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ABSTRACT: Quaternary ammonium compounds (QACs) serve
as mainstays in the formulation of disinfectants and antiseptics.
However, an over-reliance and misuse of our limited QAC arsenal
has driven the development and spread of resistance to these
compounds, as well as co-resistance to common antibiotics.
Extensive use of these compounds throughout the COVID-19
pandemic thus raises concern for the accelerated proliferation of
antimicrobial resistance and demands for next-generation anti-
microbials with divergent architectures that may evade resistance.
To this end, we endeavored to expand beyond canonical
ammonium scaffolds and examine quaternary phosphonium
compounds (QPCs). Accordingly, a synthetic and biological
investigation into a library of novel QPCs unveiled biscationic
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QPCs to be effective antimicrobial scaffolds with improved broad-spectrum activities compared to commercial QACs. Notably, a
subset of these compounds was found to be less effective against a known QAC-resistant strain of MRSA. Bioinformatic analysis
revealed the unique presence of a family of small multiresistant transporter proteins, hypothesized to enable efflux-mediated
resistance to QACs and QPCs. Further investigation of this resistance mechanism through efflux-pump inhibition and membrane
depolarization assays illustrated the superior ability of P6P-10,10 to perturb the cell membrane and exert the observed broad-
spectrum potency compared to its commercial counterparts. Collectively, this work highlights the promise of biscationic
phosphonium compounds as next-generation disinfectant molecules with potent bioactivities, thereby laying the foundation for
future studies into the synthesis and biological investigation of this nascent antimicrobial class.

KEYWORDS: quaternary phosphonium compounds (QPCs), quaternary ammonium compounds (QACs), disinfectants,
antimicrobial resistance, small multiresistant (SMR) family efflux pumps, QacC

B INTRODUCTION

Estimates predict that antimicrobial resistance (AMR) will
represent the leading cause of global mortality by the year
2050, underscoring the urgent need for novel antimicrobial
compounds to forestall a postantibiotic era. The COVID-19
pandemic has further emphasized the centrality of antimicro-
bial compounds to modern public health, as disinfectant use
has rapidly become critical for mitigating the spread of SARS-
CoV-2, as well as opportunistic pathogens. Of the 558
disinfectant products currently listed by the EPA as effective
against SARS-CoV-2, 260 (46.6%) list quaternary ammonium
compounds (QACs) as an active ingredient.2

Many studies over the past century have investigated the
antimicrobial properties of QACs, yet only modest structural
innovation of QAC architectures has been explored.” As a
result of their structural similarities, QACs exploit a common
mechanism of action wherein the cationic head(s) of these
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amphiphiles are electrostatically attracted toward the net
anionic charge of the bacterial cell membrane surface (Figure
1).* This interaction is followed by the insertion of the
nonpolar tail(s) into the lipid bilayer of the membrane,
coinciding with the cationic portion of the disinfectant,
promoting the clustering of nearby phospholipids, ultimately
resulting in the loss of membrane integrity and eventual cell
lysis.>*

As a result of their nonspecific mechanism of action, it was
initially suggested that these compounds would innately evade
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Figure 1. General mechanism of action for QACs in which the
amphiphilic nature of the molecule facilitates membrane permeation,
ultimately resulting in a loss of membrane integrity and subsequent
cell lysis.

)

resistance development. However, tolerance to QACs emerged
in the decades following their widespread use, culminating in
the first identification of genetic QAC resistance in the
1980s.”" These decreases in QAC susceptibility have been
found to arise primarily through alterations to the membrane,
biofilm formation, and stimulation of efflux systems, such as
those encoded by the gac family of genes.”

Since the first discovery of qac genes in the 1980s,"’ 11 efflux
pumps (QacA-J and QacZ) mediating QAC resistance have
been identified across both Gram-positive and Gram-negative
species. Furthermore, these genes have been found to rapidly
spread through horizontal gene transfer (HGT), leading to an
alarming prevalence of disinfectant resistance genes in clinical
isolates globally."' "> Moreover, concomitant with the spread
of disinfectant resistance, QAC treatments at subinhibitory
concentrations have been demonstrated to promote co-
resistance to common antibiotics via selective pressure for
the spread of resistance plasmids encoding both gac and other
AMR genes.'® Thus, the ubiquity of disinfectant use spurred by
the SARS-CoV-2 pandemic has led to heightened concern for
the accelerated spread of QAC and antibiotic resistance.'”

Collectively, these discoveries into the mechanisms of QAC
resistance call for the development of next-generation
disinfectant compounds that evade resistance while preserving
broad-spectrum efficacy. Previous studies, including our own,
have focused on elucidating structure—activity relationships
(SARs) and structure—resistance relationships (SRRs) to
enable the rational design of novel QAC compounds. These
studies provided insights into the number and ratio of charges,
length and types of side chains, core structural rigidity, and the
inclusion of organometallic substituents have all contributed to
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the advancement of discovering next-generation QAC
scaffolds.™"* =

However, the design of cationic disinfectants is not limited
to ammonium-based compounds; heteroatoms beyond nitro-
gen have also been a subject of interest, although not as
prevalent. For example, trivalent sulfonium compounds and
QPCs were recently the subject of review by our groups, in
which the promise of these non-nitrogen-based cationic
amphiphiles as potential solutions to QAC-related resistance
and toxicity was highlighted.”"**

Inspired by these previous works, we envisioned further
probing the underrepresented class of QPCs (Figure 2A).
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Figure 2. (A) Representative previous works on the synthesis and
biological investigation of QPCs. (B) The present work expands
beyond previous works to examine the structure—activity and SRRs of
QPCs bearing nonpolar tails (R) of varying lengths (n) and
multicationic scaffolds.

