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ABSTRACT: Small-molecule antimicrobial peptidomimetic am-
phiphiles represent a promising class of novel antimicrobials with
the potential for widespread therapeutic application. To investigate
the role of spatial positioning for key hydrophobic and hydrophilic
groups on the antimicrobial efficacy and selectivity, positional
isomers of the lead biphenyl antimicrobial peptidomimetic
compound 1 were synthesized and subjected to microbial growth
inhibition and mammalian toxicity assays. Positional isomer 4
exhibited 4−8× increased efficacy against the pathogenic Gram-
negative bacteria Pseudomonas aeruginosa and Escherichia coli (MIC
= 2 μg/mL), while isomers 2, 3, and 7 exhibited a 4× increase in
activity against Acinetobacter baumannii (MIC = 4 μg/mL).
Changes in molecular shape had a significant impact on Gram-
negative antibacterial efficacy and the resultant spectrum of activity, whereas all structural isomers exhibited significant efficacy (MIC
= 0.25−8 μg/mL) against Gram-positive bacterial pathogens (e.g., methicillin-resistant Staphylococcus aureus, Streptococcus
pneumoniae, and Enterococcus faecalis).
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The increasing prevalence of bacterial resistance to
antimicrobial pharmaceuticals presents an ever-growing

crisis because of the reliance of modern medicine on
antimicrobial treatments.1−4 The issue has been identified as
a major concern by multiple organizations and governments,
whom have implemented “global action plans” and various
initiatives to combat and ameliorate the rise of antimicrobial
resistance.5−8 There exists an urgent need for the development
of novel, inexpensive antimicrobials for the treatment of drug-
resistant bacterial infections.9,10

Small-molecule antimicrobial peptidomimetics (SMAPs)
have garnered significant interest in recent years because of
their ability to effectively disrupt microbial membranes and
biofilms in addition to their enhanced synthetic accessibility
and metabolic stability relative to traditional antimicrobial
peptides.11,12 A basic, albeit limited, understanding of the
membrane disruption mechanism behind amphiphilic anti-
microbial peptides13−17 has led to the development of small-
molecule mimics that contain hydrophilic and hydrophobic
residues (Figure 1). The spatial arrangement of these residues
creates an overall amphiphilic structure, which is essential for
inducing cellular membrane disruption. Furthermore, the
balance and arrangement of these hydrophobic and hydrophilic
residues is highly important for modulating the antimicrobial
efficacy and the bacterial/mammalian membrane selectivity
(i.e., cytotoxicity).18−20

The oligomerization and self-aggregation of these small-
molecule amphiphiles plays a crucial role in their antimicrobial
activity and membrane-disrupting ability.21−24 As such, varying
the spatial positioning of the relevant hydrophobic and
hydrophilic substituents could have a marked impact on the
concerted membrane disruption effected by the self-aggrega-
tion and membrane interactions of these small-molecule
amphiphiles.
Recent work in our laboratory has focused on SMAPs (e.g.,

compound 1, Figure 1) that comprise a hydrophobic biphenyl
aromatic core along with pendant hydrophobic functionalities
and a 1,2,3-triazole containing peptidomimetic chain that
incorporates hydrophilic, cationic lysine and arginine resi-
dues.25−28 These biphenyl peptidomimetic amphiphiles have
displayed potent minimum inhibitory concentration (MIC)
values against both Gram-positive and Gram-negative bacteria
(Figure 1). Their positive results in membrane-disruption
assays and their extremely fast time-kill kinetics were indicative
of membrane-active antimicrobial compounds.25
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These compounds exhibit a 2,2′-disubstitution pattern on
the biphenyl aromatic core (compound 1, Figure 2), wherein
the peptidomimetic chain (R) constitutes one substituent and
the hydrophobic isopentyl chain comprises the other
substituent. In order to investigate the role of the biphenyl
substituent positioning on the antimicrobial activity and
membrane selectivity of lead compound 1, a systematic
investigation was conducted wherein all biphenyl positional
isomers of compound 1 (i.e., compounds 2−9, Figure 2) were
synthesized and subjected to in vitro bacterial and fungal
growth inhibition assays, in conjunction with mammalian
cytotoxicity and hemolysis assays.
To access the nine isomers in an efficient manner, a

