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ABSTRACT: We design hybrid antibiotic peptide conjugates that can permeate
membranes. Integration of multiple components with diﬀerent functions into a single
molecule is often problematic, due to competing chemical requirements for diﬀerent
functions and to mutual interference. By examining the structure of antimicrobial
peptides (AMPs), we show that it is possible to design and synthesize membrane
active antibiotic peptide conjugates (MAAPCs) that synergistically combine multiple
forms of antimicrobial activity, resulting in unusually strong activity against persistent
bacterial strains.

■

INTRODUCTION
Aminoglycosides are a clinically important class of antibiotics.
The ﬁrst aminoglycoside streptomycin was isolated from the
actinobacterium Streptomyces griseus in 1943 and was the ﬁrst
medicine eﬀective against tuberculosis infections. Since then,
over 150 naturally occurring aminoglycosides have been
isolated either from Streptomyces genus or Micromonospora
bacteria. They have been mostly used for the treatment of
serious infections caused by aerobic Gram-negative bacteria, but
also exhibit moderate potency against Gram-positive pathogens.1 Aminoglycosides are bactericidal agents that block
protein synthesis by binding to the 30S subunit of the bacterial
ribosome.2−4 The most therapeutically relevant aminoglycoside
antibiotics are gentamicin, tobramycin, amikacin, kanamycin,
and neomycin.
Although aminoglycosides are highly potent antibiotics,
bacterial resistance to this class has drastically increased.3,5,6
The main mechanisms of aminoglycoside resistance are (i) a
reduced uptake/drug eﬄux; (ii) enzymatic inactivation of the
aminoglycoside through adenylation, acetylation, or phosphorylation; and (iii) target modiﬁcation such as ribosomal
methylation and mutations.3,6 While several approaches have
been used to generally address aminoglycoside resistance, a
particular research eﬀort has focused on counteracting
enzymatic inactivation. For example, one of the strategies is
the development of competitive inhibitors of aminoglycosidemodifying enzymes.7−9 However, none of these inhibitors
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appear to be especially eﬀective, and they may inhibit host
proteins and cause side eﬀects. Chemical modiﬁcation of
aminoglycosides that renders them less susceptible to
enzymatic inactivation has been another widely reported
approach to combat bacterial resistance.10−13 While numerous
aminoglycoside analogs have been developed, very few have
reached clinical trials since the 1990s. Recently, Plazomicin, a
semisynthetic aminoglycoside derived from sisomicin, has been
developed by Achaogen Inc. and is in Phase III clinical trials.
Plazomicin demonstrated good activity against Gram-negative
and Gram-positive bacteria but is not active against bacterial
isolates expressing ribosomal methyltransferases conferring
aminoglycoside resistance.14,15
Increasing the inﬂux of antibiotics through the bacterial
membrane barrier may be an alternative strategy to increase the
activity of antibiotics against resistant strains of bacteria. In the
past few decades, our understanding of the mechanisms of drug
uptake and drug extrusion has advanced substantially.16 The
balance between the inﬂux and eﬄux processes ultimately
determines the amount of drug accumulated in bacterial cells.
Eﬄux pumps are found in almost all bacterial species, and a
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Pentobra, which conjugates a short peptide transporter
sequence derived from penetratin, a cell-penetrating peptide,
with the aminoglycoside tobramycin. Pentobra kills bacteria in
distinct mutually amplifying ways by simultaneously targeting
diﬀerent bacterial functions (membrane integrity and protein
synthesis). This combination also promotes rapid drug entry
into persistent cells via AMP-like membrane permeation. The
mistranslated proteins from aminoglycoside activity further
stress the membrane barrier function. Pentobra exhibits potent
and broad-spectrum antimicrobial activity against bacteria that
are not susceptible to aminoglycosides such as persistent cells24
and anaerobic Propionibacterium acnes.32
In this report, we engineer a series of membrane-active
antibiotic−peptide conjugates (MAAPCs) using our design
principles for selective bacterial membrane permeation.
Speciﬁcally, we examine how variations in the peptide
transporter sequence from MAAPC01, Pentobra, modulate
antibacterial activity and membrane permeation abilities. This
series of MAAPCs, collectively, tests the eﬀects of peptide
sequence, average hydrophobicity, helical amiphiphilicity,
peptide−tobramycin conjugation site and linker chemistry,
properties that are considered important for the antimicrobial
proﬁles of AMPs and conjugate antibiotics. Distinct and
synergistic mechanisms of killing are incorporated into a
unimolecular drug in order to create multilethal, broadspectrum antibiotics with activity against antibiotic-resistant
strains. The result is a versatile platform of novel multilethal
MAAPCs based on deterministic design principles.

strong correlation of eﬄux system overexpression with
multidrug resistance has been demonstrated.16 Eﬄux systems
actively pump antibiotics out to reduce cellular drug
accumulation, thus facilitating bacterial survival. This eﬀect
also contributes to the formation of drug-tolerant persister
cells.17 Reduced antibiotic concentration inside a target cell by
activation of drug eﬄux not only aﬀects the susceptibility of the
strain to the antibiotic but also drives the acquisition of
additional resistance mechanisms.
In Gram-negative bacteria, an important factor that
inﬂuences antibiotic concentration is membrane permeability.18
The outer membrane (OM) of Gram-negative bacteria serves
as a remarkable barrier and provides an extra layer of defense
against toxic compounds. Small hydrophilic molecules such as
β-lactams passively and rapidly cross the OM through porins
(water-ﬁlled open channels) while hydrophobic drugs gain
access to the cell interior by a slow metabolic activitydependent mechanism.18 Reduced permeability, which has
been observed in various multidrug resistant strains,18,19 may
occur via a variety of mechanisms, such as a loss or modiﬁcation
of porins or an alteration of the phospholipid composition of
the outer leaﬂet. Diminished permeability is also responsible for
the reduced accumulation of antibiotic in persister cells.
Positively charged antibiotics such as aminoglycosides do not
diﬀuse through bacterial membranes well (compared to neutral,
hydrophobic drugs), due in part to the large electrostatic selfenergy of such molecules in low dielectric constant media such
as lipids. Although the exact mechanism of aminoglycoside
uptake remains unclear, it has been proposed to occur through
an active-transport mechanism that is energy dependent and
relies on the generation of proton-motive force (PMF).20,21
Compared to diﬀusive transport, this mechanism is slow.
Moreover, PMF can be shut down in persister cells, and
thereby impact the inﬂux of aminoglycosides.20 As a result,
eﬄux pumps can easily counteract the slow drug inﬂux of
aminoglycosides. These various mechanisms that decrease drug
uptake explain why aminoglycosides are not active against a
wide variety of microbes, including anaerobic bacteria and
persister cells.20−24
Antimicrobial peptides (AMPs), powerful eﬀectors of innate
immunity, have been considered as a possible treatment for
resistant bacteria. AMPs have broad spectrum antimicrobial
activity25−28 and utilize nonspeciﬁc interactions to target
generic features common to the outer membranes of many
pathogens, hence development of resistance to such natural
defenses is inhibited compared to conventional antibiotics.25
Hydrophobicity and cationic charge are both known to be
necessary conditions for antimicrobial activity in a broad range
of AMPs. In previous work, we found that the membrane
permeation activity of a wide range of AMPs is correlated with
the induction of negative Gaussian curvature in model bacterial
membranes, which topologically enables membrane destabilizing processes29 such as pore formation, blebbing, and
budding.30 The main limitation of using AMPs as antibiotics
is their moderate potency.31
Conferring membrane permeability to aminoglycosides
should increase their uptake in bacteria. Furthermore, eﬄux
pumps are not eﬀective for higher molecular weight drugs, and
thus, increasing the molar mass of aminoglycosides may
promote their accumulation in bacteria. In order to
simultaneously increase the membrane permeability of aminoglycosides and increase their molar mass, we engineered a
membrane-active antibiotic−peptide conjugate (MAAPC),

