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ABSTRACT Most antibiotics target growth processes and are

2/ Bactericidal activity
against persisters

Pentobra with
multifunctional activity

1/ Membrane activity

ineffective against persister bacterial cells, which tolerate antibiotics
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due to their reduced metabolic activity. These persisters act as a D
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genetic reservoir for resistant mutants and constitute a root cause of ﬁ . Fesisercel (§ — L
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antibiotic resistance, a worldwide problem in human health. We re- : & n _ =
engineer antibiotics specifically for persisters using tobramycin, an RS Bacterial membrane Ribosome inhibiion
disruption

aminoglycoside antibiotic that targets bacterial ribosomes but is
ineffective against persisters with low metabolic and cellular transport activity. By giving tobramycin the ability to induce nanoscopic negative Gaussian
membrane curvature via addition of 12 amino acids, we transform tobramycin itself into a transporter sequence. The resulting molecule spontaneously

permeates membranes, retains the high antibiotic activity of aminoglycosides, kills E. coli and S. aureus persisters 4—6 logs better than tobramycin, but

remains noncytotoxic to eukaryotes. These results suggest a promising paradigm to renovate traditional antibiotics.

KEYWORDS: antibiotics - cell-penetrating peptide - aminoglycoside - bacterial resistance - drug design

he growing bacterial resistance against

our finite repertoire of antibiotics is an

urgent global health problem." 3 While
antibiotic resistance can arise genetically
from mutations and horizontal gene
transfer,® bacteria in an isogenic popula-
tion are known to display varying suscepti-
bility to antibiotics.>® These bacterial
subpopulations provide a phenotypic re-
sistance mechanism whereby a subset
of cells with reduced metabolic activity,
known as persisters, is tolerant to antibiotic
treatment,”~® which usually target growth
processes like cell-wall, protein, and nu-
cleic acid synthesis. Because persistent
bacteria can revert to an actively grow-
ing state after antibiotic treatment is
ceased,”'° this phenotype is a major factor
in recurrent and chronic infections.""'?
Moreover, persistence may assist genetic
resistance, as many stress responses that
have been implicated in bacterial persis-
tence are also associated with adaptive
mutagenesis mechanisms in bacteria,’?
and the continued presence of persisters
effectively acts as a reservoir for resistant
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mutants.'’ Therefore, antibiotics specifi-
cally designed against persisters can sig-
nificantly impact emerging resistance.

We aim to engineer a prototypical persister-
specific antibiotic by multiplexing two
synergistic antibiotic functions into a sin-
gle molecule. Tobramycin is a potent
aminoglycoside antibiotic shown to target
the decoding aminoacyl site on the 16S
rRNA component of the 30S ribosomal sub-
unit, leading to mistranslation and cell
death.’>' However, it has limited activity
against persisters, due to attenuation of
active bacterial transport mechanisms at
low metabolic rates.”>'® In contrast, antimi-
crobial peptides (AMPs) kill by selectively
disrupting the barrier function of bacterial
membranes and/or translocating across
membranes like cell-penetrating peptides
(CPPs) to bind intracellular targets.'”'® Im-
portantly, although AMP killing activity is
typically lower than that of aminoglyco-
sides, their membrane activity depends
less on the metabolic status of the cell.””
Previous work has shown that tobramycin
can retain good activity after conjugation to
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Scheme 1. Synthesis of Pentobra (4): (a) Boc,0, TEA, H,O/DMF (1:4), 5 h, 60 °C, 93%; (b) succinic anhydride, DMAP, pyridine,
4 days, 23 °C, 69%; (c) compound 3, DIEA, HBTU, HOBt, DMF, 24 h, 23 °C; (d) TFA/phenol/water/thioanisole/TIS

(10:0.7:0.5:0.5:0.25 v/w/v/v/v), 3 h, 23 °C, 49%.

lipid tails,?>2" and there are a few examples of compo-

site molecules with dual antimicrobial effect.?? How-
ever, there is no general methodology for combining
two distinct antimicrobial functions into a single mol-
ecule without mutual interference.

