful, it
must exhibit low toxicity against mammalian cells. To assess
the potential of these AAVs as drug candidates, the toxicity of
the compounds was determined as their ability to lyse
erythrocytes (50% hemolytic activity, HCyy). Among the Set
1A compounds, HCy, of AAV-C8 was greater than 250 uM,
while AAV-C10 and AAV-C14 exhibited higher hemolytic
activity with HCy of 62.5 and 27.5 uM, respectively. An
increase in hemolytic activity was observed with increasing
hydrophobicity. The compounds in Set 1B, AAV-qC6, AAV-
qC8, and AAV-qC10, displayed low hemolytic activity (1—
12%) at 250 uM. However, a sharp increase in hemolytic
activity was observed for the longer alkyl substitutions as in
AAV-qCI12 (HCy, = 72 uM) and AAV-qC14 (HCy = 35 uM).
In general, the compounds in Set 1B exhibited higher
antibacterial activity than those in Set 1A and were also less

https://doi.org/10.1021/acs.jmedchem.1c00449
J. Med. Chem. 2021, 64, 10185—10202


https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00449/suppl_file/jm1c00449_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.jmedchem.1c00449/suppl_file/jm1c00449_si_001.pdf
pubs.acs.org/jmc?ref=pdf
https://doi.org/10.1021/acs.jmedchem.1c00449?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of Medicinal Chemistry

pubs.acs.org/jmc

MRSA

(A)

180
—=— Untreated
~——e—Vancomycin

1604—— AAV-qC10

140 -

120

"

B

100

7

Normalized fluorescence intensity (a.u.)

T

10

15 20 25

Time (mins)

B. subtilis

0 5

(B) 5 150
—=— Untreated
—e— Vancomycin

135]——AAV-qc10

120 4

105+

2

90 T

Normalized fluorescence intensity (a.u.)

15 20 25 30 35 40 4

Time (mins)

VRE

0 5 10

5

(C) 210

—=a— Untreated
——e—\ancomycin

35

s

2

‘@ 1809 ——naAv-qC10

2

£

Y 1504

[

[

(¥}

]

S 1204

3

7

N 90+

T

E — —r—————y

2 0 5 10 15 20 25 30
Time (mins)

35

(D)

(E)

MRSA

1

=]
(3]
1

—=— Untreated
—e— Vancomycin
—a— AAV-qC10

150 -

-

N

(3]
1

-
o
o

Normalized fluorescence intensity (a.u.)

10 15
Time (mins)

B. subtilis

20

N
o
o

—a— Untreated
—e—Vancomycin

1754 —— AAV-qC10

-

[

o
n

-

N

[}
't

100 4 s

S

0 3 6 9 12
Time (mins)

VRE

Normalized fluorescence intensity (a.u.)

15

-
23
o

(F)

—=s— Untreated
——e—\Vancomycin
—v— AAV-qC10

-

H

o
n

-

N

o
N

-

(=3

o
1

20 25

Normalized fluorescence intensity (a.u.)

10 15
Time (mins)

Figure 2. Study of the kinetics of (A—C) membrane depolarization and (D—F) membrane permeabilization of exponential phase MRSA, B. subtilis,
and VRE by AAV-qC10 upon treatment at 10 yuM concentration. Compound addition is indicated with arrows.

toxic to human erythrocytes. The aryl-cationic-aryl-substituted
compounds in Set 2A exhibited moderate antibacterial activity
and were also non-hemolytic up to 250 uM (0—2%). Based on
the in vitro antibacterial and hemolytic activities, AAV-qC10
was selected as the optimum compound and was taken forward
for further investigation.

Toxicity against the Human Embryonic Kidney Cell Line.
In the alamarBlue assay, HEK cells treated with AAV-qC10 at
various concentrations in the range of 0.5—30 uM were found
to retain 100% viability (Figure 1B,C). Additionally, live—dead
staining with calcein AM (AM—acetoxymethyl) and propi-
dium iodide (PI) showed that none of the cells were stained
with PI indicating that the compound showed no significant
cytotoxicity.

Kinetics of Bactericidal Activity against Exponentially
Growing Bacteria. The bactericidal activity of AAV-qC10
was tested against both vancomycin-sensitive bacteria (MRSA)
and VRB (VRE) (Figure 1D,E). 6.1 log cfu/mL of MRSA was
incubated with vancomycin (MIC, 8x MIC) and AAV-qC10
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(MIC, 2x MIC and 4x MIC), and the bacterial titer over time
was determined through spot plating (Figure 1D). Against
MRSA, the MBC of AAV-qC10 was at MIC (0.9 uM).
Irrespective of the concentration for AAV-qC10 treatment, a 2
log cfu/mL and 3 log cfu/mL reduction in bacterial titer was
observed 2 and 4 h post-treatment. The bacterial titer gradually
decreased, showing a 4.3 log cfu/mL reduction in 6 h and
complete eradication (~6 log cfu/mL reduction) in 24 h at 2
XMIC. Upon treatment at 4XMIC, the compound completely
eradicated viable cells within 6 h. Thus, AAV-qC10 shows a
concentration- and time-dependent bactericidal activity against
MRSA. Vancomycin, on the other hand, exhibited a much
slower time-dependent bactericidal activity against MRSA,
maintaining a static effect on bacterial growth up to 6 h; and
complete eradication was observed at 24 h and at all treatment
concentrations.

Furthermore, the bactericidal kinetics of AAV-qC10 was
tested against VRE. Bacteria (S log cfu/mL) were incubated
with AAV-qC10 at MIC, 2X MIC, and 4X MIC. Bacterial
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MIC.

growth was observed for 6 h upon exposure at MIC and 2X
MIC. At 24 h postincubation, the viability of the bacteria was
reduced by 0.7 log cfu/mL at MIC and complete eradication
(S log cfu/mL reduction) at 2x MIC (Figure 1E). Treatment
at 4X MIC resulted in a 0.5 log cfu/mL reduction 6 h
postincubation, and complete eradication (S log cfu/mL
reduction) at 24 h postincubation. AAV-qC10 was, therefore,
found to be bactericidal against both MRSA and VRE.
Mechanisms of Action. Antagonization assay. Antago-
nization assay with N,N’-diacetyl-L-Lys-p-Ala-p-Ala and
teichoic acid: In order to understand the contribution of
other mechanisms of action, the change in MIC in the
presence of excess of N,N’-diacetyl—L-Lys—p-Ala—D-Ala
(KAA) was observed against MRSA. KAA, which corresponds
to the target peptide of the glycopeptide antibiotics, would act
as a competitive ligand and could, therefore, antagonize
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antibacterial activity. The tripeptide KAA at 500 #M could not
antagonize the activity of AAV-qC10 and the MIC remained
unchanged (MIC = 0.9 uM). However, the addition of the
same amount of KAA could reduce the antibacterial activity of
vancomycin from 0.6 yM to >30 uM (>40-fold change in
MIC). This indicated that AAV-qC10 exhibited antibacterial
activity through additional mechanisms of action, which are
independent of target peptide binding. Given the presence of a
cationic moiety in AAV-qC10, it is expected to interact with
the negatively charged components of the bacterial cell wall. C-
terminal trimethyl ammonium-modified vancomycin deriva-
tives have been reported to bind to teichoic acid.”® To test
whether AAV-qC10 binds to teichoic acids, its MIC against
MRSA in the presence of lipoteichoic acid (100 pg/mL) as a
competing ligand was tested. No change in the MIC was
observed in both vancomycin and AAV-qC10.
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Ability to Depolarize the Membrane of Bacteria.”” The
ability of AAV-qC10 to depolarize the membrane of MRSA,
VRE and Bacillus subtilis were studied using the fluorescent
probe DiSC3(S) (3,3'-dipropylthiadicarbocyanine iodide).
DiSC3(5) is sensitive to the membrane potential and as it
accumulates in the membrane, the fluorescence intensity
decreases due to self-quenching. Upon disruption of the
membrane potential, an increase in fluorescence is observed
due to DiSC3(S) being dispersed in the solution. To verify
whether AAV-qC10 or vancomycin affects the fluorescence of
DiSC3(5), its fluorescence was monitored over time in the
presence of the antibiotics (Figure S1). Neither vancomycin
nor the compound interfered with the fluorescence of the dye.
Post-incubation of AAV-qC10 with bacteria, at 10 uM, the
fluorescence due to the DiSC3(S) dye increased gradually over
time (Figure 2A—C). The increase was more rapid in B. subtilis
and MRSA as compared to VRE. Vancomycin treatment at the
same concentration does not have any effect on the bacterial
membrane.

Ability to Permeabilize the Bacterial Membrane. The
kinetics of membrane permeabilization by AAV-qC10 was
measured by the uptake of the PI dye. Intact membranes are
impermeable for PI, but PI enters the cell and binds to the
DNA when the membrane integrity is compromised. The
fluorescence of PI in a bacterial solution was measured for a
few minutes before the addition of compounds at 10 uM each.
Against MRSA and B. subtilis, AAV-qC10 showed a sharp
increase in permeabilization, but against VRE, a slower
membrane permeabilization was observed (Figure 2D—F).
The differences in the extent of membrane permeabilization
possibly result from differences in membrane composition
among bacteria.

Growth Retardation in Early Mid-Log Phase B. subtilis
and Cell Wall Biosynthesis Inhibition. The MIC of AAV-
qC10 against B. subtilis was found to be 0.45 M. For a better
understanding of the mechanism of action of the compound,
bacteria were treated at a concentration which allows bacterial
cell proliferation, albeit inducing a stress response. This
concentration is termed the physiologically effective concen-
tration (PEC). To determine the PEC, bacterial cells were
cultured to an ODy, of 0.35 (mid-log phase) and treated with
compound at different concentrations to observe its acute
effect on bacterial growth (Figure 3A). The PEC of AAV-qC10
was 0.06 uM. At higher concentrations, a decrease in the OD
was observed, indicating growth arrest. Vancomycin, on the
other hand, showed growth retardation only at 0.4 uM, which
is 7-fold higher than that of AAV-qC10. To further investigate
the mechanisms of action leading to growth retardation at the
PEC, various microscopic studies were conducted withB.
subtilis. Upon inhibition of a membrane-bound step in cell wall
biosynthesis, new cell wall material is no longer incorporated
into the cell wall. This leads to the formation of holes in the
cell wall. Upon treatment of such compromised cells with a 1:3
mixture of acetic acid and methanol, the cytoplasmic
membrane exudes out of these perforations, which appear as
bubbles on the surface.”’ Upon treatment at the PEC, both
vancomycin- and AAV-qC10-treated cells showed bubble-like
formations on the bacterial cell surface, which indicated that
they inhibit cell wall biosynthesis and compromise integrity of
the wall (Figure 3B). Thus, inhibition of cell wall biosynthesis
contributes to growth retardation by AAV-qC10 at the PEC.
This may be the result of higher accumulation of the lipophilic
derivative in the cell membrane region as compared to

vancomycin, thereby enhancing ability to inhibit cell wall
biosynthesis at a lower treatment concentration than
vancomycin.

Delocalization of MinD Protein. The trans-membrane
potential is crucial for the distribution and localization of the
various cell division proteins such as MinD.*® A disturbance of
the membrane potential has implications in the functioning of
the cell division machinery. The MinD protein localizes at the
cell poles and upon delocalization, GFP-tagged-MinD appears
as irregularly distributed spots throughout the cell surface. This
is indicative of a compromised cell membrane.”® To study the
effect of the compounds on this cell division protein,
microscopic studies were carried out by treating a GFP-
MinD producing B. subtilis with vancomycin (at PEC = 0.4
uM) and AAV-qC10 (at PEC = 0.06 uM and at MIC = 0.45
uM). Nisin was used as a positive control for this experiment.
It was found that AAV-qC10 did not delocalize the GFP-
labeled MinD at PEC (Figure 3C). However, upon an increase
in the concentration to 0.45 uM (MIC), 25% of the cells
showed a delocalization. The results imply that membrane
perturbation is not the predominant mechanism at the PEC
and comes into play only at higher concentrations.
Vancomycin, on the other hand, did not delocalize the
MinD protein at the PEC (0.4 uM), which corresponds to 2X
MIC. Nisin, which inhibits cell wall biosynthesis by obstructing
lipid-II recycling and disrupts the bacterial membrane, shows a
strong delocalization of the MinD protein at 0.75 pug/mL.

Membrane Disruption without Pore Formation. In
addition to cell wall biosynthesis inhibition, and membrane
depolarization, the compound was found to permeabilize the
membrane of B. subtilis in the exponential growth phase
(Figure 2D). To further study whether the membrane
permeabilization by the compounds involved the formation
of pores, bacteria were treated with antibiotics (vancomycin,
AAV-qC10, and nisin as positive control) for 10 min and then
observed microscopically postincubation with a mixture of the
fluorescent dyes SYT'O 9 and PI In contrast to PI, which only
stains permeabilized cells red, SYTO 9 is a membrane-
permeable dye, and therefore stains both intact and
permeabilized cells green. The antimicrobial peptide, nisin is
known to disrupt bacterial membranes by forming pores.”’
Cells treated with nisin are stained by both SYTO 9 and PI,
and therefore appear orange (Figure S2). Upon treatment with
AAV-qC10 at PEC, around 5% of cells were stained with PI
indicating that in a small fraction of the cells, the membranes
are compromised to a degree that PI can penetrate the cell.