QPCs are characterized by their tetravalent phosphorous atom
with a positive formal charge and have previously served as
antitumor agents,” 33,34 catalysts,” 35 and mitochondrial antiox-
idants.*>* Polymerlc QPCs have been widely utilized as
surfactants,”® water desalination agents, and most impor-
tantly, antimicrobials.”"~** Notably, QPC-based polymers have
shown enhancements in activity relative to their nitrogen
counterparts.**™*" Despite this demonstrated promise of
quaternary phosphoniums as effective antimicrobial scaffolds,
few systematic investigations into the SAR of monomeric
QPCs have been pursued. Previous reports have suggested that
factors such as the saturation and number of hydrophobic tails
may play an important role in the potency of these
compounds, further enforcing the notion that optimizing the
ratio of polar to nonpolar character is a major determinant of
their antimicrobial activity.31’51_53 Therefore, expanding upon
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these previous works while leveraging our background in the
design of potent QACs, we synthesized a library of QPC
analogues and interrogated their SAR and SSR.

B RESULTS AND DISCUSSION

Preparation of a QPC Library through Facile
Methods. We set out to identify a core phosphine scaffold
that could provide access to a diverse library of QPCs through
facile alkylation across a variety of chain lengths. We
envisioned that this may be achieved through quaternization
of phenylphosphine compounds such as 1,3-bis-
(diphenylphosphino)propane (dppp) and triphenylpbos;)hine
(TPP) due to their ubiquity in organic synthesis®™>> and
relative air-stabilities.® Furthermore, previous studies have
demonstrated promising antimicrobial activity for TPP
derivatives against Gram-positive bacteria,”’ ' although a
systematic investigation into TPP-based QPC architectures
remains unexplored. Additionally, while several of these
previously synthesized TPP derivatives have shown low
micromolar antimicrobial activities, efflux pump-mediated
resistance to TPP-derived QPCs has precluded their wide-
spread utility.”>** Therefore, we began our investigations with
the synthesis of TPP- and dppp-derived QPCs bearing
hydrocarbon tails of varying lengths (Figure 2B), seeking to
interrogate whether increasing the amphiphilic and cationic
nature of the QPCs may increase broad-spectrum antimicro-
bial activity and aid in the evasion of efflux-pump-mediated
resistance.

We posited that access to monocationic QPCs
(monoQPCs) could be gained via alkylation of TPP. In an
initial experiment, TPP was treated with excess 1-bromote-
tradecane in acetonitrile at reflux for 72 h, which afforded
TPP-14 in good yield. These conditions were found to be
broadly effective for the synthesis of eight monoQPCs bearing
hydrocarbon tails of 8—18 carbons in length, which were
subsequently labeled TPP-n to represent the TPP core and
respective tail lengths (1) (Scheme 1A).

To extend our study to the examination of phenyl-
phosphonium compounds containing multiple sites for
quaternization, we first turned our attention to the synthesis
of biscationic QPCs (bisQPCs). Members from this QPC
subclass were derived from alkyl-linked diphenylphosphine
moieties, as inspired by the work of Long et al.”’ Beginning
with dppp, an initial experiment with excess 1-bromohex-
adecane in acetonitrile at reflux for 48 h produced the
corresponding biscationic phosphonium salt in high yield. This
method was applied to the generation of seven additional
dppp-derived bisQPCs. Next, we sought access to analogous
structures by varying the alkyl linker from two up to six
carbons in length. To our delight, application of the same
technique was met with similar success, albeit reactions
employing longer hydrocarbon tail lengths and/or shorter
alkyl linkers required extended reaction times. Collectively, this
procedure was utilized to prepare 40 bisQPCs classified as
PmP-n,n to reflect the alkyl linker length (m) and hydro-
carbon tail length (n) (Scheme 1B).

Continuing our preparation of multicationic QPCs (mul-
tiQPCs), we next turned to the synthesis of tris-cationic QPCs
(trisQPCs), which we hypothesized could be derived from
bis(2-diphenylphosphinoethyl)phenylphosphine in a similar
approach as the bisQPCs. As predicted, tris-alkylation was
possible by treating the starting material with a large excess of
bromoalkane in acetonitrile at reflux for 96 h. To reduce the
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Scheme 1. Overview of the General Syntheses for the Four
Quaternary Phosphonium Compound (QPC) Subclasses;
Detailed Synthetic Procedures are Available in the
Supporting Information; (i) C,H,,,;Br (1.5 equiv), MeCN,
80 °C, 72 h; (i) C,H,,,,Br (2.5 equiv), MeCN, 80 °C, 24—
96 h; (iii) C,H,,,Br (3.5—4.0 equiv), MeCN (80 °C, 96 h)
or DMF (110—120 °C, 21—24 h); and (iv) C,H,,.,Br (4.5
equiv), DMF, 105 °C, 24 h
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reaction time, transitioning to more vigorous conditions
[dimethylformamide (DMF) at 110—120 °C] proved to be
highly successful, generating the corresponding tris-cationic
phosphonium salts in no longer than 24 h. In total, eight
trisQPCs were generated and due to their structural similarities
with the bisQPCs were referred to as P2P2P-n,n,n, indicating
the ethylene-phosphorus backbone and the hydrocarbon tail
length (n) (Scheme 1C).