We recently showed how the ability to generate the
nanoscopic membrane curvature necessary for per-
meation is “programmed” into AMP sequences, CPP
sequences,”?* and nonpeptidic membrane-active
sequences,®>?® by examining how patterns in their
cationic and hydrophobic compositions relate to
the geometric requirements of membrane topology
changes. Here, we use this paradigm to program cell-
penetrating activity into tobramycin by leveraging its five
amine groups and adding a 12-amino acid sequence (see
Materials and Methods), so that we effectively have a
multifunctional antibiotic that combines membrane-
penetrating activity with inhibition of protein synthesis.
High-resolution synchrotron X-ray scattering shows that
the composite peptide—tobramycin (Pentobra), but not
tobramycin, can generate negative Gaussian curvature in
model bacteria cell membranes, which is topologically
required for membrane permeation mechanisms, such as
pore formation, budding, and blebbing.*** The X-ray
data are consistent with bacterial inner membrane per-
meability results from an E. coli ML35 reporter strain.”’”
Plate killing assays demonstrate the advantage of im-
parting tobramycin with membrane activity, as Pentobra
is able to maintain robust bactericidal activity against
E. coli and S. aureus persister cells, whereas tobramycin
was not active. Our results demonstrate that membrane
curvature design rules can deterministically inform the
construction of multifunctional antibiotics and thereby
broaden the spectrum of activity of single target drugs to
bacterial subpopulations such as persisters.

RESULTS AND DISCUSSION

Synthesis of Pentobra. The single primary hydroxyl
group at the C6” position in tobramycin was chosen
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as a point of modification for the peptide—tobramycin
conjugate (Scheme 1, compound 4) due to its ex-
pected higher relative reactivity (compared to second-
ary hydroxyls). Additionally, other groups have pre-
viously reported that the primary hydroxyl group of
various aminoglycosides including tobramycin is not
essential for RNA binding.'*?2~3° First, the five amine
groups of tobramycin were protected with tert-buty-
loxycarbonyl (Boc) groups to provide Boc5-tobramycin
(compound 1). Next, the C6” primary hydroxyl of 1 was
selectively reacted with succinic anhydride to intro-
duce a terminal carboxyl function (compound 2) allow-
ing the coupling with the N-terminal group of the fully
protected and resin-anchored peptide (compound 3).
Finally, Pentobra was cleaved off the resin and fully
deprotected (cleavage of side-chain protecting groups
as well as Boc groups on tobramycin) by treatment with
a trifluoroacetic acid mixture containing scavengers.
SAXS Studies. We assayed the membrane restructur-
ing ability of Pentobra using synchrotron small-angle
X-ray scattering (SAXS) to determine if Pentobra gen-
erates the negative Gaussian membrane curvature
necessary for membrane permeabilization.>* SAXS
spectra show that Pentobra significantly restructured
small unilamellar vesicles (SUVs) composed of 1,2-
dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE)/
1,2-dioleoyl-sn-glycero-3-phospho-L-serine (DOPS) =
80/20 membranes (Figure 1). At a Pentobra to lipid
molar ratio, P/L, of 1/80, diffraction peaks at measured
Q-positions are observed with characteristic ratios,
V/2:4/3:4/4, indicating the presence of a Pn3m cubic
phase (a = 18.3 nm). The Pn3m is a bulk bicontinuous
phase composed of two nonintersecting water channels
separated by the membrane.>"*? The bilayer midplane
traces out a surface with principle axes of curvature, ¢,
and ¢, equal and opposite everywhere; ¢; = —c,. These
surfaces are known as minimal surfaces, and they have
zero mean curvature, H = 1/2(c; + ¢,) = 0, and negative
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Figure 1. SAXS shows that Pentobra generates negative
Gaussian membrane curvature (NGC) necessary for mem-
brane disruption. (A) Spectra from DOPE/DOPS = 80/20
membranes incubated with Pentobra (blue) or tobramycin
(red). For Pentobra the presence of a variety of correlation
peaks shows that Pentobra can substantially restructure
membranes. Peaks with characteristic Q-ratios v/2:v/3:v/4
from (110):(111):(200) reflections indicate that Pentobra
induced a Pn3m cubic phase (lattice parameter dpnzm =
18.3 nm) that is rich in negative Gaussian curvature. The
peaks with characteristic Q-ratios 1:4/3:2 are the first three
(10):(11):(20) reflections from a coexisting inverted hexago-
nal phase (lattice parameter aye, = 7.9 nm) that has negative
mean curvature. For tobramycin induced NGC is not ob-
served. The antibiotic to lipid molar ratio is 1/80 for Pento-
bra and 1/40 for tobramycin. (B) lllustration of the Pn3m
cubic phase minimal surface, which has negative Gaussian
curvature at every point. The two sides are colored differ-
ently to help visualize the surface.