Bactericidal Activity against Metabolically Inactive
Bacteria. The stationary phase and persister cells are
metabolically inactive and have strongly reduced -cellular
processes. These cells are tolerant to antibiotic treatment
and are major contributors to relapse and recurrence of
disease. The bacterial membrane is essential for maintaining
integrity and viability of the cells irrespective of the metabolic
state. Compounds that disturb the membrane integrity are,
therefore, effective against bacteria in various metabolic
phases.”® AAV-qC10 destabilizes the membrane through
depolarization and permeabilization, in addition to other
mechanisms of action such as cell wall biosynthesis inhibition
and delocalization of cell division proteins. It was, therefore,
expected that the compound would be effective against non-
dividing cells as well. Antibiotics such as vancomycin and
linezolid are inactive against stationary phase MRSA due to the
lack of cell wall biosynthesis.”’ AAV-qC10 showed a
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uM, “*” indicates <50 cfu/mL.

concentration-dependent antibacterial activity against sta-
tionary phase cells of MRSA (Figure 4A). Around 7 log cfu/
mL of bacteria were incubated with AAV-qC10 at various
concentrations (4.5—22 uM). Treatment at 4.5 uM reduced
the bacterial titer by 1.4 log cfu/mL and 2 log cfu/mL, 12 and
24 h post-treatment, respectively. At 9 uM, the compound
showed a 1.9 log cfu/mL and 2.4 log cfu/mL reduction in
bacterial titer 12 and 24 h post-treatment, respectively. Upon
treatment at a higher concentration of 22 uM, a greater extent
of reduction in bacterial titer was observed, with complete
eradication (7 log cfu/mL reduction) after 24 h.

Persisters are a subpopulation of bacterial cultures that are
refractory to antibiotic treatment and the stationary phase of S.
aureus is known to be rich in persister cells.>* Therefore, the
activity of the compound against stationary phase bacteria
warranted testing of its activity against persister cells generated
by treating cultures with ampicillin.”* The compound exhibited
a more rapid antibacterial activity against persister cells than
against stationary phase cells and a dose-sparing effect was
observed in this case (Figure 4B). Treatment at 4.5 uM
reduced the bacterial load by 1.6 log cfu/mL in 12 h and 3.3
log cfu/mL in 24 h. Treatment at a higher concentration of 9
UM resulted in a more rapid antibacterial activity with 2 log
cfu/mL in 2 h and greater than 6 log cfu/mL reduction in 24 h.
Treatment with ampicillin at 60 uM did not show any further
reduction up to 24 h confirming that they were persister cells,
and vancomycin at 40 M was also ineffective against them for
up to 24 h. The membrane-active nature of AAV-qC10
resulted in its activity against the metabolically inactive
stationary phase and persister cells. This was evidenced by

its membrane depolarization and permeabilization against
these bacteria (Figure S3).

Activity against Bacterial Biofilms. A growing challenge
in treating bacterial infections is the formation of biofilms,
which are recalcitrant to antibiotic treatment.”® The matrix of
the biofilm acts as a protective barrier against antibiotics and
the immune system.”"*> Most antibiotics including vancomy-
cin are rendered ineffective against biofilms consisting of both
dividing and non-dividing cells. Thus, it is imperative to
develop compounds that eradicate biofilms as well as
planktonic cells. The viability of bacteria within biofilms
treated with AAV-qC10 at 20 M was reduced by 2.2 log cfu/
mL as compared to the untreated control (Figure 4C).
Vancomycin at the same concentration showed a 0.9 log cfu/
mL reduction. Furthermore, microscopic examination of the
mature biofilms of MRSA showed that they grew to a thickness
of 8 pum, and treatment with vancomycin did not show a
significant change, with a thickness of 7 pum. Biofilms treated
with AAV-qC10 at 20 uM, on the other hand, were found to
be uneven and have a reduced thickness of 3.5 pm (Figure
4D).

Postantibiotic Effect. The postantibiotic effect (PAE) is
defined as the suppression of bacterial growth post-transient
treatment with antibiotics.*® It is the additional time required
by the bacteria to recover from antibiotic treatment as
compared to the untreated control. To study this, AAV-
qC10 and vancomycin were incubated with 6.5 log cfu/mL of
MRSA in the exponentially growing phase for 1 h. Post-
treatment, the bacteria were washed to remove the antibiotic,
resuspended in culture media, and allowed to grow at 37 °C. 1
h after treatment with vancomycin and AAV-qC10, and the
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bacterial titer showed a 0.5 log cfu/mL and 0.8 log cfu/mL
reduction, respectively (Figure SA). The growth of the bacteria
was then monitored at various time points post-incubation. In
the vancomycin-treated group, 1 log cfu/mL increase in
bacterial titer was observed 7 h post-removal of antibiotic
stress (PAE = 6 h). Despite removal of AAV-qC10 stress, a 2
log cfu/mL reduction in viable cells was observed 7 h post-
treatment. Further recovery of growth was observed at 24 h
postremoval of antibiotic stress, indicating a prolonged PAE of
23 h at 10X MIC. Although the MIC of vancomycin and AAV-
qC10 against MRSA is similar, the PAE is prolonged.
Underlying causes might be a longer persistence of AAV-
qC10 at the target site or the presence of additional
mechanisms of action.

Propensity to Induce Resistance through Serial
Passaging in MRSA. The potential of AAV-qC10 to induce
resistance in MRSA was tested by serial exposure of bacteria to
sub-MIC concentrations of the compound. After 27 passages,
vancomycin showed a 2-fold increase in MIC against MRSA.
However, no change in MIC of AAV-qC10 was observed after
27 passages (Figure SB), indicating that the compound does
not trigger spontaneous resistance development. The multi-
modal mechanisms of AAV-qC10 involving target peptide
binding and membrane perturbation make resistance develop-
ment even less frequent than for vancomycin.

Stability of AAV-qC10 in Plasma and Liver Homoge-
nate. The protease stability of AAV-qC10 was evaluated by
testing antibacterial activity post-incubation of the compound
in 50% human plasma and 50% liver homogenate for 24 h. It
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retained activity (MIC = 0.9 yM) in both plasma as well as
liver homogenate, thereby confirming resistance against
protease degradation (Table S1).

In Vivo Toxicity and Activity. Treatment of mice through
both intravenous and intraperitoneal routes at 55.5 mg/kg of
AAV-qC10 was found to be well tolerated and all mice
survived. Furthermore, no adverse toxicity effect on the liver or
kidney was observed 48 h post-treatment with AAV-qC10 at
12 mg/kg (Figure SC). The in vitro activity, the low toxicity at
treatment concentrations, and the stability in mouse plasma
and liver homogenate indicated the potential of AAV-qC10 for
in vivo efficacy. The eflicacy of AAV-qC10 was thus tested in a
neutropenic mouse thigh infection model against MRSA.
Neutropenic mice were infected with S X 10° cfu of MRSA per
thigh. 1 h postinfection, vehicle control and vancomycin were
administered intraperitoneally twice every 12 h at 12 mg/kg
and a single 12 mg/kg dose of AAV-qC10 was given (Figure
SD). The mice were then sacrificed 24 h postinfection and the
bacterial load in the infected thigh was determined. Prior to
initiation of dosing (1 h postinfection), the bacterial load in the
mice was determined to be 6.3 log cfu/g. In the vehicle-treated
control group, 24 h postinfection, the bacterial load increased
by a further 1.6 log cfu/g. Vancomycin treatment resulted in a
1.5 log cfu/g reduction in bacterial load as compared to the
pretreatment bacterial load (Figure SE). However, one dose of
AAV-qC10 exhibited a significant reduction of 2.8 log cfu/g in
bacterial load. Although the MIC values of vancomycin and
AAV-qC10 are similar, the two antibiotics differ in their
antibacterial properties such as longer PAE and more rapid
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bactericidal activity. Additionally, the pharmacological proper-
ties of AAV-qC10 could possibly be improved due to the
presence of the amphiphilic moiety, as observed previously in
the case of other lipophilic vancomycin derivatives and the
second-generation glycopeptide antibiotics.””’ These factors
possibly result in the superior in vivo efficacy of AAV-qC10 as
compared to the parent drug vancomycin.

Bl DISCUSSION

The prevalence of genotypic and phenotypic resistance to
vancomycin poses a major challenge to the successful
treatment with vancomycin. Linezolid, quinupristin/dalfopris-
tin, daptomycin, and tigecycline constitute alternate treatments
for infections with VRB.>® However, resistance to even these
antibiotics have been reported.”” Newer antimicrobial agents
for these multidrug-resistant superbugs is thus an urgent
requirement. The clinical success of the glycopeptide anti-
biotics has drawn significant attention from the scientific
community.

To tackle VRB, alkyl/aryl-aryl-vancomycins were developed
through a rational design approach exploring the variation of
lipophilic/amphiphilic substituents (alkyl- and aryl-moieties
with or without cationic charges, Scheme 1). Analysis of
activity and toxicity profiles of the sets of amphiphilic
substitutions on vancomycin developed showed that, (i) a
combination of aromatic and alkyl moieties in the amphiphilic
substitution was best suited for significantly improved
antibacterial activity against vancomycin resistant bacteria
and (ii) the presence of the quaternary ammonium moiety in
compounds with similar lipophilicity reduced toxicity, while
retaining antibacterial activity. This increase in selectivity can
be attributed to the higher content of negatively charged lipids
in the bacterial cells resulting in greater interaction with
positively charged antibacterial agents as compared to the
more neutral lipid composition in eukaryotic cells.*’ The alkyl-
aryl vancomycins exhibited high activity against the high-
priority pathogens, VRE and VRSA. The lead compound,
AAV-qC10, was highly bactericidal, which resulted in a
significantly lower bacterial load than vancomycin, in a murine
thigh infection model against MRSA (Figure SE).

Mechanistic studies indicated that the synergy of multiple
mechanisms of action contributes to the antibacterial activity
of lead compound AAV-qC10. It was found to retard growth of
B. subtilis in the mid-log phase upon treatment at 0.06 uM
(PEC), while vancomycin showed a similar effect at 0.4 uM
(Figure 3A). The presence of the amphiphilic alkyl-cationic-
aryl moiety contributes to growth retardation at lower
concentrations as compared to vancomycin. Further studies
of the acute effect on exponentially growing bacteria showed
that at the PEC, AAV-qC10 could inhibit cell wall biosynthesis
and compromise cell wall integrity similar to vancomcyin. At
this concentration, neither vancomycin nor AAV-qC10
delocalized the cell division protein, MinD, and few AAV-
qCl10 treated cells were observed to be permeabilized. This
indicates that membrane perturbation and MinD delocalization
are not the primary contributors to growth arrest observed
upon treatment at PEC. However, at 0.45 uM, the synergy of
multiple mechanisms of action, namely, cell wall biosynthesis
inhibition, membrane depolarization, permeabilization, and
consequent delocalization of MinD protein could contribute to
the antibacterial activity. AAV-qC10 caused depolarization of
the membrane of cells in the exponential growth phase of both
MRSA and VRE to a similar extent, but permeabilization was

lower in VRE. While the MIC of vancomycin increased in the
presence of the competing target cell wall peptide (KAA)
against MRSA, the MIC of AAV-qC10 remained unchanged.
This further supports that antimicrobial activity of AAV-qC10
results from a synergy of multiple mechanisms of action. AAV-
qC10 showed no change in MIC upon addition of excess
teichoic acid, which rules out strong binding to teichoic acids
of the cell wall. Its superior antibacterial properties are further
exemplified by the prolonged PAE. This could be the result of
increased interaction with the membrane due to the
amphiphilic moiety in addition to target peptide binding, and
therefore delayed growth recovery in the bacteria post-
treatment (Figure SA). This also indicates that a lower
frequency of dosage might be sufficient for treatment of
infections without compromising the efficacy, but reducing the
possibility of adverse side effects.

AAV-qC10 showed a concentration- and time-dependent
bactericidal activity against both staphylococci and enterococci
in the exponential growth phase (Figure 1D,E). This can be
attributed to multiple synergistic mechanisms of action against
bacteria in this phase. Upon entering the stationary phase, cell
wall biosynthesis comes to a halt. Furthermore, the cell wall of
bacteria is thicker in the stationary phase than in the
exponential phase.”’ These factors render vancomycin
ineffective against metabolically inactive bacteria. However,
in the case of AAV-qC10, the membrane perturbation results
in the activity against these metabolically inactive bacteria.
Because the bacterial cell membrane is crucial for maintaining
the integrity of the cell, disturbing the cell membrane hampers
these major cellular processes crucial for bacterial survival. Its
antibacterial activity is weakly dependent on the growth state,
showing slower bactericidal activity against the stationary
phase cells (Figure 4A,B). A more rapid activity was observed
against persister cells, which were generated by treatment of
stationary phase cells with high concentrations of ampicillin.
This may be due to the nonlethal damage to the cell wall
inflicted by ampicillin, which may render the bacteria more
susceptible to AAV-qC10. A similar effect has been observed in
persisters of Escherichia coli treated with colistin and amino-
glycosides.*” Additionally, AAV-qC10 could disrupt preformed
mature biofilms of MRSA and reduce the number of viable
cells within them to a greater extent than vancomycin (Figure
4CD). The results showcase the ability of AAV-qC10 to
overcome the noninherited mechanisms of resistance to
antibacterial agents in the form of biofilms and metabolically
inactive bacteria.

