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The emergence of drug-resistant bacteria is a growing chal-
lenge to anti-infective therapy. Pathogens such as methicillin-
and vancomycin-resistant Staphylococcus aureus (MRSA and
VRSA) have undermined most, and sometimes all, clinically
usable antibacterial drugs.'! Another challenge in the devel-
opment of effective antibacterial agents arises from bacterial
pathogens that have evolved to inhabit mammalian cells, such
as phagocytic macrophages.”! Bacteria, such as Mycobacte-
rium tuberculosis, Salmonella, Listeria, and Brucella, repro-
duce within these host mammalian cells and form a repository
that a significant subset of antibiotics, such as (3-lactams and
aminoglycosides, are unable to access.’) These difficulties
have spurred efforts to target intracellular pathogens using
delivery vehicles containing antibiotics.™

Antimicrobial peptides (AMPs) are a class of antibiotics
that generally act by targeting the microbial cell membrane,
resulting in cell lysis.” This mechanism of action is also one of
the major drawbacks associated with clinical use of AMPs
owing to host cell toxicity. However, a small class of non-
membrane lytic AMPs have been identified.®! Unifying
features of these non-membrane lytic AMPs, including
bactenectin, PR-39, and drosocin, are a high proline content
and an overall cationic charge owing to high levels of arginine.
While proline-rich AMPs (P-AMPs) are less toxic than
membrane-lytic AMPs, as seen in their lack of hemolytic
activity and safety in animal models,® the majority do not
enter mammalian cells,/”! with a few exceptions.[gl

AMP-inspired analogues have been widely explored.
We sought to interrogate the interplay of structure and
function for P-AMPs with idealized, de novo designed
sequences. At the same time, we wished to enhance the

[9-12]

[*] J. Kuriakose,! V. Hernandez-Gordillo,! M. Nepal, A. Brezden,
V. Pozzi, ). Chmielewski
Department of Chemistry, Purdue University
560 Oval Drive, West Lafayette, IN 47907-2084 (USA)
E-mail: chml@purdue.edu
M. N. Seleem
Department of Comparative Pathobiology, Purdue University
625 Harrison Street, West Lafayette, IN 47907-2027 (USA)
E-mail: mseleem@purdue.edu

[] These authors contributed equally to this work.

[**] We acknowledge the National Science Foundation for support of
this work, Iris Geisler for providing a sample of FI-P_PzPg-4, and Jill
Hutchcroft of the Purdue University Flow Cytometry and Cell
Separation Facility.

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201302693.

SWILEY i

ONLINE LIBRARY

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

antibiotic activity of these proline-rich structures with an
innate mammalian cell penetrating ability. Ultimately we
sought to generate non-lytic antibacterial peptides with the
ability to localize within mammalian cells, thereby providing
agents that target elusive intracellular pathogenic bacteria.

P-AMPs have an abundance of proline residues (25—
50 %), and as a result have a propensity to adopt a polyproline
type II helical (PPII) conformation./*<! P-AMPs, such as PR-
39 and bactenicin, contain triad repeats of PRP and RPP,
respectively, often with hydrophobic amino acids.*! With
these key features in mind, we designed a series of peptides
starting with a sequence containing four copies of the PRP
triad repeat found in PR-39, namely FI-PRP-4 (Figure 1a),
and a sequence with more cationic PRR triad (FI-PRR-4) in
an effort to improve mammalian cell uptake (Figure 1a). This
latter sequence was further modified to contain all proline-
based residues, including an unnatural amino acid containing
a guanidinium group (P, FI-PPzPy-4) to investigate possible
links between activity and the ability to adopt a PPII
conformation (Figure 1b,c). Finally, using PR-39 and bacte-
nicin as models, we introduced additional hydrophobicity into
the PPRPy design by replacing proline with an isobutyl-
modified proline analogue (P ) in two different length
peptides FI-P;PyPy-3 and FI-P,PyPr-4 (Figure 1b). These
latter three peptides were designed to possess a PPII scaffold
such that every third amino acid along the peptide backbone
would be aligned along the same face of the helix, resulting in
amphiphilic structures (Figure 1c). Additionally, fluorescein
(F1) was incorporated at the N-terminus of each peptide, after
a glycine spacer, to image cellular localization.