Gaussian curvature (NGC), K = ¢;¢, < 0, at every point.*?
Geometrically, everywhere on the surface is locally
shaped like a saddle. Observation of Pentobra-induced
NGC is significant since NGC is necessary for pore forma-
tion, budding, and blebbing.>* Another set of peaks with
Q-positions with characteristic ratios 1:4/3:2 are also
present. They are the first three reflections of an inverted
hexagonal phase. This phase consists of hexagonally
coordinated water channels wrapped by inverted lipid
monolayers. Inverted hexagonal phases have negative
mean curvature, which is necessary for NGC. Importantly,
tobramycin alone does not induce NGC or negative mean
curvature, The spectra for tobramycin and DOPE/DOPS =
80/20 membranes, at molar ratio T/L = 1/40, consist of a
broad feature characteristic of a lipid bilayer form factor
along with a weak lamellar diffraction peak (d = 5.3 nm)
with no new induced membrane curvature. These results
are consistent with previous reports that the increase in
bacterial membrane permeability following tobramycin
treatment is an indirect consequence of tobramycin
acting on bacterial ribosomes, leading to membrane
incorporation of mistranslated proteins, and not from
tobramycin acting directly on the membrane* Impor-
tantly, Pentobra has an additional mechanism of selec-
tivity not available to tobramycin: Pentobra has pref-
erential activity against bacterial membranes compared
to mammalian membranes, because it selectively perme-
ates membranes enriched in negative spontaneous cur-
vature lipids like those with PE headgroups. This behavior
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Figure 2. Pentobra permeabilizes E. coli cell inner mem-
branes. Measurements of 400 nm light absorbance from
ONPG — ONP conversion to assay E. coli cell membrane
permeabilization by Pentobra and tobramycin. Pentobra
permeabilizes E. coli membranes in a dose-dependent
manner, whereas no membrane permeabilization occurs
with tobramycin.

is similar to defensins,®* CPPs such as the TAT peptide,
ANTP penetratin, and polyarginine,>*> synthetic cell
penetrators,” and antimicrobial polymers.?® For Pentobra
the conjoined peptide and tobramycin both influence
how this composite molecule interacts with membranes.

E. coli ML35 Cell Permeabilization Assays. To characterize
the membrane activity of Pentobra on bacteria, we
monitored its permeabilization kinetics on live cells by
conducting an enzymatic assay for the conversion of
ortho-nitrophenyl S-p-galactopyranoside (ONPG) to
ortho-nitrophenol (ONP) on the E. coli strain ML35.2”
E. coli ML35 [lacZ-(Con) AlacY] constitutively expresses
p-galactosidase (5-gal) but lacks the lactose permease
necessary for uptake of the lactose analogue ONPG.
ONPG internalization cannot occur without a breach in
the plasma membrane. Inner membrane permeabiliza-
tion of E. coli ML35 cells allows diffusion of ONPG into
cells where f-gal can convert it into ONP, which
absorbs at 405 nm.>® Consistent with its ability to
generate NGC, Pentobra induced robust, rapid, dose-
dependent permeabilization in E. coli ML35 cells
(Figure 2). In contrast, permeabilization profiles for
tobramycin are comparable to background over a wide
range of bactericidal concentrations. The 12 amino
acid “Pen” peptide is strongly lytic (Figure S1), as
expected from its high hydrophobic content. The
addition of cationic tobramycin to the Pen peptide
makes the composite molecule less lytic and more
selective. Importantly, antibiotic potency did not sim-
ply track with membrane permeabilization, as ML35
E. coli cells plated following the assay showed colony
forming units from the 22 uM Pen peptide condition,
whereas no colonies were observed for equivalent
molar concentration of Pentobra (Figure S2). Collec-
tively, these results imply that Pentobra can permea-
bilize bacterial membranes in a manner that depends
on the physicochemical properties of both the peptide
and tobramycin and that the bactericidal abilities
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of Pentobra are not limited to simple membrane
permeabilization.