AAV-qC10 outperformed the parent drug vancomycin in
various aspects including overcoming noninherited resistance,
prolonged PAE, and faster bactericidal activity both in vitro
and in vivo. Overall, the present work demonstrates the
potential of AAVs as new additions to the glycopeptide class of
antibiotics with potential for clinical translation.

B EXPERIMENTAL SECTION

Materials and Methods. Chemical reagents were purchased from
Sigma-Aldrich, TCI Chemicals, and Spectrochem, India, and used
without further purification. Vancomycin for synthesis was purchased
from Chem-Impex Int. Inc. All the reaction solvents of reagent grade
were purchased from Spectrochem and SD Fine Chemicals.
Chloroform for column chromatography was purchased from SD
Fine chemicals and distilled prior to use. HPLC-grade acetonitrile was
purchased from Spectrochem. Analytical thin layer chromatography
(TLC) was performed on Merck TLC plates precoated with silica gel
60 F,g, (250 pm thickness). Propidium iodide and 3,3’-dipropylth-
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iadicarbocyanineiodide [DiSC; (S)] were procured from Sigma-
Aldrich. All final vancomycin derivatives were purified by RP-HPLC
using 0.1% trifluoroacetic acid in water/acetonitrile (5—95%) as the
mobile phase. HPLC purification was performed on a Shimadzu-LC 8
A Liquid Chromatography instrument (C18 column, 10 mm
diameter, 250 mm length) with UV detector monitoring at 270 nm.
All the final compounds, 1—12, were isolated with more than 95%
purity. The NMR spectra were recorded using a Bruker AMX-400
(400 MHz for 'H) spectrometer in deuterated solvents. The chemical
shifts () are reported in parts per million downfield from the peak for
the internal standard TMS for "H NMR. HRMS were obtained using
a 6538-UHD Accurate Mass Q-TOF LC—MS instrument. A TECAN
(Infinite series, M200 pro) plate reader was used to measure
absorbance in biological assays. HEK 293 cells were obtained from
ATCC. Bacterial strain, MRSA ATCC 33591, and Enterococcal
strains (VRE 51575 and VRE 51559) were obtained from ATCC
(Rockville, MD). Clinical isolates of VRSA (VRSA1, VRSA4, and
VRSA 12) and VRE (VRE NR30909 and VRE NR30903) were
obtained as a gift from Central Drug Research Institute (CDRI). Cell
culture media were purchased from Gibco and Himedia.

Animals. Specific pathogen-free BALB/c female mice (20—25 g)
were used for in vivo studies. The animal experiments were approved
by the Institutional Animal Ethics Committee (IAEC) of National
Institute of Veterinary Epidemiology and Disease Informatics
(NIVEDI), Bengaluru (881/GO/ac/05/CPCSEA), and performed
as per the guidelines of Committee for the purpose of Supervision and
Experiments on Animals (CPCSEA), Ministry of Environment and
Forests, New Delhi. As per the standard protocol, the mice were
placed in individually ventilated cages within a controlled environ-
ment. A systemic toxicity study was carried out at Jawaharlal Nehru
Center for Advanced Scientific Research (JNCASR) following
institutional ethical guidelines.

Synthesis and Characterization of Compounds. General
Procedure for the Synthesis of 1Ta—5a. Alkyl amine (2 g, 1 equiv)
was dissolved in dichloromethane (DCM) and stirred at 4 °C. K,CO,
(1.5 equiv) was dissolved in 10 mL Millipore water and added to the
alkyl amine solution. Bromoacetyl bromide (1.5 equiv) was then
dissolved in dry DCM and added dropwise into the reaction mixture
at 4 °C over 30 min. The reaction mixture was then stirred at room
temperature for 8 h. The product was extracted in chloroform and the
chloroform was evaporated under reduced pressure to obtain the pure
product with 90—95% vyield.

2-Bromo-N-hexyl-ethanamide (1a). Yield 95%; '"H NMR (400
MHz, CDCl;) &/ppm: 6.53 (s, 1H; CONH), 3.87 (s, 2H;
COCH,Br), 3.29-3.24 (m, 2H; CONHCH,), 1.56—1.49 (m,2H;
NHCH,CH,C,H,), 1.29 (bs, 6H; CH,(CH,);CH,), 0.89—-0.86 (m,
CH3, 3H). HRMS m/z: 222.0489 (observed), 222.049S5 (calcd for
[M + H]").

2-Bromo-N-octyl-ethanamide (2a). Yield 90%; 'H NMR (400
MHz, CDCly) §/ppm: 6.52 (s, 1H; NHCO), 3.86 (s, 2H;
COCH,Br), 3.29—3.24 (m, 2H; CONHCH,), 1.55—1.48 (m, 2H;
CONHCHZCH2C6H13)J 1.29-1.26 (mz 10H; (CHZ(CS alkyl chain)));
0.86 (t, J] = 7.2 Hz, 3H; CH;). HRMS m/z: 250.0807 (observed),
250.0878 (caled for [M + H]*).

2-Bromo-N-decyl-ethanamide (3a). Yield 97%; '"H NMR (400
MHz, CDCL,) §/ppm: 6.52 (s,1H; NHCO), 3.87 (s, 2H; COCH,Br),
3.27 (dd, J = 13.2 Hz, 7.2 Hz, 2H; CONHCH,), 1.56—1.49 (m, 2H;
NHCHZCHZCSHU)f 1.25 (bs, 14H; CHZ(CIO alkyl chain))l 0.87 (t, J=72
Hz, CH,, 3H). HRMS m/z: 278.1111 (observed), 278.1120 (calcd for
M + H]Y).

2-Bromo-N-dodecyl-ethanamide (4a). Yield 98%; "H NMR (400
MHz, CDCLy) §/ppm: 6.46 (s,1H; NHCO), 3.88 (s, 2H; COCH,Br),
3.28 (dd, J = 13.2 Hz, 6.8 Hz, 2H; CONHCH,), 1.53 (dd, ] = 14.4
Hz, 7.2 Hz, 2H; CONHCH,CH,C,H,,), 126 (m, 18H;
CHy (10 iyl chaim)s 0-88 (t, ] = 6.8 Hz, 3H; CH;). HRMS m/z:
306.1381 (observed), 306.1354 (calcd for [M + H]*).

2-Bromo-N-tetradecyl-ethanamide (5a). Yield 97%; 'H NMR
(400 MHz, CDCl;) &/ppm: 6.47 (s,1H; NHCO), 3.88 (s, 2H;
COCH,Br), 328 (dd, J = 13.2 Hz, 7.2 Hz, 2H; CONHCH,), 1.55—
1.52 (m, 2H; CONHCH,CH,C,,H,s), 1.26 (m, 22H;

CHy(c14 aligl chain))y 0-88 (t, J = 6.8 Hz, 3H; CH;). HRMS m/z:
334.3355 (observed), 334.3354 (caled for [M + H]*).

General Procedure for the Synthesis of 1b—8b. Compounds la—
Sa (2 equiv) or the respective aryl bromides (6a—8a) were dissolved
in dry chloroform in a sealed tube and Boc-N,N-dimethyl propyl-
amine (1 g 1 equiv) was added to it. The reaction mixture was
allowed to reflux for 48 h. The pure products were obtained by
column chromatography (CHCl;/CH;0H) using Silica gel as
aminium derivatives.

3-((tert-Butoxycarbonyl)amino)-N-(2-(hexylamino)-2-oxoethyl)-
N,N-dimethylpropan-1-aminium Bromide (1b). Yield 70%; 'H
NMR (400 MHz, CDCl;) §/ppm: 8.85 (bs, 1H; CONHCH,;),
5.20 (s, 1H; NHBoc), 4.56 (s, 2H; N*CH,CONHC¢H,;), 3.68 (d, ] =
7.6 Hz, 2H; BocNH(CH,),CH,N"), 3.36 (s, 6H; N*(CH,),), 3.29—
3.24 (m, 4H; BocNH-CH,CH, and CONH—-CH,), 2.14—2.10 (m,
2H; N*CH,CH,CH,NHBoc), 1.62-1.54 (m, 2H;
CONHCH,CH,C,H,), 1.44 (s, 9H; O—C(CH,);), 1.30—1.26 (m,
6H; CHy(C6 alky chain))s 0-88 (t, ] = 7.2 Hz, 3H; CH;). HRMS ESI* m/
z: 344.2938 (observed), 344.2908 (calcd for M™).

3-((tert-Butoxycarbonyl)amino)-N,N-dimethyl-N-(2-(octylami-
no)-2-oxoethyl)propan-1-aminium Bromide (2b). Yield 65%; 'H
NMR (400 MHz, CDCl;) §/ppm: 8.89 (bs, 1H; CONHCH,,), 5.11
(s, IH; NHBoc), 4.54 (s, 2H; N*CH,CONHCgH;,), 3.65 (t, ] = 8.0
Hz, 2H; BocNH(CH,),CH,N"), 3.35 (s, 6H; N*(CH,),), 3.29—3.24
(m, 4H; BocNHCH,CH, and CONHCH,), 2.16—2.09 (m, 2H;
N*CH,CH,CH,NHBoc), 1.57-1.55 (m, 2H;
—CONHCH,CH,C¢H,3), 144 (s, 9H,0C(CH,;);), 1.33—1.26 (m,
10H; CHy(cg aligl chain))s 0-87 (t, J = 6.8 Hz, CH,;, 3H). HRMS ESI* m/
z: 372.3255 (observed), 372.3221 (calcd for M™).

3-((tert-Butoxycarbonyl)amino)-N-(2-(decylamino)-2-oxoethyl)-
N,N-dimethylpropan-1-aminium Bromide (3b). Yield 68%; 'H
NMR (400 MHz, CDCL;) &/ppm: 8.86 (bs, 1H; CONHC,,H,,),
5.15 (s, 1H; NHBoc), 4.55 (s, 2H; N*CH,CONHC,,H,,), 3.67 (t, ]
= 8.0 Hz, 2H; BocNH(CH,),CH,N"), 3.35 (s, 6H; N*(CH,),), 3.27
(t, J = 6.0 Hz, 4H; BocNHCH,CH, and CONHCH,), 2.14—2.10 (m,
2H; N*CH,CH,CH,NHBoc), 1.60-1.55 (m, 2H;
CONHCH,CH,CgH,,), 1.44 (s, 9H; OC(CH,),), 1.33—1.35 (m,
14H; CHy(C10 allyl chain))» 0-87 (t, ] = 8.0 Hz, 3H; CH,). HRMS ESI*
m/z: 400.3591 (observed), 400.3534 (calcd for M™*).

3-((tert-Butoxycarbonyl)amino)-N-(2-(dodecylamino)-2-oxoeth-
yl)-N,N-dimethylpropan-1-aminium Bromide (4b). Yield 70%; 'H
NMR (400 MHz, CDCl;) 6/ppm: 8.85 (t, ] = 5.6 Hz, 1H; NHBoc),
S.14 (s, 1H; CONHC,H,;), 4.58 (s, 2H; N*CH,CONHC ,H,;),
3.68 (t, ] = 8.0 Hz, 2H; BocNH(CH,),CH,N*), 3.36 (s, 6H;
N*(CH,;),), 3.28—3.23 (m, 4H; BocNHCH,CH, and CONHCH,),
2.16—2.09 (m, 2H; N*CH,CH,CH,NHBoc), 1.6—1.55 (m, 2H;
CONHCH,CH,C,H,;), 1.44 (s, 9H; OC(CHj,),), 1.25 (bs, 18H;
CHy(C12 ayl chain))s 087 (t, J = 8.0 Hz, 3H; CH;). HRMS ESI* m/z:
428.3846 (M* observed), 428.3847 (M* calcd).

3-((tert-Butoxycarbonyl)amino)-N,N-dimethyl-N-(2-oxo-2-
(tetradecylamino)ethyl) propan-1-aminium Bromide (5b). Yield
72%; 'H NMR (400 MHz, CDCly) §/ppm: 8.87 (bs,1H;
CONHC,,H,,), S5.13 (s, 1H; -NHBoc), 4.57 (s, 2H;
N*CH,CONHC,H,,), 3.67 (t, ] = 7.6 Hz, 2H; BocNH-
(CH,),CH,N"), 3.36 (s, 6H; N*(CH;),), 3.29-3.24 (m, 4H;
BocNHCH,CH, and CONHCH,), 2.14-2.10 (m, 2H;
N*CH,CH,CH,NHBoc), 1.62-1.53 (m, 2H;
CONHCH,CH,C,Hy;), 144 (s, OC(CHj); 9H), 1.25 (bs,
CHy(C14 aligl chainy 22H), 0.88 (t, ] = 7.2 Hz,CH,, 3H). HRMS ESI*
m/z: 456.4204 (M" observed), 456.4160 (M calcd).

