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Lipids fulfill a variety of important physiological functions, such as energy storage, providing a hydrophobic
barrier, and signal transduction. Despite this plethora of biological roles, lipids are rarely considered a poten-
tial target for medical applications. Here, we report a set of neutral small molecules that contain boronic
acid and urea functionalities to selectively recognize the bacterial lipid phosphatidylglycerol (PG). The
affinity and selectivity was determined using *H NMR titrations and a liposome-based Alizarin Red S assay.
Minimum inhibitory concentrations (MIC) were determined to assess antibacterial activity. The most potent
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compounds display an association constant with PG in liposomes of at least 5 x 10° M™%, function as anti-
bacterial agents against Gram-positive bacteria (MIC = 12.5-25 pM), and show little hemolytic activity.
Mode of action studies suggest that the boronic acids bind to the headgroup of the PG lipids, which leads
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Introduction

Lipids have been largely ignored as a potential target by medic-
inal chemists and supramolecular chemists alike - especially
compared to the other major biological entities such as pro-
teins and DNA/RNA. Traditionally, lipids were merely seen as
energy storage molecules and as the structural components
that make up the cellular membranes, with little other bio-
chemical function. While the majority of lipids do reside in
the membrane, the recent advent of lipidomics and related
biochemical studies have led to the realization that lipids play
important roles in almost every area of cell biology and human
health."” Thousands of unique lipids have been identified so
far,> and it has become clear that some lipids function as
primary or secondary messengers in signal transduction path-
ways (coined ‘bio-active lipids’)."”* Many of these bio-active
lipids have been linked to diseases such as cancer and
diabetes,*™" and there is therefore merit in the development
of small molecules that can selectively bind to the headgroups
of these bioactive lipids. Such molecules could be used to help
investigate the biochemistry of these lipids, as sensors to
detect the presence of these lipids (as biomarkers for certain
diseases), or even as therapeutic molecules themselves.'*"?

Department of Chemistry, Tulane University, New Orleans, Louisiana 70118, USA.
E-mail: nbusschaert@tulane.edu

tElectronic supplementary information (ESI) available: Synthesis and character-
ization of the boronic acids, experimental details and additional graphs for the
'H NMR titrations, ARS binding studies, liposome-based studies and bacterial
investigations. See DOI: 10.1039/d10b02298a
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to a change in membrane fluidity and ultimately causes membrane depolarization and cell death.

In addition to developing hosts that can bind bioactive
lipids, there is also a need to develop molecules that can selec-
tively bind to certain structural membrane lipids over other
membrane lipids. The best-known example of this is the
activity of antimicrobial peptides (AMPs).'*'> AMPs are an
extensive family of peptides that protect host cells from infec-
tion by pathogenic bacteria. Most AMPs are polycationic
amphiphilic species, whereby the positive charges provide
selectivity for the anionic bacterial membranes and the amphi-
philic nature results in membrane destabilization.'®'”
Unfortunately, as potential therapeutics AMPs suffer from
poor pharmacokinetics (including low in vivo stability), costly
production, and resistance pathways intrinsic to their peptidic
nature (e.g., sensitivity to peptidases)."®'® To overcome these
problems, numerous AMP analogues, peptidomimetics and
other polycationic molecules have been investigated as a
potential solution.”®*' However, the high molecular weight
and the high positive charge of these molecules create a risk
for off-target effects and similar pharmacokinetic problems as
AMPs.””**3% An alternative is therefore the use of rationally
designed small molecules that selectively bind to bacterial
lipids and thereby destabilize the membrane.**’

In this manuscript, we utilize well-known supramolecular
recognition motifs to develop a set of neutral small molecules
that selectively bind to specific bacterial lipids. In opposition
to AMPs that utilize non-selective coulombic interactions and
as a result show limited lipid selectivity, the use of supramole-
cular chemistry allows the design of tailored hosts for specific
lipid headgroups. The most common lipid in bacterial mem-
branes is the anionic lipid phosphatidylglycerol (PG, Fig. 1a).

This journal is © The Royal Society of Chemistry 2022
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It is present in both Gram-positive and Gram-negative bacteria
and often constitutes >50% of the phospholipids in Gram-posi-
tive bacteria.’®**' In addition to acting as a major membrane
constituent, PG performs essential roles in lipid biosynthesis,*>
protein transportation,”® and protein folding.** In contrast,
mammalian membranes predominantly exist of zwitterionic
and neutral lipids, particularly phosphatidylcholine (PC,
Fig. 1a) and cholesterol.??>”*! In a typical mammalian cell, PG
concentrations are generally <1%.*> Herein, we report a series of
boronic acid containing hosts that can selectively bind the bac-
terial lipid PG over the mammalian lipid PC, and show that
these molecules have potential as novel antibacterial agents.

