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Small proline-rich antimicrobial peptides (AMP) have attracted considerable interest, as they target specific
intracellular bacterial components and do not act by lytic mechanisms. Here, a novel peptide, termed oncocin
(VDKPPYLPRPRPPRRIYNR-NH,), is reported that was optimized for the treatment of Gram-negative
pathogens. Its minimal inhibitory concentrations in tryptic soy broth medium ranged from 0.125 to 8 ug/mL
for 34 different strains and clinical isolates of Enterobacteriaceae and nonfermenters, such as Escherichia coli,
Pseudomonas aeruginosa, and Acinetobacter baumannii. Substitutions of two arginine residues by ornithine
increased the half-lives in full mouse serum from about 20 min to greater than 180 min and the activity. Both
optimized oncocin derivatives were neither toxic to human cell lines nor hemolytic to human erythrocytes.
They could freely penetrate lipid membranes and were washed out completely without any sign of lytic activity,
as assessed by quartz crystal microbalance. Fluorescence labeled peptides entered the periplasmic space within
20 min at room temperature and homogeneously stained E. coli within 50 min. In conclusion, the optimized
oncocin represents a very promising candidate for future in vivo work and may serve as a novel lead compound

for an antibacterial drug class.

Introduction

The incidence of serious bacterial infections is increasing,
especially for pathogens resistant to traditional antibiotics.
In Europe an estimated three million hospitalized patients
acquire nosocomial infections every year, accounting for ap-
proximately 50 000 deaths in the EU, as reported by the ECDC
(European Centre for Disease Prevention and Control)." The
U.S. Center for Disease Control and Prevention estimates 2
million nosocomial infections per year in the U.S., accounting
for more than 50 000 deaths and more than U.S. $3.5 billion
in additional health care costs. The Gram-positive pathogen
methicillin resistant Staphylococcus aureus, (MRSA) attracts
the most public interest. However, highly resistant Gram-
negative pathogens are emerging, causing serious health care
problems. Currently, three species of Enterobacteriaceae
(Escherichia coli, Klebsiella pneumoniae, and Enterobacter
cloacae) and two nonfermenting species (Acinetobacter bau-
mannii and Pseudomonas aeruginosa) are causing much con-
cern because of the rapid spread of multi or extremely resistant
strains. This problem has developed initially from species in
which single mutations were sufficient to cause clinically
important resistance levels (P. aeruginosa) followed by bacteria
with multiple mutations (E. coli). This has mainly been
attributed to the broad prescription of fluoroquinolones.” Co-
resistance to three antibiotic classes, including third-generation
cephalosporins, has already become the fourth most com-
mon resistance pattern found for invasive E. coli in Europe.
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Important mechanisms of Gram-negative bacteria resistance
include extended spectrum beta lactamases (ESBL) in E. coli
or broad range beta lactamases like K. pneumoniae carba-
penemase (KPC) in K. pneumoniae.* > Multidrug resistant
A. baumannii, associated with invasive infections such as
pneumonia, meningitis, and bacteraemia, have been found to
be responsible for outbreaks in hospitals especially in intensive
care units.*’” Most frightening, pan-resistant A. baumannii
clones were reported from outbreaks in the U.S. and were
uniformly susceptible against only polymyxin treatment (e.g.,
colistin).®

Prudent use of existing antibiotics may slow down further
resistance development. However, in order to provide effec-
tive treatment for the future, innovative antimicrobials are
necessary, preferably with novel modes of action and/or
belonging to novel drug classes.” More recently, inducible
antimicrobial peptides (AMP“) have moved into the focus of

“Abbreviations: AD, dissipation change; Af, frequency change;
AMP, antimicrobial peptides; ATCC, American Type Culture Collec-
tion; cfu, colony forming units; DIC, diisopropyl carbodiimide; DMPC,
1,2-dimyristoyl-sn-glycero-3-phosphocholine; DMPG, 1,2-dimyristoyl-
sn-glycero-3-phosphoglycerol (sodium salt); DMSO, dimethyl sulfoxide;
DSMZ, Deutsche Sammlung fiir Mikroorganismen und Zellkulturen;
EDTA, ethylenediaminetetracetic acid; Fmoc, 9-fluorenylmethoxycar-
bonyl; HOBt, 1-hydroxybenzotriazole; ICB, Identification and Classi-
fication of Bacteria database; MIC, minimal inhibitory concentration;
MPA, mercaptopropionic acid; ONPG, o-nitrophenyl-$-galactoside;
PBS, phosphate buffered saline; QCM, quartz crystal microbalance;
RP-HPLC, reversed-phase high performance liquid chromatography;
SAM, self-assembled monolayer; SDS, sodium dodecyl sulfate; TAM-
RA, 5(6)-carboxytetramethylrhodamine; TSB, tryptic soy broth; TFA,
trifluoroacetic acid; Tris-HCI, tris(hydroxymethyl)aminomethane hy-
drochloride; UTI, urinary tract infections.
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Table 1. Sequences and MIC values of the Oncopeltus Antibacterial Peptide 4 and Its Analogues Derived by Substitutions in Positions 11, 19, and 20¢