■

RESULTS AND DISCUSSION
MAAPC Synthesis. Combining the membrane activity of
AMPs with traditional antibiotics allows the delivery of
antibiotics that have been historically diﬃcult to get across
bacterial membranes. MAAPCs comprise a potent antibiotic
(i.e., tobramycin) and a peptide transporter sequence that
enables membrane permeation. It is helpful to consider the
mechanism of membrane activity in molecules such as AMPs
when designing these hybrid antibiotics, because simply linking
two molecules together can lower the activity of both of them
by functional interference. Without a speciﬁc guidance
methodology it is diﬃcult to design chemically and structurally
diverse compounds with consistently robust antimicrobial
proﬁles. We recently identiﬁed sequence principles for peptides
that permeate membranes based on induced curvature
considerations.28,29,33−36 We have demonstrated that the
geometric need to generate negative Gaussian curvature places
constraints on the amino acid sequence in AMPs.33 In fact, a
recent machine learning study suggests that the probability a
given amino acid sequence is antimicrobial is related to its
ability to induce negative Gaussian curvature.37 The lysine/
arginine ratio increases sharply with the hydrophobic content of
an AMP, a trend that can be observed in the sequences of 1080
cationic AMPs.35 Importantly, because membrane disruption
depends on the arginine, lysine, and hydrophobic residue
content in AMPs, the sequence constraints for membrane
activity under-determine the full sequence, so that it is possible
to blend diﬀerent functions into the same sequence. For this
reason, it is possible to impart molecules like polycationic
aminoglycosides with membrane activity.
In order to compare the eﬀect of the peptide transporter
sequence on membrane permeabilization and biological activity,
we renovated a single aminoglycoside antibiotic, tobramycin.
We chose tobramycin because it is a standard-of-care for many
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MAAPC Structures: Similarities and Diﬀerences. The
MAAPC peptide designs are based on penetratin, a cellpenetrating peptide (CPP) isolated from the homeobox
domain of the ANTP protein. CPPs, like AMPs, interact
strongly with membranes and are cationic and amphiphilic.
There is no strict distinction between the two peptide classes,
although CPPs are generally less hydrophobic than AMPs.29
Many AMPs have been shown to cross bacterial membranes in
the CPP-like manner and exert antimicrobial activity by binding
intracellular targets, and certain CPPs are antibacterial in
vitro.28 All MAAPCs in this report contain tobramycin, which
binds to the tRNA decoding A-site in prokaryote ribosomes.2−4
The ﬁrst MAAPC, Pentobra (MAAPC01) and the other
peptide sequences were selected in concert with the
physicochemical properties of tobramycin such that the
conjugate possesses a speciﬁc total cationic charge that favors
membrane penetration and permeabilization in bacteria. The
new MAAPCs share many similarities in sequence and amino
acid composition (Tables 1 and 2), but were designed to diﬀer
in important ways, in order to examine how speciﬁc peptide
characteristics aﬀect the ability of MAAPCs to target bacteria
and optimize activity. We focused on the eﬀects of peptide
sequence, hydrophobicity, helix amphiphilicity, the linker used
to connect the peptide with tobramycin, and N-terminal vs Cterminal conjugation. Penetratin comprises 16 amino acids,
whereas all of the transporter sequences are shorter, with 12 or
13 amino acids (Table 2). Penetratin and each of the
transporter sequences each possess the same number of
arginine, glutamine, asparagine, and tryptophan residues
(Table 2). The net charge of penetratin is +7, whereas the
peptide−tobramycin conjugates have a net charge of +9.
Figure 1 depicts the helical wheel projections of the
MAAPCs in comparison to penetratin. It is important to note
that (a) rotational freedom along σ bonds means the
tobramycin may not sit exactly where depicted in this ﬁgure
and (b) the size of the helical wheel is not depicted to the scale
of the aminoglycoside. Despite these limitations, Figure 1 does
allow us to compare structures of the MAAPCs to penetratin.
Penetratin has a cluster of mostly cationic residues (RKKQR)
ﬂanked by multiple hydrophobic residues on either side
(FWIRW and MI). MAAPC01 shows the greatest clustering
of cationic character when the cationicity of tobramycin is
included in addition to the cationic residues (RKQRtobramycin). The amino acid composition MAAPC02 diﬀers
from MAAPC01 by the addition of a single glycine at the Nterminus, and the residues in MAAPC02 are rearranged to
create a sequence in which the cationic and hydrophobic
residues cluster on opposing sides of the peptide helical wheel
diagram (Figure 1). This type of amphiphilicity is observed in
α-helical AMPs sequences, and is often important for
antibacterial activity.42 MAAPC03 has the reverse sequence of
MAAPC01, and has identical amino acid composition to
MAAPC02 but the amino acid residues are in a diﬀerent
sequence to exhibit greater amphipathicity. A reverse peptide
sequence, in principle, is expected to have equivalent
antibacterial activity as the original if activity is derived solely
from nonspeciﬁc interactions with bacterial membranes. Helical
amphiphilicity is also present in MAAPC04, but the hydrophobic content of the peptide is reduced from 38.5% to 25%
(Table 3) by removing one isoleucine and the phenylalanine
and replacing these bulky hydrophobic residues with glycines
(Table 2). A comparison of MAAPC04 with the more
hydrophobic MAAPC01 allows us to investigate the eﬀects of