Results and discussion
Design and synthesis

To bind PG effectively and selectively, we designed a set of small
molecules containing functional groups intended to recognize
both the phosphate and glycerol portions of the PG headgroup
(Fig. 1b). A phenylboronic acid (BA) moiety was chosen to bind
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Fig. 1 (a) Structure of the PG and PC headgroups. (b) Structures of the
phenylboronic acids (BA) 1-8. (c) Structure of the complex between 1
and PG, as well as the lowest energy conformer of the complex com-
puted using Molecular Operating Environment 2018, MMFF94x force
field with generalized Born solvation model for water. Structure for the
neutral boronic ester is shown.
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the 1,2-diol of the glycerol through boronic ester formation.*® A
urea moiety was used to synergistically recognize the phosphate
of the headgroup through hydrogen bonding."” A schematic of
the expected and modelled interaction between compound 1 and
the PG headgroup is shown in Fig. 1c. The set varies in the rela-
tive position of the urea and boronic acid functionalities to ident-
ify the optimal scaffold for PG binding. The urea functionality is
either directly attached to the phenylboronic acid (2, 4, 7, 8) or
via a methylene linker (1, 3, 5, 6). In addition, the urea is either
ortho (1, 4, 5, 6) or meta (2, 3, 7, 8) relative to the boronic acid.
Compound 4 was designed to be the ortho analogue of com-
pound 2 but underwent an irreversible intramolecular self-cycli-
zation. The compounds also contain para-trifluoromethylphenyl
(1-5 and 7) or 2-ethylhexyl (6 and 8) as lipophilic membrane
anchors. All compounds were synthesized using a urea coupling
reaction between the appropriate isocyanate and primary amine,
and the final products were purified using the sorbitol extraction
technique developed by Dennis Hall (see ESIt).** Compounds 2
and 4 have been previously reported,”® and characterization was
in agreement with these previous reports.

Boronic acid pK,

Boronic acids initially gained popularity as sugar sensors due
to their ability to overcome the competitive high hydration of
saccharides.’® In the presence of a cis-1,2 or cis-1,3 diol at the
appropriate pH, BAs readily exchange into cyclic phenyl-
boronic esters. For this reason, BA-based receptors have been
developed to bind a variety of diol containing molecules and
anions, including the lipid phosphatidylinositol-(4,5)-bispho-
sphate (PIP,).>°” However, the use of boronic acids to design
small-molecule receptors for the bacterial lipid PG has not yet
been reported. Boronic ester formation depends on the struc-
ture and pK, of the boronic acid and the diol, the pH of the
solution, and the buffer composition. A number of groups
have shown that the optimal pH for boronic ester formation is
the average of the pK, of the diol and BA.>® Since the pK, of
the diol is typically above the BA, it is believed that a lower BA
PK, increases diol affinity at physiological pH. However, Wang
and co-workers have revealed that the lowest BA pK, is not
always the strongest binder with a diol.>®

We determined the pK, of the boronic acids using UV-Vis
pH titrations, which utilize the difference in absorbance of the
neutral boronic acid and the anionic boronate (Fig. 2). Due to
partial aqueous solubility of 1-8, 25% acetonitrile was incor-
porated into a 75 mM phosphate buffer during the titration,
and a correction factor was necessary to estimate the pK, in
pure water (see ESIT). The obtained adjusted pkK, values of 1-8
are given in Table 1. All compounds show a lower pK, than
unsubstituted PBA, indicating modest activation of the
boronic acid. The effect is most pronounced for the com-
pounds containing the electron-withdrawing nitro substituent
(5-8), which have a pK, below physiological pH of 7.4, whereas
the unsubstituted compounds 1-3 have pK, values >8. The
lowest pK, was obtained for cyclized compound 4, which has
the most different electronic environment around the boron
atom due to the presence of a boron—-nitrogen bond.
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Fig. 2 (a) Structure of the neutral boronic acid and anionic hydroxyboro-
nate form of compound 1. (b) UV-Vis spectra of compound 1 (100 pM) at
various pH conditions in 25% acetonitrile, 75% buffer (75 mM phosphate
buffer). The change in absorbance was used to determine the pKj, of 1.

PG binding in solution

To determine the association constant (K,) between the
boronic acids and PG lipids, we performed "H NMR titrations
according to our previously reported method.>® In this assay,
the lipids are freely dissolved in an organic solvent, and do not
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form an organized bilayer. While this is not an ideal mimic of
a biological membrane, it allows the accurate determination of
binding strength and selectivity, and provides structural
details of the binding event. 1,2-Didecanoyl-sn-glycero-3-
phospho-(1'-rac-glycerol) (sodium salt) (10:0 PG or DDPG)
served as the experimental bacterial lipid and 1,2-dihexanoyl-
sn-glycero-3-phosphocholine (6:0 PC or DHPC) was the mam-
malian control lipid. The slight difference in chain length
ensured complete solubility of all species in the same solvent
system (99.5% DMSO-d; : 0.5% H,0). The native sodium coun-
terion of DDPG was exchanged for tetramethylammonium
(TMA) because it forms a weaker ion pair with phosphate (see
ESIT).°° The temperature of each titration was set to 37 °C to
improve peak resolution, decrease the equilibration time
between each measurement, and mimic biological conditions.
The obtained association constants are summarized in
Table 1.

When the boronic acids were titrated with DHPC, the host—
guest interaction exhibited fast-exchange on the NMR time-
scale and revealed weak binding with PC (Table 1). In contrast,
when titrated with DDPG-TMA, five compounds (1 and 5-8)
exhibited slow-exchange compared to the NMR timescale due
to the slow rate of boronic ester formation. The formation of
the boronic ester is evident from the decrease of the 'H NMR
signal corresponding to the boronic acid OH upon the
addition of PG (Fig. 3). In addition, the intensity of the urea
NH signals of the host compound decreases, and a new set of
NH signals is seen further downfield (Fig. 3). These two obser-
vations provide evidence that compounds 1 and 5-8 bind PG
through both the formation of a boronic ester and hydrogen
bonding involving the urea moiety. Consequently, these com-
pounds show strong binding to PG and significant PG/PC
selectivity (Table 1). The integrations of the NH signals of the

Table 1 Overview of the pK, values, lipid binding ability (K, with PG and PC lipids), antibacterial activity (MIC values against B. subtilis, S. aureus, and
E. faecalis) and hemolytic activity (HCsp) of hosts 1-8 and phenylboronic acid (PBA) and indolicidin. Results are the average of minimum two inde-
pendent repeats and the reported errors indicated the standard deviation

K, (M™"), NMR? MIC? (uM)
K, l(iM’l), ARS assay’