monoisotopic mass, MIC (ug/mL)

peptide sequence tr? (min) exptl” caled® E. coli BL21 Al M. luteus ATCC 10240
1 VDKPPYLPRPPPPRRIYNNR-OH 17.18 2445.41 2445.35 128 64
2 VDKPPYLPRPTPPRRIYNNR-OH 17.22 2449.38 2449.35 128 64
3 VDKPPYLPRPHPPRRIYNNR-OH 17.03 2485.41 2485.36 64 32
4 VDKPPYLPRPKPPRRIYNNR-OH 16.85 2476.44 2476.40 16 16
5 VDKPPYLPRPRPPRRIYNNR-OH 17.01 2504.43 2504.40 8 16
6 VDKPPYLPRPRPPRRIYNNR-NH, 16.93 2503.49 2503.42 8 8
7 VDKPPYLPRPRPPRRIYNRN-OH 17.01 2504.44 2504.40 8 16
8 VDKPPYLPRPRPPRRIYNRN-NH, 16.96 2503.41 2503.42 16 128
9 VDKPPYLPRPRPPRRIYN R-OH 17.13 2390.42 2390.36 32 64
10 VDKPPYLPRPRPPRRIYN R-NH, 17.05 2389.38 2389.38 4 8
11 VDKPPYLPRPRPPROIYN O-NH, 16.71 2305.36 2305.33 8 8
12 VDKPPYLPRPRPPRRIYN-OH 17.36 2234.29 2234.26 64 128
13 VDKPPYLPRPRPPR-OH 16.67 1687.95 1687.97 nd nd

“The antibacterial activities were determined against nonpathogenic E. coli and M. luteus strains using a serial dilution of the peptides in 1% TSB. nd:
not determined. ® 1z denotes retention times of the purified peptides on RP-HPLC, and calcd and exptl denote the calculated and experimentally
determined monoisotopic masses of the quasimolecular ion [M + H]' recorded by MALDI-MS.

antimicrobial research for a number of reasons. AMP, ran-
ging in size from 12 to 100 amino acid residues, have been
identified in plants, animals, and microbes.'® A single species
typically produces more than six different AMP, where each
peptide often exhibits a different activity spectrum.!' Most of
these AMP act directly on the bacterial membrane via dis-
ruptive “lytic” or pore-forming “ionophoric” mechanisms.
This is a major concern for systemic treatments due to the
possible toxic effects on mammalian cellular membranes at
higher concentrations, which reduce the therapeutic index and
limit their clinical potential. Consequently, investigation of
these peptide classes mostly considers topical applications.
However, such toxic effects might be overcome where AMP
specifically target bacterial proteins without cross-reactivity
toward human proteins. In recent years, one class of AMP
that has attracted much interest is the small, proline-rich
peptide family commonly found in both mammals, including
humans (cathelicidins), and insects. These are predominantly
active against Gram-negative bacteria including life threa-
tening human pathogens, such as, E. coli, K. pneumoniae,
and P. aeruginosa. The insect-derived Pro-rich AMP, such
as abaecin, apidaecin, drosocin, formaecin, lebocin, and
pyrrhocoricin,'? !¢ are typically 20—35 residues long and
have a relatively high proportion of basic amino acid resi-
dues. Among these AMP, drosocin and pyrrhocoricin have
attracted much interest because their favorable antibacter-
ial activities and low toxicity toward mammalian cell lines.
Most notably, analogues have been designed with improved
in vivo activities and pharmaceutical properties by the
Otvos laboratory.'”

The 2 kDa Oncopeltus antibacterial peptide 4 was originally
isolated from Oncopeltus fasciatus (milkweed bug) together with
three other AMP following infection with P. aeruginosa and
Pseudomonas putida."® The amino acid sequence VDKPPYLPR-
P(X/P)PPRRIYN(NR) was determined by Edman degradation,
although position 11 was uncertain and positions 19 and 20 were
also questioned by the authors. This peptide showed a 70%
sequence identity to pyrrhocoricin isolated from Pyrrhocoris
apterus'® as well as a 70% identity to the N-terminal 13 residues
of both metalnikowin 1" and PR-39 isolated from Palomena
prasina and Sus scrofa,” respectively. Because of the high propor-
tion of proline (30%) and a large number of cationic amino acids
(25%), this peptide is included in the family of Pro-rich AMP.