types of Pseudomonas aeruginosa infections including pulmonary
infections in patients with cystic ﬁbrosis.38 In addition, the sole
primary hydroxyl group in tobramycin is amenable to selective
conjugation. Indeed, the primary hydroxyl group of tobramycin
is a more eﬀective nucleophile and less hindered than its
secondary hydroxyl groups, which facilitates its modiﬁcation, as
it does not require orthogonal protection of the secondary
hydroxyl groups. Furthermore, this primary hydroxyl group
does not participate in speciﬁc interactions with the ribosome,
such that the biological activity of the modiﬁed tobramycin
should not be impacted by the conjugation.39,40
The peptide transporter sequences of the MAAPCs listed in
Table 1 are based on sequence motifs found within natural
Table 1. New MAAPCs Based on Induced Curvature
Considerations
MAAPC
MAAPC01
MAAPC02
MAAPC03
MAAPC04
MAAPC05

other name

peptide sequence

N- or Cterminal
conjugation

penetratin
Pentobra

RQIKIWFQNRRMKWKK
RQIKIWFQNRRW
GWIRNQFRKIWQR
GWRRNQFWIKIQR
GWRNQIRKGWQR
RQIKIWFQNRRW

N-terminal
N-terminal
N-terminal
N-terminal
C-terminal

AMPs (and speciﬁcally penetratin) and our saddle-splay
curvature selection rules. By changing the peptide hydrophobicity and the number of cationic charges, we eﬀectively
tune the degree to which the drug will associate with the
bacterial membrane. A good balance between hydrophobic and
cationic groups is crucial to achieving selective bacterial
membrane disruption.
MAAPC02, MAAPC03, and MAAPC04 were synthesized
employing a procedure similar to Pentobra (also identiﬁed in
this manuscript as MAAPC01) in which tobramycin is attached
to the N-terminus of the peptide through a short linker by
amide bond (Figure S1).24 MAAPC05 has the same peptide
sequence as MAAPC01, but tobramycin is conjugated to the Cterminus through a synthetic amino acid, L-propargylglycine, via
“click” chemistry (Scheme 1). Thus, tobramycin is connected
through a stable 1,2,3-triazole ring, which is less susceptible to
hydrolysis than an ester bond found in MAAPC01. In order to
achieve the “click” coupling with a terminal alkyne, tobramycin
was functionalized with an azide group using an adapted
literature protocol.41 Brieﬂy, after protection of the amine
groups of tobramycin as tert-butoxycarbamates (Boc) (compound 1), the primary hydroxyl at the C6″ position was
activated with p-toluenesulfonyl chloride (TsCl) in pyridine
giving the monotosylated compound 2, which was subsequently
substituted with an azide function using sodium azide (NaN3)
in DMF at 80 °C producing azido-Boc5-tobramycin 3 (Scheme
1A). The azido-modiﬁed tobramycin (3) was then “clicked”
with Fmoc-protected L-propargylglycine (Fmoc-Pra-OH) via
copper(I)-catalyzed azide−alkyne 1,3-dipolar cycloaddition
reaction aﬀording Fmoc-Pra(BocTobra)-OH (4) (Scheme
1A). Compound 4 was grafted to the 2-chlorotrityl chloride
resin as the ﬁrst residue of the peptide sequence (Scheme 1B).
The peptide synthesis was then carried out following standard
Fmoc strategy. Finally, the peptide was cleaved from the resin
and fully deprotected using a mixture of triﬂuoroacetic acid
(TFA) and scavengers to yield MAAPC05 (Scheme 1B).
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Scheme 1. Synthesis of MAAPC05a

(A) Synthesis of Fmoc-Pra(BocTobra)-OH (4): (a) Boc2O, TEA, H2O/DMF (1:4), 5 h, 60 °C, 93%;24 (b) TsCl, pyridine, 12 h, 23 °C, 36%; (c)
NaN3, DMF, 12 h, 80 °C, 99%; (d) CuSO4, sodium ascorbate, DMF, 24 h, 40 °C, 61%. (B) Grafting of Fmoc-Pra(BocTobra)-OH to 2-chlorotrityl
chloride resin ((a) compound 4, DIEA, DCM, 4 h, 23 °C followed by peptide synthesis on solid support using Fmoc strategy ((b) Fmoc clivage
using piperidine and coupling using DIEA, HOBt, and HBTU), and ﬁnal cleavage and deprotection of the peptide using a mixture of triﬂuoroacetic
acid (TFA) and scavengers ((c) TFA/phenol/water/thioanisole/TIS (10:0.7:0.5:0.5:0.25 v/w/v/v/v), 3 h, 23 °C, 46%). The gray sphere represents
the 2-chlorotrityl chloride resin.
a

reducing peptide hydrophobicity on membrane permeation and
antibacterial activity. To explore the additional degree of
freedom aﬀorded by conjugation chemistry we connected
tobramycin to the C-terminus of the Pen peptide from
MAAPC01. The resulting MAAPC05 has a diﬀerent chemical
structure in the linker that is proximal to tobramycin.
The arrangement of a cationic patch ﬂanked by hydrophobic
residues (as seen in penetratin) is best replicated by
MAAPC01, where the aminoglycoside is located near the
cluster of cationic residues. MAAPC05 also colocalizes the

Table 2. Composition of Peptide Transporter Sequences

Penetratin
MAAPC
01/05
MAAPC
02/03
MAAPC4

R

Q

K

N

W

I

F

G

M

net
charge

3
3

2
2

4
1

1
1

2
2

2
2

1
1

0
0

1
0

+7
+9

3

2

1

1

2

2

1

1

0

+9

3

2

1

1

2

1

0

2

0

+9
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Figure 1. Helical wheel projections of MAAPCs. Cationic residues are represented in red, hydrophobic residues are represented in green, and neutral
amino acids are in yellow.

Table 3. Hydrophobicity of Peptide Transporter Sequencesa
Penetratin
MAAPC01/05
MAAPC02/03
MAAPC04

% hydrophobic

Eisenberg consensus

Kyte Doolittle (GRAVY)

Wimley-White

NK/NR

Nprimary amines/NR

37.5
41.7
38.5
25

−0.54
−0.47
−0.42
−0.55

−1.73
−1.49
−1.41
−2.17

−1.50
−1.36
−1.31
-1.55

0.75
0.33
0.33
0.33

0.75
2
2
2

a

NK and NR are the numbers of lysine and arginine residues respectively. Nprimary amines refers to the number of primary amines (from lysine and
tobramycin).