Host pK, (adjusted)” PG PC PG B. subtilis  S. aureus  E. faecalis  HCs,® (M)
1 8.34+0.14 (7.6 + 1.1) x 10? 36 +26 (5.81 + 0.45) x 10° 25 25 50 297 + 39
2 8.69 + 0.18 42+ 10 33.5+3.4 ndS >100 >100 >100 358 + 54
3 8.54 +0.13 35+ 14 23+14 (5.94 + 0.51) x 10° 25 12.5 25 164 + 12
4 6.37 +0.13 Weak® Weak® n.d./ >100 >100 >100 332 + 39
5 6.85 + 0.02 (1.44+0.25)x10°  37.8+1.6 n.d. 50 50 50 233 +11
6 7.25 +0.08 (6.20 £ 0.83) x 10> Weak® (1.12 + 0.07) x 10* 100 >100 100 169 + 15
7 6.59 + 0.20 (1.32 £0.51) x 10> 75+ 13 (6.67 + 0.53) x 10° 50 50 75 209 + 17
8 7.05+0.14 (1.12 £ 0.25)x 10> 17.7+3.3  (2.63 +0.43) x 10° 75 75 100 162 +14
PBA 8.87 +0.11 n.d./ n.d.f n.d.” >100 >100 >100 356 + 21
Indolicidin  n.d.” n.d.f n.d.f n.d.” 6.25 >25 >25 107 +7

“pK, values were determined by UV-Vis titrations in 25% MeCN, 75% aqueous buffer (75 mM phosphate), and were corrected by subtracting a
value of 0.77 to obtain the estimated pK, in pure aqueous solution (see ESIt for details). ® Association constant (K,, M~") obtained via "H NMR
titrations with TMA-DPPG (PG) or DHPC (PC) in 99.5% DMSO-ds, 0.5% H,0, at 37 °C. © Association constant between the hosts and 50 nm POPG
liposomes obtained using a fluorescence indicator displacement assay with ARS in 10 mM HEPES, 150 mM NacCl, pH 7.4, and 1% DMSO.

Minimum inhibitory concentration (MIC) for the hosts against the Gram-positive bacteria B. subtilis, S. aureus, and E. faecalis obtained using
standard broth microdilution methods. ® Hemolytic activity of the compounds was determined by the concentration of host needed to achieve
50% hemolysis in washed single-donor human red blood cells (HCs,)./ n.d. = not determined. € Change in chemical shift was too small to quan-

tify (<0.03 ppm).
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Fig. 3 'H NMR titration (500 MHz NMR) of 3 mM 1 with DDPG-TMA in
99.5% DMSO-ds:0.5% H,O at 37 °C. Slow exchange is observed,
whereby the original host signals disappear and new host—guest signals
appear (e.g., urea NH, blue). The boronic acid B(OH), peak also
decreases in intensity upon the addition of PG (green).

host and host-guest complex were used to calculate the K,
values (see ESI{)." Compounds 2 and 3 exhibited fast
exchange with DDPG-TMA, and showed little PG/PC selectivity.
This indicates that 2 and 3 do not form a boronic ester under
the conditions of the '"H NMR titrations and bind to PG and
PC only through the formation of hydrogen bonds with the
phosphate unit. This is not surprising because 2 and 3 are the
compounds with the highest BA pK, (Table 1) and therefore
the least activated for boronic ester formation. Self-cyclized
compound 4 exhibited no change in chemical shift for either
lipid because it is unable to form boronic esters or hydrogen
bonds with the lipid headgroups.

In summary, compounds 5 > 1 > 6 demonstrated the stron-
gest binding to PG and the greatest preference for PG over PC
(Ka,pc)/Ka,ecy > 20). These three compounds all have the
boronic acid ortho to the urea functionality and utilize a
methylene linker to separate both binding moieties. It is also
clear that the trifluoromethylphenyl group is superior to the
2-ethylhexyl group due to its positive effect on the acidity and
hydrogen bond donating ability of the urea NHs, and that the
nitro substituent of compound 5 increases binding to PG due
to its effect on the pK, of the boronic acid.

PG binding in liposomes

The ability of compounds 1-8 to bind PG in lipid bilayers was
investigated using an indicator displacement assay with
Alizarin Red S (ARS). This displacement assay was first
reported by Wang and co-workers to quantify the interaction
between boronic acids and carbohydrates in water.®”> ARS is a
catechol-based dye that results in a red solution with low fluo-
rescence intensity in aqueous media. In the presence of a
boronic acid, a boronic ester is formed from the catechol and
the BA, causing an increase in fluorescence intensity with a

This journal is © The Royal Society of Chemistry 2022
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concomitant change in the color of the solution from red to
yellow. When a competing diol is titrated to this solution, it
can displace the ARS dye from the BA host, leading to a
decrease in fluorescence intensity and a shift in color from
yellow back to red (Fig. 4a).