N-Benzyl-3-((tert-butoxycarbonyl)amino)-N,N-dimethylpropan-
T-aminium Bromide (6b). Yield 69%; "H NMR (400 MHz, DMSO-
dg) 8/ppm: 7.56—7.50 (m, SH; H,,), 6.96 (t, ] = 5.6 Hz, 1H; H,,),
4.59 (s, 2H; CH,yuN*), 3.27-3.23 (m, 2H; N*CH,CH,), 3.02 (s,
2H; CH,NHBoc), 2.98 (s, 6H; N*(CH,),), 1.93 (t, ] = 8.0 Hz, 2H;
CH,CH,NHBoc), 137 (s, 9H; OC(CH,);). HRMS ESI* m/z:
293.2211 (observed), 293.2224 (calcd for M*).

3-((tert-Butoxycarbonyl)amino)-N,N-dimethyl-N-(naphthalen-1-
ylmethyl)propan-1-aminium Bromide (7b). Yield 66%; 'H NMR
(400 MHz, DMSO-dy) &/ppm: 8.53 (d, ] = 7.2 Hz, 1H; CONH),
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8.15 (d, J = 8.0 Hz, 2H; H,,), 8.06 (d, ] = 8.0 Hz, 2H; H,,), 7.82 (d, ]
=7.2 Hz, 2H; H,,), 7.70—7.60 (m, 3H; H,,), 6.98 (t, ] = 5.6 Hz, 1H;
H,,), 5.06 (s, 2H; CHy4)N¥), 3.47—3.43 (m, 2H; BocNHCH,CH,),
2.99 (bs, 8H; N*(CH;), and CH,CH,N*), 1.98 (m, 2H;
CH,CH,NHBoc), 1.38 (s, 9H; O—C(CH,);). HRMS ESI* m/z:
343.2364 (observed), 343.2360 (calcd for M*).

N-([1,1’-Biphenyl]-4-ylmethyl)-3-((tert-Butoxycarbonyl)amino)-
N,N-dimethylpropan-1-aminium Bromide (8b). Yield 70%; 'H
NMR (400 MHz, CDCl;) §/ppm: 7.70 (d, ] = 8.0 Hz, 2H; H,,),
7.64 (d, ] = 8.0 Hz, 2H; Hy,), 7.54 (d, ] = 7.2 Hz, 2H; H,,), 7.46—
7.38 (m, 3H; Hy,), 5.54 (bs, 1H; NHBoc), 4.99 (s, 2H; CH,(,)N"),
3.73 (bs, 2H; CH,NHBoc), 3.30 (bs, 8H; N*(CH,), and
CH,CH,N"), 2.20-2.17 (m, 2H; CH,CH,NHBoc), 1.41 (s, 9H;
O—C(CH,);). HRMS ESI" m/z: 369.2419 (observed), 369.2437
(caled for M*).

General Procedure for the Synthesis of 1c—8c. Compounds 1b—
8b were dissolved in 1:1 solution of 4 N HCI and methanol and the
mixture was stirred at room temperature for 4 h. The solvents were
then evaporated under reduced pressure to obtain a pure product in
quantitative yield.

3-Amino-N,N-dimethyl-N-(2-oxo-2-(hexylamino)ethyl)propan-1-
aminium Chloride (1c). "H NMR (400 MHz, CD,0D) 6/ppm: 8.48
(bs, 1H; CONH), 4.15 (s, 2H; N*CH,CONH), 3.72 (t, ] = 8.4 Hg,
2H; NH,(CH,),CH,N"), 3.33 (s, 6H; N*(CHj,),), 3.25—3.21 (m,2H;
CONHCH,C¢H,,), 3.04 (t, ] = 7.6 Hz, 2H; NH,CH,), 2.25—2.18 (t,
2H; N*CH,CH,CH,NH,), 1.56—1.53 (m, 2H; CONHCH,CH,),
1.32(bs, 6H; CHy(c6 aiiyt chan))» 0-90 (t, ] = 6.8 Hz, 3H; CH,). HRMS
ESI* m/z: 244.2388 (observed), 244.2383 (calcd for M™).

3-Amino-N,N-dimethyl-N-(2-oxo-2-(octylamino)ethyl)propan-1-
aminium Chloride (2c). "H NMR (400 MHz, DMSO-d;) &/ppm:
8.64 (bs, 1H; CONH), 7.96 (bs, 1H; CH,NH,) 4.15 (s, 2H;
N*CH,CONH), 3.72 (t, ] = 8.4 Hz, 2H; NH,(CH,),CH,N"), 3.33
(s, 6H; N*(CHj;),), 3.25—3.21 (m,2H; CONHCH,), 3.04 (t, ] = 7.6
Hz, 2H; NH,CH,), 2.25-2.18 (t2H; N*CH,CH,CH,NH,), 1.56—
1.53 (m, 2H; CONHCH,CH,), 1.32(bs, 10H; CHy(cg 41yt chain))» 0-90
(t, J = 6.8 Hz, 3H; CH;). HRMS ESI* m/z: 272.2678 (observed),
272.2696 (calcd for M*).
3-Amino-N,N-dimethyl-N-(2-oxo-2-(decylamino)ethyl)propan-1-
aminium Chloride (3c). '"H NMR (400 MHz, DMSO-d;) &/ppm:
8.75 (bs, 1H; CONH), 8.11 (bs, 3H; CH,NH;") 4.15 (s, 2H;
N*CH,CONH), 3.62—3.58 (m, 2H; NH,(CH,),CH,N"), 3.20 (s,
6H; N*(CH,),), 3.11 (dd, J = 12.4 Hz, 6.4 Hz, 2H; CONHCH,),
2.86 (t, ] = 6.4 Hz, 2H; NH,CH,), 2.06—2.02 (m, 2H;
N*CH,CH,CH,NH,), 1.43 (bs, 2H; CONHCH,CH,), 125 (bs,
14H; CH,(C10 alkyl chain))» 0-86 (t, ] = 6.8 Hz, 3H; CH,). HRMS ESI*
m/z: 300.3010 (observed), 300.3009 (calcd for M*).
3-Amino-N,N-dimethyl-N-(2-oxo-2-(dodecylamino)ethyl)-
propan-1-aminium Chloride (4c). 'H NMR (400 MHz, DMSO-dg)
5/ppm: 8.78 (t, ] = 5.6 Hz, 1H; CONH), 8.15 (s, 3H; CH,NH;")
4.11 (s, 2H; N*CH,CONH), 3.63-3.59 (m, 2H;
NH,(CH,),CH,N"), 3.20 (s, 6H; N*(CH,),), 3.11 (dd, J = 12.8
Hz, 6.8 Hz, 2H; CONHCH,), 2.86 (t, ] = 6.8 Hz, 2H; NH,CH,),
2.09-1.99 (m, 2H; N*CH,CH,CH,NH,), 1.44—1.43 (bs, 2H;
CONHCH,CH,), 1.24 (bs, 18H; CH,(c15 aliy1 chain))» 0-85 (t, ] = 6.8
Hz, 3H; CH,). HRMS ESI" m/z: 328.3368 (observed), 328.3322
(caled for M*).
3-Amino-N,N-dimethyl-N-(2-oxo-2-(tetradecylamino)ethyl)-
propan-1-aminium Chloride (5¢). 'H NMR (400 MHz, DMSO-dg)
8/ppm: 8.78 (t, J = 5.6 Hz, 1H; CONH), 8.14 (bs, 3H; CH,NH,")
4.11 (s, 2H; N*CH,CONH), 3.62-3.59 (m, 2H;
NH,(CH,),CH,N"), 3.20 (s, 6H; N*(CH,),), 3.11 (d, J = 6.0 Hz,
2H; CONHCH,), 2.86 (s, 2H; NH,CH,), 2.06—2.03 (m, 2H;
N*CH,CH,CH,NH,), 1.43 (bs, 2H; CONHCH,CH,), 1.24 (bs,
22H; CHy(c14 aligl chain)) 0-86 (t, ] = 6.8 Hz, 3H; CH;). HRMS ESI*
m/z: 356.3681 (observed), 356.3635 (calcd for M™).
3-Amino-N-benzyl-N,N-dimethylpropan-1-aminium Chloride
(6¢). "H NMR (400 MHz, DMSO-d;) &/ppm: 8.06 (s, 3H; NH;"),
7.60—7.52 (m, SH; Hy,), 4.57 (s, 2H; CHy(5)NMe, "), 3.39—-3.35 (m,
2H; CH,NMe,"), 2.99 (s, 6H; N*(CH;),), 2.90 (s, 2H;

NH,CH,CH,), 2.13-2.09 (m, 2H; NH,CH,CH,). HRMS (ESI*)
m/z: 193.3055 (Observed), 193.3060 (calcd for M™).

3-Amino-N,N-dimethyl-N-(naphthalen-1-ylmethyl)propan-1-
aminium Chloride (7¢). '"H NMR (400 MHz, DMSO-d;) &/ppm
8.53 (d, ] = 8.4 Hz, 1H; H,,) 8.19 (d, ] = 8.0 Hz, 2H; H,,), 8.10 (d, ]
= 8.0 Hz, 1H; H,,), 7.89 (d, ] = 6.8 Hz, 1H; H,,), 7.74—7.64 (m, 3H;
NH, & H,,), 5.12 (s, 2H; N*CH,CONH), 3.64—3.62 (m, 2H;
CH,NMe,"), 3.06 (s, 6H; N*(CH,),), 2.95 (bs, 2H; NH,CH,CH,),
2.23 (bs, 2H; NH,CH,CH,). HRMS (ESI*) m/z: 243.1842
(observed), 243.1856 (calcd for M*).

N-([1,1'-Biphenyl]-4-ylmethyl)-3-amino-N,N-dimethylpropan-1-
aminium Chloride (8c). "H NMR (400 MHz, DMSO-dg) &/ppm:
7.98 (s, 3H; NH;,"), 7.87 (d, ] = 8.0 Hz, 2H; H,,), 7.77 (d, ] = 7.2 Hz,
2H; Hy,), 7.71 (d, ] = 8.4 Hz, 2H; H,,), 7.56 (t, ] = 7.6 Hz, 2H; H,,),
7.46 (t,] = 7.6 Hz, 1H; H,,), 4.63 (s, 2H; N*CH,CONH), 3.43—3.39
(m, 2H; CH,NMe,"), 3.06 (s, 6H; N*(CHj,),), 2.96—2.91 (m, 2H;
NH,CH,CH,), 2.18-2.1 (m, 2H; NH,CH,CH,). HRMS (ESI*) m/
z: 269.2031 (observed), 269.2012 (calcd for M™).

General Protocol for the Synthesis of Precursor Aldehydes (1d—
11d). 4-Formyl-benzoic acid (3.33 mmol, 1 equiv) and DIPEA (16.7
mmol, 5.0 equiv) were dissolved in a 4:1 mixture of DCM/DMF. The
reaction was cooled to 4 °C and HBTU (4 mmol, 1.2 equiv) was
added. The respective amines (3.67 mmol, 1.1 equiv, lc—11c) were
added to the reaction mixture and allowed to stir for 24 h at room
temperature. Following this, the reaction mixture was diluted with
DCM and washed sequentially with water, 1 N HCI solution, and
aqueous saturated bicarbonate solution. The organic layer was dried
over anhydrous sodium sulfate, filtered, and concentrated in vacuo. A
pure product was obtained through column chromatography using
silica as the stationary phase (gradient: 60—70% ethyl acetate/
hexane).

3-(4-Formylbenzamido)-N,N-dimethyl-N-(2-(hexylamino)-2-
oxoethyl)propan-1-aminium Chloride (1d). Yield 75%; 'H NMR
(400 MHz, CDCl,) 6/ppm: 9.96 (s, 1H; CHO), 7.98 (d, ] = 8.0 Hz,
2H; H,,),7.91 (d, ] = 7.6 Hz, 2H; H,,), 7.27 (d, ] = 6.4 Hz, 1H; NH),
7.01 (d, ] = 4.8 Hz, 1H; NH), 3.94 (s, 2H; COCH,NMe,"), 3.64—
3.60 (m, 2H; CH,NMe,"), 3.51 (d, J = 5.6 Hz, 2H; CH,NH), 3.24 (s,
6H; N*(CHj,),), 3.20—3.15 (m, 2H; NCH,), 1.44 (d, J = 7.2 Hz, 2H;
CH,CH,NHCO), 1.21 (s, 8H; CHy(c aikyi chain))» 0-86 (t, ] = 6.8 Hz
3H; CHj(cs aiiyl chain)); IR(KBr pellet): v 2919 (b), 2850 (b), 1698
(s), 1647 (s), 1545 (b), 1468 (s), 1217 (s), 836 (s), 753 (s) em™.
HRMS: (ESI") m/z 376.5128 (observed), 376.5124 (calcd for M*).