Figure 2. Cationic behavior of MAAPCs, plotted as the ratio of the number of amines in each molecule to its total cationic charge, as a function of
average peptide hydrophobicity calculated with Eisenberg Consensus,43 Kyte-Doolittle,44 and Wimley-White45 amino acid hydrophobicity scales.
AMPs are represented by unﬁlled gray circles, MAAPC peptides by red circles, MAAPCs plus the charge contribution of the ﬁve amine groups in
tobramycin by blue circles, and the black circle represents penetratin CPP.

the peptide bond will direct the aminoglycoside chain such that
it cannot sit directly over the neutral residues. Finally,
MAAPC04 has a large cationic side, and only a small patch
of hydrophobic residues.
MAAPC01 and 05 have the highest percentage of hydrophobic residues at 41.7% (Table 3); MAAPC02 and 03 are
comparable to Penetratin (38.5% and 37.5%, respectively),
while MAAPC04 has the lowest number of hydrophobic

aminoglycoside with the cationic residues, but the overlap is not
as great since attachment to the tryptophan residue orients it
away from the cationic face. In this instance, however, rotation
about the N−C bond of the tryptophan carbon would bring the
aminoglycoside closer to the cationic face. MAAPC02 has a
hydrophobic face and a cationic face, but the cationic face has
neutral residues on one site, in contrast to penetratin.
MAAPC03 is similar to MAAPC05; however, the rigidity of
797
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Table 4. MIC and MBC of MAAPCs, Unconjugated Peptides (P1−P4), Mixture of Unconjugated Peptide and Tobramycin
(P1−P4+Tobramycin), and Tobramycin Alone on E. coli MG1655 and S. aureus S113a
E. coli MG1655
MIC (μM)
MAAPC01
MAAPC02
MAAPC03
MAAPC04
MAAPC05
P1
P2
P3
P4
P1+tobramycin
P2+tobramycin
P3+tobramycin
P4+tobramycin
Tobramycin

6.3
3.1
<1.6
3.1
12.5
12.5
41.7
16.7
>100
<1.6
<1.6
2.1
<1.6
<1.6

± 0.0
± 0.0
±
±
±
±
±

0.0
0.0
0.0
14.4
7.2

± 0.9

S. aureus S113
MBC (μM)
6.3
3.1
3.1
4.2
12.5
12.5
41.7
16.7
>100
3.1
2.1
2.6
3.6
3.1

±
±
±
±
±
±
±
±

0.0
0.0
0.0
1.8
0.0
0.0
14.4
7.2

±
±
±
±
±

0.0
0.9
0.9
2.4
0.0

MIC (μM)
25.0
12.5
12.5
12.5
25.0
50.0
33.3
100.0
100.0
3.1
6.3
6.3
3.1
6.3

±
±
±
±
±
±
±
±
±
±
±
±
±
±

0.0
0.0
0.0
0.0
0.0
0.0
14.4
0.0
0.0
0.0
0.0
0.0
0.0
0.0

MBC (μM)
33.3
20.8
25.0
14.6
25.0
50.0
>100
>100
>100
5.2
12.5
12.5
6.3
6.3

±
±
±
±
±
±

14.4
7.2
0.0
9.5
0.0
0.0

±
±
±
±
±

1.8
0.0
0.0
0.0
0.0

a

Notes: P1−P4 are the peptides in MAAPC01−04, respectively. MAAPC05 has the same peptide sequence as MAAPC01 and can be directly
compared to P1. MIC/MBC values are expressed in μM for a fair comparison of tobramycin activity either as an antibiotic alone or as a conjugate.
Values are mean ± standard deviation of a sample analyzed in triplicate.

slightly higher than their respective MIC values suggesting that
the compounds not only are inhibiting bacterial growth but are
also bactericidal. In contrast, the unconjugated peptides (P1−
P4) exhibited no or little antimicrobial activity against E. coli
and S. aureus. However, the MAAPCs did not show better
activity than tobramycin, which is expected because our
conjugates are not designed to target lab strains but instead
to have high eﬃcacy against clinically relevant pathogens such
as persisters, resistant bacteria, and anaerobes that are
impermeable to existing antibiotics. It should be noted that a
mixture of the peptide itself with tobramycin does not enhance
the antimicrobial activity compared to tobramycin alone,
indicating there is no synergistic eﬀect between the two
entities when simply mixed. Whereas MAAPC05 showed
similar activity against S. aureus in comparison to MAAPC01
(indicating that the terminus of conjugation did not greatly
impact activity), it displayed a 2-fold increase of the MIC
against E. coli. In contrast, MAAPC02, MAAPC03, and
MAAPC04 displayed improved activity compared to
MAAPC01. These results indicate the importance of the
peptide transporter sequence as well as the conjugation site for
tobramycin. Interestingly, MAAPC02 and MAAPC03 have
nearly identical amino-acid composition as MAAPC01 (the
only diﬀerence is a single glycine), but the amino acids are in a
diﬀerent sequence. In the MAAPC02 analog, the hydrophobic
amino acids are clustered along one side of the α-helical wheel
of the peptide, which confers higher amphiphilic character and
greater helical propensity. In the MAAPC03 analog, the peptide
has the reversed sequence of MAAPC01. There are examples in
the literature that the reversed analogs of antimicrobial peptides
possess equal or enhanced antimicrobial activities.47,48 The
amphiphilicity and peptide sequence orientation might play a
role on the membrane−peptide interaction. However, further
experiments are required to elucidate the reasons for this
improved antibacterial activity.
One of the limitations to the clinical use of AMPs as
antimicrobial agents is their hemolytic activity which is
associated with increased toxicity.49 Thus, as a ﬁrst assessment
of the MAAPC toxicity, we investigated whether the conjugates
may cause lysis of human red blood cells (hRBCs). Notably, all