Aliquots of 50 nm small unilamellar vesicles (SUVs) com-
posed of 16:0-18:1 PG (POPG) were titrated into a solution con-
taining ARS and BA. The small liposome size was chosen to
minimize interference from scattering (see ESI{). Most com-
pounds showed a decrease in fluorescence intensity upon the
addition of POPG liposomes, consistent with the displacement
of the ARS dye and the formation of a BA-PG complex (Fig. 4b).
The change in fluorescence was processed using the formulas
derived by Wang and co-workers®* and the resulting associ-
ation constants are reported in Table 1. The association con-
stant with PG could not be determined for compounds 2, 4, 5
and PBA due to solubility issues, interference, or weak binding
(see ESIT). As a result, it is not possible to provide a detailed
quantitative assessment of the ARS displacement assay, but
qualitative analysis is still possible. In general, all compounds
that showed PG binding in the "H NMR titrations, also indi-
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Fig. 4 (a) Concept of the ARS displacement assay. Free ARS is non-
fluorescent and gives a reddish color in aqueous solutions, whereas the
ARS-boronic acid complex is fluorescent and yellow in color. Upon the
addition of PG lipids to the ARS-BA complex, the ARS is displaced and a
decrease in fluorescence is observed. (b) Fluorescence titration involving
the addition of 50 nm POPG liposomes to a solution of 100 uM 1, 10 uM
ARS, 10 mM HEPES, 150 mM NaCl, pH 7.4, and 1% DMSO. Results are
normalized to the maximum fluorescence at 582 nm before the addition
of POPG liposomes, and corrected for liposome scattering.
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cated PG binding in the liposome-based ARS assay, with K,
values of 5000-10 000 M~'. Furthermore, the fact that the ARS
dye can be displaced by PG liposomes, indicates that binding
of 1-8 to PG in lipid bilayers involves the formation of a
boronic ester. Interestingly, compound 3 clearly shows evi-
dence of PG binding in the ARS displacement assay, but not
during the "H NMR titrations (Table 1). Compound 3 has its
boronic acid placed meta from the urea group, which is unfa-
vorable for 1:1 binding to PG headgroups, but might favor
alternative binding modes with lipids that are closely packed
inside a membrane (e.g., 2:1 lipid:host). It is also worth
noting that the K, values obtained using the liposome-based
assay are an order of magnitude higher than those obtained
using "H NMR titrations. We hypothesize that there is a signifi-
cant hydrophobic effect that enhances the binding of the lipo-
philic BAs to the membrane.

As a control, we also performed the ARS displacement assay
with 50 nm SUVs composed entirely of 16:0-18:1 PC (POPC)
lipids. In this case, a pronounced increase in fluorescence
intensity was observed, which cannot be due to binding of the
compounds to the PC headgroup (see ESIt). We assume that
the ARS-BA complex partitions into the membrane without dis-
placement of the ARS fluorophore. The hydrophobic environ-
ment of the membrane provides less solvent interaction with
the ARS-BA complex, leading to an increase in fluorescence.®?
These results thus confirm that boronic acids 1-8 can bind to
PG lipids in lipid bilayers, but not to PC lipids.

Antibacterial and hemolytic activity

After the promising results with model lipid systems, we
wanted to test the biological activity of 1-8. As the compounds
display selective binding of the bacterial lipid PG over the
mammalian lipid PC, we expect them to function as antibac-
terial agents with limited human toxicity. There is an urgent
need for new antibacterial agents due to the increasing threat
of bacterial resistance against existing antibiotics. Both the
World Health Organization (WHO) and the Centers for Disease
Control and Prevention (CDC) have declared the antimicrobial
resistance crisis to be one of the greatest contemporary chal-
lenges to public health.®*®® The bacterial membrane is con-
sidered an excellent target for antibiotic development because
it is less prone to bacterial resistance (due to the limited possi-
bilities of alterations in the lipid headgroups and the fast-
acting bactericidal effect of membrane disruption).®®%”

To assess the antibacterial activity of the boronic acids, the
minimum inhibitory concentration (MIC) was determined for
a variety of bacteria (B. subtilis, S. aureus, E. faecalis, and
E. coli) using standard broth microdilution methods.®® None
of the compounds showed any activity against the Gram-nega-
tive bacterium E. coli (see ESI}). Gram-negative bacteria
contain two membranes and PG lipids are primarily located in
the inner membrane at low concentrations (<20%),°>”° render-
ing access to this target challenging in Gram-negative bacteria.
In contrast, many of the boronic acids did possess potent anti-
bacterial activity against the Gram-positive bacteria B. subtilis,
S. aureus, and E. faecalis (Table 1). In general, the MIC values
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against E. faecalis are higher than those against B. subtilis and
S. aureus, which agrees with the fact that E. faecalis has a lower
PG content (<30%)’""> than B. subtilis and S. aureus
(>50%),”*””> and suggests that the boronic acids exert their
antibacterial activity through their interaction with PG lipids.
Unsubstituted PBA did not show any antibacterial activity, con-
firming that the urea functionality is necessary for sufficient
PG binding and antimicrobial activity. The lowest MICs were
found for compounds 1, 3, and 5 (MIC < 50 pM). All three
compounds showed potent PG binding ability in the 'H NMR
titrations and/or ARS assays discussed above. Another agree-
ment with the PG binding studies is the observation that the
2-ethylhexyl substituent is less effective than the p-trifluoro-
methylphenyl substituent (6 < 5, and 8 < 7). More surprising
was the modest antibacterial activity of the boronic acids con-
taining a nitro group (5-8), which could be due to degradation
of these nitroaromatic compounds by the bacteria.”®%°

One of the most common side effects of membrane-active
agents is lysis of red blood cells (hemolysis).*’ We therefore
determined the concentration of 1-8 that induces 50% hemo-
lysis in single-donor human red blood cells (HCs,), using pro-
tocols commonly used for antimicrobial peptides.®*” The
results are given in Table 1. The lowest HCs, values were noted
for 6 and 8, which both contain the 2-ethylhexyl substituent,
suggesting that this substituent enforces a general detergent-
like effect rather than selective lipid headgroup binding. On
the other hand, the most potent antibacterial compounds 1, 3
and 5 show HCs, values that are at least 10x higher than their
MIC value, which is comparable to the biological activity of the
PG-targeting antimicrobial peptide indolicidin (Table 1).%* The
results confirm our initial hypothesis that the boronic acid
containing ureas can selectively bind to PG lipids and thereby
function as selective antimicrobial agents.