The peptides were synthesized using an Fmoc-based,
solid-phase strategy on the Rink amide resin. The unnatural
proline-based amino acids with the appropriate protecting
groups were synthesized as previously described.” All of the
peptides were purified to homogeneity by reverse-phase
HPLC and characterized by MALDI mass spectrometry.
Circular dichroism (CD) was used to evaluate the conforma-
tion of the designed peptides, as a PPII conformation displays
a characteristic maximum in the CD spectrum at 225 nm.['¥l
The CD spectrum of FI-PRP-4 exhibited a very weak
maximum at 225 nm, while FI-PRR-4 lacked the character-
istic 225 nm maximum entirely (see the Supporting Informa-
tion). Alternatively, FI-PPgPg-4, F1-P, Py P-3, and F1-P, Py Py-
4 each displayed a strong peak at 225 nm, indicating that an
all-proline backbone facilitated the formation of a PPII helix.

The antibacterial activity of the five peptides was explored
with E. coli and S. aureus. The minimalistic PRP-based
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Figure 1. Structures of the idealized P-AMP sequences containing

a) natural amino acids and b) unnatural proline-based residues Py
(blue modification) and P, (red modification). c) Model of FI-PPgPg-4
looking down the PPII helix (Pro in red, Pg in blue).

peptide (FI-PRP-4) was not active against both bacterial
strains up to a concentration of 100 um. However, increasing
the cationic character with the PRR-based peptide (FI-PRR-
4) led to modest but observable activity in both Gram-positive
and -negative bacteria (Table 1). Electrostatic interactions
between cationic AMPs and the negatively charged bacterial
membrane are believed to be the first step in antibacterial
action,”! thereby explaining the improved antibacterial activ-
ity when going from FI-PRP-4 (+ 4 charge) to FI-PRR-4 (+8
charge). A similar trend was also observed for FI-P; PxPr-3
and FI-P, P, Py-4. Interestingly, restricting FI-PRR-4 to a rigid
PPII conformation had a detrimental effect on activity, as
seen with FI-PPyPy-4. However, the addition of hydrophobic
isobutyl groups to the proline backbone of Fl-PPiPy-4 (FI-
P PPr-4) resulted in a dramatic improvement in activity
against both bacteria (Table 1). For E. coli, this data is
comparable to the MIC for melittin (4.6 pm) and buforin II
(1.6 um), but  significantly better than magainin IT
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Table 1: Antibacterial and hemolysis activity of designed P-AMPs.

E. coli S. aureus Hemolysis [um]
MICE! [um] MIC [um]
FI-PRP-4 >100 >100 >100
FI-PRR-4 40 20 >100
FI-PPgPy-4 60 >100 >100
FI-P,P4Pg-3 60 60 >100
FI-P.PeP-4 4 12 >100
Melittin 4.6 2.1 50

[a] The minimum inhibitory concentration (MIC). [b] Greater than 80%
hemolysis was observed at this concentration.

(40.5 pum). Replacing the fluorescein moiety in this peptide
with an acetyl group led to no discernible change in the
antibacterial activity. The de novo designed proline-rich
peptides also caused only low levels of damage to human
red blood cells (WnRBCs) (< 5%) after 1 h of incubation up to
a concentration of 100 um (see Table 1 and the Supporting
Information), whereas melittin was highly hemolytic at 5 pM.
This lack of observed hemolysis with our designed P-AMPs is
a crucial feature for potential in vivo applications. F1-P; PxPg-
4 was therefore identified as the most potent, non-hemolytic
antibacterial among our designed proline-rich peptides.

To rescue mammalian cells infected with intracellular
bacteria, antimicrobial agents need to effectively penetrate
within these host cells. We evaluated the cell penetrating
ability of all five peptides by flow cytometry with J774A.1
macrophage cells. Macrophages are commonly invaded by
intracellular bacteria and were thus selected for uptake
studies. The three peptides (FI-PRR-4, FI-PPPy-4, Fl-
P, PyPr-4) with the highest cationic charge (+8) showed
significantly higher cellular fluorescence as compared to Fl-
P;PiPx-3 (+6) and FI-PRP-4 (4 4) (Figure 2).!' The fluo-
rescence associated with FI-PPyPr-4 uptake, however, was
significantly reduced with trypan blue, a dye used to quench
external fluorescence that may be due to cell surface bind-
ing.'!' Among the most cationic peptides, there was approx-
imately a four-fold increase in uptake in going from FI-PRR-4
to FI-P PyPy-4. The higher uptake of this structurally
restricted peptide is in agreement with reports where rigidity
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Figure 2. Cellular internalization of the designed P-AMPs. |774A.1 cells
were incubated with the peptides (15 pm) for 1 h and analyzed by flow
cytometry. Trypan blue (TB) was used to quench fluorescence of
membrane-bound peptide.l'”!
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and an enforced PPII conformation, enhanced cellular
internalization of arginine rich peptides.'** ¥ Additionally,
the designed peptides were found to not compromise the
integrity of the cellular membranes using propidium iodide
(see the Supporting Information). Thus among the designed
P-AMPs, FI-P,PiPy-4 was found to be most potently inter-
nalized within J774A.1 macrophage cells. FI-P; PyPr-4 was
also found to satisfy two vital properties for application
against intracellular bacteria: limited toxicity towards
J774A.1 macrophage cells (at 15 um) and resistance to
proteolytic degradation by trypsin (see the Supporting
Information).