3-(4-Formylbenzamido)-N,N-dimethyl-N-(2-(octylamino)-2-
oxoethyl)propan-1-aminium Chloride (2d). Yield 70%; 'H NMR
(400 MHz, CDCl,) §/ppm: 9.96 (s, IH; CHO), 7.89 (d, ] = 8.0 Hg,
2H; Hy,), 7.81 (d, ] = 8.4 Hz, 2H; Hy,), 7.27 (d, ] = 6.4 Hz, 1H; NH),
7.01 (d, ] = 4.8 Hz, 1H; NH), 3.94 (s, 2H; COCH,NMe,"), 3.64—
3.60 (m, 2H; CH,NMe,"), 3.51 (d, ] = 5.6 Hz, 2H; CH,NH), 3.24 (s,
6H; N*(CHj,),), 3.20—3.15 (m, 2H; NCH,), 1.44 (d, ] = 7.2 Hz, 2H;
CH,CH,NHCO), 1.21 (s, 12H; CHy(cg iyl chain)), 0-86 (t, ] = 6.8 Hz
3H; CHj(cs aligi chain)); IR (KBr pellet): v 3425 (b), 3321 (b), 2929
(s), 2852 (s), 1689 (s), 1648 (s), 1542 (b), 1468 (s), 1289 (s), 1216
(s), 833 (s), 753 (s) cm™'. HRMS: (ESI*) 404.2872 (observed),
404.2908 (calcd for M*).

3-(4-Formylbenzamido)-N,N-dimethyl-N-(2-(decylamino)-2-
oxoethyl)propan-1-aminium Chloride (3d). Yield 68%; '"H NMR
(400 MHz, DMSO-d;) §/ppm: 10.09 (s, IH; CHO), 8.82 (t, ] = 6.0
Hz, 1H; NH), 8.43 (t, ] = 5.6 Hz, 1H; NH), 8.02 (s, 4H; H,,), 4.00
(s, 2H; COCH,NMe,"), 3.56—3.52 (m, 2H; CH,NMe,"), 3.37—3.33
(m, 2H; CH,NH), 3.19 (s, 6H; N*(CH,),), 3.07-3.02 (m, 2H;
CH,CH,NHCO), 1.38 (t, ] = 6.0 Hz, 2H; NCH,), 1.22 (s, 16H;
CHy(slky1 chain))» 087 (t, ] = 6.8 Hz 3H; CH,); IR (KBr pellet): v 3381
(b), 2921 (s), 2849 (s), 1706 (s), 1629 (s), 1543 (s), 1466 (s), 1374
(s), 1205 (s), 845 (b), 819 (s), 757 (s) cm™'. HRMS: (ESI*)
432.3186 (observed), 432.3221 (calcd for M™).

3-(4-Formylbenzamido)-N,N-dimethyl-N-(2-(dodecylamino)-2-
oxoethyl)propan-1-aminium Chloride (4d). Yield 65%;'H NMR
(400 MHz, CDCl,) §/ppm: 9.96 (s, IH; CHO), 7.88 (d, ] = 8.4 Hz,
2H; H,,), 7.81 (d, ] = 8.0 Hz, 2H; Hy,), 7.27 (d, ] = 6.4 Hz, 1H; NH),
7.02 (d, J = 4.8 Hz, 1H; NH), 3.94 (s, 2H; COCH,NMe,"), 3.62 (t, ]
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= 8.4 Hz, 2H; CH,NMe,"), 3.51 (d, J = 5.6 Hz, 2H; CH,NH), 3.24
(s, 6H; N*(CH,;),), 3.20—3.15 (m, 2H; NCH,), 1.44 (d, ] = 7.2 Hz,
2H; CH,CH,NHCO), 1.21 (s, 20H; CHy(cia alkyl chain))l 0.86 (t, J=
6.8 Hz, 3H; CHj(c12 aligl chain))i IR (KBr pellet): v 3427 (b), 3324 (b),
2919 (s), 2850 (s), 1696 (b), 1647 (s), 1544 (b), 1468 (s), 1300 (s),
1217 (s), 835 (b), 753 (s) cm™'. HRMS: (ESI*) 460.3513
(observed), 460.3534 (calcd for M*).

3-(4-Formylbenzamido)-N,N-dimethyl-N-(2-0x0-2-
(tetradecylamino)ethyl)propan-1-aminium Chloride (5d). Yield
69%; 'H NMR (400 MHz, CDCl;) §/ppm: 10.05 (s, 1H; CHO),
7.98 (d, ] = 8.0 Hz, 2H; H,,), 7.91 (d, ] = 7.6 Hz, 2H; H,,), 7.15 (s,
1H; NH), 6.96 (s, 1H; NH), 3.97 (s, 2H; COCH,NMe,"), 3.58 (s,
4H; CH,NH & CH,NMe,"), 3.28 (s, 6H; N*(CHj,),), 3.22 (d,] = 6.0
Hz, 2H; CH,CH,NHCO), 2.18 (d, J = 5.2 Hz, 2H; NCH,), 1.24 (s,
24H} CHZ(C14 alkyl chain))ﬁ 0.87 (tl ] =64 HZ} 3Hl CH3(C14 alkyl chain)); IR
(KBr pellet): v 3427 (b), 3322 (b), 2919 (s), 2850 (s), 1695 (b),
1646 (s), 1545 (b), 1467 (s), 1322 (s), 1217 (s), 835 (b), 753 (s)
cm™'. HRMS: (ESI*) 488.3833 (observed); 488.3847 (calcd for M*).

N-Benzyl-3-(4-formylbenzamido)-N,N-dimethylpropan-1-ami-
nium Chloride (6d). Yield 70%; 'H NMR (400 MHz, CDCL,) &/
ppm: 10.04 (s, 1H; CHO), 8.11 (d, ] = 8.8 Hz, 2H; H,,), 7.96 (d, ] =
8.0 Hz, 2H; H,,), 7.82 (d, ] = 8.4 Hz, 2H; NH), 7.70—7.66 (m, 2H;
H,,), 7.54—7.51 (m, 3H; H,,), 4.53 (s, 6H; N*(CH,),), 3.34 (d, ] =
2.0 Hz, 2H; CH,NH), 2.68 (s, 4H; CH,,)NMe,'& CH,NMe,"),
1.21 (bs, 2H; CH,CH,CH,); IR (KBr pellet): v 3460 (b), 2919 (s),
2850 (s), 1712 (s), 1647 (s), 1543 (s), 1518 (s), 1483 (s), 1325 (s),
1271 (s), 1241 (s), 1162 (s), 1126 (s), 1068 (s), 1016 (s), 833 (s)
cm™!. HRMS: (ESI*) 325.1903 (observed), 325.1911 (calcd for M*).

3-(4-Formylbenzamido)-N,N-dimethyl-N-(naphthalen-1-
ylmethyl)propan-1-aminium Chloride (7d). Yield 62%; 'H NMR
(400 MHz, CDCl,) §/ppm: 10.10 (s, 1H; CHO), 8.81 (t, ] = 5.6 Hz,
1H; NH), 8.12 (d, ] = 8.4 Hz, 2H; H,,), 8.02 (s, 4H; H,,), 7.96 (d, ]
= 84 Hz, 1H; HAr), 7.61-7.52 (m, 4H; H,), 5.05 (s, 2H;
CH,(s;)NMe,"), 3.52 (s, 6H; N*(CH3),), 3.01 (s, 2H; CH,NMe,"),
2.68 (s, 2H; CH,NH), 1.22 (bs, 2H; CH,CH,CH,); IR (KBr pellet):
v 3413 (b), 3274 (b), 3002 (s), 2970 (s), 2920 (s), 1708 (s), 1647
(s), 1517 (s), 1466 (s), 1366 (s), 1274 (s), 1170 (s), 1076 (s), 884
(s), 819 (s), 746 (s) cm™'. HRMS: (ESI*) 375.2131 (observed),
375.2101 (calcd for M),

N-([1,1'-Biphenyl]-4-ylmethyl)-5-(4-formylphenyl)-N,N-dimethyl-
5-oxopentan-1-aminium Chloride (8d). Yield 66%; 'H NMR (400
MHz, CDCly) § ppm: 10.08 (s, 1H; CHO), 8.84 (t, ] = 5.6 Hz, 1H;
NH), 8.03 (dd, J = 17.6 Hz, 8.0 Hz, 4H; H,,), 7.67 (d, ] = 8.0 Hz, 2H;
H,,),7.61-7.58 (m, 4H; H,,), 7.48—7.38 (m, 3H; H,,), 4.57 (s, 2H;
CH,(,)NMe,*), 3.42-3.39 (m, 2H; CH,NMe,"), 3.02 (s, 6H;
N*(CHs;),), 2.13 (d, J = 7.6 Hz, 2H; CH,NH), 1.08 (t, ] = 7.2 Hz,
2H; CH,CH,CH,); IR (KBr pellet): v 3308 (b), 2979 (b), 1686 (s),
1542 (s), 1487 (b), 1365 (s), 1281 (s), 1249 (s), 1165 (s), 987 (s),
777 (s), 749 (s),697(s) cm™'. MALDI-MS: 401.22 (observed),
401.2179 (caled for M*).

4-Formyl-N-octylbenzamide (9d). Yield 70%; 'H NMR (400
MHz, CDCl;) §/ppm: 10.04 (s, 1H; CHO), 7.90 (s, 4H; Hy,), 6.4S
(s, 1H; NH), 3.46—3.41 (m, 2H; NHCH,), 1.64—1.57 (m, 2H; CH,),
1.34—1.25 (m, 10H; SCH,), 0.086 (t, ] = 7.2 Hz, 3H; CH,); HRMS
(ESI*) m/z: 262.1816 (observed), 262.1802 (calcd for [M + H]*).

4-Formyl-N-decylbenzamide (10d). Yield 72%; '"H NMR (400
MHz, CDCly) §/ppm: 10.06 (s, 1H; CHO), 7.94—7.89 (m, 4H; H,,),
6.28 (s, 1H; NH), 3.48—3.43 (m, 2H; NHCH,), 1.66—1.59 (m, 2H;
CH,), 1.34—1.26 (m, 14H; 7 CH,), 0.087 (t, ] = 6.8 Hz, 3H; CH,);
HRMS: (ESI*) m/z 290.2125 (observed), 290.2115 (caled for [M +
H]).

4-Formyl-N-tetradecylbenzamide (11d). Yield 75%; 'H NMR
(400 MHz, CDCl;) 6/ppm: 10.07 (s, 1H; CHO), 7.90 (s, 4H; H,,),
6.24 (s, 1H; NH), 3.49—3.44 (m, 2H; NHCH,), 1.62 (d, ] = 7.2 Hz,
2H; CH,), 1.25 (bs, 22H; 11CHy(c14 alkgt chain))y 0-087 (t, ] = 7.2 He,
3H; CH,); HRMS: (ESI*) m/z: 3462734 (observed), 346.2741
(caled for [M + HJY).

General Protocol for the Synthesis of Aryl-Alkyl Vancomycins
(AAVs, 1—12). A solution of vancomycin (0.050 g, 0.033 mmol, 1
equiv) in DMF (1 mL) and DMSO (1 mL) and DIPEA (12 uL, 5.0

equiv) mixture was maintained at SO °C. The respective aldehydes
(1la—11a and 4-chlorobiphenyl-carboxaldehyde) were added (0.083
mmol, 2.5 equiv) keeping the reaction in an oil bath, and the reaction
was continued at SO °C for 2 h. After cooling, NaCNBH; (0.017
mmol, 5.0 equiv) in MeOH was added, and the reaction mixture was
allowed to stir at SO °C for another 2 h after which the reaction was
allowed to continue for 20 h. Pure products were isolated by
purification using preparative RP-HPLC (gradient: 5—95% acetoni-
trile/water, 20 min) to more than 95% purity. The product was
lyophilized to afford white solid powder bis-trifluoroacetate salts (1-3
and 12) and tris-trifluoroacetate salts (4—11).

AAV-C8 (1). Yield 51%; HPLC purity 96%, '"H NMR(DMSO-d,,
400 MHz, 298 K) &/ppm: 9.45 (s, 1H), 9.17—9.08 (m, 1H), 9.08 (s,
1H), 8.68 (s, 1H), 8.56—8.44 (m, 2H), 8.29 (br, 1H), 7.87—7.85 (m,
3H), 7.63 (s, 1H), 7.54 (d, J = 8.0 Hz, 3H), 7.51-7.41 (m, 3H),
7.37—7.13 (m, 5H), 7.08—7.01 (m, 1H), 6.82—6.75 (m, 1H), 6.75—
6.67 (m, 2H), 6.62—6.53 (m, 2H), 6.40 (s, 1H), 6.25 (s, 1H), 6.01—
5.89 (m, 2H), 5.83—5.69 (m, 2H), 5.65—5.50 (m, 2H), 5.44—5.33
(m, 2H), 5.29 (s, 1H), 5.23-5.16 (m, 2H), 5.15—5.08 (m, 1H),
4.99—4.88 (m, 1H), 4.73—4.64 (m, 1H), 4.5—4.39 (m, 2H), 4.29—
4.16 (m, 1H), 4.08—4.0 (s, 1H), 3.76—3.63 (m, 3H), 3.61—3.56 (m,
1H), 3.48—3.42 (bs, 2H), 3.24 (d, ] = 6.4 Hz, 3H), 2.75—2.66 (m,
1H), 2.39-2.27 (m, 2H), 2.17-2.08 (m, 2H), 1.89—1.79 (m, 1H),
1.71-1.59 (m, 2H), 1.55—1.42 (m, SH), 1.28—1.25 (m, 12H), 1.13
(d, J = 6.0 Hz, 3H), 0.92—0.84 (m, 9H). HRMS: (ESI*) 848.3051
(observed), 848.3099 (calcd for [M + 2H]*).