residues (25%). The hydrophobicity of the MAAPCs in
comparison to penetratin and other AMPs can also be observed
in plots of the ratio of lysines to total cationic charge versus
average molecule hydrophobicity (Figure 2). The peptide
“transporter” sequences clearly lie along the AMP sequence
trendline (Figure 2), with the MAAPCs 01 and 05 having the
greatest average hydrophobicity, followed by MAAPCs 02 and
03, and ﬁnally MAAPC04. Their positions demonstrate that all
MAAPC peptides except MAAPC04 are more hydrophobic and
arginine-rich than the parent penetratin peptide. Moreover,
penetratin is less hydrophobic than AMPs with comparable
lysine/cationic charge ratio, which is consistent with its
classiﬁcation as a CPP. If we account for the presence of
tobramycin in the MAAPCs by considering its entire
contribution to be charged from the ﬁve amine groups, then
the molecules are located closer to penetratin on the plot and
are expected to behave more like cell-penetrating peptides. This
simple characterization of the physicochemical properties of
tobramycin does not account for pKa diﬀerences in the amino
groups and the inﬂuence of other chemical moieties in
tobramycin, however, and the actual locations of the MAAPCs
are likely to be between the peptide only and peptide + amine
positions. The MAAPCs are therefore expected to possess
membrane permeabilization and drug transporter abilities, the
desired attributes of multifunctional antibiotics that act on both
bacterial membranes and ribosomes. Together, these ﬁve
MAAPCs provide insight into the eﬀects that sequence,
hydrophobicity, amphiphilicity, and linker chemistry have on
antibacterial activity.
Activity Spectrum. We ﬁrst investigated the antimicrobial
potency of these new MAAPCs by determining their minimum
inhibitory concentration (MIC) and minimum bactericidal
concentration (MBC) against Escherichia coli (E. coli MG1655)
and Staphylococcus aureus (SA113) pathogens with a turbiditybased microdilution broth assay (Table 4). Overall, all the
MAAPCs display good antimicrobial activity and tend to be
more selective to E. coli (MIC range 3.1−12.5 μM) over S.
aureus (MIC range 12.5−25 μM), which follows the general
observation that tobramycin is particularly active against Gramnegative organisms.46 Their MBC values are either equal to or
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nitrophenol and galactose, inducing a color change that can
be monitored spectrophotometrically at 400 nm.
While MAAPC01 induced signiﬁcant permeabilization of the
OM of E. coli D31 at a concentration lower than MICs (2 μM),
the other MAAPCs displayed relatively low OM permeabilization and tobramycin had no eﬀect (Figure 3A). At a
concentration higher than MICs (20 μM), MAAPC01 and
MAAPC05 demonstrated enhanced permeation activity
although no signiﬁcant increase was observed for MAAPC02,
MAAPC03, and MAAPC04 (Figure S2). With the exception of
MAAPC04, all MAAPCs disrupted, with diﬀerent degrees of
susceptibility, the IM of E. coli ML35 at a concentration of 2
μM (Figure 3B). MAAPC01 and MAAPC05 exhibited the
highest permeation eﬀect, which was comparable to the positive
control (melittin). In contrast, MAAPC04 did not promote IM
permeabilization. We hypothesize this occurs because of its
lower hydrophobic content, which generally correlates with less
lytic activity. MAAPC02 displayed unexpectedly low membrane
activity, which is surprising considering that its hydrophobic
and polar residues are arranged on opposite sides of the peptide
assuming α-helical secondary structure. It is generally accepted
that a certain level of hydrophobicity is required to penetrate
the membrane of prokaryotic cells, and clustering hydrophobic
amino acids in AMP structures enhances antimicrobial
activity.50,51 However, it has also been argued that there is an
optimal level of hydrophobicity above which further increase in
hydrophobicity results in strong peptide self-assembly which
decreases cell wall permeability.50,51 In general, these eﬀects will
also depend on the geometric organization and presentation of
the hydrophobicity.
MAAPC01 and MAAPC05 displayed signiﬁcant OM and IM
permeabilization activity although these MAAPCs are less
active against E. coli (MIC = 6.3 and 12.5 μM respectively) than
the other MAAPCs (MIC = 3.1 μM) that exhibit lower
permeabilization and greater bactericidal activity. The inverse
relationship between the activity and membrane permeabilization suggests that the ability of MAAPCs to permeabilize the E.
coli membrane does not directly reﬂect their antibacterial
activity on growing bacteria. This implies that the antibacterial
activity of MAAPCs against actively growing bacteria is not
solely dependent on bacterial membrane disruption (the
mechanism of AMP bactericidal activity). Membrane permeability experiments on actively growing cells do not show other
mechanisms of antibiotic entry into the cell (i.e., via active
transport), and thus do not necessarily correlate with the total
amount of MAAPC that enters a bacterium. However, this

MAAPCs exhibited negligible hemolytic activity against hRBCs
(HC50 > 500 μM), which is the ﬁrst indicator of the MAAPC
safety toward eukaryotic cells (Table 4). Bacterial and animal
cell membranes signiﬁcantly diﬀer in composition. Indeed,
microbial cell surfaces contain more anionic lipids (overall
negatively charged) whereas mammalian cell membranes have
more lipids with neutral zwitterionic head groups (overall
neutrally charged). The MAAPCs were designed to selectively
discriminate between bacterial and mammalian cells. The
selectivity indexes (SIs), deﬁned as HC50/MIC, for E. coli and S.
aureus demonstrated great selectivity of all MAAPCs to bacteria
over hRBCs (Table 5), which implies that the MAAPCs are
Table 5. Hemolytic Activity Against hRBCs and Bacterial
Selectivity of MAAPCs
selectivity index (HC50/MIC)
MAAPC01
MAAPC02
MAAPC03
MAAPC04
MAAPC05

HC50 (μM)

E. coli MG1655

S. aureus S113

516.50
>1000
>1000
>2000
676.70

82.64
>320
>320
>640
54.14

20.66
>80
>80
>160
27.07

eﬀective against bacteria without causing harm to human cells.
MAAPC04 displayed the highest bacterial selectivity (SI > 640
and SI > 160 against E. coli and S. aureus, respectively) likely
due to its reduced hydrophobic content.50,51
Membrane Permeabilization. In order to better understand the mode of action of our conjugates, we probed the
eﬀect of the MAAPCs on the permeability of the outer (OM)
and inner (IM) membranes of E. coli. The assays rely on the
ability of a chromogenic agent to cross the membrane only
when the membrane has been compromised. In the OM
permeability assay, nitroceﬁn, a chromogenic cephalosporin is
used. Nitroceﬁn cannot cross the OM and is excluded from the
periplasmic space. If the OM is permeabilized and nitroceﬁn
crosses, it is cleaved by a periplasmic β-lactamase inducing a
color change that can be monitored with a spectrophotometer
at 486 nm. In the IM permeability assay, the chromogenic
substrate ortho-nitrophenyl-β-galactoside (ONPG) is used.
Since there is no lactose permease in E. coli ML35 strain,
ONPG cannot diﬀuse into the bacterial cell cytoplasm unless
the IM is compromised. Upon membrane permeabilization,
ONPG is cleaved by cytoplasmic β-galactosidase into o-

Figure 3. (A) E. coli D31 OM permeabilization by MAAPCs; (B) E. coli ML35 IM permeabilization by MAAPCs. The concentration for all tested
compounds is 2 μM. Data are expressed as averages ± S.D., n = 3.
799
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Figure 4. Killing activity of MAAPCs against persister cells: (A) E. coli MG1655 and (B) S. aureus SA113. E. coli MG1655 were pretreated with
ciproﬂoxacin (1 μg/mL) while S. aureus SA113 were pretreated with ampicillin (100 μg/mL) for 3 h to eliminate nonpersister cells.

actively growing cells. These results are consistent with our
hypothesis that membrane permeability is necessary to kill
antibiotic-tolerant bacteria but not the primary mechanism of
action in actively growing organisms.