In this study, we investigated the antibacterial properties of
the original sequence reported for Oncopeltus antibacterial

peptide 4, which to the best of our knowledge has not been
studied previously. Initially, the synthetic peptide was com-
pletely inactive toward both E. coli and Micrococcus luteus, so
substitutions of amino acids into the ambiguous positions 11,
19, and 20 in the original sequence were included. In addition,
the shortened and mutated 19-mer sequence containing a
C-terminal amide (termed oncocin, peptide 10 (VDKPPYLP-
RPRPPRRIYNR-NH,)) was found to be active toward 37
different isolates of E. coli, K. pneumoniae, P. aeruginosa,
A. baumannii, E. cloacae, and Proteus vulgaris. The minimal
inhibitory concentrations (MIC) for these bacterial stains and
clinical isolates ranged from 0.125 to 8 ug/mL when tested in
TSB medium. Oncocin (peptide 10) was also found to be
relatively stable in serum, nontoxic to SH-SYSY and HeLa
cells, and nonhemolytic. Furthermore, the fluorescein-labeled
oncocin peptide penetrated E. coli cells within 50 min. The
mechanism for peptide penetration using artificial lipid layers
was also investigated by quartz crystal microbalance (QCM),
which indicated that oncocin can freely traverse these lipid
membranes and clearly does not act by a membrane disrupt-
ing or lytic mechanism. Such peptide—membrane character-
istics support activity via an intracellular target.

Results

Surprisingly, the synthetic peptide corresponding to the
reported sequence for Oncopeltus antibacterial peptide 4
(1, VDKPPYLPRPPPPRRIYNNR) was only very slightly
active against E. coli BL21 Aland M. [uteus (Table 1). Because
peptide 1 contained several uncertain positions, we decided to
substitute some residues to improve the activity. First, several
variants were constructed for position 11 and tested. Threo-
nine was an obvious choice because of the high sequence
homologies to drosocin and pyrrhocoricin in this region; how-
ever, the activity did not improve for peptide 2 (Table 1). Basic
amino acid residues such as His, Lys, and Arg (peptides
3—5) were explored because they are also found in this class
of AMP, and these variants were observed to improve the
MIC-values: 8 ug/mL for E. coli BL21 Al and 16 ug/mL for
M. Iluteus. The most active of these analogues, i.e., peptide
5 containing Arg in position 11 (Table 1), was then further
modified at the two C-terminal residues. The Asn-Arg variant,
corresponding to residues 19 and 20 of oncopeltus 4 was
constructed (peptide 9, Table 1). As the C-termini are always
difficult to identify by Edman-sequencing, Asn and Arg
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Figure 1. Stability of peptides 10 (solid line, both panels) and 11 (dots and dashes, right panel) in 25% aqueous (left) and undiluted mouse
serum (right). The determined peptide amounts are shown relative to the peptide quantities obtained for an incubation time of 0 min (set to
100%). The two major degradation products identified by MALDI-MS corresponded to the N-terminal 18 residues (peptide 12, dashed line,

left panel) and 14 residues (peptide 13, dotted line, left panel).

residues are typically detected as weak signals and were also
questioned by Schneider’s group.'® Initially, these two resi-
dues were reversed (peptide 7), as the resulting sequence would
be homologous to the C-terminal last nine residues of the
pyrrhocoricin sequence. However, the MIC values did not
improve (Table 1). Then amidation of the C-termini of both
peptides (peptides 6 and 8) was explored; however, these did
not influence the antibacterial activity. Interestingly, short-
ening the sequence by deletion of Asn19 reduced the activity
by about 4-fold for the C-terminal acid analogue (peptide 9),
although the C-terminal amidation improved it by approxi-
mately 2-fold (peptide 10). Finally the MIC values for the
“optimized” peptide 10 were in good agreement with other
related insect derived AMP. It is noted that the optimized
sequence most likely does not represent the native peptide.
Therefore, we use the term oncocin for the artificial sequence
10 (VDKPPYLPRPRPPRRIYNR-NH),) indicating its rela-
tion to peptide 1, i.e., the reported Oncopeltus antibacterial
peptide 4.

The serum stability of peptide 10 (oncocin) was studied first
in order to judge possible systemic pharmacological applica-
tions. Considering the unfolded, disordered peptide was only
19 residues, it was found to be relatively stable with a half-life
of approximately 70 min in 25% aqueous serum at 37 °C
(Figure 1, left). This compared well with peptide 9 with a free
C-terminus with a half-life of less than 30 min (data not
shown). Only two degradation products of peptide 10, with
cleavage sites C-terminal to Asnl8 (peptide 12) and Argl4
(peptide 13), were detected after 30 min at the 10% level
(Figure 1, left). The extent of degradation increased continu-
ously to more than 20% of the original peptide after 2 h had
elapsed. On the basis of the peak areas observed, these two
metabolites and the remaining peptide 10 represented more
than 60% of the original peptide content. This indicated that
both metabolites were formed by two major degradation
pathways and that both metabolites were more stable in serum
than peptide 10 itself. The first metabolite, peptide 13, prob-
ably results from a trypsin-like cleavage between the two Arg
residues, whereas peptide 12 is more likely to be produced by
the action of carboxypeptidases. The serum stabilities ob-
tained are similar to other members of the family of short,
proline-rich peptides reported recently.?!** Notably, as pep-
tide 12 did not possess any antibacterial activity, it was
deemed necessary to improve the stability of both cleavage
sites. This was achieved by replacing Argl4 and Argl9 by

ornithine (peptide 11), an amino acid that is not attacked by
trypsin and trypsin-like enzymes (Figure 1, right).>* The half-
life for the resulting peptide 11 in full serum was approxi-
mately 180 min compared to only about 20 min for peptide 10.
More importantly, no stable metabolite was detected for
peptide 11, indicating that the peptide is not degraded at a
single site but more slowly at different positions. Peptide 11
also maintained the high antibacterial activities observed for
the “optimized” peptide 10 (Table 1).