Confocal microscopy was used to investigate the sub-
cellular localization of FI-P PiPr-4 within J774A.1 cells
(Figure 3). We observed co-localization with each of the

MitoTracker|c

Figure 3. Confocal microscopy images of co-localization studies using
FI-P_PgPg-4 (15 um) and MitoTracker (a—c) or LysoTracker (d—f) within
J774A.1 cells after 1 h. Scale bars: 10 um.

tracking dyes and F1-P; PyPr-4 across a range of time points
(1 h: Figure 3; 10 and 30 min: see the Supporting Informa-
tion) pointing to association with both mitochondria and
endosomes. Under these conditions, FI-P; PgPg-4 was found
to have a limited influence on mitochndrial membrane
depolarization (ca. 10% ), whereas the known mitochondrial
depolarizer FCCP showed strong depolarization (ca. 30%;
see the Supporting Information). Arginine-rich cell-penetrat-
ing peptides and synthetic vectors are believed to internalize
by endocytosis or direct translocation or a combination of
both pathways depending on concentration, cell type, and
cargo.!'”) For instance, F1-P; PxPg-4 has previously been shown
to preferentially localize with mitochondria or lysosomes in
HeLa cells depending upon the concentration used.”” The
presence of FI-P;PpPy-4 in both endosomes and at the
mitochondria of J774A.1 cells suggests that both mechanisms
are at play. Crucially these data suggest that FI-P, PyPy-4
could access bacteria residing within infected J774A.1 cells
while having a limited impact on mitochondrial function.

As FI-P; Py P-4 displayed potent antibacterial activity and
macrophage penetration, we proceeded to test this peptide
against a range of bacterial pathogens. FI-P; PyP-4 has potent
broad-spectrum antibacterial activity (Table 2), including
MRSA (8 um) as well as the biological warfare agents
Bacillus anthracis (8 um) and Brucella (16 pm). Also of
interest was the activity against the biofilm-forming clinical-
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Table 2: Antibacterial activity of FI-P_PyPg-4 against pathogenic bacteria.

Pathogen MICE/MBC [um]
Gram positive

Bacillus anthracis 8/8

S. aureus 8/32
methicillin-resistant S. aureus (MRSA) 8/16

Listeria monocytogenes 16/32

Gram negative

Salmonella typhimurium 8/8
Brucella abortus 16/32
Pseudomonas aeruginosa 32/32

[a] The minimum inhibitor concentration (MIC) was the lowest concen-
tration of the peptide where no growth was observed. [b] The minimum
bactericidal concentration (MBC) was reported as the lowest concen-
tration of the peptide producing more than 99.9 % reduction of the initial
inoculum.

isolates of Pseudomonas aeruginosa and Staphylococcus
aureus. F1-P, PgPy-4 was further shown to inhibit the growth
of Salmonella, Listeria, and Brucella at 8, 16, and 16 um
respectively, which are all classified as intracellular pathogens.

AMPs have been shown to often exert their antimicrobial
activity by lysing the bacterial membrane. For instance, E. coli
treated with melittin has been reported to rapidly release [3-
galactosidase as a consequence of membrane lysis. To test the
effect of FI-P; Py P-4 on the membrane integrity of E. coli, we
performed the B-galactosidase leakage assay, with melittin as
a positive control.’*?!! In contrast to melittin, FI-P, PxPx-4
showed no p-galactosidase leakage at both its MIC (4 um) as
well as 5 times its MIC (20 um). These data support
a mechanism of antibacterial action for FI-P;PrPr-4 that
does not involve lysing the bacterial membrane. F1-P; Py P-4
was found to associate with E. coli, as visualized by confocal
microscopy.”? Strong fluorescence was visible within 10 min
of treatment with FI-P; PxPy-4, and after 6 hours the bacteria
displayed a fragmented morphology, pointing to a possible
mode of antibacterial action (see the Supporting Informa-
tion).