Mechanism of antibacterial activity

The mechanism of action was studied in more detail in
B. subtilis for the most promising antibacterial compounds 1
and 3 (MIC < 25 pM). We first investigated the effect of 1 and 3
on the membrane potential in B. subtilis using the Discs(5)
(3,3-dipropylthiadicarbocyanine iodide) method reported by te
Winkel et al.®* Disc,(5) is a membrane-permeable fluorescent
dye that accumulates in polarized cells, where it self-
quenches.®® Thus, a kinetic assay can be performed whereby
the fluorescence intensity upon the addition of membrane-
active agents is monitored over time. The results for com-
pounds 1 and 3 are shown in Fig. 5a. Both boronic acids
clearly depict depolarization of the membrane, giving rise to
fluorescence intensities comparable to the known membrane
depolarizer gramicidin.®® The Discs(5) assay can also be visual-
ized using fluorescence microscopy. Healthy, polarized cells
accumulate Discs(5) and can therefore be seen as red fluo-
rescent cells (despite the self-quenching inside the cells).
When the cells are depolarized, the dye leaks out of the cells
and no fluorescence can be seen under the microscope. A
selection of the obtained images is shown in Fig. 5b
(additional images can be found in the ESIf). The overlay of

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 Membrane depolarization of B. subtilis induced by BA 1 and 3. (a)
Bulk fluorescence intensity of Discs(5) in B. subtilis upon the addition of
DMSO (1%, blank), clindamycin (2 pg mL™%, negative control), gramicidin
(10 pM, positive control), 12.5 pM 1, 25 yM 1, 12.5 pM 3, or 25 pM 3.
Results are the average of at least 2 technical x 2 biological repeats and
error bars represent standard deviations. (b) Images of membrane
depolarization of B. subtilis incubated for 10—-15 minutes with 1% DMSO
(blank), clindamycin (2 pg mL™, negative control), gramicidin (10 uM,
positive control), 12.5 uM 1 or 12.5 pM 3. Absence of fluorescence indi-
cates that the cells are depolarized.

the brightfield and fluorescence images clearly shows loss of
the electrochemical gradient in the presence of 1 and 3.

The membrane depolarization induced in B. subtilis by BA 1
and 3 can be the result of various membrane-related processes.
We therefore conducted additional experiments to elucidate
how PG headgroup binding can lead to antibacterial activity.
First, we used Sytox Green to determine if compounds 1 and 3
can form large pores or lead to membrane lysis. Sytox Green is
a membrane-impermeable dye whose fluorescence intensity
increases upon interaction with DNA.*” Thus, an increase in
fluorescence intensity indicates large membrane disturbances
that allow the fluorophore and/or DNA to leak through the
membrane, but neither compound 1 nor 3 led to an increase
in fluorescence (see ESIT). We then investigated the effect of
compounds 1 and 3 on the membrane fluidity of B. subtilis
using Laurdan (6-dodecanoyl-2-dimethylaminonaphthalene)
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and DPH (1,6-diphenyl-1,3,5-hexatriene). Laurdan is a hydro-
phobic dye whose generalized polarization (GP), calculated
from measuring the fluorescence intensity at two different
wavelengths, can be used to monitor changes in membrane
fluidity over time.®® Similarly, DPH is a hydrophobic rod-
shaped dye whose fluorescence polarization (anisotropy) is
highly sensitive to membrane fluidity.*® As shown in Fig. 6,
compounds 1 and 3 exhibit an increase in membrane fluidity
in B. subtilis comparable to the known membrane fluidizer
benzyl alcohol.®® Compound 1 has a smaller effect on mem-
brane fluidity than compound 3 in both the Laurdan and DPH
assay, consistent with its higher MIC value. Based on these
observations, we have further reasons to believe that the anti-
microbial mode of action of boronic acids 1-8 involves
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Fig. 6 Increase in membrane fluidity in B. subtilis induced by BA 1 and
3. (a) Laurdan generalized polarization (GP) in B. subtilis (ODgoo = 0.2)
stained with 10 uM Laurdan. Compounds were added at time t = 5 min:
DMSO (1%, blank), clindamycin (2 ug mL™, negative control), benzyl
alcohol (50 mM, positive control), 12.5 pM 1, or 12.5 yM 3. Additional
repeats are given in the ESL.} (b) Fluorescence anisotropy of 10 pM DPH
in B. subtilis after 1.25 h incubation with blank (1% DMF), clindamycin
(2 pg mL7%, negative control), 25 pM 1, or 25 yM 3. Results are the
average of at least 3 independent repeats and error bars represent stan-
dard deviations. The anisotropy value for 3 is significantly different from
the blank (p-value = 0.0036).
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binding to the headgroup of PG lipids in the bacterial mem-
brane. We hypothesized that binding to the PG headgroup by
the BA compounds functions as a wedge that pushes neigh-
bouring lipids away from each other, leading to an increase in
the fluidity of the lipid alkyl chains (as observed using
Laurdan and DPH). The altered fluidity can change the per-
meability of the membrane,”® as well as impact mechanosensi-
tive ion channels in the membrane,”* which ultimately leads
to loss of concentration gradients and membrane depolariz-
ation (as observed using Disc;(5)). Membrane depolarization is
often lethal to cells,”® and thus accounts for the antibacterial
activity observed for the boronic acid-containing ureas.