active drug inﬂux is easily shut down on dormant cells
(persisters), in which active transport is drastically diminished
and membrane permeability is expected to more closely
correlate with antibacterial activity.
Bactericidal Activity against Persister Cells. To verify
the above hypothesis, we compared the bactericidal activity of
MAAPC01 and MAAPC05 to the least lytic (on bacterial
membrane and hRBCs), most active, and selective conjugate
(MAAPC04) against persister cells with plate killing assays. E.
coli MG1655 and S. aureus S113 bacteria prepared in a
persistent state were incubated for 2 h with varying
concentrations of MAAPCs or tobramycin (Figure 4).
Consistent with previous studies,24 tobramycin showed no
activity against E. coli and S. aureus persistent bacteria over the
entire range of tested concentrations, while MAAPC01
demonstrated remarkable dose-dependent bactericidal activity
against both persistent cells. MAAPC05 had comparable killing
potency to its N-terminal-conjugated analog MAAPC01 against
E. coli persisters resulting in a 3-log reduction in colony-forming
units (CFU) at a concentration of 3.1 μM lower than its MIC
(12.5 μM) (Figure 4A). In contrast, MAAPC04 exhibited less
than a 2-log reduction in CFU at a concentration of 12.5 μM
despite it being 4-fold higher than its MIC (3.1 μM) against E.
coli. Interestingly, MAAPC05 showed reduced activity against S.
aureus persisters in comparison to MAAPC01 (Figure 4B).
Based on the earlier observation that MAAPC05 can
permeabilize the IM of E. coli to the same extent as
MAAPC01 and the fact that S. aureus that are Gram-positive
organisms do not possess OM, we would have anticipated
similar activity for MAAPC05 and MAAPC01 against S. aureus
persister cells. Thus, it is possible that MAAPC05 has diﬀerent
permeability proﬁles depending on whether the pathogen is
Gram-positive or Gram-negative. It should be noted that
MAAPC04 had no bactericidal activity against S. aureus
persisters (Figure 4B). It is also worth noting that the
antimicrobial activity observed when the unconjugated peptide
was mixed with tobramycin was similar to tobramycin alone or
to the peptide alone against persisters (an example for
MAAPC06 against E. coli persisters is shown in Figure S3)
indicating that the synergistic eﬀect occurs only when the
peptide and tobramycin are chemically conjugated.
Although MAAPC04 exhibits higher antimicrobial activity
against actively growing bacteria, its lower antimicrobial activity
against persisters correlates well with the membrane permeability assays. Furthermore, MAAPC01 and MAAPC05 exhibit
both high membrane permeability and strong activity against
persisters compared to their lower antimicrobial activity against

■

CONCLUSION
We have synthesized a series of MAAPCs incorporating
tobramycin with variations in the composition, sequence, and
conjugation site of the peptide transporter. The MAAPCs
exhibit good selectivity for bacterial cell membranes over
mammalian cell membranes and do not induce any signiﬁcant
hemolysis of human red blood cells. MAAPCs exhibit better
antibacterial activity against actively growing Gram-negative E.
coli (MIC < 15 μM) than actively growing Gram-positive S.
aureus (MIC < 25 μM). MAAPC01 exhibits the highest
permeabilization of the outer membrane, with all other
MAAPCs showing less permeation activity; tobramycin exhibits
no outer membrane activity. MAAPC01 and MAAPC05 exhibit
the highest inner membrane permeability, comparable to the
control melittin. MAAPC02 and 03 exhibit less membrane
activity, and MAAPC04 and tobramycin show negligible inner
membrane activity. Higher levels of membrane activity correlate
well with antimicrobial activity against persisters, where
MAAPC01 and MAAPC05 show much better activity than
tobramycin alone or MAAPC04.
Overall, we have demonstrated that we can design hybrid
antibiotic peptide conjugates that can cross bacterial cell
membranes that are impermeable to traditional antibiotics, and
that their membrane activity and antibacterial activity can be
ﬁnely tuned through small changes to the peptide transporter
composition and sequence. These powerful new antibiotics
show promise as novel therapies for resistant and diﬃcult-totreat bacterial infections.

■

MATERIALS AND METHODS
Materials. Reagent grade solvents such as N,N-dimethylformamide (DMF), ethyl acetate, dichloromethane (DCM),
methanol (MeOH), and acetonitrile (CH3CN), as well as
magnesium sulfate (MgSO4), Lysogeny broth (LB), and tris
hydrochloride were purchased from Fisher Scientiﬁc. Tobramycin was purchased from TCI. Pyridine was obtained from
J.T. Baker. p-Toluenesulfonyl chloride (TsCl), triﬂuoroacetic
acid (TFA), thioanisole, and triisopropylsilane (TIS) were
purchased from Acros Organics. Sodium azide (NaN3) was
obtained from EMD. Copper sulfate pentahydrate (CuSO4)
was purchased from Reagent World. N-Fmoc-L-propargylglycine (Fmoc-Pra-OH) was purchased from AAPPTEC (Louis800