With a knowledge of the separate cell penetrating and
antibacterial activities of FI-P,PyPr-4, we investigated the
ability of this P-AMP to clear intracellular bacterial patho-
gens, Salmonella and Brucella, within J774A.1 cells using an
in vitro bacterial protection assay (Figure 4).*! While intra-
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Figure 4. Intracellular antibacterial activity of FI-P_PzPg-4 (15 um) in
J774A.1 cells infected with Salmonella typhimurium and Brucella abortus
after 9 h of treatment. The data without error bars indicate that the
standard deviation is too small to be seen.
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cellular Salmonella was reduced by approximately 62 % with
the addition of FI-P; PxPy-4, intracellular Brucella was found
to be significantly reduced by 90%. The difference in
inhibition between Salmonella and Brucella could be the
result of many factors, such as the sub-cellular localization of
Salmonella and compartmentalization within phagosomes.

Overcoming bacterial resistance will necessitate the
continuous development of therapeutic agents that also
target intracellular bacterial reservoirs, so as to avoid
recurrence and emergence of resistance. The substantial
reduction in intracellular pathogen levels observed upon
treatment with FI-P; PrPy-4 provides strong evidence for its
potential application for treatment of stubborn intracellular
bacterial pathogens.

Received: April 1, 2013
Revised: June 12, 2013
Published online: August 20, 2013

Keywords: antimicrobial peptides - macrophages - peptides -
polyproline

[1] H. Grundmann, M. Aires-de-Sousa, J. Boyce, E. Tiemersma,
Lancet 2006, 368, 874 —885.

[2] A. Alonso, F. Garcia-del Portillo, Int. Microbiol. 2004, 7, 181 -
191.

[3] S. Carryn, H. Chanteux, C. Seral, M. P. Mingeot-Leclercq, F.
Van Bambeke, P. M. Tulkens, Infect. Dis. Clin. N. Am. 2003, 17,
615-634.

[4] E. Briones, C. I. Colino, J. M. Lanao, J. Controlled Release 2008,
125,210-227.

[5] a) K. A. Brogden, Nat. Rev. Microbiol. 2005, 3, 238-250;
b) R. E. Hancock, H. G. Sahl, Nat. Biotechnol. 2006, 24, 1551 -
1557; ¢) Y. Shai, Biopolymers 2002, 66, 236—248; d) M. Zasloff,
Nature 2002, 415, 389-395.

[6] a) L. Otvos, Jr., Cell. Mol. Life Sci. 2002, 59, 1138-1150; b) D.
Szabo, E. Ostorhazi, A. Binas, F. Rozgonyi, B. Kocsis, M.
Cassone, J. D. Wade, O. Nolte, L. Otvos, Jr., Int. J. Antimicrobial
Agents 2010, 35, 357-361; c) M. Scocchi, A. Tossi, R. Gennaro,
Cell. Mol. Life Sci. 2011, 68, 2317 -2330.

gngewamcih

[7] A. Hansen, I. Schafer, D. Knappe, P. Seibel, R. Hoffmann,
Antimicrob. Agents Chemother. 2012, 56, 5194 -5201.

[8] K. Sadler, K. D. Eom, J.L. Yang, Y. Dimitrova, J. P. Tam,
Biochemistry 2002, 41, 14150—14157.

[9] a) P. 1. Arvidsson, N. S. Ryder, H. M. Weiss, G. Gross, O. Kretz,
R. Woessner, D. Seebach, ChemBioChem 2003, 4, 1345-1347,
b) D. Liu, W. F. DeGrado, J. Am. Chem. Soc. 2001, 123, 7553 -
7559; c) E. A. Porter, B. Weisblum, S. H. Gellman, J. Am. Chem.
Soc. 2002, 124, 7324 -7330.

[10] N.P. Chongsiriwatana, J. A. Patch, A. M. Czyzewski, M. T.
Dohm, A. Ivankin, D. Gidalevitz, R.N. Zuckermann, A.E.
Barron, Proc. Natl. Acad. Sci. USA 2008, 105, 2794 -2799.

[11] G.N. Tew, D. Liu, B. Chen, R.J. Doerksen, J. Kaplan, P.J.
Carroll, M. L. Klein, W. F. DeGrado, Proc. Natl. Acad. Sci. USA
2002, 99, 5110-5114.

[12] K. Kuroda, W. F. DeGrado, J. Am. Chem. Soc. 2005, 127, 4128 —
4129.

[13] a) Y. A. Fillon, J. P. Anderson, J. Chmielewski, J. Am. Chem.
Soc. 2005, 127, 11798-11803; b) I. Geisler, J. Chmielewski,
Bioorg. Med. Chem. Lett. 2007, 17, 2765 -2768.

[14] N. Helbecque, M. H. Loucheux-Lefebvre, Int. J. Pept. Protein
Res. 1982, 19, 94—-101.