The SAXS data and E. coli permeabilization profiles
demonstrate that Pentobra, but not tobramycin, can
permeate membranes. This gain of function can in
principle complement the mechanism of the non-
membrane-active template antibiotic. Pentobra can
potentially kill via interactions with bacterial ribosomes
and/or the bacterial membrane. Moreover, Pentobra
can actively promote its own uptake into cells without
bacterial transport mechanisms. Aminoglycosides
must cross membranes in order to reach their bacterial
ribosome target,'>>” 39 and their uptake is believed to

S. aureus B E. coli

Ao

10 —e— Pentobra
—e— Tobramycin

10°] —e—Pentobra

—e— Tobramycin 10
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Figure 3. Pentobra displays dose-dependent killing activity
against persister cells. (A) S. aureus S113 persister cells
showed little susceptibility to tobramycin over a wide range
of antibiotic concentrations, whereas Pentobra treatment
caused a large reduction in cell count (>4 log reduction at
>6.4 uM Pentobra). (B) E. coli Dh5a persisters are vulnerable
to Pentobra and not tobramycin. Pentobra kills persistent
E. coli at 12.8 uM, and higher Pentobra concentrations
lead to further reductions in cell count. Tobramycin is
ineffective against E. coli persisters at high (>50 M) anti-
biotic concentrations.

® Tobramycin
®"Pen
A ®Pentobra

Cell Viability (%)

1 3 10 30 100
Concentration (xM)

be energy-dependent from a reliance on the proton-
motive force (PMF).">*° The poor activity of aminogly-
cosides against persistent bacteria has been attributed
toinsufficient PMF,'® since translation occurs in persister
cells at a reduced rate.”*" This suggests that multi-
functional antibiotics such as Pentobra will have en-
hanced activity against persisters compared with single-
action antibiotics.

Bacteria Killing and Cytotoxicity Assays. To test the above
idea, we investigated the bactericidal effects of Pento-
bra against persistent bacteria with plate killing assays.
Model Gram positive (Staphylococcus aureus S113) and
Gram negative (Escherichia coli Dh5a) bacteria pre-
pared in a persistent state were incubated for 1.5 h with
varying concentrations of Pentobra or tobramycin
(Figure 3). Consistent with previous activity profiles of
aminoglycosides,'%* treatment of S. aureus persisters
(Figure 3A) with tobramycin led to less than one-log
reduction in colony-forming units (CFU), and tobramy-
cin showed poor activity against E. coli persisters
(Figure 3B) over the entire range of tested concentra-
tions. The advantage of additional membrane activity
is apparent, as Pentobra has dose-dependent bacter-
icidal activity against both persistent S. aureus and
E. coli bacteria. S. aureus persisters incubated with
1.6 uM Pentobra showed 4-fold reduction in CFU
compared with those incubated with an equivalent
molar concentration of tobramycin. At higher concen-
trations the differences between Pentobra and tobra-
mycin become even greater, with 6.4 and 25.7 uM
Pentobra producing four-log and six-log reduction in
cell counts, respectively. Pentobra was also bactericidal

100
100 uM
80 £
2
S 60
3
S
o 40
20
0 | e e s W
Control Tobramycin Pen Pentobra

=

Figure 4. (A) Cell viability of tobramycin, Pen peptide, and Pentobra after 8 h incubation against NIH/3T3 cells using the
CellTox Green assay. (B—E) LIVE/DEAD cytotoxicity assay performed on NIH/3T3 cells incubated for 8 h with 100 M
tobramycin, Pen peptide, and Pentobra. (B) Cytotoxicity evaluation (at least 160 cells were counted for each treatment). (C—E)
Fluorescence images of stained cells (green fluorescence: live cells, red fluorescence: dead cells) incubated with tobramycin
(C), Pen peptide (D), and Pentobra (E).
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against E. coli persisters, as antibiotic concentrations of
12.8 and 25.7 uM led to 1.5-log and 1.8-log reductions
in CFU, respectively, while four-log CFU reductions
were observed at 51.3 uM Pentobra, the highest tested
concentration. Actively dividing “log phase” bacteria
were also highly vulnerable to Pentobra, as single
micromolar antibiotic concentrations were bactericidal
to S. aureus and E. coli, and the activity of Pentobra was
comparable to tobramycin (potency within a factor of
4; see Figure S3). Importantly, Pentobra concentrations
up to 100 «M did not show any cytotoxic effect on NIH/
3T3 mouse fibroblast cells after 8 h incubation (Figure 4A),
consistent with the fact that its membrane activity is
selective. These results suggest that Pentobra is not
cytotoxic to mammalian cells at doses and durations
where it displays strong antimicrobial activity. In addi-
tion, the effect of Pentobra on the cell membrane
integrity was evaluated using the LIVE/DEAD cell via-
bility assay. This assay simultaneously determines in-
tracellular esterase activity and plasma membrane
integrity using two distinct dyes: (a) calcein, a mem-
brane-permeable polyanionic dye that must be hydro-
lyzed by intracellular esterases (dead cells lack active
esterases) to produce a green fluorescence, and (b)
ethidium homodimer, a membrane-impermeable red
fluorescent dye that can penetrate only cells with