divergent pathway was utilized which allowed for construction
of the requisite peptidomimetic chain followed by late-stage
attachment of the various disubstituted biphenyl cores by Cu-
catalyzed azide−alkyne cycloaddition (CuAAC). The required
biphenyl cores were accessed via Suzuki cross-coupling of the
corresponding iodophenols and phenol boronic acid pinacol
esterswith the isopentyl substituent attached to one of the
two aryl fragments prior to coupling to allow for selective
placement. Alkylation of the phenol boronic esters m-10 and p-
10 with 1-bromo-3-methylbutane proceeded smoothly with
K2CO3 and catalytic (n-Bu)4NI in CH3CN at 80 °C, furnishing
the aromatic precursor fragments m-11 and p-11 in excellent
yields (Scheme 1).
Alkylation of o-10 would not proceed under these

conditions (due to suspected intramolecular hydrogen-
bonding)while alkylation of o-10 in DMF with Cs2CO3
(or NaH) provided the desired product, the purification was
complicated by hydrolysis of the boronic ester during silica gel
chromatography. To circumvent this issue, alkylation of o-12
was performed to give aryl iodide 13 (Scheme 1), which
functioned as the 2-isopentyloxy aryl fragment for subsequent
couplings.

With the requisite aryl fragments in hand, palladium-on-
carbon (10% w/w − Pd/C) catalyzed Suzuki coupling31 was
performed to construct monoalkylated biphenols 14a−h
(Scheme 2). Boronic esters m-11 and p-11 were successfully
coupled with o-, m- or p-iodophenol (i.e., o-,m- or p-12) to give
the monoalkylated biphenols 14a, 14b, 14d, 14e, 14g, and 14h
in good yields. In a reverse fashion, aryl iodide 13 was coupled
with m- or p-phenol boronic acid pinacol ester (i.e., m- or p-
10), yielding the monoalkylated biphenols 14c and 14f.
O-Propargylation of monoalkylated biphenols 14a−h with

propargyl bromide (Scheme 3) was implemented to generate
biaryl alkynes 15a−h. While some of the monoalkylated
biphenol substrates reacted quite readily (e.g., 18 h reflux for
compound 15h), most analogues required multiple days at
reflux with increased equivalents of propargyl bromide to
ensure reaction completion.
The known β-azido-amine 1726 was synthesized from the N-

protected lysinol derivative 1626 utilizing a modified two-step
procedure (Scheme 4). The required 1,2,3-triazole acid
compound 19 was made by a CuAAC reaction between 3-
cyclohexyl-1-propyne and the known α-azido acid 18.25

Construction of the peptidomimetic chain fragment 20
(containing a terminal azide handle for late-stage divergence)
was accomplished by EDCI/HOBt promoted peptide coupling
of acid 19 and β-azido-amine 17 (Scheme 4).
The final positional isomers 2−9 were then constructed

from the corresponding biaryl alkynes 15a−h and the
peptidomimetic chain fragment 20 via a CuAAC reaction;
subsequent trifluoroacetic-acid-mediated N-deprotection and
treatment with ethereal HCl gave the final isomers 2−9 as their
dihydrochloride salts (Scheme 5). The purity of all final
derivatives was >90% as determined by RP-HPLC analysis
(Figures S61−S68, Supporting Information).
Positional isomers 1−9 were then subjected to two rounds

of microbial growth inhibition screening. Preliminary testing

Figure 1. Lead biphenyl antimicrobial amphiphile 125 and other small-molecule antimicrobial peptidomimetics A,18 B,19 C,29 D,23,30 and E21 −
corresponding antibacterial activities (MIC) and hemolysis values (HC50) are reported in μg/mL.
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was performed in-house against pathogenic Gram-positive
bacteria and E. coli (Table 1), while secondary screening was
performed by the Community for Open Antimicrobial Drug