Conclusions

In this manuscript, we report a series of small molecules that
can selectively bind one type of lipid (PG) over other types of
lipid (PC). "H NMR titrations in organic solvents, as well as lipo-
some-based studies using the ARS dye, revealed that the com-
pounds can bind to the bacterial lipid PG via the formation of a
boronic ester with the PG glycerol unit and hydrogen bonding
interactions involving the urea moiety. The most potent com-
pounds selectively bind the bacterial lipid PG over the mamma-
lian lipid PC with a selectivity ratio >20, and association con-
stants with PG in aqueous solutions of 5000-10000 M. In
addition, the best PG binders display antibacterial activity
against a variety of Gram-positive bacteria (MIC =~ 12.5-25 uM)
with little toxicity to red blood cells. Mechanistic studies
suggest that the antibacterial activity of the boronic acids is due
to their ability to bind the PG headgroup, which leads to an
increase in membrane fluidity and membrane depolarization.

Author contributions

ESW and NB were involved in the conceptualization, data ana-
lysis and writing of the manuscript. ESW designed and syn-
thesized the compounds, performed the "H NMR titrations
and hemolysis assay, and optimized and coordinated the pK,
determinations and ARS displacement assay. HG performed
the antibacterial studies (MIC determinations) and mecha-
nism of action studies in B. subtilis. SRM performed the ARS
displacement assay. MJG and JAM performed the pK, determi-
nation measurements. NB supervised all activities and was
responsible for funding acquisition.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The authors would like to thank Tulane University for start-up
funds and the Louisiana Board of Regents for funding (grant

5964 | Org. Biomol. Chem., 2022, 20, 5958-5966

View Article Online

Organic & Biomolecular Chemistry

no. LEQSF(2018-21)-RD-A-15). ESW and MJG would also like to
thank the Louisiana Board of Regents for a fellowship.

Notes and references

1 W. Stillwell, An introduction to biological membranes: compo-
sition, structure and function, Elsevier, 2016.

2 Y. A. Hannun and L. M. Obeid, Nat. Rev. Mol. Cell Biol.,
2008, 9, 139-150.

3 V. B. O’'Donnell, E. A. Dennis, M. J. O. Wakelam and
S. Subramaniam, Sci. Signaling, 2019, 12, eaaw2964.

4 E. M. Griner and M. G. Kazanietz, Nat. Rev. Cancer, 2007, 7,
281-294.

5 S. Galadari, A. Rahman, S. Pallichankandy, A. Galadari and
F. Thayyullathil, Lipids Health Dis., 2013, 12, 98.

6 C. P. Reynolds, B. J. Maurer and R. N. Kolesnick, Cancer
Lett., 2004, 206, 169-180.

7 S. A. F. Morad and M. C. Cabot, Nat. Rev. Cancer, 2013, 13,
51-65.

8 Y. A. Hannun, in Eicosanoids and Other Bioactive Lipids in
Cancer, Inflammation, and Radiation Injury 2: Part A, ed.
K. V. Honn, S. Nigam and L. J. Marnett, Springer US,
Boston, MA, 1997, pp. 305-312, DOIL: 10.1007/978-1-4615-
5325-0_43.

9 P. Liu, H. Cheng, T. M. Roberts and J. J. Zhao, Nat. Rev.
Drug Discovery, 2009, 8, 627-644.

10 T. D. Bunney and M. Katan, Nat. Rev. Cancer, 2010, 10, 342-
352.

11 D. Bridges and A. R. Saltiel, in Phosphoinositides and
Disease, ed. M. Falasca, Springer Netherlands, Dordrecht,
2012, pp. 61-85, DOI: 10.1007/978-94-007-5025-8_3.

12 P. V. Escribd, Trends Mol. Med., 2006, 12, 34-43.

13 P. V. Escriba, X. Busquets, J.-i. Inokuchi, G. Balogh,
Z. Torok, I. Horvath, J. L. Harwood and L. Vigh, Prog. Lipid
Res., 2015, 59, 38-53.

14 D. C. Morrison and D. M. Jacobs, Immunochemistry, 1976,
13, 813-818.

15 A. P. Zavascki, L. Z. Goldani, J. Li and R. L. Nation,
J. Antimicrob. Chemother., 2007, 60, 1206-1215.

16 L. T. Nguyen, E. F. Haney and H. ]J. Vogel, Trends
Biotechnol., 2011, 29, 464-472.

17 M. R. Yeaman and N. Y. Yount, Pharmacol. Rev., 2003, 55,
27-55.

18 L. T. Nguyen, J. K. Chau, N. A. Perry, L. de Boer, S. A. J. Zaat
and H. J. Vogel, PLoS Orne, 2010, 5, €12684.

19 A. K. Marr, W. J. Gooderham and R. E. W. Hancock, Curr.
Opin. Pharmacol., 2006, 6, 468-472.

20 R. P. Kowalski, E. G. Romanowski, K. A. Yates and
F. S. Mah, J. Ocul. Pharmacol. Ther., 2016, 32, 23-27.

21 N. Beckloff, D. Laube, T. Castro, D. Furgang, S. Park,
D. Perlin, D. Clements, H. Tang, R. W. Scott, G. N. Tew and
G. Diamond, Antimicrob. Agents Chemother., 2007, 51, 4125.

22 R. D. Hubbard, S. R. Horner and B. L. Miller, J. Am. Chem.
Soc., 2001, 123, 5810-5811.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ob02298a

Published on 16 Desemba 2021. Downloaded by Fail Open on 23/07/2025 08:12:19.

Organic & Biomolecular Chemistry

23

24

25

26

27

28

29

30

31

32
33

34

35

36

37

38

39

40

41

42

43

44

45
46

47

A. Alliband, F. A. Meece, C. Jayasinghe and D. H. Burns,
J. Org. Chem., 2013, 78, 356-362.

K. M. Bucholtz, P. C. Gareiss, S. G. Tajc and B. L. Miller,
Org. Biomol. Chem., 2006, 4, 3973-3979.

R. F. Epand, P. B. Savage and R. M. Epand, Biochim.
Biophys. Acta, Biomembr., 2007, 1768, 2500-2509.

M. M. Hashemi, B. S. Holden and P. B. Savage, in Fighting
Antimicrobial Resistance, Springer, Berlin, 2018, ch. 7, pp.
139-169.