The third important criterion in which to judge the phar-
macological properties of AMP in vitro is their toxicity
against mammalian cell lines. Neither the optimized peptide
10 nor its double ornithine analogue (peptide 11) showed any
toxic effects on HeLa- or neuronal-cell-like differentiated SH-
SYS5Y cells (Figure 2, upper panel) at a peptide concentration
of 600 ug/mL, which was about 100-fold above their MIC-
values against E. coli BL21 AI. The observed nontoxicity was
also found for two other insect derived peptides of this AMP
family, i.e., drosocin and apidaecin 1b (Figure 2, upper panel).
Moreover, none of the tested peptides showed any hemolytic
activity against human erythrocytes in the studied peptide
concentration range up to 600 ug/mL (Figure 2, lower panel).

Although the nonpathogenic bacterial strains E. coli BL21
Al and M. [uteus were originally used to optimize the anti-
bacterial properties of oncocin (peptide 10), they do not allow
the pharmacological properties of this lead compound to be
assessed against human pathogens. Therefore, we tested a
broad panel of 37 strains and clinical isolates from seven
Gram-negative bacteria (Table 2). The MIC values for the
eight E. coli strains tested and clinical isolates were very
similar ranging from 0.5 to 8 ug/mL for peptide 10 and only
0.5 to 2 ug/mL for peptide 11. Thus, the double ornithine
analogue was equally active against all E. coli strains with an
average MIC value of 1 ug/mL. Interestingly, both peptides
showed equal activities against E. coli strains very prone to
peptide 10 but were different for strains less prone to peptide
10, such as E. coli 70419002. This improved activity of peptide
11 could be related to its higher protease resistance, as
indicated by the serum stability. The peptide might be stable
over longer times in the medium (or bacteria) and thus kill the
bacteria more effectively. This effect was also observed for
P. aeruginosa and K. pneumoniae (Table 2). The MIC values of
peptide 11 varied only between 1 and 4 ug/mL among the eight
P. aeruginosa strains and clinical isolates and between 0.5 and
2 ug/mL among the six K. pneumoniae strains and clinical



Article

120 -
100
80 -
60

40

% metabolic active cells

20 -

PBS  apidaecin drosocin peptide peptidle DMSO  melittin
1b 10 11

——0.1% Triton X
- PBS
—=—melittin
—<apidaecin 1b
—— peptide 10
—— drosocin

OD at 405 nm

3 3
0 100 200 300 400 500 600
peptide concentration (pg/mL)

Figure 2. Cytotoxicity against HeLa cells (full bars) and differen-
tiated SH-SY5Y cells (striped bars) using the MTT cell proliferation
assay (upper panel) and hemolytic activity (lower panel) of different
antimicrobial peptides. SH-SY5Y and HeLa cells were incubated
with AMP (600 ug/mL), melittin (100 ug/mL), and DMSO (12%
(v:v), positive control) for 24 h. The data were normalized to PBS
(100%) as negative control. Human erythrocytes were incubated
with a 2-fold serial dilution of a peptide (600 to 5 ug/mL), Triton
X-100 (0.1%, positive control), and PBS (negative control) at 37 °C
for 60 min.

isolates tested (Table 2). Thus, peptide 11 was in general more
active against the tested Gram-negative human pathogens
than oncocin with less variation among the bacterial strains
and clinical isolates. Although in vitro data cannot be simply
extrapolated to animal models, both peptides 10 and 11
represent new promising lead compounds with interesting
antibacterial properties.

The interaction between peptides 10 and 11 with bacterial
mimetic membranes was followed using a quartz crystal
microbalance (QCM).>* Supported lipid bilayers composed
of DMPC—DMPG (4:1) were prepared on the gold coated
quartz crystal, and the response of the frequency change (Af)
with time for a series of harmonic resonances was monitored
as described in our earlier work.>*? The concentration depen-
dence of the peptides binding to the membrane for 1—15 uM
peptide 10 is shown in Figure 3A, and that for peptide 11 is
shown in Figure 3B. The rapid incorporation of the peptides
into the membrane is apparent by the initial slope of the Af—1¢
traces prior to the saturation of the membrane at ~10 min.
For both peptides the 1 uM solutions show subsaturation of
the membrane, whereas 5—15 uM appears to saturate the
membranes albeit with a slightly greater mass of the modified
peptide 11 binding. To elucidate the nature of the pepti-
de—membrane interaction, these data were recorded over
multiple harmonics and both peptides showed responses
consistent with transmembrane binding (data not shown).
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Table 2. Broad Spectrum Antimicrobial Activity of Peptides 10 and 11
against Different Gram-Negative Pathogens (Reference [DSM, ATCC,
IBC] and Clinical Isolates) Determined in 1% TSB