Discovery32 against pathogenic Gram-negative bacteria, fungi,
and MRSA (Table 2). Preliminary screening revealed potent
antibacterial efficacy against S. aureus, E. faecalis, and S.
pneumoniae; isomers 1−9 generally exhibited MIC values
between 2−4 μg/mL for these species, including methicillin-
resistant S. aureus (MRSA) and vancomycin intermediate
susceptibility S. aureus (VISA) − Table 1. Moderate
antibacterial efficacy was observed for all isomers against
vancomycin-resistant E. faecalis (VRE) and C. dif f icile, with
most MIC values ranging from 8−16 μg/mL. Furthermore,
secondary screening revealed extremely potent MIC values
(≤0.25 μg/mL) for all isomers against a different strain of
MRSA (ATCC 43300) − Table 2. Compound 2 (2,3′-isomer)
consistently exhibited the lowest MIC values against Gram-
positive bacteria (where discernible), whereas compounds 8
and 9 displayed the highest MIC values against S. pneumoniae/
C. dif f icile (compound 8 − 3,4′-isomer) and E. faecalis
(compound 9 − 4,4′-isomer). These results support the notion
of an optimal biaryl positioning for the key hydrophilic
(cationic peptide chain) and hydrophobic (isopentyl moiety)
biaryl substituents because compounds with an increased

Figure 2. Positional isomers of the lead biphenyl amphiphile 1
synthesized for this study.

Scheme 1. Synthesis of Aromatic Precursors m-11, p-11, and
13

Scheme 2. Synthesis of Monoalkylated Biphenols 14a−h by
Pd/C-Catalyzed Suzuki Cross-Coupling

Scheme 3. Synthesis of Biphenyl Alkynes 15a−h via O-
Propargylation of Monoalkylated Biphenols 14a−h
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distance between these two substituents (e.g., compounds 8
and 9) exhibited slightly diminished antibacterial efficacy
against the Gram-positive bacterial pathogens.
Screening against the more resilient Gram-negative bacteria

produced increased variation in the observed MIC valuesa
substantial increase in the Gram-negative antibacterial efficacy
was observed for compounds 3 and 4 (relative to lead
compound 1, see Table 2). Compound 4 (3,2′-isomer)
exhibited the strongest efficacy against P. aeruginosa and E.
coli (MIC = 2 μg/mL) among the tested isomers, representing
a 4- to 8-fold increase in antibacterial activity. Furthermore, a
4-fold increase in antibacterial efficacy against A. baumannii
was observed for compounds 2, 3, and 7, all exhibiting potent
MIC values of 4 μg/mL. The multidrug-resistant K. pneumo-
niae was the most resilient Gram-negative pathogen, requiring

concentrations of 32 μg/mL (or more) for each isomer to
inhibit bacterial growth.
While significant increases in antibacterial efficacy were

observed against most of the tested Gram-negative species, no
one isomer exhibited increased potency for all strains. The
growth inhibition results show that the structural arrangement
of these biphenyl amphiphiles has a substantial effect on the
antimicrobial potency. Additionally, these results highlight the
strain-specific efficacy observed among amphiphilic, mem-
brane-disrupting antimicrobials in general, particularly against
Gram-negative bacteria due to their protective outer-
membrane.13

Antimicrobial efficacy was observed for the yeast C. albicans;
interestingly, compound 9 displayed the strongest growth
inhibition (MIC = 1 μg/mL) by far, with isomers 1, 2, and 3
displaying substantially weaker efficacy (MIC ≥ 32 μg/mL) −
Table 2. Despite the observed potent antifungal activity for
compound 9 (4,4′-isomer) against C. albicans, all isomers were
inactive at the tested concentrations against the pathogenic
yeast C. neoformans var. grubii − compound 9 was therefore
found to act as a potential selective antifungal for C. albicans.
The findings further illustrate how the structural arrangement
of an amphiphilic compound can have a significant impact on
its antimicrobial efficacy and spectrum of activity.
Positional isomers 1−9 were analyzed for mammalian