MATERIALS AND METHODS

Synthesis of Bocs-Tobramycin (1). A solution of tobramycin
(5.23 g, 11.2 mmol, 1 equiv) in 108 mL of H,O/dimethylformamide
(DMF) (1:4) was treated with 2 mL of triethylamine (TEA) and
di(tert-butyl)dicarbonate (Boc,0) (14.76 g, 67.2 mmol, 6 equiv)
and stirred at 60 °C for 5 h. Then, the solution was cooled to room
temperature and was concentrated under reduced pressure. The
product was precipitated with a few drops of a solution of 30%
aqueous ammonia. The precipitate was collected via filtration,
washed with water, and dried under vacuum overnight (9.93 g,
93%). 'H NMR (300 MHz, MeOH-d,, 25 °C): & (ppm) 5.05—5.15 (br,
2H), 3.95 (m, 1H), 3.30—3.90 (br, 15H), 2.13 (m, 1H), 2.01 (m, T1H),
1.65 (q, TH, J=12.5 Hz), 1.45 (m, 46H). Mass analysis (MALDI-TOF):
m/z 990.526 (calcd for C43H,7,NaNsO4o [M + Nal* m/z 990.510).

Synthesis of Compound 2. Compound 1 (3.33 g, 3.44 mmol,
1 equiv), succinic anhydride (379 mg, 3.78 mmol, 1.1 equiv), and
dimethylaminopyridine (DMAP) (84 mg, 0.69 mmol, 0.2 equiv)
were dissolved in pyridine (14 mL), and the solution was stirred
at room temperature for 4 days. The solution was concentrated
via rotary evaporation, diluted with ethyl acetate (200 mL),
washed with brine and saturated NaHCOs solution (3 x equiv
vol), dried with MgSO,, and concentrated to dryness via rotary
evaporation to yield 2.52 g (69%). "H NMR (300 MHz, MeOH-d,,
25°C): 0 (ppm) 5.05—5.15 (br, 2H), 4.30 (m, 1H), 4.19 (m, 1H), 3.95
(m, TH), 3.30—3.90 (br, 13H), 2.55 (m, 2H), 2.65 (m, 2H), 2.13 (m,
1H), 2.01 (m, TH), 1.65 (m, TH), 1.45 (m, 46H). Mass analysis
(MALDI-TOF): m/z 1090.511 (calcd for C47HgNaN5O,, [M + Na] ™
m/z 1090.527).

Synthesis of Side-Chain-Protected (PP on Resin (3). The
(RQIKIWFQNRRW) peptide (Pen) with protected side chains
was manually synthesized by solid phase synthesis on
2-chlorotrityl chloride resin (0.84 mmol/g). All following reactions
were carried out at room temperature under nitrogen.

Loading of the First Amino Acid. A solution of 9-fluorenyl-
methoxycarbonyl (Fmoc)—Trp(Boc)—OH (1.11 g, 2.1 mmol, 1.2
equiv) and N,N-diisopropyl-N-ethylamine (DIEA) (1.2 mL, 7.0 mmol,

SCHMIDT ET AL.

compromised membranes. Treatment of the cells with
Pentobra, Pen peptide, and tobramycin resulted in no
statistical difference in cytotoxicity (Figure 4B, quanti-
fied by counting the percentage of red-stained cells), in
agreement with the CellTox green assay. Furthermore,
no cells are doubly labeled (both red and green),
indicating that the cells maintained their membrane
integrity. While Pentobra destabilizes the bacteria
membrane, it does not induce any loss of plasma
membrane integrity for eukaryotic cells, suggesting
that Pentobra is more bacteria specific.

CONCLUSION

In summary, we have engineered a new multifunc-
tional antibiotic that combines membrane activity with
inhibition of protein synthesis. This weaponized com-
posite  molecule (Pentobra) induced membrane-
destabilizing negative Gaussian curvature in model
bacterial membranes and permeabilized E. coli cell
inner membranes. Furthermore, Pentobra showed a
strong bactericidal effect against E. coli and S. aureus
persister cells, while free tobramycin failed. The results
presented here demonstrate that equipping aminogly-
cosides with autonomous membrane activity is a
viable approach to expand their spectrum of activity
to include persisters.