MIC (ug/mL)
pathogen peptide 10 peptide 11
P. aeruginosa DSM3227 4 4
P. aeruginosa Walter 8 4
P. aeruginosa ATCC27853 4 2
P. aeruginosa PAO1 2 2
P. aeruginosa 60811001 2 2
P. aeruginosa 60909001 2 1
P. aeruginosa 61118003 2 1
P. aeruginosa 70108001 4 2
E. coli 70329001 1 1
E. coli 70430001 1 0.5
E. coli 70419002 8 2
E. coli 70502001 1 1
E. coli Neumann 2 0.5
E. coli 205024 4 1
E. coli 455/7 0.5 0.5
E. coli 8474 0.5 0.5
K. pneumoniae DSM681 0.25 0.5
K. pneumoniae 57 USA 0.25 0.5
K. pneumoniae 63 8 2
K. pneumoniae 8085 0.5 0.5
K. pneumoniae ATCC12657 0.5 0.5
K. pneumoniae ATCC27799 1 1
A. baumannii ICB14067 1 1
A. baumannii ICB14072 1 1
A. baumannii ICB14073 2 1
A. baumannii ICB9250 0.5 0.5
A. baumannii M 17 1 1
E. cloacae 34654 0.25 0.5
E. cloacae Ha088 0.125 0.25
E. cloacae Ha089 0.125 0.25
E. cloacae Hal85 0.5 0.5
E. cloacae Ha89 0.25 0.25
P. vulgaris ICB9081 4 8
P. vulgaris ICB9095 4 4
Stenotrophomonas 1ICB308054 32 32
Stenotrophomonas ICB7569 8 16
Stenotrophomonas 1ICB7789 32 32
peptide 10 peptide 11

1 B o
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Figure 3. Peptides 10 (A) and 11 (B) uptake on DMPC—DMPG
(4:1) membrane as a function of peptide concentration (1, 5, 10,
15 uM peptide corresponds to darkest to lightest color). The number
“1” indicates the points where the peptide solution was introduced.
Only the seventh harmonic data are shown. Data have been normal-

ized to zero for the membrane coated chip in high salt buffer. Thle

number “2” indicates introduction of buffer wash at 100 xL min™ .
Interestingly, the peptide—membrane interactions for both
peptides 10 and 11 were not permanent, as the introduction of
the PBS solution (position 2 in Figure 3) resulted in removal of
almost the entire mass of bound peptide. In both cases, a
residual amount of peptide remained in the membrane,
between ~2 Hz for peptide 10 and ~3 Hz for peptide 11.
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Figure 4. Energy dissipation (AD) vs frequency (Af) dependence
for peptides 10 (left column) and 11 (right column) on DMPC—
DMPG (4:1) membrane bilayer. The peptide concentrations in-
crease from 1 to 15 uM (top to bottom), and data from the third,
fifth, seventh, and ninth harmonic are shown.

The QCM data can also contribute to our understanding of
the mechanism of each peptide interacting with the mem-
brane. The characteristic fingerprint for each peptide interac-
tion is recorded as the change in energy dissipation, AD *>2
measured simultaneously with the temporal variation in the
frequency, Af. Thus, the dependence of AD versus Af provides
an assessment of the structural influence of the peptide bind-
ing per unit mass (i.e., —Af) on the membrane properties.”> >’
Figure 4 shows the AD—Afplots for peptides 10 (left column)
and 11 (right column) for 1, 5, 10, and 15 M (top to bottom
panels). For each of these plots, the addition of the peptide
solution (point 1 on Figure 3) has been set to the origin. Both
peptide fingerprints show a similar trend, with the uptake of
the peptide (more negative frequency) having a minimal effect
on the membrane properties (only a small increase in dis-
sipation). Notably, the change of the dissipation was very
similar for the two peptides and over all the concentrations.
This supports the same mechanism of peptide interaction with
the membrane which is also independent of concentration.
Furthermore, these plots confirm that the peptide uptake
was reversible because the wash with PBS solution, which

Knappe et al.

Figure 5. Confocal laser scanning microscopy images of E. coli
BL21 AI cultures incubated with 5(6)-carboxyfluorescein-labeled
peptide 10 (30 gmol/L) for 20 min (A, B) or 50 min (C, D). The
fluorescence of the medium was quenched with TAMRA (180 uM).
Shown are the phase contrast (A, C) and fluorescence images (B, D).
Bars equate to 5 um.

corresponds to the furthest point (maximum —Af and corres-
ponding to point 2 in Figure 3), shows the dissipation return-
ing to the origin, indicating that most of the peptide was
removed from the membrane layer. Nevertheless, the buffer
was unable to remove all the peptide, leaving some mass (pre-
sumably peptide molecules) associated with the membrane
regardless of the concentration (~ 2 Hz for peptide 10 and
~3 Hz for peptide 11). The AD—Af plots also confirmed that
for both peptides all four harmonics probed in these experi-
ments responded similarly, supporting transmembrane peptide
insertion across the lipid bilayer without causing a substantial
perturbation to the membrane.