toxicity by conducting a cytotoxicity assay (human embryonic
kidney cells) and hemolysis assays (both human and sheep red
blood cells) − see Table 3. Strong hemolytic activity against
human erythrocytes was observed for isomer 9 (average HC50
= 10.5 μg/mL), while isomers 2 and 3 exhibited reduced,
albeit still significant, hemolytic activity (HC50 > 32 μg/mL
with maximum hemolysis below 65% at the tested concen-
trations). The remaining isomers all exhibited significant
hemolytic activity against human erythrocytes (Table 3) −
while HC50 values could not be determined for most isomers
(i.e., failed curve-fitting due to single data point activity), the
maximal percentage of hemolysis observed (i.e., the DMax
value) indicates substantial hemolytic activity. Sheep eryth-
rocyte hemolysis assays were conducted at compound testing
concentrations of 5 and 50 μg/mL (Table 3); however,
minimal hemolysis was observed at the lower testing
concentration (5 μg/mL), and all compounds (except isomer
4) displayed >50% hemolysis when tested at 50 μg/mL.
Compound 4 exhibited 38% hemolysis of sheep erythrocytes at
50 μg/mL, revealing reduced but significant hemolysis.
Interestingly, the data between the human and sheep hemolysis
assays did not correlate exactly; for example, compound 9 was
clearly the most potent hemolytic agent for human

Scheme 4. Synthesis of Key Peptide Fragment 20

Scheme 5. Synthesis of Positional Isomers 2−9
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Table 1. Preliminary Antibacterial Screeninga

S. aureus E. faecalis S. pneumoniae E. coli C. dif f icile

compound
ATCC
29213

NCTC
10442b Mu50c

ATCC
29212

ATCC
51299d ATCC 49619

ATCC
10418

ATCC
700057 NSW 132 (RT027)e

1 2 2 4 4 8 1 4 16 8
2 2 2 2 2 8 1 2 16 16
3 4 2 4 4 8 1 4 16 16
4 4 4 2 4 8 2 4 16 8
5 4 4 4 4 8 2 4 16 16
6 4 8 2 4 8 2 32 16 16
7 2 4 4 4 16 1 8 16 8
8 4 4 4 4 16 4 16 32 16
9 4 4 4 8 16 2 32 16 8

vancomycin 1 1 8 2 >8 0.5 >8 1 0.5
colistin - - - - - - 1 - -

aValues are reported as MIC values in μg/mL. bMethicillin-resistant S. aureus (MRSA). cVancomycin intermediate susceptibility S. aureus (VISA).
dVancomycin-resistant E. faecalis (VRE). eC. dif f icile PCR Ribotype 027 (RT027).

Table 2. Secondary Antimicrobial Screeninga (Bacteria and Fungi)

S. aureus P. aeruginosa K. pneumoniae A. baumannii E. coli C. albicans C. neoformans var. grubii

compound ATCC 43300b ATCC 27853 ATCC 700603c ATCC 19606 ATCC 25922 ATCC 90028 ATCC 208821

1 ≤0.25 16 32 16 8 32 >32
2 ≤0.25 8 >32 4 8 32 >32
3 ≤0.25 8 32 4 4 >32 >32
4 ≤0.25 2 >32 16 2 16 >32
5 ≤0.25 32 >32 32 32 8 >32
6 ≤0.25 16 32 32 8 8 >32
7 ≤0.25 8 32 4 8 16 >32
8 ≤0.25 32 >32 32 32 16 >32
9 ≤0.25 8 32 32 8 1 >32

vancomycin 1 - - - - - -
colistin - 0.25 0.25 0.25 0.125 - -

fluconazole - - - - - 0.125 8
amphotericin B - - - - - 1.56 1.56

aTesting performed by the Community for Open Antimicrobial Drug Discovery (CO-ADD) − values are reported as MIC values in μg/mL.
bMethicillin-resistant S. aureus (MRSA). cMultidrug-resistant K. pneumoniae.