4 equiv) in dry dichloromethane (DCM) (20 mL) was added to
2-chlorotrityl chloride resin (2.09 g, 1.75 mmol, 1 equiv), and the
reaction stirred for 2 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 x 20 mL), DCM (3 x 20 mL),
DMF (2 x 20 mL), and DCM (2 x 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 in 0.35 mmol/g.

Fmoc Removal. The resin (1 equiv) was swollen in DMF
(10 mL) for 2 min in a peptide vessel. After draining the solvent,
the resin was treated with 20% piperidine in DMF (20 mL) under
nitrogen for 30 min and washed with DMF (3 x 20 mL) and DCM
(3 x 20 mL). The positive acetaldehyde/chloranil test indicated
Fmoc removal.

Coupling. The resin (1 equiv) was swollen in DMF (10 mL) for
2 min, and the solvent was drained. The couplings were done for
4 h with 10 mL of a preactivated (30 min) mixture of Fmoc-
protected amino acid (5 equiv), DIEA (10 equiv), 2-(1H-benzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU) (5 equiv), and N-hydroxybenzotriazole (HOBt) (5 equiv)
in DMF. The resin was washed with DMF (3 x 20 mL) and DCM
(3 x 20 mL). Couplings were monitored by the acetaldehyde/
chloranil test. The final 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 in 0.145 mmol/g. The N-terminal
Fmoc group was removed as mentioned above to allow further
coupling.

Synthesis of Pentobra (4). Coupling. The resin 3 (500 mg, 0.073
mmol, 1 equiv) was swollen in DMF (10 mL) for 2 min. After
draining the solvent, the resin was treated for 24 h with 10 mL of
a preactivated (30 min) mixture of 2 (387 mg, 0.36 mmol,
5 equiv), DIEA (0.12 mL, 0.73 mmol, 10 equiv), HBTU (138 mg,
0.36 mmol, 5 equiv), and HOBt (56 mg, 0.36 mmol, 5 equiv)
in DMF. The resin was washed with DMF (3 x 20 mL) and DCM
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(3 x 20 mL). The coupling was monitored by the acetaldehyde/
chloranil test.

Cleavage of the Peptide from the Resin with Removal of the
Acid-Labile Protecting Groups. Peptide cleavage was achieved
by using 5 mL of a scavenging mixture of trifluoroacetic
acid (TFA)/phenol/water/thioanisole/triisopropylsilane (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 and rinsed with 1 mL of TFA and 10 mL
of DCM. The filtrate containing the unprotected peptide was
concentrated to a small volume, and the product was precipi-
tated with cold diethyl ether, isolated by filtration, and
dried under vacuum overnight. The peptide was purified by
preparative RP-HPLC (reversed-phase high-performance liquid
chromatography) (Shimadzu system) at 22 mL/min on a Grace
Alltima Cqg column (250 x 22 mm, 5 mm) using a gradient of A
[H,0 + 0.1% TFA] and B [acetonitrile]: 0% 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; t, = 12.3 min. Acetonitrile was
evaporated under reduced pressure, and the aqueous solution
was freeze-dried to give a white solid (78.3 mg, 47%). Mass
analysis (MALDI-TOF): m/z 2280.329 (calcd for Cy3H163N3,0,7
[M -+ HI" m/z 2280.236).

Selection of Pen Peptide. The 12 AA Pen peptide was chosen to
ensure that Pentobra (tobramycin + Pen) permeates the cell
membranes. Prototypical cell-penetrating peptides and antimi-
crobial peptides can generate negative Gaussian membrane
curvature,”*?* which is geometrically necessary for membrane
destabilizing processes such as pore formation, blebbing, and
budding. NGC is a versatile way to compromise the barrier
function of cell membranes, and compounds that produce this
curvature can permeate cell membranes. The generation of
NGC is derived from the lysine, arginine, and hydrophobic
content of CPPs and AMPs.'”?® This implies that compounds
with the right proportions of cationic and hydrophobic groups
should generate NGC and permeate membranes.