On the basis of the QCM studies with artificial membranes
and following the hypothesis that small, proline-rich peptides
kill bacteria by entering the cells and inhibiting intracellular
targets like DnaK ,*® peptide 10 N-terminally labeled with 5(6)-
carboxyfluorescein was added to an E. coli BL21 Al culture.
Confocal fluorescence microscopy revealed that the fluores-
cence is first enriched at or close to the surface of E. coli cells
after 20 min at room temperature before it is homogenously
distributed within the living bacterial cells (Figure 5). This clearly
indicates that peptide 10 penetrates the bacterial membrane
relatively quickly and stays either in the membrane or in the
periplasmic space before it is most likely actively transported
into the cells. Similar observations were also reported for
apidaecin,®”* pyrrhocoricin,?® and Bac7.*!

Discussion

Currently, most infections can be treated with available
antibiotics, even if in some cases combination therapies might
by mandatory. While a couple of new antimicrobials are in the
pipeline or have already been launched for the treatment of
MRSA and other Gram-positive pathogens, there is a lack of
promising candidates active against Gram-negative pathogens.
Importantly, Gram-negative bacteria are far more effective in
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accumulating resistance traits; thus, new antimicrobials are
needed.* In the current paper we reported the optimization of
the naturally occurring Oncopeltus peptide 4 (peptide 1) to the
“optimized” peptide 11, exhibiting promising antibacterial
activity against the most serious Gram-negative pathogens.
Starting with peptide 1, which to the best of our knowledge has
not been investigated for its antimicrobial properties, it was
possible to obtain high antibacterial activity against E. coli by
substituting position 11 against arginine and deleting aspar-
agine at position 19. The activity of the 19-residue-long peptide
9 was further enhanced by C-terminal amidation. The limited
protease resistance of peptide 10 was identified as a major
weakness for therapeutic peptide applications and was over-
come by substituting arginine by ornithine residues at positions
15 and 19. Despite ornithine not occurring naturally in pro-
teins, the modified peptide 11 did not show any toxic effects
against HeLa- and differentiated SH-SYS5Y-cell cultures or
hemolytic effects against erythrocytes. Considering the blood
volume of animals and humans relative to their body weight,
the tested peptide concentration of 600 ug/mL corresponds to a
peptide dose of more than 60 mg/kg administered intrave-
nously (i.v.). Although in vitro data have to be interpreted with
caution, the lack of toxicity against mammalian cells together
with the high activity against Gram-negative bacteria can be
explained by their mode of action. Data published for apidae-
cin, pyrrhocoricin, and drosocin®-%3! clearly indicate that this
class of insect-derived short, proline-rich peptides does not act
by a lytic mechanism but kills the bacteria by inhibiting
intracellular targets, such as DnaK.**~* This rapid intracellu-
lar incorporation was supported by the QCM data for peptides
10 and 11, as they showed no tendency to disrupt or remove
any lipids from the bilayer within the concentration range
studied. Instead both peptides entered and left the DMPC—
DMPG (4:1) lipid bilayers freely and relatively quickly,
although the process was not completely quantitative follow-
ing the PBS wash step. This small amount of residual peptide
binding, however, is most likely attributed to some nonspecific
binding to the interface between the underlying negatively
charged surface of the modified QCM crystal and lipid
bilayer. The nonlytic mechanism was further supported by
fluorescence microscopy by incubating E. coli with 5(6)-
carboxyfluorescein-labeled oncocin. The bacterial cells were
not lysed during the observation interval of 1 h. Instead the
outer layer of the cells was stained indicating a fast penetration
of the peptide through the bacterial membrane (Figure 5).
Any peptides bound onto the outer surface of the membrane
would have been quenched by TAMRA added in high con-
centrations to the bacterial culture. Likely, the peptides
penetrated through the bacterial membrane into the periplas-
mic space, where they accumulated within 20 min. With the
separation in the periplasmic space from TAMRA added to
the surrounding medium, the fluorescence was not quenched
anymore. From there the peptides entered into the cells in a
second step resulting in a homogeneous fluorescence staining
throughout the bacterial cell, as much as this can be judged
from the limited resolution of confocal microscopy. Once
inside the cell the peptides probably inhibited one or more
target proteins, such as DnaK,** ™3> and thereby killed the
cells slowly without membrane lysis. Although many steps of
the peptide uptake and the inhibition of the bacterial targets
remain unclear, the slowly emerging underlying mechanisms
explain nicely the high specificity of oncocin toward Gram-
negative bacteria together with their very low intrinsic toxi-
city. For all these reasons the optimized oncocin sequences
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represent scientifically interesting and therapeutically promis-
ing new antibacterial candidates. Although confirmation with
a larger collection of isolates is required, their antibacterial
spectrum covers perfectly the currently most relevant Gram-
negative human pathogens. While these continue to notor-
iously acquire resistance traits, our novel peptide will most
likely not be affected by cross-resistance due to its novel mode
of action.

Three bacteria, E. coli, Klebsiella species, and Enterobacter
species account for 80—90% of uncomplicated urinary tract
infections (UTT).*® Thus, oncocin may provide complete cove-
rage in this indication, and further research on oncocin should
focus first on UTI animal models. The high serum stability
obtained for peptide 11 and the ability to also kill nonfermen-
ters (i.e., A. baumannii and P. aeruginosa) also suggest that
severe systemic infections (i.e., pneumonia, bacteraemia,
septicemia) could also be treated. Such in vivo and further in
vitro studies have been initiated, and these will be published at
a later time.