Owing to the facile alkylation of the phenylphosphines thus
far, we speculated whether access to tetra-cationic QPCs may
also be possible. While tetra-cationic quaternary ammonium
species have been reported by our group in the past, their
syntheses have presented challenges.”® However, we were
pleasantly surprised to find that the tetra-alkylation of tris[2-
(diphenylphosphino)ethyl]phosphine, containing three diphe-
nylphosphine moieties as well as a trialkylphosphine, was not
only successful but also attained through a one-step synthesis
under conditions nearly identical to those of the trisQPC
series. Employing this approach, three tetraQPCs were isolated
in high yields and designated as 4P-nnn,n to represent the
tetraphosphonium core and respective hydrocarbon tail lengths
(n) (Scheme 1D). Synthetic procedures and full character-
ization of all synthetic compounds are presented in the
Supporting Information.

Evaluation of Bioactivity of the QPC Library. Of the 59
QPCs that were synthesized, we focused on assessing the
bioactivities of 8 monoQPCs, 29 bisQPCs, 6 trisQPCs, and 3
tetraQPCs, noting that QPCs bearing long hydrocarbon tails
displayed poor water solubility. To mitigate solubility issues, a
2.5% dimethyl sulfoxide (DMSO) carrier concentration was
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used to solubilize the compounds at the highest test
concentration (250 uM). The antimicrobial activity, as well
as hemolytic activity, was assessed using red blood cell (RBC)
lysis as a proxy for the latter. For comparison to commercially
employed QACs, benzalkonium chloride (BAC; 70% benzyl-
dimethyldodecylammonium chloride and 30% benzyldime-
thyltetradecylammonium chloride) and cetylpyridinium chlor-
ide (CPC) were included in the assays. Additionally, 2Pyr-
11,11, a pyridinium-based biscationic QAC displaying best-in-
class potency” out of roughly 650 compounds synthesized to-
date by our group, was also included for comparison. The
complete set of minimum inhibitory concentration (MIC)
values against a panel of six bacterial strains [community-
acquired methicillin-resistant Staphylococcus aureus (CA-
MRSA; USA 300—0114), hospital-acquired methicillin-resist-
ant S. aureus (HA-MRSA; ATCC 33591), methicillin-
susceptible S. aureus (MSSA; SH1000), Enterococcus faecalis
(OGIREF), Escherichia coli (MC4100), and Pseudomonas
aeruginosa (PAO1)] along with the RBC lysis (represented
by Lysis,,) are presented in Table 1.

Elucidation of SARs. First, inspection of the bioactivity
profiles of the monoQPCs indicated trends that were unique
from the multicationic species examined. Optimal activity
against MSSA, CA-MRSA, and HA-MRSA was observed for
compounds bearing 11—13-carbon tail lengths (MIC = 0.5, 1,
and 2 pM, respectively). For example, TPP-13 displayed the
enhanced potency among the monoQPCs against E. coli, with a
~63-fold improvement in activity (MIC = 4 yM) compared to
its 12-carbon analogue. This trend between bioactivity and tail
length closely aligns with previous reports from our group,” as
hydrophobic tails between 12 and 14 carbons have been
established as ideal for disruption of the intermolecular forces
of the lipid bilayer in Gram-positive bacteria.” At longer chain
lengths, activity against E. faecalis and P. aeruginosa continued
to increase, with TPP-16 resulting in ~63-fold and ~16-fold
improvement in activity (MIC = 4 and 16 yM) compared to
CPC.

In comparison to the monoQPCs, the bisQPCs followed a
slightly different pattern in bioactivity, with compounds
bearing shorter tail lengths displaying optimal activities across
all strains. Against MSSA and CA-MRSA, compounds with 8-
carbon tail lengths displayed the best activities, with P2P-8,8,
P5P-8,8, and P6P-8,8 each reporting sub-micromolar activity
(MIC = 0.5 uM) for at least one of the two strains. In contrast,
against E. faecalis, E. coli, and P. aeruginosa, alkyl tail lengths of
10 and 11 carbons resulted in >fourfold enhancements in
activity compared to their 8-carbon counterparts. However, as
the hydrocarbon tail length increased beyond 11 carbons,
activity across all strains began to decline, with this trend being
most evident against E. faecalis, E. coli, and P. aeruginosa.
Interestingly, these findings contrast our previous investiga-
tions of multiQACs, in which growing chain lengths displayed
improved activity,”’ suggesting that the interaction between
bisQPCs and the cellular membrane may deviate from that of
QACs. Furthermore, the effect of varying the alkyl linker
separating the two quaternized phosphines was also a subject
of interest. While this modification led to slight improvement
in activity for five of the strains, increasing the alkyl linker
length did lead to a noteworthy increase in activity against E.
faecalis.