[15] a) J. I. Sovadinova, E. F. Palermo, M. Urban, P. Mpiga, G. A.
Caputo, K. Kuroda, Polymer 2011, 3, 1512-1532; b) C. B. Park,
K. S. Yi, K. Matsuzaki, M. S. Kim, S. C. Kim, Proc. Natl. Acad.
Sci. USA 2000, 97, 8245 —8250.

[16] D.S. Daniels, A. Schepartz, J. Am. Chem. Soc. 2007, 129, 14578 —
14579.

[17] R. Bjerknes, C.-F. Bassoe, Blut 1984, 49, 315-323.

[18] T. B. Potocky, A. K. Menon, S. H. Gellman, J. Am. Chem. Soc.
2005, 127, 3686 —3687.

[19] a) T. B. Potocky, J. Silvius, A.K. Menon, S.H. Gellman,
ChemBioChem 2007, 8, 917-926; b)P. A. Wender, W.C.
Galliher, E. A. Goun, L.R. Jones, T.H. Pillow, Adv. Drug
Delivery Rev. 2008, 60, 452—472.

[20] a) D. Kalafut, T.N. Anderson, J. Chmielewski, Bioorg. Med.
Chem. Lett. 2012, 22, 561-563; b) L. Li, I. Geisler, J. Chmie-
lewski, J. X. Cheng, J. Controlled Release 2010, 142, 259-266.

[21] J. Turner, Y. Cho, N.N. Dinh, A.J. Waring, R.I. Lehrer,
Antimicrob. Agents Chemother. 1998, 42, 2206-2214.

[22] M. P. Pereira, S. O. Kelley, J. Am. Chem. Soc. 2011, 133, 3260 -
3263.

[23] M. N. Seleem, N. Jain, N. Pothayee, A. Ranjan, J. S. Riffle, N.
Sriranganathan, FEMS Microbiol. Lett. 2009, 294, 24 -31.

Angew. Chem. 2013, 125, 9846 -9849

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

te
emie

9849


http://dx.doi.org/10.1016/S0140-6736(06)68853-3
http://dx.doi.org/10.1016/S0891-5520(03)00066-7
http://dx.doi.org/10.1016/S0891-5520(03)00066-7
http://dx.doi.org/10.1016/j.jconrel.2007.10.027
http://dx.doi.org/10.1016/j.jconrel.2007.10.027
http://dx.doi.org/10.1038/nrmicro1098
http://dx.doi.org/10.1038/nbt1267
http://dx.doi.org/10.1038/nbt1267
http://dx.doi.org/10.1002/bip.10260
http://dx.doi.org/10.1038/415389a
http://dx.doi.org/10.1016/j.ijantimicag.2009.10.015
http://dx.doi.org/10.1016/j.ijantimicag.2009.10.015
http://dx.doi.org/10.1007/s00018-011-0721-7
http://dx.doi.org/10.1128/AAC.00585-12
http://dx.doi.org/10.1021/bi026661l
http://dx.doi.org/10.1002/cbic.200300698
http://dx.doi.org/10.1021/ja0107475
http://dx.doi.org/10.1021/ja0107475
http://dx.doi.org/10.1021/ja0260871
http://dx.doi.org/10.1021/ja0260871
http://dx.doi.org/10.1073/pnas.0708254105
http://dx.doi.org/10.1073/pnas.082046199
http://dx.doi.org/10.1073/pnas.082046199
http://dx.doi.org/10.1021/ja044205+
http://dx.doi.org/10.1021/ja044205+
http://dx.doi.org/10.1021/ja052377g
http://dx.doi.org/10.1021/ja052377g
http://dx.doi.org/10.1016/j.bmcl.2007.02.077
http://dx.doi.org/10.1073/pnas.150518097
http://dx.doi.org/10.1073/pnas.150518097
http://dx.doi.org/10.1021/ja0772445
http://dx.doi.org/10.1021/ja0772445
http://dx.doi.org/10.1007/BF00320205
http://dx.doi.org/10.1021/ja042566j
http://dx.doi.org/10.1021/ja042566j
http://dx.doi.org/10.1002/cbic.200600563
http://dx.doi.org/10.1016/j.addr.2007.10.016
http://dx.doi.org/10.1016/j.addr.2007.10.016
http://dx.doi.org/10.1016/j.bmcl.2011.10.077
http://dx.doi.org/10.1016/j.bmcl.2011.10.077
http://dx.doi.org/10.1016/j.jconrel.2009.10.012
http://dx.doi.org/10.1021/ja110246u
http://dx.doi.org/10.1021/ja110246u
http://dx.doi.org/10.1111/j.1574-6968.2009.01530.x
http://www.angewandte.de