Conclusion

Using a combination of in vitro assays to study the (i) anti-
bacterial activity against Gram-negative human pathogens,
(i) peptide stability against serum proteases, (iii) hemolytic
activity against human erythocytes, (iv) cytotoxicity, and (v)
interaction with artificial lipid bilayers, we could chemically
optimize a 19-residue-long sequence called oncocin for sys-
temic treatments. Oncocin (peptide 10) and its even more pro-
mising analogue peptide 11 contain only natural o L-amino
acids and were both synthesized on solid phase in high yields
and purities. Thus, oncocin and its analogues represent a
promising new class of peptide candidates to treat UTI and
systemic infections, based on their superior biomedical proper-
ties together with the nonlytic mode of action targeting
intracellular bacterial proteins.

Experimental Section

Peptide Synthesis. Peptides were synthesized on Rink amide
MBHA resin or Wang resin (MultiSynTech GmbH, Witten,
Germany) with standard 9-fluorenylmethoxycarbonyl/zert-butyl
(Fmoc/'Bu) chemistry using a 25 umol scale on the multiple
synthesizer SYRO2000 (MultiSynTech). Amino acid derivatives
(>99%, Orpegen Pharma, Heidelberg, Germany) were activated
in situ with diisopropyl carbodiimide (DIC, > 98% by GC, Fluka
Chemie GmbH; Buchs, Switzerland) in the presence of 1-hydro-
xybenzotriazole (HOBt, > 98%, Fluka Chemie).?” After comple-
tion of the peptide synthesis, 5(6)-carboxyfluorescein (Fluka
Chemie GmbH) was coupled to the unprotected N-terminus
with DIC/HOBT using a part of the resin. The unlabeled or
fluorescein-labeled peptides were cleaved with trifluoroacetic acid
(TFA, >98%) containing 12.5% (v:v) of a scavenger mixture
(ethandithiole, m-cresole, thioanisole, and water, 2.5:5:5:5). The
peptides were precipitated with cold diethyl ether and purified by
RP-HPLC using a linear aqueous acetonitrile gradient in the
presence of an ion pair reagent (eluent A, 0.1% aqueous TFA
(>99%); eluent B, 60% aqueous acetonitrile (>99.95% by GC)
containing 0.1% TFA) and a Jupiter C;3 column (21.2 mm
internal diameter, 250 mm length, 15 um particle size, 30 nm
pore size) (Phenomenex Inc., Torrance, CA). The purified peptides
were analyzed by RP-HPLC on a Jupiter C;g column (4.6 mm
internal diameter, 150 mm length, 5 um particle size, 30 nm pore
size; Phenomenex) using a linear gradient from 5% to 56% eluent
B for 17 min (see Supporting Information). The purities were
above 95% based on the peak areas obtained after background
correction. The molecular weight of the peptide was confirmed by
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matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry (MALDI-TOF-MS; 4700 proteomic analyzer; Ap-
plied Biosystems GmbH, Darmstadt, Germany) using o-cyano-4-
hydroxycinnamic acid (4 mg/mL in 60% aqueous acetonitrile
containing 0.1% TFA) as matrix (see Supporting Information).

Bacterial Strains. Nonpathogenic strains E. coli BL21AI and
M. luteus ATCC 10240 were cultured overnight at 37 °C in
nutrient broth (Carl Roth GmbH, Karlsruhe, Germany). All
other (pathogenic) bacteria strains were cultured on solid Co-
lumbia agar. After overnight culture, colonies were suspended in
sterile 0.9% saline to an OD of 0.1. This solution was diluted
1:300 in 1% TSB broth. An amount of 90 uL of the diluted
bacteria was used for the microdilution assays per well.

Antibacterial Activity. The MIC values were determined in
triplicate by a liquid broth microdilution assay in sterile 96-well
plates (Greiner Bio-One GmbH, Frickenhausen, Germany)
using a total volume of 100 uL per well.3® Aqueous peptide
solutions (1 mg/mL) were serially 2-fold diluted in 1% TSB
starting at 128 ug/mL down to typically 0.5 ug/mL in eight steps.
Overnight cultures of nonpathogenic bacteria were diluted
with 1% TSB to 1.5 x 107 cells/mL (E. coli BL21AI) or 4 x
107 cells/mL (M. luteus ATCC 10240) and an amount of 50 uL
was added to each well, gaining a starting cell concentration
of 7.5 x 10° cells/well and 2 x 10° cells/well, respectively. An
amount of 90 uL of the diluted suspension of the other patho-
genic bacteria was used per well, giving a final cfu count (colony
forming units) of (1—2) x 10° cells/well. The plates were incuba-
ted at 37 °C, and the absorbance of each well was measured after
20 £ 2 h at 595 nm. The MIC was defined as the lowest peptide
concentration where the absorbance value did not exceed that of
the medium only.