X.-Z. Lai, Y. Feng, J. Pollard, J. N. Chin, M. J. Rybak,
R. Bucki, R. F. Epand, R. M. Epand and P. B. Savage, Acc.
Chem. Res., 2008, 41, 1233-1240.

R. Joseph, A. Naugolny, M. Feldman, I. M. Herzog,
M. Fridman and Y. Cohen, J. Am. Chem. Soc., 2016, 138,
754-757.

J. Choi, J. Kim, K. Kim, S.-T. Yang, J.-I. Kim and S. Jon,
Chem. Commun., 2007, 1151-1153, DOI: 10.1039/B617005F.
S. Yan, S. Chen, X. Gou, J. Yang, J. An, X. Jin, Y.-W. Yang,
L. Chen and H. Gao, Adv. Funct. Mater., 2019, 29, 1904683.
S. Guo, Q. Huang, Y. Chen, J. Wei, J. Zheng, L. Wang, Y. Wang
and R. Wang, Angew. Chem., Int. Ed., 2021, 60, 618-623.

P. Méndez-Samperio, Infect. Drug Resist., 2014, 7, 229-237.
A. Giuliani and A. C. Rinaldi, Cell. Mol. Life Sci., 2011, 68,
2255-2266.

C. Peetla, A. Stine and V. Labhasetwar, Mol. Pharmaceutics,
2009, 6, 1264-1276.

V. E. Zwicker, B. L. Oliveira, J. H. Yeo, S. T. Fraser,
G. J. L. Bernardes, E. J. New and K. A. Jolliffe, Angew.
Chem., 2019, 131, 3119-3123.

N. Allen, L. ]J. White, J. E. Boles, G. T. Williams, D. F. Chu,
R. J. Ellaby, H. J. Shepherd, K. K. L. Ng, L. R. Blackholly,
B. Wilson, D. P. Mulvihill and J. R. Hiscock,
ChemMedChem, 2020, 15, 2193-2205.

G. Townshend, G. S. Thompson, L. J. White, J. R. Hiscock
and J. L. Ortega-Roldan, Chem. Commun., 2020, 56, 4015-
4018.

C. Sohlenkamp and O. Geiger, FEMS Microbiol. Rev., 2015,
40, 133-159.

M.-C. Trombe, M.-A. Lanéelle and G. Lanéelle, Biochim.
Biophys. Acta, Lipids Lipid Metab., 1979, 574, 290-300.

J. Gidden, J. Denson, R. Liyanage, D. M. Ivey and ]J. O. Lay,
Int. J. Mass Spectrom., 2009, 283, 178-184.

P. R. Beining, E. Huff, B. Prescott and T. S. Theodore,
J. Bacteriol., 1975, 121, 137.

I. Masataka, N. Masateru, K. Michie and K. Makoto,
Biochim. Biophys. Acta, Lipids Lipid Metab., 1976, 431, 426—
432.

T. de Vrije, R. L. de Swart, W. Dowhan, J. Tommassen and
B. de Kruijff, Nature, 1988, 334, 173-175.

A. M. Seddon, M. Lorch, O. Ces, R. H. Templer, F. Macrae
and P. J. Booth, J. Mol. Biol., 2008, 380, 548-556.

J. E. Vance, Traffic, 2015, 16, 1-18.

N. Fujita, S. Shinkai and T. D. James, Chem. - Asian ]J.,
2008, 3, 1076-1091.

V. Amendola, L. Fabbrizzi and L. Mosca, Chem. Soc. Rev.,
2010, 39, 3889-3915.

This journal is © The Royal Society of Chemistry 2022

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

View Article Online

Paper

S. Mothana, J.-M. Grassot and D. G. Hall, Angew. Chem.,
Int. Ed., 2010, 49, 2883-2887.

J. R. Hiscock, N. J. Wells, ]J. A. Ede, P. A. Gale and
M. R. Sambrook, Org. Biomol. Chem., 2016, 14, 9560-9567.
J. P. Lorand and J. O. Edwards, J. Org. Chem., 1959, 24, 769-
774.

L. H. Mak, S. N. Georgiades, E. Rosivatz, G. F. Whyte,
M. Mirabelli, R. Vilar and R. Woscholski, ACS Chem. Biol.,
2011, 6, 1382-1390.

A. T. Wright, M. ]. Griffin, Z. Zhong, S. C. McCleskey,
E. V. Anslyn and ]J. T. McDevitt, Angew. Chem., Int. Ed.,
2005, 44, 6375-6378.

C. W. Gray and T. A. Houston, J. Org. Chem., 2002, 67,
5426-5428.

K. E. Secor and T. E. Glass, Org. Lett., 2004, 6, 3727-3730.
M. Regueiro-Figueroa, K. Djanashvili, D. Esteban-Gémez,
A. de Blas, C. Platas-Iglesias and T. Rodriguez-Blas,
Eur. J. Org. Chem., 2010, 3237-3248.

L. I. Bosch, T. M. Fyles and T. D. James, Tetrahedron, 2004,
60, 11175-11190.

M. Xu, S. P. Kelley and T. E. Glass, Angew. Chem., Int. Ed.,
2018, 57, 12741-12744.

J. Yan, G. Springsteen, S. Deeter and B. Wang, Tetrahedron,
2004, 60, 11205-11209.

S. R. Herschede, H. Gneid, T. Dent, E. B. Jaeger,
L. B. Lawson and N. Busschaert, Org. Biomol. Chem., 2021,
19, 3838-3843.