AAV-C10 (2). Yield 55%; HPLC purity 95%; '"H NMR (DMSO-d,,
400 MHz, 298 K) &/ppm: 9.45 (bs, 1H), 9.17 (s, 1H), 9.10 (s, 1H),
9.03—8.90 (m, 1H), 8.68 (s, 1H), 8.58—8.47 (m, 2H), 8.24 (bs, 1H),
7.92—7.84 (m, 3H), 7.63—7.56 (m, 3H), 7.52—7.43 (m, 2H), 7.37—
7.32 (m, 1H), 7.22 (d, J = 8.0 Hz, 1H), 7.17 (s, 1H), 7.09—7.01 (m,
1H), 6.81—6.65 (m, 3H), 6.41 (s, 1H), 6.25 (s, 1H), 5.99 (bs, 2H),
5.85—5.73 (m, 2H), 5.62 (s, 1H), 5.41—5.28 (m, 2H), 5.26—5.12 (m,
3H), 4.93—4.90 (m, 1H), 4.68 (d, ] = 6.0 Hz, 1H), 443 (d, ] = 5.6
Hz, 2H), 4.31-4.17 (m, 2H), 4.15—4.02 (m, 2H), 3.96 (bs, 1H),
3.76—3.67 (m, 1H), 3.48 (m, 2H), 3.30—3.23 (m, SH), 2.64 (m, 2H),
2.54 (s, 1H), 2.20—2.07 (m, 1H), 1.91—-1.81 (m, 1H), 1.74—1.67 (m,
1H), 1.65—1.58 (m, 2H), 1.51 (bs, 4H), 1.24 (bs, 15H), 1.15—1.11
(d, J = 8.0 Hz, 3H), 0.95—0.8 (m, 9H). HRMS: (ESI*) 862.3278
(observed), 862.3246 (calcd for [M + 2H]*").

AAV-C14 (3). Yield 52%; HPLC purity 96%; '"H NMR (DMSO-d,,
400 MHz, 298 K) 5/ppm: 9.44 (s, 1H), 9.17—9.08 (m, 2H), 8.68 (s,
1H), 8.53—8.47 (m, 2H), 8.24 (bs, 1H), 7.88—7.85 (m, 3H),7.58—
7.40 (m, 2H), 7.33 (d, ] = 8.4 Hz, 1H), 7.23 (d, J = 8.0 Hz, 1H), 7.18
(s, 1H), 7.01 (bs, 1H), 6.80—6.66 (m, 3H), 6.40 (s, 1H), 6.25 (s,
1H), 5.98—5.94 (m, 2H), 5.76 (d, ] = 7.6 Hz, 2H), 5.62 (s, 1H),
5.40—5.27 (m, 3H), 5.19 (s, 2H), 5.12 (s, 2H), 4.93—4.92 (bs, 1H),
4.69 (d, ] = 6.4 Hz, 1H), 4.5-4.39 (m, 2H), 4.33—4.16 (m, 2H),
4.13—3.96 (m, 3H), 3.78—3.52 (m, 4H), 3.46 (s, 2H), 3.24 (d, ] = 6.0
Hz, 2H), 2.60-2.54 (m, 8H), 2.20—2.06 (m, 2H), 2.19—2.06 (m,
2H), 1.85—1.81 (m, 1H), 1.69—1.59 (m, 1H), 1.55—1.43 (m, 4H),
1.24 (bs, 15SH), 1.13 (d, ] = 6.0 Hz, 3H), 0.95—0.8 (m, 9H). HRMS:
(EST*) 890.3647 (observed), 890.3617 (calcd for [M + 2H]*).

AAV-qC6 (4). Yield 60%; HPLC purity 96%; "H NMR (DMSO-d,,
400 MHz, 298 K) &/ppm: 9.43 (s, 1H), 9.16 (s, 1H), 9.08 (s, 1H),
8.67 (s, 2H), 8.53 (s, 2H), 7.88—7.85 (m, 3H), 7.58—7.51 (m, 3H),
7.49—7.44 (m, 2H), 7.32 (d, ] = 8.4 Hz, 1H), 7.25 (d, ] = 8.4 Hz,
1H), 7.18 (s, 1H), 6.98 (bs, 1H), 6.79—6.77 (m, 1H), 6.72—6.68 (m,
2H), 6.54 (s, 1H), 6.39 (s. 1H), 6.25 (s, 1H), 5.95 (d, ] = 6.4 Hz,
2H), 5.86 (bs, 1H), 5.75 (s, 2H), 5.60 (s, 1H), 5.37 (d, ] = 7.6 Hz,
1H), 5.35—5.25 (m, 2H), 5.19 (m, 2H), 5.12—5.10 (m, 2H), 4.91 (s,
1H), 4.68 (d, ] = 6.4 Hz, 1H), 4.48—4.43 (m, 2H), 4.29 (s, 1H), 4.20
(d,J=11.6 Hz, 1H), 4.08 (t, ] = 5.2 Hz, 1H), 4.03 (s, 3H), 3.74—3.66
(m, 1H), 3.62—3.58 (m, 1H), 3.57—3.49 (m, 3H), 3.18 (s, 6H), 3.06
(g, J = 6.4 Hz, 2H), 2.55-2.54 (m, 1H), 2.33—2.32 (m, 1H), 2.19—
2.10 (m, 1H), 2.01—-1.91 (m, 2H), 1.83 (d, J = 10.4 Hz, 1H), 1.72—
1.64 (m, 1H), 1.43—1.35 (m, 2H), 1.39 (t, ] = 6.8 Hz, 2H), 1.23 (bs,
6H), 1.13 (d, ] = 6.0 Hz, 3H), 0.92—0.83 (m, 9H). HRMS: (ESI")
905.3505 (observed), 905.3496 (calcd for [M + H]*).
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AAV-qC8 (5). Yield 40%; HPLC purity 95%; '"H NMR (DMSO-d,,
400 MHz, 298 K) §/ppm: 9.42 (s, 1H), 9.15 (s, 1H), 9.07 (s, 1H),
8.65 (bs, 2H), 8.53—8.46 (m, 2H), 7.85 (s, 3H), 7.58—7.51 (m, 2H),
7.48—7.42 (m, 2H), 7.31 (d, ] = 8.4 Hz, 1H), 7.26 (d, ] = 7.6 Hz,
1H), 7.18 (s, 1H), 6.96 (bs, 1H), 6.81—6.78 (m, 1H), 6.73—6.68 (m,
2H), 6.58 (bs, 1H), 6.39 (m. 1H), 6.23 (m, 1H), 5.95 (d, ] = 6.8 Hz,
1H), 5.82 (bs, 1H), 5.78—5.76 (m, 2H), 5.6 (s, 1H), 5.37 (d, ] = 7.6
Hz, 1H), 5.30 (bs, 2H), 5.21-5.15 (m, 2H), 5.11-5.09 (m, 2H), 4.89
(bs, 1H), 4.68 (d, ] = 6.4 Hz, 1H), 4.49—4.41 (m, 2H), 4.30 (s, 1H),
420 (d, J = 11.2 Hz, 1H), 4.10—-4.02 (m, 1H), 4.02 (s, 2H), 3.72—
3.68 (m, 1H), 3.6—3.43 (m, 4H), 3.18 (s, 6H), 3.06 (q, ] = 6.8 Hz,
3H), 2.33-2.32 (m, 1H), 2.20—2.08 (m, 2H), 1.96 (t, ] = 8.0 Hz,
3H), 1.82—1.81 (m, 1H), 1.73—1.66 (m, 1H), 1.54—1.44 (m, 3H),
1.39 (t, J = 6.4 Hz, 2H), 1.24 (bs, 10H), 1.13 (d, ] = 5.2 Hz, 3H),
0.92—0.84 (m, 9H). HRMS: (ESI*) 919.3680 (observed), 919.3700
(calced for [M + H]?).

AAV-gC10 (6). Yield 42%; HPLC purity 98%; 'H NMR (DMSO-
dg, 400 MHz, 298 K) &/ppm: 9.44 (br, 1H), 9.16 (s, 1H), 9.07 (s,
1H), 8.81 (bs, 1H), 8.70 (bs, 2H), 8.59—8.49 (m, 2H), 8.27 (bs, 1H),
7.91-7.83 (m, 3H), 7.61-7.54 (m, 3H), 7.51—7.46 (m, 3H), 7.33 (d,
] = 8.4 Hz, 1H), 7.22—7.17 (m, 2H), 7.05 (s, 1H), 6.80—6.76 (m,
1H), 6.72—6.68 (m, 2H), 6.55—6.53 (m, 1H), 6.25 (s, 1H), 6.00—
5.94 (m, 2H), 5.84 (bs, 1H), 5.68 (d, ] = 8.0 Hz, 1H), 5.63 (s, 1H),
5.38-5.33 (d, 2H), 5.31 (s, 1H), 5.22—5.16 (m, 2H), 5.12—5.10 (m,
2H), 4.93 (bs, 1H), 4.69 (d, ] = 6.4 Hz, 1H), 449—4.41 (m, 2H),
4.28—4.16 (m, 2H), 4.13—4.01 (m, SH), 3.95 (bs, 1H), 3.7 (m, 1H),
3.62—3.49 (m, 4H), 3.18 (s, 6H), 3.07 (d, ] = 6.4 Hz, 2H), 2.63 (bs,
3H), 2.55 (s, 1H), 2.33—2.32 (m, 1H), 2.21-2.08 (m, 2H), 2.00—
1.95 (m, 2H), 1.88—1.80 (m, 1H), 1.73—1.55 (m, 3H), 1.49 (s, 2H),
1.40 (t, ] = 6.0 Hz, 2H), 1.24 (bs, 1SH), 1.13 (d, ] = 6.0 Hz, 3H), 0.91
(d, J = 5.6 Hz, 3H), 0.88—0.83 (m, 6H). HRMS: (ESI*) 933.3817
(observed), 933.3825 (caled for [M + H]*).

AAV-gC12 (7). Yield 43%; HPLC purity 98%; '"H NMR (DMSO-
dg, 400 MHz, 298 K) &/ppm: 9.44 (bs, 1H), 9.16 (s, 1H), 9.07 (s,
1H), 8.69 (s, 1H), 8.57—8.48 (m, 2H), 8.25 (br, 2H), 7.9—7.82 (m,
3H), 7.6—7.53 (m, 3H), 7.51-7.42 (m, 3H), 7.32 (d, ] = 8.4 Hz, 1H),
7.23 (d, ] = 8.4 Hz, 1H), 7.18 (s, 1H), 7.01 (bs, 1H), 6.82—6.77 (m,
1H), 6.73—6.67 (m, 1H), 6.55 (s, 1H), 6.39 (bs, 1H), 6.24 (s, 1H),
5.99—5.91 (m, 2H), 5.83 (bs, 1H), 5.76 (d, ] = 7.6 Hz, 1H), 5.62 (s,
1H), 5.4—5.28 (m, 3H), 5.19 (s, 2H), 5.12 (s, 2H), 4.93—4.92 (m,
1H), 4.72—4.65 (m, 1H), 4.49—4.41 (m, 2H), 4.29—4.16 (m, 2H),
4.13—3.99 (m, 4H), 3.74—3.66 (m, 1H), 3.59—3.50 (m, SH), 3.18 (s,
6H), 3.07 (q, ] = 6.4 Hz, 2H), 2.57 (m, 2H), 2.34—2.31 (m, 1H),
2.17—2.07 (m, 2H), 2.0—1.95 (m, 2H), 1.88—1.79 (m, 1H), 1.7-1.6
(m, 2H), 1.53—1.4S (m, 2H),1.43—1.36 (m,2H) 1.24 (br,18H), 1.13
(d, J = 6.0 Hz, 3H), 0.92—0.83 (m, 9H). HRMS: (ESI*) 947.3984
(observed), 947.3965 (calcd for [M + H]*).

AAV-qC14 (8). Yield 45%; HPLC purity 99; '"H NMR (DMSO-d,,
400 MHz, 298 K) &/ppm: 9.44 (bs, 1H), 9.16 (s, 1H), 9.08 (s, 1H),
8.69 (s, 1H), 8.54 (t, ] = 5.6 Hz, 2H), 8.25 (bs, 2H), 7.89—7.84 (m,
3H), 7.59-7.52 (m, 3H), 7.50—7.41 (m, 2H), 7.32 (d, ] = 8.4 Hz,
1H), 7.24 (d, ] = 8.4 Hz, 2H), 7.18 (s, 1H), 7.00 (s, 1H), 6.79—6.77
(m, 1H), 6.73—6.68 (m, 2H), 6.55 (s, 1H), 6.39 (s, 1H), 6.25 (s, 1H),
5.95 (d, J = 6.4 Hz, 1H), 5.91 (s, 1H), 5.76 (d, ] = 8.0 Hz, 1H), 5.61
(s, 1H), 5.41-5.27 (m, 3H), 5.19 (s, 2H), S.11 (s, 2H), 4.92 (bs,
1H), 4.73—4.64 (m, 1H), 4.49—4.41 (m, 2H), 4.32—4.17 (m, 2H),
4.11-4.09 (m, 1H), 4.03 (s, 3H), 3.75—3.65 (m, 1H), 3.59—3.44 (m,
3H), 3.18 (s, 6H), 3.07 (q, ] = 6.4 Hz, 2H), 2.54 (m, 2H), 2.34—2.31
(m, 1H), 2.19-2.07 (m, 2H), 1.99—1.92 (m, 2H), 1.87—1.79 (m,
1H), 1.70—1.59 (m, 2H), 1.48 (s, 2H), 1.40 (s, 2H), 1.24 (bs, 22H),
1.13 (d, J = 6.0 Hz, 3H), 0.93-0.80 (m, 9H). HRMS: (ESI")
961.4145 (observed), 961.4122 (caled for [M* + H]*").