Notably, P6P-10,10, bearing a six-carbon linker, displayed
the greatest broad-spectrum activity of all the prepared QPCs.
Moreover, P6P-10,10 displayed improved activity compared
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Table 1. Antimicrobial Activity and Cytotoxicity Hemolysis,
Measured as MIC and Lysis,, (Lys,,), Respectively

Minimum Inhibitory Concentration (uM)

CA-  HA- Lysa

Compound  MSSA MRSA MRSA E.faccalis E.coli Pa® MM

R BAC 4 4 8 250 63 250 16
g cPc 1 1 2 250 32 250 4
2Pyr-11,11 1 2 2 8 2 16 4
TPP-8 4 4 125 >250 >250 >250 63
TPP-10 1 2 8 250 250 250 16

3 TPP-11 1 1 4 125 125 250 16
% TPP-12 0.5 1 2 63 250 63 8
£ TPP-13 1 1 2 16 4 2 4
E TPP-14 2 2 2 16 16 4
TPP-16 2 2 4 16 16 4
TPP-18 4 8 8 16 125 125 4
P2P-8,8 1 05 8 250 >250 250 63
P2P-10,10 1 1 2 8 16 8 4
P2P-11,11 1 1 2 8 2 16 4
P2P-12,12 1 2 8 32 63 63 4
P3P-8,8 1 1 4 250 >250 250 63
P3P-10,10 2 1 2 4 63 4 2
P3P-11,11 1 1 16 4 8 16 4
P3P-12,12 1 1 4 32 125 125 4
P3P-13,13 2 2 4 63 63 63 4
P3P-14,14 2 2 8 125 63  >250 2
P4P-8,8 1 1 4 125 250 125 63
P4P-10,10 1 2 2 4 16 8 2
P4P-11,11 1 2 2 4 16 16 2

& Pap12,12 2 2 4 16 63 >250 1
§ P4P-13,13 2 2 8 125 125 250 2
B PaP-14,14 8 4 4 63 125  >250 1
P5P-8,8 0.5 1 2 125 250 125 32
P5P-10,10 1 1 4 2 16 4 2
P5P-11,11 2 2 4 2 8 16 2
P5P-12,12 2 2 4 16 32 e 2
P5P-13,13 4 4 4 63 125 250 2
P5P-14,14 4 8 8 63 125  >250 1
P5P-16,16 8 16 16 125 125 250 1
P6P-8,8 05 05 2 63 125 63 16
P6P-10,10 1 1 2 2 8 4 2
P6P-11,11 2 2 4 2 16 16 2
P6P-12,12 2 2 2 16 2 32 2
P6P-13,13 4 2 4 32 63 >250 2
P6P-14,14 4 4 8 63 63 250 2
P2P2P-8,8,8 5 1 3 250 250 >250 16

, P2P2P-101010 | 2 2 8 250 32 250 2
g P2P2P-11,11,11 = 2 4 4 63 63 >250 1
2 p2p2PA2,12,12 2 4 8 125 125  >250 1
T p2p2P13,1313 | 2 4 16 125 125 5250 2
P2P2P-14,14,14 16 16 32 250 250 >250 1
g 4P10,10,10,10 16 32 32 250 250 >250 8
§ 4P11,11,11,11 16 32 125 125 125 250 4
8 spazizi212 16 16 63 250 250 >250 4

“Due to the low solubility of compounds bearing long tail lengths,
2.5% DMSO was used as a carrier, resulting in cell lysis above 63 yM.
bpa represents P. aeruginosa.

to both commercial QACs, as well as our best-in-class
biscationic QAC, 2Pyr-11,11. To further examine the broad-
spectrum efficacy of P6P-10,10 compared to the leading
commercial QAC (BAC), transmission electron microscopy
(TEM) imaging was performed. As depicted in Figure 3,
devastating amounts of cell lysis are observed in the presence
of QPCs but are absent after treatment with BAC. The results
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Figure 3. TEM images of P. aeruginosa and E. faecalis treated with
one-half of their respective MICs of the leading QAC (BAC) and
best-in-class QPC, P6P-10,10. A 2.5% DMSO solution was used as a
control.

of the TEM analysis underscore the distinct efficacy of P6P-
10,10 against both Gram-positive (E. faecalis) and Gram-
negative (P. aeruginosa) pathogens over BAC. Together, these
results highlight the promise of bisQPCs, namely, P6P-10,10,
as next-generation disinfectant compounds that warrant further
investigation.

Lastly, analysis of the multiQPCs revealed that additional
phosphonium residues did not enhance bioactivity. Rather,
tris-cationic multiQPCs unveiled a similar trend to that of the
bisQPCs, with shorter alkyl tail lengths (8—11 carbons)
exhibiting greater potencies. In particular, P2P2P-8,8,8
illustrated the best activity against the MSSA, CA-MRSA,
and HA-MRSA strains (MIC = 2, 1, and 2 uM, respectively).
However, in general, increasing the number of phosphonium
atoms led to an overall decrease in antimicrobial activity for
both tris- and tetra-cationic QPCs compared to their
biscationic counterparts.

Determination of QPC Hemolytic Activity. RBC lysis
(measured as Lysis,,) appeared to increase with alkyl chain
length for mono- and bisQPCs. For mono-, bis-, and trisQPCs,
eight-carbon species consistently displayed the lowest
hemolytic activity, with no compound reporting toxicity
greater than BAC (Lysis,, > 16 uM). However, increasing
the chain length from 8 to 10 carbons had a profound impact
on toxicity, leading to at least an eightfold increase in
hemolytic activity for bis- and trisQPCs. For compounds
with alkyl chains above 10 carbons, hemolytic activity
continued to gradually increase. Additionally, the length of
the alkyl linker had a minor impact on the toxicity of bisQPCs,
with longer spacers leading to increased hemolytic activity.
These results parallel previous studies on antimicrobial and
anticancer amphiphiles in which increasing hydrocarbon tail
length correlates with the increase in hemolytic activity due to
membrane disruption.”®®’

Elucidation of QPC Resistance Mechanisms. Upon
comparison of the QPC bioactivities between strains, several
trends emerged. First, in agreement with previous literature on
QACs, Gram-negative species were less susceptible than Gram-
positive species to compound treatment, presumably owing to
the presence of the outer-membrane.” Next, between the
Gram-positive S. aureus and E. faecalis strains examined, the
latter generally displayed significantly decreased susceptibility.
This result contrasts our previous QAC investigations, in
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which MRSA and E. faecalis display similar susceptibilities.”””’