N. Vlachy, B. Jagoda-Cwiklik, R. Vacha, D. Touraud,
P. Jungwirth and W. Kunz, Adv. Colloid Interface Sci., 2009,
146, 42-47.

D. Brynn Hibbert and P. Thordarson, Chem. Commun.,
2016, 52, 12792-12805.

G. Springsteen and B. Wang, Chem. Commun., 2001, 1608-
1609, DOI: 10.1039/B104895N.

D. K. Palit, H. Pal, T. Mukherjee and J. P. Mittal, J. Chem.
Soc., Faraday Trans., 1990, 86, 3861-3869.

W. H. Organization, Antimicrobial resistance: global report
on surveillance, World Health Organization, 2014.

Centers for Disease Control and Prevention (CDC),
Antibiotic resistance threats in the United States, 20109,
Atlanta, GA, 2019.

M. Zasloff, Nature, 2002, 415, 389.

C. D. Fjell, J. A. Hiss, R. E. W. Hancock and G. Schneider,
Nat. Rev. Drug Discovery, 2012, 11, 37-51.

M. Balouiri, M. Sadiki and S. K. Ibnsouda, J. Pharm. Anal.,
2016, 6, 71-79.

S. Morein, A.-S. Andersson, L. Rilfors and G. Lindblom,
J. Biol. Chem., 1996, 271, 6801-6809.

L. O. Ingram, Appl. Environ. Microbiol., 1977, 33, 1233-1236.
N. N. Mishra, A. S. Bayer, T. T. Tran, Y. Shamoo,
E. Mileykovskaya, W. Dowhan, Z. Guan and C. A. Arias,
PLoS One, 2012, 7, e43958-43958.

T. T. Tran, D. Panesso, N. N. Mishra, E. Mileykovskaya,
Z. Guan, J. M. Munita, J. Reyes, L. Diaz, G. M. Weinstock,
B. E. Murray, Y. Shamoo, W. Dowhan, A. S. Bayer,
C. A. Arias and S. ]. Projan, mBio, 2013, 4, €00281-e00213.

Org. Biomol. Chem., 2022, 20, 5958-5966 | 5965


https://doi.org/10.1039/d1ob02298a

Published on 16 Desemba 2021. Downloaded by Fail Open on 23/07/2025 08:12:19.

Paper

73 S. Clejan, T. A. Krulwich, K. R. Mondrus and D. Seto-
Young, J. Bacteriol., 1986, 168, 334.

74 M. Hayami, A. Okabe, R. Kariyama, M. Abe and
Y. Kanemasa, Microbiol. Immunol., 1979, 23, 435-
442.

75 Z. DeMars, V. K. Singh, J. L. Bose and A. M. Stock,
J. Bacteriol., 2020, 202, e00128-e00120.

76 P. K. Zachariah and M. R. Juchau, Drug Metab. Dispos.,
1974, 2, 74-78.

77 M. Kulkarni and A. Chaudhari, J. Environ. Manage., 2007,
85, 496-512.

78 C. Bruhn, H. Lenke and H.-J. Knackmuss, Appl. Environ.
Microbiol., 1987, 53, 208-210.

79 T. Gorontzy, J. Kiver and K.-H. Blotevogel, Microbiology,
1993, 139, 1331-1336.

80 J. C. Spain, in Biodegradation of Nitroaromatic Compounds,
ed. J. C. Spain, Springer US, Boston, MA, 1995, pp. 19-35,
DOL: 10.1007/978-1-4757-9447-2_2.

81 K. Matsuzaki, Biochim. Biophys. Acta, Biomembr., 2009,
1788, 1687-1692.

82 A. Oddo and P. R. Hansen, in Antimicrobial Peptides:
Methods and Protocols, ed. P. R. Hansen, Springer

5966 | Org. Biomol. Chem., 2022, 20, 5958-5966

83

84

85
86

87

88

89

90

91
92

View Article Online

Organic & Biomolecular Chemistry

New York, New York, NY, 2017, pp. 427-435, DOI: 10.1007/
978-1-4939-6737-7_31.

H. Zhao, ].-P. Mattila, ]J. M. Holopainen and
P. K. J. Kinnunen, Biophys. J., 2001, 81, 2979-2991.

J. D. te Winkel, D. A. Gray, K. H. Seistrup, L. W. Hamoen
and H. Strahl, Front. Cell Dev. Biol., 2016, 4.

A. Waggoner, J. Membr. Biol., 1976, 27, 317-334.

D. A. Kelkar and A. Chattopadhyay, Biochim. Biophys. Acta,
Biomembr., 2007, 1768, 2011-2025.

B. L. Roth, M. Poot, S. T. Yue and P. J. Millard, Appl
Environ. Microbiol., 1997, 63, 2421-2431.

K. Scheinpflug, O. Krylova and H. Strahl, in Antibiotics:
Methods and Protocols, ed. P. Sass, Springer New York,
New York, NY, 2017, pp. 159-174, DOI: 10.1007/978-1-4939-
6634-9_10.

H. Pottel, W. van der Meer and W. Herreman, Biochim.
Biophys. Acta, Biomembr., 1983, 730, 181-186.

M. B. Lande, ]J. M. Donovan and M. L. Zeidel, J. Gen.
Physiol., 1995, 106, 67-84.

S. G. Brohawn, Ann. N. Y. Acad. Sci., 2015, 1352, 20-32.

J. A. Silverman, N. G. Perlmutter and H. M. Shapiro,
Antimicrob. Agents Chemother., 2003, 47, 2538-2544.

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d1ob02298a

	Button 1: 