DOI: 10.1021/acs.bioconjchem.6b00725
Bioconjugate Chem. 2017, 28, 793−804

Article

Bioconjugate Chemistry
ville, KY, USA). Sodium ascorbate, N,N-diisopropyl-N-ethylamine (DIEA), and triethylamine (TEA) were obtained form
Alfa Aesar. 2-Chlorotrityl chloride resin (∼1 mmol/g) was
obtained from ChemImpex. Hydroxybenzotriazole (HOBt)
was obtained from Advanced ChemTech. 2-(1H-Benzotriazol1-yl)-1,1,3,3-tetramethyluronium hexaﬂuorophosphate
(HBTU), preloaded amino acid cartridges, and melittin were
purchased from AnaSpec Inc. Phenol was obtained from
Amresco. Tryptic soy broth (TSB), agar, and M9 minimal salts
(5×) were obtained from Difco Laboratories. Nitroceﬁn was
purchased from BioVision. Ortho-nitrophenyl-β-galactoside
(ONPG) and PIPES were purchased from Sigma. Human red
blood cells (hRBCs) were bought from Lampire Biological
Laboratories and were obtained from a single donor.
Synthesis of Tosyl-Boc5-tobramycin (2). Boc5-tobramycin (1) synthesized as previously described24 (3.58 g, 3.70
mmol, 1 equiv) was dissolved in pyridine (85 mL) and cooled
down with an ice bath. TsCl (987.5 mg, 5.18 mmol, 1.5 equiv)
was added to the mixture. After stirring for 2 h at room
temperature, TsCl (987.5 mg, 5.18 mmol, 1.5 equiv) was added
again. The solution was stirred for 12 h at room temperature
under argon. The solution was concentrated via rotary
evaporation, diluted with ethyl acetate (200 mL), washed
with nonsaturated brine (3 × equiv vol), dried with MgSO4,
and concentrated to dryness via rotary evaporation. The white
solid was puriﬁed by silica gel chromatography to yield 1.48 g
(36%). 1H NMR (500 MHz, DMSO-d6, 25 °C): δ (ppm) =
7.65−7.80 (d, 2H), 7.40−7.50 (d, 2H), 6.87 (s, 1 H, NH),
6.45−6.59 (br, 3H, NH), 6.40 (s, 1 H, NH), 4.77−5.00 (br,
5H), 4.00−4.18 (br, 3 H), 3.12−3.55 (br, 10 H), 2.39 (s, 3 H),
1.82 (m, 1 H), 1.72 (m, 1 H), 1.15−1.50 (m, 47 H). Mass
analysis (MALDI-TOF): m/z 1144.545 (calcd for
C50H83NaN5O21S [M + Na]+ m/z 1144.519).
Synthesis of Azido-Boc5-tobramycin (3). Tosyl-Boc5tobramycin (1.48 g, 1.32 mmol, 1 equiv) was dissolved in DMF
(19 mL). NaN3 (858 mg, 13.2 mmol, 10 equiv) was added to
the mixture. The solution was stirred at 80 °C for 12 h under
argon. The solution was diluted with ethyl acetate (200 mL),
washed with DI water (3 × equiv vol), dried with MgSO4, and
concentrated to dryness via rotary evaporation to yield 1.30 g
(99%) of a white solid. 1H NMR (300 MHz, DMSO-d6, 25
°C): δ (ppm) = 6.92 (s, 1 H, NH), 6.49−6.65 (br, 3 H, NH),
6.41 (s, 1 H, NH), 4.81−5.05 (br, 5 H), 4.05 (m, 1 H), 3.65
(m, 1 H), 3.10−3.60 (br, 11 H), 1.80 (m, 2 H), 1.10−1.60 (m,
47 H). Mass analysis (MALDI-TOF): m/z 1015.551 (calcd for
C43H76NaN8O18 [M + Na]+ m/z 1015.517).
Synthesis of Fmoc-Pra(BocTobra)-OH (4) by Click
Reaction. Fmoc-Pra-OH (188.2 mg, 0.56 mmol, 1 equiv,
AAPPTEC) and azido-Boc5-tobramycin (612.7 mg, 0.62 mmol,
1.1 equiv) were dissolved in DMF (20 mL) at 40 °C under
argon. One mL of copper sulfate aqueous solution (0.28 mmol,
0.5 equiv) and 1 mL of sodium ascorbate aqueous solution
(0.56 mmol, 1 equiv) were added to the mixture. The solution
was stirred at 40 °C for 24 h. The solution was concentrated via
rotary evaporation, diluted with ethyl acetate (200 mL), washed
with water (3 × equiv vol), dried with MgSO4, and
concentrated to dryness via rotary evaporation. The white
solid was puriﬁed by silica gel chromatography to yield 453 mg
(61%). 1H NMR (500 MHz, methanol-d4, 25 °C): δ (ppm) =
7.80 (m, 3 H, Fmoc and triazole), 7.65 (m, 2 H, Fmoc), 7.38
(m, 2 H, Fmoc), 7.30 (m, 2 H, Fmoc), 5.08−5.15 (br, 2 H),
4.60 (m, 1 H), 4.48 (m, 2 H), 4.35 (m, 2 H), 4.22 (m, 2 H),
3.73 (t, 1 H), 3.62 (m, 3 H), 3.25−3.60 (br, 9 H), 3.20 (m, 1

H), 3.10 (m, 1 H), 2.00 (m, 2 H), 1.62 (dd, 1 H), 1.20−1.60
(br, 46 H). Mass analysis (MALDI-TOF): m/z 1350.591 (calcd
for C63H93NaN9O22 [M + Na]+ m/z 1350.633).
Synthesis of MAAPC05. The (RQIKIWFQNRRWPra(Tobra)) peptide (MAAPC05) was synthesized by Fmoc/tbutyl batch solid-phase synthesis on an Applied Biosystems
433A automated peptide synthesizer, which allowed for direct
conductivity monitoring of Fmoc deprotection. A 0.2 mmol
scale synthesis was conducted using a preloaded 2-chlorotrityl
resin.
Loading of the First Amino Acid. A solution of FmocPra(BocTobra)-OH (4) (448 mg, 0.34 mmol, 1 equiv) and
DIEA (235 μL, 7.0 mmol, 4 equiv) in dry DCM (10 mL) was
added to 2-chlorotrityl chloride resin (340 mg, 0.34 mmol, 1
equiv) and the reaction stirred for 4 h. The resin was
transferred into a peptide vessel ﬁtted with a polyethylene ﬁlter
disk, and washed with a solution of DCM/MeOH/DIEA
(17:2:1; 3 × 20 mL), DCM (3 × 20 mL), DMF (2 × 20 mL),
and DCM (2 × 20 mL). The grafting yield was determined by
measuring the absorbance of N-(9-ﬂuorenylmethyl)piperidine
complex at 301 nm by UV−vis spectroscopy (after treatment
with piperidine) and resulted 0.35 mmol/g.
Automatic Synthesis of Peptide. Subsequent Fmoc amino
acids were coupled using a “conditional double coupling”
protocol on a 0.2 mmol scale. The Fmoc group was cleaved
from the peptide-resin using a piperidine solution and
monitored by conductivity. Subsequent amino acids (5 equiv
amino acid) were activated with a mixture of HBTU/HOBt/
DIEA and attached to the N-terminal of the peptide-resin.
Cleavage of the Peptide from the Resin with Removal of
the Acid-Labile Protecting Groups. This was achieved by using
10 mL of a scavenging mixture of TFA/phenol/water/
thioanisole/TIS (10/0.75/0.5/0.5/0.25 v/w/v/v/v) for 3 h.
The resin was ﬁltered out with a fritted ﬁlter, rinsed with 1 mL
of TFA and 20 mL of DCM, the ﬁltrate containing the
unprotected peptide was concentrated to small volume, and the
product was precipitated with cold diethyl ether, isolated by
ﬁltration, and dried under vacuum overnight. The peptide was
puriﬁed by preparative RP-HPLC (JASCO system) at 17 mL/
min on a Waters C18 column (250 × 22 mm, 5 mm) using a
gradient of A [H2O + 0.1% TFA] and B [CH3CN + 0.1%
TFA]: 0% of B for 5 min, 0% → 70% for 7 min, 70% for 3 min,
70% → 100% for 2 min and 100% for 2 min; detection at 214
nm; tr = 10.4 min. CH3CN was evaporated under reduced
pressure and the aqueous solution was freeze-dried to give a
white solid (211.5 mg, 46%). Mass analysis (MALDI-TOF): m/
z 2318.519 (calcd for C104H165N36O25 [M + H]+ m/z
2318.275).
Bacterial Strains and Media. Standard lab strains E. coli
MG1655 and S. aureus SA113 are used as Gram-negative and
Gram-positive strain, respectively. E. coli MG1655 were grown
in Luria broth (LB), and SA113 were grown in Tryptic soy
broth (TSB) at 37 °C. Both bacterial strains are grown under
aerobic condition. Two other lab strains, E. coli D31 and E. coli
ML35 are used for outer and inner membrane permeability
assay, respectively.
Antibacterial Testing: MIC and MBC Determination.
MICs of MAAPCs were determined in a standard microbroth
dilution assay in accordance with the guidelines of the Clinical
and Laboratory Standards Institute guidelines (CLSI)52 with
suggested modiﬁcations by Hancock group.53 An overnight
culture of bacterial strains was diluted with the appropriate
media and grown to mid log phase (OD600 of 0.5−0.6), then
801
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E. coli cells were grown in LB for 18 h at 37 °C to obtain
stationary phase cultures. Nonpersister cells were eliminated by
adding ciproﬂoxacin to a ﬁnal concentration of 1 μg/mL,
followed by a 3 h incubation at 37 °C. E. coli cells were pelleted
(5000 rpm for 5 min), washed in M9 minimal media, and
resuspended in M9 minimal media to a ﬁnal bacteria
suspension of 5 × 106 CFU/mL. 10 μL E. coli suspension
was added into 90 μL of M9 media containing various
concentrations of antibiotics in 96-well plates for a ﬁnal cell
count of 5 × 105 CFU/well. The plates were sealed and
incubated with shaking at 37 °C incubator for 2 h. After
incubation, the assay mixture is serially diluted with M9 media
and plated on LB agar. The agar plates were incubated
overnight at 37 °C to yield visible colonies. The E. coli persister
assays were performed in duplicate.
S. aureus cells were grown in TSB for 18 h at 37 °C to obtain
stationary phase cultures. Nonpersister cells were eliminated by
adding ampicillin to a ﬁnal concentration of 100 μg/mL,
followed by a 3 h incubation at 37 °C. S. aureus cells were
pelleted (5000 rpm for 5 min), washed with 10 mM PIPES
buﬀer (pH 7.4), and resuspended in PIPES buﬀer to a ﬁnal
bacteria stock solution of 1 × 108 CFU/mL. 10 μL S. aureus
suspension was added into 90 μL of PIPES buﬀer containing
various concentrations of antibiotics in 96-well plates for a ﬁnal
cell count of 1 × 107 CFU/well. The plates were sealed and
incubated with shaking at 37 °C incubator for 2 h. After
incubation, the assay mixture was 10× serially diluted with
PIPES buﬀer and plated on LB agar plates. The agar plates were
incubated overnight at 37 °C to yield visible colonies. The S.
aureus persister assays were performed in duplicate.