However, this result does align with the pattern of increased
AMR in enterococci species, especially toward cell-wall
targeting molecules,”’ and further suggests a degree of
divergence in the mechanisms between QAC and QPC
activities.

Intriguingly, among the S. aureus strains, a pattern of
resistance for HA-MRSA emerged. Specifically, mono- and
bisQPCs possessing short to moderate hydrocarbon tail
lengths (8—12 carbons) displayed significantly higher MICs
against the HA-MRSA strain compared to the MSSA and CA-
MRSA strains. This pattern of resistance directly contrasts our
previous findings with QACs, in which CA-MRSA typically
displays a degree of resistance while MSSA and HA-MRSA
display higher susceptibilities.””’" Because the efflux of
cationic TPP derivatives, such as methyltriphenylphosphonium
(methylTPP) (Figure 4A), has been previously documented in
S. aureus,®”°* we postulated that the observed resistance may
be the result of the distinct presence of an efflux pump in HA-
MRSA.

C Evasion of resistance

R ®.R
Dot " OLO ik
CH,3 Z CH,3 R ' /mR

bisQPCs

A QACs and QPCs with known resistance

SMR fqmily effl_ux pump Ph Ph
mediated resistance Ph.i@®@®: Ph
gdcG CioHz” ¥ “CioHas
B upregulated spread P6P-10,10
of QacC-mediated best-in-class QPC
antimicrobial resistance RC plasmid a

v/ broad-spectrum activity
v/ evasion of resistance

via novel HGT
mechanism

Figure 4. Proposed mechanism for QacC-mediated resistance to
QACs and QPCs in HA-MRSA. (A) The SMR family transporter,
QacC, is known to efflux commercial QACs such as BAC and CPC in
addition to QPCs, such as methyltriphenylphosphonium (meth-
yITPP). (B) The spread of QacC-mediated resistance is purported to
be facilitated by the novel “DSO-gene-SSO” HGT mechanism,
characterized by the presence of the gene on RC plasmids between
the DSO and $SO.”" (C) Notably, the bisQPC, P6P-10,10, evades
this resistance mechanism, conferring broad-spectrum activity.

Implication of SMR Family Transporters in QPC
Resistance. To further investigate this hypothesis, bioinfor-
matic analysis was used to identify potential efflux pump-
encoding genes in the bacterial genomes of the strains tested in
our study. Comparative analysis of the resistomes of our
bacterial panel using the Comprehensive Antibiotic Resistance
Database and the National Center for Biotechnology
Information Basic Local Alignment Search Tool unveiled the
unique presence of the QAC resistance gene, qacC, in HA-
MRSA (Table 2).

The qacC gene encodes the small multidrug resistance
(SMR) family transporter protein, QacC, first identified by
Lyon and Skurray in 1987 and implicated in the efflux of
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Table 2. Comparative Bioinformatic Analysis of the Bacterial Panel”

Transporter Family MFS RND ABC MATE SMR
gene oF & S @“”& & &”& & s“qv&&e & && e@&
MSSA e o o o o
CA-MRSA e o o o o
.% HA-MRSA e o o ° °
5 E. faecalis o ° °
E. coli e o o o o o °
P. aeruginosa e o o o °

“Representative resistance-mediating efflux pumps from the five multidrug efflux pump families are shown, highlighting the unique presence of
SMR family genes qacC, qacE, and emrE in strains refractory to QAC and QPC treatments. (MFS = major facilitator superfamily; RND =
resistance/nodulation/cell division family; ABC = ATP-binding cassette family; MATE = multidrug and toxic compound extrusion family; and

SMR = small multidrug resistance family).

QAGCs, in addition to methylTPP and tetraphenylphospho-
nium (Figure 4A).106 Notably, the Gram-negative QacC
homologue, EmrE, was also identified in both the E. coli and P.
aeruginosa strain genomes. Furthermore, QacE, a closely
related SMR family efflux pump was identified in the E.
faecalis strain genome (Table 2).5%7* Taken together, the
unique presence of these small multidrug pump class of SMR-
family transporters may be responsible for the observed
refractory nature of these strains to treatment with QAC and
QPC disinfectants.

In the context of AMR, the association between QacC and
resistance to disinfectant compounds in HA-MRSA raises a
particular alarm for AMR, as a novel HGT mechanism for gacC
was purported and correlated with its recent spread by
Wassenaar and coworkers in 2016.” Specifically, the unusually
high degree of sequence conservation for gacC coupled with its
aberrant location between the double-strand replication origin
(DSO) and single-strand replication origin (SSO) on rolling-
circle (RC) plasmids in the absence of mobilizing genetic
elements suggest that Staphylococcus populations may have
recently evolved a new mechanism for the efficient horizontal
transfer of the gacC gene (Figure 4B).