Table 3. Cytotoxicity and Hemolysis Assay Data

cytotoxicitya (HEK-293)b hemolysisa (human erythrocytes) hemolysis (sheep erythrocytes)

CC50
c (DMax)d HC50

c (DMax)d 5 μg/mLe 50 μg/mLe

compound i ii i ii mean SD mean SD

1 24.4 (80) >32 (14) >32 (63) >32 (56) 2.1% 0.1% 66.6% 10.6%
2 >32 (31) >32 (28) >32 (59) >32 (38) 2.6% 1.0% 72.1% 11.2%
3 >32 (18) >32 (13) >32 (63) >32 (41) 2.7% 0.4% 63.0% 8.3%
4 >32 (38) >32 (36) >32 (101) >32 (81) 1.4% 0.6% 38.2% 7.6%
5 28.1 (59) 29.4 (55) >32 (109) >32 (94) 3.7% 0.4% 76.7% 9.2%
6 >32 (30) >32 (18) >32 (107) >32 (102) 2.3% 0.3% 66.5% 11.3%
7 >32 (42) >32 (40) >32 (103) 21.1 (82) 2.0% 0.6% 66.4% 9.0%
8 >32 (43) >32 (43) >32 (108) >32 (88) 2.1% 0.4% 40.8% 7.0%
9 >32 (41) >32 (25) 9.8 (94) 11.1 (111) 1.4% 0.1% 57.2% 11.6%

tamoxifen 9.0 (SD = 2.2) - - - - - -
melittin - - 8.5 (SD = 2.5) - - - -

aTesting performed by the Community for Open Antimicrobial Drug Discovery (CO-ADD). bHuman embryonic kidney cells − (ATCC CRL-
1573). cValues represent two assay replicates (i and (ii) and are reported in μg/mL. Any values with >32 μg/mL represent an inactive compound
or partially active compound (lower DMax value) or an active compound where curve-fitting failed due to activity at only the highest tested
concentration (higher DMax value). dDMax = maximum percentage inhibition response observed for all tested concentrations (i.e., ≤ 32 μg/mL).
eCompound testing concentration for sheep erythrocyte hemolysis assays (performed in triplicate) − assay values represent the mean percentage
hemolysis and standard deviation (SD) for each testing concentration.
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erythrocytes, whereas compound 5 was the most potent
hemolytic agent against sheep erythrocytes (Table 3). Previous
studies25 on compound 1 and related analogues have shown
that the balance between hydrophobic and hydrophilic
structural residues is highly crucial for inducing bacterial/
mammalian membrane selectivity and thus reducing hemolytic
activity.
Cytotoxicity assays revealed substantially reduced mamma-

lian cytotoxicity for isomers 2−4 and 6−9; these compounds
exhibited CC50 values >32 μg/mL with maximum percentage
inhibition values below 50% (Table 3). For example, isomer 3
exhibited a maximum cytotoxic growth inhibition of 13% and
18% in two separate replicate assays, indicating a CC50 value
much higher than the 32 μg/mL testing limit. While the
hemolytic activity of isomers 1−9 precludes these compounds
from being used as systemic antimicrobials, they demonstrate
promise as potential therapeutics for topical skin infections and
other nonsystemic applications because of their reduced
cytotoxicity and potent antimicrobial efficacy against both
Gram-positive and Gram-negative bacteria. Furthermore,
optimization of the hemolytic/cytotoxic activity has not yet
been conducted for this class of SMAPs; as such, these
compounds serve as a potential lead for the development of
unique, membrane-active antimicrobial chemotherapeutics
with increased membrane selectivity (i.e., therapeutic safety).
Importantly, substantial differences in antimicrobial efficacy

and mammalian cytotoxicity were observed for the various
positional isomers of lead compound 1. Compound 4
displayed significant increases (4−8×) in activity against the
pathogenic P. aeruginosa and E. coli species, while similar
potency increases (4×) were seen for positional isomers 2, 3,
and 7 against A. baumannii. These findings highlight the
importance of structure and substituent arrangement for
antimicrobial amphiphiles, that is, small changes in substituent
orientation and positioning can lead to large changes in a
compound’s antimicrobial efficacy and spectrum of activity,
and this was particularly evident against the more resilient
Gram-negative bacteria. Changes in the structural arrangement
of these biphenyl amphiphiles had a significant effect on the
compounds’ ability to inhibit the growth of Gram-negative
pathogenic bacteria.
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