diluted 50 times before added to a 96-well microplate
containing 2× serial dilutions of an MAAPC for a ﬁnal count
of 5 × 104 cfu/well. The plates were incubated at 37 °C for 18
h in an ambient air incubator and read for turbidity in each well.
The MIC values were determined as the lowest concentration
that completely inhibited bacterial growth. For the determination of MBCs, 5 μL of bacterial suspension from each well of
the MIC plate were then transferred into 100 μL of LB or TSB
in a 96-well plate and incubated for 18 h at 37 °C. The lowest
concentration that revealed no visible bacterial growth after
subculturing was taken as MBC. Each assay was performed in
triplicate.
Hemolysis. Human red blood cells (hRBCs) (1 mL) were
pelleted (3500 rpm for 5 min), washed three times with PBS
buﬀer (PBS 10 mM plus 150 mM NaCl, pH 7.4), and
resuspended in PBS buﬀer. The cell suspension (1 mL) was
then diluted 50 times in PBS buﬀer (49 mL). Various
concentrations of antibiotic solutions (20 μL) were added to
the diluted cell suspension (180 μL) in a 96-well plate, and
incubated with orbital shaking at 37 °C for 1 h. The cells from
each well were then transferred into 1.5 mL tubes and pelleted
by centrifugation (3500 rpm for 5 min). Then, 100 μL of
supernatant from each tube were collected into a clear 96-well
plate, and the absorbance of the released hemoglobin was
measured with a plate reader spectrophotometer at 405 nm.
Hemolysis was determined relative to the negative control
(PBS) and the positive control (1% v/v Triton-X-100 that lyses
100% of hRBCs). HC50 was deﬁned as the antibiotic
concentration causing 50% hemolysis. The hemolysis assay
was performed in triplicate.
Outer Membrane Permeability Assay on E. coli D31.
The method similar to previous studies54 is used. Brieﬂy, E. coli
D31 were aerobically cultured in LB supplemented with 100
μg/mL ampicillin. An overnight culture of bacterial suspension
was regrown to mid log phase (OD600 of 0.5−0.6), then washed
and resuspended in 10 mM PBS buﬀer supplemented with 100
mM NaCl at pH 7.4. The washed cells were then diluted 1:5 in
fresh PBS buﬀer containing nitroceﬁn (55 μg/mL), and 135 μL
of the diluted cells were added to each well of a 96-well plate.
Just prior to reading, 15 μL of various concentrations of
antibiotic solutions were added to the wells. The kinetics of
nitroceﬁn cleavage were measured for 100 min at 37 °C by
determining the absorbance at 486 nm using a plate reader
spectrophotometer. All assays were performed in triplicate.
Inner Membrane Permeability Assay on E. coli ML35.
The method similar to previous studies24,55 is used. E. coli
ML35 were aerobically cultured in TSB. An overnight culture
of E. coli ML35 was diluted and grown to mid log phase (OD600
of 0.5−0.6), then washed and resuspended in 10 mM Tris
buﬀer supplemented with 1% v/v TSB at pH 7.4 (Tris-TSB).
The washed cells were then diluted 1:3 in fresh Tris-TSB buﬀer
containing 2.8 mM ONPG, and 135 μL of the diluted cells was
added to each well of a 96-well plate. Just prior to reading, 15
μL of antibiotic solutions was added to the wells to a ﬁnal
concentration of 2 μM. Melittin was used as a positive control.
The kinetics of ONPG hydrolysis were measured for 100 min
at 37 °C by determining the absorbance at 400 nm using a plate
reader spectrophotometer. All assays were performed in
triplicate.
Persister Cell Assays. The procedure for preparing E. coli
MG1655 and S. aureus S113 persister cells is based on previous
protocols.24
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