Moreover, the only other RC-plasmid gene currently
suspected to involve a similar transfer mechanism is InuA, a
gene conferring resistance to lincosamides in Staphylococcus
species, leading Wassenarr and coworkers to posit that this
novel “DSO-gene-SSO” HGT mechanism was selected for
through the use of disinfectants and antibiotics.””> This
hypothesis coincides with a multitude of studies investigating
evolutionary selection for the spread of QAC resistance genes,
as well as QAC-mediated co-resistance to antibiotics.'®’*~7°
Hence, the rapidly growing prevalence of AMR demands for
renewed interest in the development of next-generation
antibiotics and disinfectants, such as those disclosed herein
(Figure 4C).

Investigations into efflux-mediated resistance mechanisms.
To probe the putative SMR-mediated mechanism of resistance,
we hypothesized that an efflux pump inhibitor would
potentiate the activities of the QAC and QPC molecules.
Therefore, we re-evaluated the MICs of QAC and QPC
molecules in the presence and absence of carbonyl cyanide m-
chlorophenyl hydrazone (CCCP), a protonophore that inhibits
the proton-motive force necessary for transport in SMR family
efflux pumps.”” As a result of its mechanism of action, CCCP
affects cellular metabolism and thus exhibits an MIC.
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Therefore, the MIC of CCCP was determined for each of
the six strains, and half of this inhibitory concentration was
utilized. In combination with CCCP, we assessed one
commercial QAC (BAC), our best-in-class biscationic QAC
(2Pyr-11,11), a derivative of the efflux-susceptible methyl TPP
QPC (TPP-8), and our best-in-class biscationic QPC (P6P-
10,10) against the bacterial panel. To our surprise, the
presence of CCCP decreased microbial susceptibility when
combined with the biscationic QAC (2Pyr-11,11) and QPC
(P6P-10,10) molecules against several strains (Figure SA).
Notably, P6P-10,10 displayed the greatest attenuation in
combination with CCCP with greater than fourfold increases
in MIC against all strains. This unexpected result, namely, the
dramatic decrease in P6P-10,10 efficacy in the presence of
CCCP, made us speculate that membrane depolarization may

A

Minimum Inhibitory Concentration (uM)

—CCCP + CCCP-CCCP + CCCP - CCCP + CCCP - CCCP + CCCP
MSSA 4 4 1 2 1 4 4 4
CA-MRSA 4 4 2 2 1 4 4 4
HA-MRSA 8 4 2 2 2 16 125 125
E. faecalis 250  >250 8 >250 2 >250 >250 >250
E.coli 63 63 2 4 8 1256 >250 >250
P. aeruginosa 250 250 16 >250 4 250 >250 >250
B 8x105
MSSA
61054 - P6P-10,10
- TPP-8
5 Control
g 410 HA-MRSA
— P6P-10,10
2x%1054 TPP-8
Control
0 T T |
1:00 1:15 1:30 1:45
Time (h:mm)

Figure 5. (A) MIC values of QACs (BAC and 2Pyr-11,11) and
QPCs (P6P-10,10 and TPP-8) in combination with CCCP. (B) After
70 min of preincubation with DiBAC,(3), MSSA and HA-MRSA cells
were treated with P6P-10,10 (2.0 uM), TPP-8 (4.0uM), or 2.5%
DMSO (control), and the fluorescence intensity was measured.
Membrane depolarization results in increased DiBAC,(3) fluores-
cence.
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be the central in the mechanism by which this QPC exerts its
broad-spectrum potency and evades apparent mechanisms of
resistance.

To further investigate this role of membrane depolarization
in the mechanism of P6P-10,10, we postulated that the
fluorescent probe DiBAC,(3) [bis-(1,3-dibutylbarbituric acid)-
trimethine oxonol], which emits fluorescence as a result of
membrane depolarization, could be utilized to examine the
differential effects of P6P-10,10 and TPP-8 on membrane
depolarization in MSSA and HA-MRSA. Specifically, while
P6P-10,10 displayed low micromolar potency against both
MSSA and HA-MRSA, TPP-8 was significantly less effective
against HA-MRSA, purportedly as a result of efflux-mediated
resistance. Therefore, we hypothesized that P6P-10,10 would
have a greater effect on membrane depolarization against HA-
MRSA compared to TPP-8, as the presence of efflux pumps in
this strain may abate membrane depolarization for TPP-
derived molecules that are susceptible to efflux. The results of
the fluorescence assay (Figure SB) suggest that P6P-10,10
deviates significantly from TPP-8 in its ability to depolarize the
membrane, as P6P-10,10 treatment led to a twofold increase
in depolarization compared to TPP-8 treatment. Collectively,
we posit that the enhanced ability of P6P-10,10 to perturb the
membrane through depolarization underlies the mechanism by
which this compound displays improved broad-spectrum
potency.

B CONCLUSIONS

An overreliance on select quaternary ammonium-based
disinfectants and antiseptics has driven AMR, urgently
necessitating the development of diverse antimicrobials for
sanitization.””® Herein, we have disclosed the synthesis and
biological investigation of 59 QPCs, unveiling the promise of
these underexplored cationic amphiphiles.