We aimed to design Pentobra with the ability to disrupt
membranes and cross them so that it could bind bacterial
ribosomes. A CPP-derived design was devised, since these
molecules cross membranes and enter cells 3>#3~> AMPs such
as indolicidin, buforin, and tachyplesin can also act as CPPs and
kill bacteria by binding to intracellular targets.**® The Pen
peptide was derived from the sequence of ANTP penetratin, a
well-established cell-penetrating peptide.* Penetratin was cho-
sen as a template since it generates saddle-splay curvature,” and
the sequence of penetratin (RQIKIWFQNRRMKWKK) has a large
block of cationic residues; six of the last eight AA are cationic.
Tobramycin has five amine groups and carries a cationic charge
of +3 to +5 (depending on pH). This implies the amine groups of
tobramycin can act as surrogates, so the C-terminal lysines in
penetratin were removed. The bulky hydrophobes (2 lle, 2 Typ,
and 1 Phe) were retained since they are important for membrane
affinity and curvature generation. In particular, the tryptophans in
penetratin have been shown to be important for membrane
insertion and cell membrane permeation.>**’

SAXS Studies. Liposome Preparation for X-ray Measurements.
The procedure is the same as described previously.* Briefly,
DOPE and DOPS lyophilized lipids from Avanti Polar Lipids
were used without further purification. SUVs were prepared
by sonication. Stock solutions of DOPE and DOPS were prepared
in chloroform at ~20 mg/g. Mixtures of these lipids were
prepared at molar ratios, so DOPE/DOPS = 80/20 corresponds
to a 4:1 lipid ratio. Chloroform was evaporated under N, and the
mixtures were dried further by overnight desiccation under
vacuum. The dried lipids were resuspended the next day in
100 mM Nacl. Solutions were incubated at 37 °C for 18 h and
then sonicated until clear. SUVs were obtained by extrusion
(0.2 um pore Nucleopore filter).

SAXS Experiments. Pentobra and tobramycin stock solu-
tions were prepared by dissolving the molecules in 100 mM
Nadl. Lipids were thoroughly mixed with Pentobra/tobramycin
at specific molecule to lipid ratios (P/L) in 100 mM NaCl. Sample
solutions were hermetically sealed in quartz-glass capillaries
(Hilgenberg GmbH, Mark-tubes, code no. 4017515). Synchro-
tron SAXS experiments were conducted at the Stanford Syn-
chrotron Radiation Laboratory (BL 4-2). Monochromatic X-rays
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with 9 keV energy were used. Scattering was collected using a
Rayonix MX225-HE detector (pixel size 73.2 um). Samples were
also measured at the California NanoSystems Institute (CNSI) at
UCLA. A compact light source (Forvis Technologies, Inc.) was
used together with a mar345 image plate detector (pixel size
150 um). Identical samples were prepared and measured at
different times and multiple sources to ensure consistency
between samples. The 2D SAXS powder patterns were inte-
grated using the Nika 1.48 package® for Igor Pro 6.21 and
FIT2D.>

Bacteria Killing Assays. Assays on Actively Growing Cells.
S. aureus SA113, E. coli Dh5q,, or P. aeruginosa PAO1 cells from
freshly streaked Luria-Bertani (LB) broth agar plates were in-
oculated into tryptic soy broth (TSB) and grown overnight at
37 °Cin a shaker incubator into the stationary phase. From the
overnight culture, a 100x dilution was incubated at 37 °C for
2-3 h to mid log growth phase (ODggo = 0.4—0.6). The mid log
phase culture was diluted (roughly 40x for E. coli, 25x for
S. aureus, 68.5x for PA01) to 107 CFU/mL in sterile filtered buffer
of 10 mM Pipes supplemented with 0.01 volume (1% vol/vol)
TSB at pH 7.4 (Pipes/TSB). We inoculated a 20 uL bacteria
suspension into 180 uL of buffer containing various concentra-
tions of antibiotic (Pentobra, tobramycin, Pen peptide) in 96-
well plates for a total of 2 x 10° CFU/well. The plates were sealed
with Parafilm, loaded onto microplate shakers, and placed in a
37 °Cincubator for 1 h. After incubation, 10-fold serial dilutions
were made with Pipes/TSB. Half of each dilution (100 uL) was
spotted onto LB agar plates and incubated overnight at 37 °C to
yield visible colonies. S. aureus and E. coli killing assays were
done in quadruplicate for Pentobra and triplicate for tobramy-
cin. The results from one assay performed in duplicate are
shown and are characteristic of the trends observed in all assays.
For S. aureus a total of three assays were done with Pen peptide,
and the results are shown for one assay performed in duplicate.
Data for P. aeruginosa are representative of killing from three
separate experiments.

Persister Cell Assays. The procedure for preparing S. aureus
SA113 and E. coli Dh5a persister cells is based on previous
protocols.’®'® Cells from freshly streaked agar plates were
inoculated in 1 mL of TSB and incubated for 16 h at 37 °Cin a
shaker incubator to obtain stationary phase cultures. Nonpers-
ister cells were eliminated by adding ampicillin to a final
concentration of 100 ug/mL, followed by a 3 h incubation at
37 °C. Previous work has shown that this treatment causes lysis
of a subset of the cell population.'