AAV-gPh (9). Yield 44%; HPLC purity 94%; 'H NMR (DMSO-d,,
400 MHz, 298 K) §/ppm: 9.43 (s, 1H), 9.17 (s, 1H), 9.06 (s, 1H),
8.73—8.47 (m, 3H), 8.17 (bs, 2H), 7.86 (s, 1H), 7.57—7.42 (m, 8H),
7.33 (d, ] = 8.0 Hz, 1H), 7.23 (d, ] = 8.0 Hz, 1H), 7.17 (s, 1H), 7.05
(s, 1H), 6.80—6.68 (m, 2H), 6.53 (m, 1H), 6.39 (d, 1H), 6.25 (s,
1H), 5.97 (d, ] = 6.4 Hz, 1H) 5.90 (s, 1H), 5.79—5.75 (m, 1H), 5.63
(s, 1H), 5.37—5.30 (m, 2H), 5.18—5.10 (m, 3H), 4.92 (bs, 1H), 4.68
(d, ] = 6.0 Hz, 1H), 4.44—4.42 (m, 2H),4.29—4.16 (m, 1H), 4.10 (t, ]

= 5.2 Hz, 1H), 4.04—3.96 (m, 2H), 3.75-3.66 (m, 1H), 3.62—3.50
(m, 2H),3.49-3.43 (m, 2H), 2.99 (s, 1H), 2.91-2.83 (m, 1H), 2.67
(s, 2H), 2.55 (s, 6H), 2.33 (s, 1H), 2.19—2.06 (m, 2H), 1.83—1.80
(m, 1H), 1.71-1.59 (bs, 2H), 1.51—-1.47 (bs, 4H), 1.24 (bs, 2H),
1.13 (d, ] = 5.6 Hz, 3H), 0.89 (dd, J = 18.8 Hz, 5.6 Hz, 6H). HRMS:
(ESI*) 879.8193 (observed), 879.8154 (calcd for [M* + H]**).

AAV-gNaph (10). Yield 46%; HPLC purity 92%; 'H NMR
(DMSO-d, 400 MHz, 298 K) 8/ppm: 9.45 (s, 1H), 8.70—8.64 (m,
2H), 8.50—8.47 (m, 2H), 8.12 (d, J = 8.0 Hz, 1H), 8.05 (d, J = 8.0
Hz, 1H), 7.88—7.84 (m, 2H), 7.80 (d, ] = 7.2 Hz, 1H), 7.69—7.53 (m,
6H), 7.5—7.41 (m, 1H), 7.44—7.36 (m, 2H), 7.32 (d, ] = 8.0 Hz, 1H),
7.26 (d, ] = 8.0 Hz, 1H), 7.19 (s, 1H), 6.94 (s, 1H), 6.79—6.77 (m,
1H), 6.73—6.69 (m, 2H), 6.61 (s, 1H), 6.4 (s, 1H), 6.25 (s, 1H), 5.95
(d, J = 5.6 Hz, 2H), 5.86 (s, 1H), 5.75 (d, J = 7.6 Hz, 1H), 5.59 (s,
1H), 5.39-5.33 (m, 2H), 5.28 (s, 1H), 5.22—5.12 (m, 2H), 5.06 (s,
2H), 4.69 (d, ] = 6.4 Hz, 1H), 444—4.42 (m, 2H), 4.22—4.20 (m,
1H), 4.09—4.08 (m, 1H), 3.97 (bs, 1H), 3.71-3.69 (m, 1H), 3.56—
3.49 (m, 4H), 3.00 (s, 6H), 2.44 (s, 3H), 2.19—2.08 (m, 4H), 1.87—
1.79 (m, 1H), 1.7-1.59 (m, 2H),1.51—-1.37 (m, 3H), 1.14—1.12 (m,
3H), 0.88 (dd, J = 18.4 Hz, 6.4 Hz, 6H). HRMS: (ESI*) 904.8256
(observed), 904.8280 (calcd for [M*+H]**).

AAV-gBiph (11). Yield 42%; HPLC purity 96%; 'H NMR (DMSO-
dg, 400 MHz, 298 K) &/ppm: 9.45 (s, 1H), 9.17 (s, 1H), 9.09 (s, 1H),
8.75 (bs, 1H), 8.68 (s, 2H), 8.52—8.51 (m, 1H), 7.89 (t, J = 8.0 Hz,
2H), 7.73-7.59 (m, 6H), 7.55 (d, ] = 6.0 Hz, 3H), 7.51-7.47 (m,
4H), 7.44—7.38 (m, 1H), 7.34 (d, ] = 6.0 Hz, 1H), 7.23 (d, ] = 8.4 Hz
2H), 7.18 (bs, 1H), 7.02 (bs, 1H), 6.78 (d, ] = 8.4 Hz, 1H), 6.73—
6.69 (m, 2H), 6.57 (s, 1H), 6.4 (s, 1H), 6.2 (s, 1H), 5.98—5.96 (m,
2H), 5.70 (d, ] = 7.6 Hz 1H), 5.62 (s, 1H), 5.37—5.35 (m, 2H), 5.30
(s, 1H), 5.19 (s, 2H), 4.93 (bs, 1H), 4.70 (d, ] = 6.4 Hz, 1H), 4.47
4.43 (m, 2H), 4.28—4.19 (m, 2H), 4.09 (t, ] = 5.2 Hz, 1H), 4.04—
4.00 (m, 1H), 3.77-3.70 (m, 1H), 3.72—3.69 (m, 2H), 3.63—3.45
(m, 3H), 3.01 (s, 6H), 2.57 (s, 2H), 2.19—2.07 (m, 4H),1.84 (d, ] =
12.0 Hz, 1H), 1.71—1.64 (m, 2H), 1.53—1.43 (m,3H), 1.14 (d, ] = 6.4
Hz, 3H), 0.88 (dd, ] = 19.6 Hz,6.0 Hz 6H). HRMS: (ESI*) 917.8320
(observed), 917.8310 (caled for [M + H]*").

CBP-Van (12). Yield 45%; HPLC purity 95%; '"H NMR (DMSO-
dg, 400 MHz, 298 K) 5/ppm: 9.45 (s, 1H), 8.58 (bs, 1H), 8.43—8.21
(m, 1H), 8.05—7.79 (m, 2H), 7.78—=7.56 (m, SH), 7.55—7.43 (m,
4H), 7.43—7.19 (m, 3H), 6.89—6.64 (m, 2H), 6.36 (d, ] = 14.8 Hz,
1H), 5.87-5.70 (m, 1H), 5.55—5.52 (m, 1H), 5.42—5.12 (m, 4H),
4.94—4.68 (m, 2H), 4.61—4.36 (m, 2H), 4.33 (d, 1H), 4,.17 (bs, 1H),
4.00 (bs, 2H), 3.85 (d, J = 13.2 Hz, 1H), 3.73—-3.62 (m, 1H), 3.6—
3.51 (m, 2H), 3.12 (s, 1H), 3.03—2.98 (m, 1H), 2.54 (s, 2H), 2.33—
2.16 (m, 2H),1.77—1.56 (m, 2H), 1.28—1.19 (bs, 2H), 1.1-1.01 (m,
3H), 0.99-0.82 (m, 6H). HRMS ESI*m/z: 825.7471 (observed),
825.7454 (calced for [M + 2H]*).

Protocol for the Synthesis of Control Compound 13. p-Toluic
acid (1 equiv) and DIPEA (5.0 equiv) were dissolved in a 4:1 mixture
of DCM/DMF. The reaction mixture was cooled to 4 °C and HBTU
(1.2 equiv) was added. Compound 3¢ (1.1 equiv) was then added to
the reaction mixture and allowed to stir for 24 h at room temperature.
Following this, the reaction mixture was diluted with DCM and was
washed sequentially with water, 1 N HCI solution, and aqueous
saturated bicarbonate solution. The organic layer was dried over
anhydrous sodium sulfate, filtered, and concentrated in vacuo. A pure
product was obtained through column chromatography using silica as
the stationary phase (gradient: 60%—70% ethyl acetate/hexane).

N-(2-(Decylamino)-2-oxoethyl)-N,N-dimethyl-3-(4-
methylbenzamido)propan-1-aminium Trifluoroacetate (13). Yield
65%; "H NMR (DMSO-d,, 400 MHz, 298 K) §/ppm: 8.53 (s, 1H;
NH), 8.46 (s, 1H; NH), 7.74 (d, ] = 6.8 Hz, 1H; Ary), 7.27 (s, 2H;
H,,), 4.00 (s, 2H; COCH,NMe,"), 3.56—3.52 (m, 2H; CH,NMe,*),
3.18 (s, 6H; N*(CH,),), 3.07—3.04 (m, 2H; CH,CH,NHCO), 2.35
(s, 3H; PhCH;), 1.96—1.94 (m, 2H; CH,NH), 1.38—1.36 (m, 2H;
CH,CH,CH,NHCO), 123 (s, 16H; CH, (i chain)), 0.86—0.84
(m,3H; CH;); HRMS ESI" m/z: 418.3434 (observed), 418.3429
(caled for M*).

Biological Assays. Antibacterial Assay. The antibacterial
activities of the compounds are reported as their MIC, which is the
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lowest concentration of the antibacterial agent required to inhibit the
growth of microorganism after overnight incubation. All synthesized
compounds (1—12) were assayed in a microdilution broth format as
per the CLSI guideline. S yL of the frozen bacterial stock was added
to 3 mL of the respective broth and cultured for 6 h at 37 °C prior to
the experiments. This 6 h grown culture gives about 10° cfu/mlL,
which was determined by the spread plating method. This was then
diluted to a cell concentration of 10° cfu/mL, which was then used for
MIC determination. The test compounds were serially diluted 2-fold,
in sterile millipore water and 50 uL of the serial dilutions were added
to the wells of a 96-well plate, followed by the addition of 150 uL of
the bacterial solution. The plates were then incubated for 18—24 h at
37 °C. The O.D. value at 600 nm was recorded using a TECAN
(Infinite series, M200 pro) Plate Reader. Each concentration had
triplicate values and repeated at least twice, and the MIC value was
determined by taking the average concentration for no visual turbidity
and ODy, values.

Hemolysis Assay. The assay was performed as described in our
previously published protocols.*® Freshly drawn, heparinized human
blood was centrifuged down to obtain the erythrocytes and
resuspended to S vol % in PBS (pH 7.4). 150 uL of the erythrocyte
suspension was added to S0 uL of serially diluted compounds taken in
96-well microtiter plates. One column without compound and other
with 50 uL of 1 vol % solution of Triton X-100 were kept as negative
and positive controls, respectively. The plates were incubated at 37 °C
for 1 h, followed by centrifugation at 3500 rpm for $ min 100 uL of
the supernatant from each well were transferred into fresh microtiter
plates, and As,, was measured.

Percentage of hemolysis was determined using the formula (A —
Ay)/ (A — Ap) X 100, where A is the absorbance of the test well, A,
is the absorbance of the negative controls (without compound), and
Ayoal is the absorbance of 100% hemolysis wells (with Triton X-100),
all measured at 540 nm.

AlamarBlue Assay (Cytotoxicity Assay). The standard protocol
as mentioned in the kit was followed. Briefly, 2 x 10* HEK 293cells
were seeded per well in 100 yuL of Dulbecco’s modified Eagle’s
medium (DMEM) in a 96-well plate and incubated for 24 h.
Compounds were treated at various concentrations and incubated for
24 h after which 10 uL of 10 X Alamar blue dye was added. 2 h
postincubation with the dye, the absorbance was measured at 570 nm
using 600 nm as the reference wavelength.

Fluorescence Microscopy of HEK Cells. Approximately 10*
HEK 293 cells were seeded into each well of a 96-well plate overnight
under a 5% CO, atmosphere at 37 °C. 100 uL of30 uM solution of
AAV-qC10 in DMEM medium was added to the seeded cells and
incubated for 24 h. One row of cells was treated with 0.1% Triton-X
and one row was left untreated as positive and negative controls,
respectively. Postincubation, cells were washed with 1X PBS and then
stained with 50 uL of 1:1 calcein AM (2 uM) and PI (4.5 uM) for 15
min under a 5% CO, atmosphere at 37 °C. The excess dye was then
removed by washing the cells with 1XPBS, and images were captured
with a 40X objective of a Leica DM2500 fluorescence microscope.
For imaging, a band-pass filter for Calcein AM (at 500—550 nm) and
a long-pass filter for PI (at 590—800 nm) were used.