The results of this study elucidated the relationship between
alkyl chain length and number of cationic residues with
antimicrobial efficacy and hemolytic activity for QPCs. Both
monoQPCs with moderate hydrocarbon tail lengths (11-13
carbons) and bisQPCs with shorter tail lengths (8—11
carbons) demonstrated promising antimicrobial activities
against a panel of six Gram-positive and Gram-negative
bacteria. Notably, P6P-10,10 emerged as an effective broad-
spectrum antimicrobial, exhibiting comparable hemolytic
activity and >fourfold increases in activity against Gram-
negative species compared to commercial QACs, BAC, and
CPC. The broad-spectrum potency of this novel bisQPC was
further highlighted through TEM imaging, wherein the
improved lytic activity of P6P-10,10 over the leading
commercial QAC (BAC) was illustrated. Furthermore, this
bisQPC was able to evade QPC resistance posited to be
conferred by the presence of the SMR family of efflux pumps,
such as QacC in HA-MRSA. This potential relationship
between disinfectant resistance and QacC is noteworthy, as a
study reporting the recent spread of the gacC gene through a
novel HGT mechanism’® underscores the need for next-
generation disinfectants, such as P6P-10,10, that overcome
mounting resistance. To further probe this mechanism of
resistance, efflux pump inhibition and membrane depolariza-
tion assays were performed, together elucidating the central
role of membrane depolarization in the mechanism by which
P6P-10,10 exhibits broad-spectrum potency and evades
resistance. Taken together, the results of our investigation
have provided the impetus for further exploration of QPC
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architectures, as well as further investigation into the
mechanisms of resistance observed with these compounds,
both of which are subjects of ongoing collaborative research in
our laboratories.

B METHODS

Synthesis of the QPC Library. Reagents and solvents
were used from Sigma-Aldrich, Accela, Strem Chemicals Inc,,
and Fisher Chemical without further purification. All reactions
were carried out under an ambient atmosphere unless
otherwise noted, with reagent grade solvents and magnetic
stirring. Detailed procedures for the preparation of each of the
synthesized compounds are provided in the Supporting
Information. 'H, *C, and 3P NMR spectra were recorded
with a 400 or 500 MHz JEOL spectrophotometer, and
chemical shifts were reported on a &-scale (ppm) downfield
from TMS or 85% H;PO,. Coupling constants were calculated
in hertz. The solvents used were chloroform-d (CDCIl;), with
an internal reference of 7.26 ppm for "H NMR and 77.16 ppm
for *C NMR, and methanol-d,, with internal references of 4.78
and 3.31 ppm for 'H NMR and 49.15 ppm for *C NMR.
Accurate mass spectrometry data were acquired on an AB Sciex
5600 TripleTOF using electrospray ionization in the positive
mode. Melting ranges were taken on an SRS DigiMelt
MPA160.

Biological Assays. For all biological assays, laboratory
strains of methicillin-susceptible S. aureus MSSA (SH1000), E.
faecalis (OG1RF), E. coli (MC4100), P. aeruginosa (PAOL),
community-acquired methicillin-resistant S. aureus CA-MRSA
(USA300-0114), and hospital-acquired methicillin-resistant S.
aureus HA-MRSA (ATCC 33591) were grown with shaking at
37 °C overnight from freezer stocks in 5 mL of the indicated
media: SH1000, OG1RF, MC4100, USA300-0114, and PAO1
were grown in a BD Mueller—Hinton broth (MHB), whereas
ATCC 33591 was grown in a BD tryptic soy broth (TSB).
Optical density (OD) measurements were obtained using a
SpectraMax iD3 plate reader (Molecular Devices, United
States).

MIC Assays. Compounds were serially diluted twofold
from stock solutions (1.0 mM) to yield twelve 100 uL test
concentrations, wherein the starting concentration of DMSO
was 2.5%. Overnight S. aureus, E. faecalis, E. coli, P. aeruginosa,
USA300-0114 (CA-MRSA), and ATCC 33591 (HA-MRSA)
cultures were diluted to ca. 106 CFU/mL in MHB or TSB and
regrown to the mid-exponential phase, as determined by OD
recorded at 600 nm (OD600). All cultures were then diluted
again to ca. 106 CFU/mL and 100 uL were inoculated into
each well of a U-bottom 96-well plate (corning, 351,177)
containing 100 uL of the compound solution. Plates were
incubated statically at 37 °C for 72 h upon which wells were
evaluated visually for bacterial growth. The MIC was
determined as the lowest concentration of the compound
resulting in no bacterial growth visible to the naked eye based
on the highest value in three independent experiments.
Aqueous DMSO controls were conducted as appropriate for
each compound.

RBC Lysis Assay (Lysisyg). RBC lysis assays were
performed on mechanically defibrinated sheep blood (Hemo-
stat Labs: DSB030). An aliquot of 1.5 mL of blood was placed
into a microcentrifuge tube and centrifuged at 3800 rpm for 10
min. The supernatant was removed, and the cells were
resuspended with 1 mL of phosphate-buffered saline (PBS).
The suspension was centrifuged as described above, the
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supernatant was removed, and cells were resuspended four
additional times in 1 mL of PBS. The final cell suspension was
diluted 20-fold with PBS. Compounds were serially diluted
with PBS twofold from stock solutions (1.0 mM) to yield 100
p#L of 12 test concentrations on a flat-bottom 96-well plate
(corning, 351,172), wherein the starting concentration of
DMSO was 2.5%. To each of the wells, 100 uL of the 20-fold
suspension dilution was then innoculated. The concentration
of DMSO in the first well was 2.5%, resulting in DMSO-
induced lysis at all concentrations >63 uM. TritonX (1% by
volume) served as a positive control (100% lysis marker) and
sterile PBS served as a negative control (0% lysis marker).
Samples were then placed in an incubator at 37 °C and shaken
at 200 rpm. After 1 h, the samples were centrifuged at 3800
rpm for 10 min. The absorbance of the supernatant was
measured with a UV spectrometer at a 540 nm wavelength.
The concentration inducing 20% RBC lysis was then calculated
for each compound based upon the absorbances of the
TritonX and PBS controls. Aqueous DMSO controls were
conducted as appropriate for each compound.