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 stock solution of 5 x 107 CFU/mL. We inoculated a
20 ul E. coli suspension into 180 uL of M9 media containing
various concentrations of antibiotic (Pentobra, tobramycin) in
96-well plates for a total of 10® CFU/well. The plates were sealed
with Parafilm, loaded onto microplate shakers, and placed in a
37 °C incubator for 1.5 h. After incubation, 10-fold serial dilu-
tions were made with M9 media. Half of each dilution (100 uL)
was spotted onto LB agar plates and incubated overnight at
37 °C to yield visible colonies. The E. coli persister assays were
performed in quadruplicate.

S. aureus cells were diluted 10x into 10 mM Pipes at pH 7.4
buffer for a bacteria stock solution of roughly 10° CFU/mL.
We inoculated a 20 ul S. aureus suspension into 180 ul of
Pipes buffer containing various concentrations of antibiotic
(Pentobra, tobramycin) in 96-well plates for a total of ~108
CFU/well. The plates were sealed with Parafilm, loaded onto
microplate shakers, and placed in a 37 °C incubator for 1.5 h.
After incubation, 10-fold serial dilutions were made in Pipes
buffer. Half of each dilution (100 uL) was spotted onto LB agar
plates and incubated overnight at 37 °C to yield visible colonies.
The S. aureus persister assays were performed in triplicate. The
data shown are averages from two independent trials and are
representative of the three assays.

E. coli ML35 Cell Permeabilization Assays. E. coli ML35 [lacZ-(Con)
AlacY] cannot take up lactose mimic ONPG unless cell mem-
brane integrity is compromised. Upon membrane permeabili-
zation, ONPG can diffuse into the bacterial cell cytoplasm,
where it is hydrolyzed by f-galactosidase into galactose and

VOL.8 = NO.9 = 8786-8793 = 2014 K@N&NJK)\

WWwWW.acsnano.org

WL

8791



ONP. Since ONP absorbs at 400 nm, the permeabilization
kinetics of membrane-disrupting agents can be monitored by
OD 40 absorbance measurement. The methodology here is very
similar to previous studies.® Log-phase E. coli cells were grown
as described above and washed and resuspended in 10 mM Tris
supplemented with 0.01 volume (1% vol/vol) TSB at pH 7.4 (Tris-
TSB). In triplicate, bacteria (5 x 106 cells/well) were exposed to
various concentrations of antibiotic (Pentobra, tobramycin, Pen
peptide) in the presence of 2.5 MM ONPG for 90 min at 37 °C. The
kinetics of ONPG hydrolysis were measured by determining the
absorbance at 400 nm using a plate reader spectrophotometer.

Cytotoxicity Assays. CellTox Green Assay. The cytotoxicity of
Pentobra was investigated on NIH/3T3 cells (ATCC) using the
CellTox Green assay (Promega, USA). Cells were seeded in a 96-
well plate at a concentration of 2.5 x 10? cells/well. Then 100 uL
of DMEM media was added to each well containing 0.2%
CellTox Green dye and varying concentrations of Pentobra,
CPP, or tobramycin and incubated for 8 and 24 h before the
plate was read using an excitation wavelength of 485 nm and
emission filter of 535 nm on a microplate reader (Beckman
Coulter, DTX 880 multimode detector). A lysis solution, known
to be toxic to the cells, has been used as a positive control and
represents the maximum dead cell signal obtainable from
nonproliferating cells. The untreated cell population represents
the maximal negative control signal obtainable at the end of an
exposure period. The fluorescence values were normalized
(from positive and negative controls) and converted to corre-
sponding viability values.

LIVE/DEAD Viability Assay. The effect of Pentobra on the
plasma membrane integrity was investigated on NIH/3T3 cells
using the LIVE/DEAD viability/cytotoxicity kit (Molecular Probes).
Briefly, 50000 cells/well were incubated in a 24-well plate and
treated with 100 #«M tobramycin, Pen peptide, or Pentobra for
8 h at 37 °C. Then, the cells were stained with 100 uL of the
LIVE/DEAD assay reagents (2 uM calcein and 4 uM ethidium
homodimer) and incubated at 37 °C for 20 min. The labeled
cells were counted using a Zeiss Axiovert Observer Z1 inverted
fluorescent microscope (at least 160 cells were counted for
each treatment).
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