Serum Stability Assays. The serum stabilities of all peptides
were determined in pure and 25% (v:v) aqueous pooled mouse
serum (PAA Laboratories GmbH, Pasching, Austria).*® Peptides
were dissolved in serum at a final concentration of 75 ug/mL and
incubated at 37 °C. Aliquots taken in triplicate after 0, 30, 60, 120,
and 240 min were precipitated by addition of trichloroacetic acid
to a final concentration of 3% (v:v). After 10 min on ice, the
samples were centrifuged and the supernatant was neutralized
with sodium hydroxide solution (1 mol/L) and stored at —20 °C.
The samples were analyzed on the analytical Jupiter C;g column
using a linear aqueous acetonitrile or methanol gradient contain-
ing 0.1% (v:v) TFA. The metabolites were identified by MALDI-
TOF-MS.

Quartz Crystal Microbalance (QCM). The mechanism in
which these peptides bind to artificial membranes was studied
in real time using a QCM-D instrument (Q-sense, Sweden), and
the experimental design and methodology are based on pub-
lished procedures.’* Liposomes were prepared and deposited
onto the gold chip and washed with buffer using “high salt” PBS
buffer (0.02 M potassium phosphate, 0.1 M NaCl, pH 6.9).%° A
second “low salt” (0.01 M potassium phosphate, 0.03 M NaCl,
pH 6.9) wash step was included to remove unopened liposomes
prior to the return to a “high salt” PBS buffer medium. The
peptide solution was then introduced, and the change in fre-
quency (Af) and dissipation (AD) was recorded for the third,
fifth, seventh, and ninth harmonics over approximately 60 min
for each experiment.

Confocal Laser Scanning Fluorescence Microscopy. An over-
night culture of bacteria was diluted to 1.5 x 107 cells/mL in 1%
TSB. A 5(6)-carboxyfluorescein-labeled peptide was added to the
suspension together with a 60-fold molar excess of 5(6)-carboxy-
tetramethylrhodamine (TAMRA; Merck, Darmstadt, Germany)
to obtain a final peptide concentration of 30 umol/L. Aliquots of
the suspension (2 uL) were spotted on the microscope slides and
immediately analyzed on an inverted confocal laser scanning
microscope TCS SP5 (argon laser line 488 nm; objective, HCX
PL APO lambda blue 63.0 x 1.40 Oil UV; software Leica
Application Suite Advanced Fluorescence 1.7.2; Adobe Photo-
shop CS) (Leica Microsystems, Wetzlar, Germany).
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Hemolytic Activity.*’ Peptides were serially diluted from 600 to
5 ug/mL in phosphate buffered saline (PBS, 8.7 mmol/L Na,H-
PO,, 1.2 mmol/L KH,PO,, 150 mmol/L NaCl, pH 7.4) in a
V-bottom 96-well polypropylene plate (Greiner Bio-One GmbH)
to a final volume of 100 uL. Concentrated human erythrocytes
were washed and suspended in PBS to a final concentration of 2%.
Aliquots of this suspension (100 uL) were added to the peptide
solution in each well and incubated (37 °C, 1 h). After centrifuga-
tion (1000g), the absorbance of the supernatants was determined
in a fresh F-bottom 96-well plate at 405 nm in a Sunrise microplate
reader. The positive and negative controls contained 0.1% Triton
X-100 and PBS, respectively, added at the same volumes as the
peptide solution.

Cytotoxicity Assay. Cells were cultured in DMEM/Ham'’s
F-12 medium with 15% (SH-SYS5Y) or 5% (HeLa) (v:v) fetal
bovine serum containing 1% (w:v) nonessential amino acids
and 1% (w:v) streptomycin/penicillin at 37 °C and 5% CO,.
SH-SY5Y (2 x 10*cells per well) and HeLa cells (1.5 x 10* per well)
were seeded in the same medium into 96-well plates (Greiner
Bio-One GmbH). After 1 night (HeLa) or after 5 days of
differentiation by 10 uM trans-retinoic acid (SH-SYSY), cells
were washed with PBS and fresh medium was added. Subse-
quently, the peptide solutions (100 #L per well, 600 «g/mL) were
added and incubated again at identical conditions for 24 h. The
cell viability was determined with the cell proliferation kit I
(Roche Diagnostics GmbH; Mannheim, Germany). Briefly, an
amount of 10 uL of the methylthiazolyldiphenyltetrazolium
bromide (MTT) reagent was added to a final concentration of
0.5 mg/mL. After incubation (4 h, 37 °C, 5% CO,) a sodium
dodecyl sulfate (SDS) solution (10% (w:v) in 10 mmol/L
hydrochloric acid, 100 L) was added and incubated again at
the same conditions (16 h). The absorbance at 590 nm was mea-
sured using a Paradigm microplate reader (Beckman Coulter,
Wals, Austria) relative to a reference wavelength of 650 nm. The
increased absorbance was used to estimate the viability of the
cells. In the positive and negative controls the peptide solution
was substituted by the same volumes of dimethyl sulfoxide
(DMSO) and PBS, respectively.
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