Efflux Inhibition Assay. Using the above procedure, the
MIC for carbonyl cyanide 3-chlorophenylhydrazone 97%
(CCCP) (Sigma-Aldrich) was determined against S. aureus,
E. faecalis, E. coli, P. aeruginosa, USA300-0114 (CA-MRSA),
and ATCC 33591 (HA-MRSA). For the efflux inhibition assay,
half the determined MIC of CCCP against each strain was
used (Table S1). Respective QPC and QAC compounds were
serially diluted twofold from stock solutions (1.0 mM) to yield
12 test concentrations of 50 yL each, wherein the starting
concentration of DMSO was 2.5%. To each well containing 50
uL of the QAC or QPC solution, 50 uL of CCCP (in
respective media, 10% DMSO carrier) at the designated test
concentration against each strain (Table S1) was added.
Overnight S. aureus, E. faecalis, E. coli, P. aeruginosa, USA300-
0114 (CA-MRSA), and ATCC 33591 (HA-MRSA) cultures
were diluted to ca. 106 CFU/mL in MHB or TSB and regrown
to the mid-exponential phase as determined by OD recorded at
600 nm (OD600). All cultures were then diluted again to ca.
106 CFU/mL and 100 uL were inoculated into each well of a
U-bottom 96-well plate (corning, 351,177) containing 100 uL
of the compound solution. Plates were incubated statically at
37 °C for 72 h upon which wells were evaluated visually for
bacterial growth. The MIC was determined as the lowest
concentration of compound resulting in no bacterial growth
visible to the naked eye based on the highest value in three
independent experiments. Aqueous DMSO controls were
conducted as appropriate for each compound.

DiBAC,(3) Fluorescence Assay. Overnight S. aureus
(SH1000) and ATCC 33591 (HA-MRSA) cultures were
diluted to ca. 10° CFU/mL in MHB and TSB, respectively, and
regrown to the mid-exponential phase, as determined by OD
recorded at 600 nm (ODgy). The cultures were then
centrifuged at 3,800 rpm for 10 min, the supernatant was
removed, and the cells were resuspended and washed three
times with PBS. After washing, the cells were resuspended in 5
mL of PBS. To this cell suspension, 125 uL of 1.0 M sterile-
filtered glucose solution was added (25 mM final concen-
tration). The cells were then incubated for 15 min at 37 °C.
After incubation, 25 uL of a 50 M solution of DiBAC,(3)
(Biotium) was added to the suspensions (244 nM final
concentration) and the suspensions were mixed thoroughly.
To a black 96-well plate with clear flat-bottom wells (Greiner
Bio-One, 655,097), 150 pL of the suspension was then
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transferred. The plate was then placed in the prewarmed (37
°C) microplate reader, and the cells were acclimated for 40
min or until the fluorescence was stabilized (fluorescence at
490 nm excitation and 516 nm emission measured once per
minute). Next, 50 uL of three test concentrations (2X MIC,
1X MIC, and 0.5X MIC) of compound was transferred quickly
to the wells using a multichannel pipette and the plate was
returned to the microplate reader. The fluorescence was again
monitored for 100 min. Biological triplicates were completed
with PBS and DMSO controls.

TEM Imaging. E. faecalis and P. aeruginosa cultures were
diluted to ca. 10° CFU/mL in MHB media and regrown to the
mid-exponential phase as determined by OD recorded at 600
nm (ODgy). Aliquots of the cultures (0.5 mL) were then
treated with 0.5 mL of compound solutions (half their MIC of
either BAC or P6P-10,10). The treated cultures were then
incubated under shaking at 37 °C for 48 h. After 48 h, the
samples were centrifuged for 10 min at 13,000 rpm. The
supernatant was removed and the samples were washed three
times with PBS. The pellets were then fixed in Karnovsky’s
fixative at 4 °C for 24 h. The pellets were then washed twice
with 0.1 M cacodylate buffer and then fixed with 1% osmium
tetroxide in 0.1 M cacodylate buffer for 1 h at room
temperature. The samples were next washed with double-
distilled water twice, followed by a series of dehydrations with
ascending pure ethanol concentrations (25, 50, 70, 95, 100,
and 100%). After dehydration, the samples were treated for 10
min twice with pure propylene oxide (PPO). Following these
washes, samples were infiltrated with a series of ascending
concentrations of Eponate 12 resin in PPO with agitation
overnight (1:2, 1:1, 2:1, and 1:0 ratios of Eponate 12 resin to
PPO, respectively). Lastly, the samples were polymerized with
Eponate 12 resin at 60 °C for 48 h. The samples were then
sectioned, placed on grids, and visualized using a JEOL JEM-
4100 transmission electron microscope (JEOL, Ltd., Japan) at
120 kV.
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