Time-Kill Kinetics Assay. The bactericidal activity of the
compounds was evaluated with the time kill kinetics assay according
to the previously published protocol.** Briefly, MRSA and VRE were,
respectively, cultured in nutrient and BHI broth at 37 °C for 6 h.
AAV-qCl0and vancomycin were added individually to the bacterial
solution (approximately 6.1 log cfu/mL of MRSA and S log cfu/mL
of VRE ATCC 51575) at MIC, 2 X MIC, and 4 X MIC. This was
then incubated at 37 °C and at different time intervals (0, 2, 4, 6, and
24 h), and 20 uL of aliquots were taken out and serially diluted 10-
fold in 0.9% saline. 20 uL of the solutions were then plated on
nutrient agar plates and incubated at 37 °C for 24 h. The viable
bacterial colonies were counted and the results are represented on a
logarithmic scale, that is, log cfu/mL.

Antagonization Assays. Antagonization of antibacterial activity
of AAV-qC10 was determined by adding 5004M N,N’-diacetyl-L-Lys-
p-Ala-p-Ala or 100 pg/mL of lipoteichoic acid to serial dilutions of the

test compound and preincubating for 10 min and 1 h, respectively.
The MIC was then determined against MRSA by measuring the
ODygy 18—24 h postincubation.

Membrane Permeabilization Assay. Midlog phase cultures of
B. subtilis, VRE, and MRSA were harvested (3500 rpm, S min),
washed, and resuspended in a 1:1 solution of S mM glucose and $
mM HEPES buffer (pH 7.2).%% 10 uM of PI was added to the
bacterial suspension and 180 yL of this mixture was put into 96-well
flat clear bottomed black well plates. Fluorescence was monitored at
an excitation wavelength of $35 nm (slit width: 10 nm) and an
emission wavelength of 617 nm (slit width: S nm). After this, 20 uL of
test compounds at 10 #M were added to the wells containing bacterial
suspension. The uptake of PI was monitored by the increase in
fluorescence for 30—40 min as a measure of membrane permeabiliza-
tion. Mid-log phase cells were treated with vancomycin and AAV-
qC10 at 10 uM, respectively. For membrane permeabilization against
stationary phase and persister cells of MRSA, compounds vancomycin
and AAV-qC10 were treated at 20 yM, respectively.

Cytoplasmic Membrane Depolarization Assay. Mid-log phase
cultures of B. subtilis, MRSA, and VRE were harvested (3500 rpm, S
min), washed in 1:1 solution of S mM glucose and S mM HEPES
buffer (pH 7.2), and resuspended in 1:1:1 solution of S mM HEPES
buffer, 5 mM glucose, and 100 mM KCI solution.*** 2 uM of 3,3'-
Dipropylthiadicarbocyanine iodide (DiSC5(5)) was then added to the
bacterial suspension and preincubated for 20—30 min. The
fluorescence was monitored at an excitation wavelength of 622 nm
(slit width: 10 nm) and an emission wavelength of 670 nm (slit width:
S nm). Then, 20 uL of test compounds were added to polystyrene-
black well microplates containing bacterial suspension and DiSC;(5)
after 2—4 min of fluorescence measurement. The fluorescence was
monitored for another 35—40 min as a measure of membrane
depolarization. To assess for interference of AAV-qCl10 and
vancomycin with the fluorescence of DiSC4(5), 10 uM of the test
compounds were individually incubated with 2 uM solution of
DiSC;(S) and the fluorescence of DiSC;(5) was monitored at 2 min
intervals. The fluorescence was then measured at the above
mentioned wavelengths. A decrease in the fluorescence intensity
possibly results due to the interaction of the dye with the polystyrene-
surface of the 96-well microtiter plate.”’” Mid-log phase cells were
treated with vancomycin and AAV-qC10 at 10 uM, respectively. For
membrane depolarization against stationary phase and persister cells
of MRSA, compounds vancomycin and AAV-qC10 were treated at 20
UM, respectively.

Determination of MIC against B. subtilis. An inoculum of B.
subtilis 168 was cultured overnight in S mL BMM medium at 37 °C to
the mid-log phase. BMM medium consists of 50 mM Tris, 15 mM
NH,(SO,),, 8 mMMgSO,, 27 mMKC1, 7 mM sodium citrate, 0.1%
glucose, 0.6 mMKH,PO,, and 16 ug/mL of L-tryptophan and
glutamic acid.*® The bacteria in the mid-log phase were then diluted
to an ODg, of 0.005 (yielding a final concentration of 5 X 10° cells/
ml) and incubated with serial dilutions of the compound for 18 h at
37 °C in BMM medium. The MIC was determined as the lowest
concentration at which no visible turbidity was observed.

Determination of Physiologically Effective Concentration.
B. subtilis 168 was grown overnight in 50 mL flasks with 10 mL of
BMM medium. Upon reaching the mid-log phase (an ODjyy, between
0.5 and 1), an inoculum was grown in 100 mL of BMM in a 500 ml
flask. When ODyy, of the cultures reached 0.35, S mL of the bacterial
culture was aliquoted out into separate conical tubes and test
compounds were added. The ODgy, of the aliquots was recorded
every 30 min”’ The concentration that retards the growth of
exponentially growing bacteria was defined as the PEC.

Cell Wall Biosynthesis Inhibition Assay or Bubble Assay.
Overnight cultures of B. subtilis 168 in the mid-log phase were diluted
in BMM and allowed to grow to an ODgy, of 0.35.200 uL of the
bacterial culture were treated with the required concentrations of test
compounds at PEC for 15 min at 37 °C. The cells were then fixed
with 1 mL of a 1:3 mixture of acetic acid/methanol?” The
morphology of the bacterial cells was examined through a light
microscope.
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GFP-MinD Localization. B. subtilis 1981 GFP-MinD was cultured
overnight in BMM.”® Cells were then inoculated in xylose containing
BMM instead of glucose to an ODyy, of 0.1 to induce expression of
the GFP-MinD fusion protein. Upon reaching an ODjy, of 0.35, the
cells were treated with test compounds at the PEC (vancomycin,
AAV-qC10) and 0.75 pg/mL (nisin) for 1S min. 0.5 uL of nonfixed,
nonimmobilized samples of the culture was imaged immediately in
the fluorescent mode (an Olympus microscope with a U-
LH100HGAPOburner and a U-RFL-T power supply).

BAC Light Assay. Overnight cultures of B. subtilis 168 were
inoculated in BMM and grown to an ODsy, of 0.35.500 uL of the
bacterial culture was then treated with the compounds at required
concentrations for 10 min in the same medium at 37 °C. The bacteria
were then centrifuged down at 13,200 rpm and resuspended in
prewarmed BMM medium. 2 L of 1:1 BAC light dye was then added
to the bacterial suspension and incubated for 5 min. The fluorescence
for the respective dyes was observed under a microscope in the GFP
and Texas Red channels.

Resistance Study. Vancomycin was chosen as the control
antibiotic for MRSA. The initial MIC values of AAV-qC10 and
vancomycin were determined against the respective bacteria. The
initial MIC of vancomycin was 0.6 M and that of AAV-qC10 was 0.9
UM. After the initial MIC experiment, serial passaging was initiated by
harvesting bacterial cells growing in the sub-MIC concentration of the
compounds and was subjected to another MIC assay.* Initially, cells
exposed to 0.3 M of vancomycin, and 0.45 uM for AAV-qC10 (6),
were collected and taken forward for next passage. The bacterial
concentration was adjusted to ~10° cfu/mL based on ODgy. The
process was repeated for 27 passages. The fold of MIC increased for
test compounds was plotted against the number of days.

Growth of Mature Biofilms. A mid-log phase culture of MRSA
was diluted to a concentration of approximately 10° cfu/mL in a
nutrient broth supplemented with 1% w/v glucose and 1% w/v NaCl
to make the bacterial stock solution. Biofilms of MRSA were then
allowed to form on a 18 mm glass cover-slip by incubating the
bacterial solution at 37 °C for 24 h.

Cell Viability of Bacteria in Biofilms. Mature biofilms of MRSA
were generated as mentioned earlier and then treated with
vancomycin and AAV-qC10 respectively at 20 uM each. The biofilms
on glass cover slips were carefully removed from the well and washed
24 h post-treatment with the test compounds. They were then treated
with 0.1% Trypsin—EDTA solution for 15 min at 37 °C. Aliquots of
the digested biofilms were then serially diluted 10-fold and spot plated
on agar plates. The number of viable colonies was counted after 24 h.

Confocal Laser Scanning Microscopy. Glass cover slips 24 h
post-treatment with the test compounds and the untreated control
were carefully removed from the well, washed, and placed on glass
slides. The biofilms were then stained with 10 uL of SYTO9 (60 M)
and imaged using a Zeiss 510 Meta confocal laser-scanning
microscope. The orthogonal projections of the images were processed
with a LSM S Image examiner.

Kinetics of Antibacterial Activity against Metabolically
Inactive Bacterial Cells. Bacterial stock of MRSA ATCC33591
was inoculated in nutrient medium and cultured to the mid-log phase
at 37 °C. The bacterial suspension was diluted 1000-fold in nutrient
media and allowed to reach the stationary phase in 16 h. The bacterial
suspension was diluted and spot-plated in Nutrient agar to determine
the bacterial count. Persister cells were then generated by treating the
stationary phase culture with 100 pug/mL of ampicillin for 3 h. The
stationary phase and persister cells were then washed and diluted to
~10°% cfu/mL in 1X PBS and treated with test compounds at the
respective concentrations. The bacteria were then incubated with
varying concentrations of compounds at 37 °C for up to 24 h.
Stationary phase cells were treated with AAV-qC10 at 4.5 uM, 9 uM
and 22 M and with vancomycin at 40 uM. Persister cells were
treated with AAV-qC10 at 4.5 uM, 9 uM, with vancomycin at 40 uM
and ampicillin at 60 yM. At various time points of 2, 4, 6, and 24 h,
post-incubation, 20 4L aliquots of the bacterial suspension was serially
diluted 10-fold and spot-plated on nutrient agar. The viable bacteria
were then counted after 48 h incubation at 37 °C.

10200

Postantibiotic Effect. MRSA ATCC33591 was grown to the
exponential growth phase. To study the PAE, AAV-qCl0 and
vancomycin were incubated with ~9 X 107 cfu/mL of exponentially
growing phase MRSA at 10X MIC. Treatment was carried out for 1 h
in Falcon tubes under shaking conditions at 37 °C. Post-treatment,
the bacteria were washed to remove the antibiotic and resuspended in
culture media and allowed to grow at 37 °C, and the bacterial titer
was determined in each case. Aliquots of bacteria were taken out at
intervals of 1 h from untreated, vancomycin and AAV-qC10-treated
groups. The bacterial titer was determined by serial dilutions and
plating on nutrient agar.

In Vivo Toxicology. Groups of four 6 to 8 week old Balb/c female
mice were used to determine the systemic toxicity of AAV-qC10. Each
mouse was injected with a 0.2 mL of freshly prepared compound
solution at S55.5 mg/kg dose through intravenous (iv) and
intraperitoneal (ip) injection according to the OECD Animals
guidelines. They were directly inspected for adverse effects for 4 h,
and general health (breathing, mobility, and reactions) and mortality
were observed to understand the tolerability of the administered dose
for 14 days thereafter.

In Vivo Acute Toxicity. For the evaluation of acute toxicity, five
mice were injected with AAV-qC10 through ip. at 12 mg/kg in 0.2
mL of sterilized saline. Blood samples were collected after 48 h, and
the analysis of biochemical parameters such as alanine amino-
transferase, urea nitrogen, and creatinine was performed by RV
Scientific, Bangalore. These studies proved that the trimethylammo-
nium cation modification was not associated with any significant acute
toxicity.

Stability of Compound in Blood Plasma and Liver
Homogenate. To examine the susceptibility of AAV-qC10 toward
serum proteases, the antibacterial activity was tested in the presence
of 50% of plasma and liver homogenate. Briefly, 250 uL of AAV-qC10
was added into 250 L of fresh human plasma and incubated at 37
°C. An aliquot of the samples 3 h and 24h postincubation was diluted
in 0.9% saline and the antibacterial activity (MIC) was determined
against MRSA and VRE by following the same protocol as described
above for the antibacterial assay.

In Vivo Activity in the Murine Thigh Infection Model.
Groups of four 6 to 8 week old Balb/c specific pathogen-free female
mice were used (weight ~ 22 g) for the experiment. The mice were
rendered neutropenic by injecting two intraperitoneal doses of
cyclophosphamide, 4 days (150 mg kg™') and 1 day (100 mg kg™')
before the infection experiment. SO uL of ~10° cfu/mL bacterial
inoculum (MRSA) was injected into the thigh. 1 h postinoculation,
animals were treated intraperitoneally twice with 12 h intervals with
saline, vancomycin (12 mg kg™'), and a single dose of AAV-qC10 (12
mg kg™'). 24 h post the first treatment, the animals were euthanized
(using ether) and the thighs were collected aseptically. The thigh
tissue was weighed and homogenized. The dilutions of the
homogenate were plated onto agar plates, which were incubated
overnight at about 37 °C. The bacterial titer was expressed as log cfu/
g of thigh weight and plotted in GraphPad Prism software.
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