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ABSTRACT: The emergence of multiple-drug-resistant (MDR) [/
bacterial pathogens in hospitals (nosocomial infections) presents a
global threat of growing importance, especially for Gram-negative
bacteria with extended spectrum f-lactamase (ESBL) or the novel
New Delhi metallo-f-lactamase 1 (NDM-1) resistance. Starting
from the antibacterial peptide apidaecin 1b, we have optimized the
sequence to treat systemic infections with the most threatening
human pathogens, such as Escherichia coli, Klebsiella pneumoniae,
Pseudomonas aeruginosa, and Acinetobacter baumannii. The lead Apigs

compound Api88 enters bacteria without lytic effects at the | Gu-ONNRPVYIPRPRPPHPRL-N H,
membrane and inhibits chaperone DnaK at the substrate binding
domain with a Ky, of S gmol/L. The Api88-DnaK crystal structure
revealed that Api88 binds with a seven residue long sequence (PVYIPRP), in two different modes. Mice did not show any sign of
toxicity when Api88 was injected four times intraperitoneally at a dose of 40 mg/kg body weight (BW) within 24 h, whereas
three injections of 1.25 mg/kg BW and S mg/kg BW were sufficient to rescue all animals in lethal sepsis models using pathogenic
E. coli strains ATCC 25922 and Neumann, respectively. Radioactive labeling showed that Api88 enters all organs investigated
including the brain and is cleared through both the liver and kidneys at similar rates. In conclusion, Api88 is a novel, highly
promising, 18-residue peptide lead compound with favorable in vitro and in vivo properties including a promising safety margin.

Target

he discovery and subsequent use of antibiotics more than many isolates of Gram-negative bacteria respond well to

60 years ago has revolutionized the treatment of antimicrobial treatments, the sudden emergence and rapid
previously deadly infections and thus dramatically reduced spread of an unprecedented resistance problem highlights the
the rate of mortality and morbidity of infectious diseases. desperate need for novel antibiotics to combat the most
During the golden age of antibiotics the Surgeon General of the threatening Enterobacteriaceae (Escherichia coli, Klebsiella
USA declared “It is time to close the book on infectious pneumoniae, and Enterobacter cloacae) and non-fermenting
disease”; this was in 1967." More recently, in 1998 the new species (Acinetobacter baumannii and Pseudomonas aeruginosa).
Surgeon General stated that “infectious disease are a rising Besides the challenge to circumvent these resistance
peril”. Today bacterial infections are still the leading cause of mechanisms, certain pharmacodynamic requirements make
death worldwide, with antibiotic resistance being one of the drug development even more complex. While distribution in

greatest pharmaceutical challenges. Despite recent evidence
that indicates bacterial resistance is an ancient phenomenon,
genetically encoded in 30,000-year-old bacterial DNA samples,”
the continuous and selective antibiotic pressure has produced
resistant pathogens® over recent decades. Currently, Gram-

the bloodstream is readily achieved by iv. infusion, sufficient
drug concentrations in other target organs, and in particular the
cerebrospinal fluid (CSF), are much more difficult to achieve.

negative bacteria are causing increasing concern due to the Received: February 11, 2012
rapid spread of multi- or even pan-resistant strains, e. g ., the Accepted: May 2, 2012
NDM:-1 carbapenemase producing Enterobacteriaceae.”® While Published: May 17, 2012
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Table 1. Sequences of Native Apidaecin 1b and the Optimized Designer Peptides and Their MIC Values Determined in 1% TSB

against Two E. coli and One K. pneumoniae strains

MIC (ug/mL)
code sequence” E. coli BL21 Al E. coli D31° K. pneumoniae K6°
1b GNNRPVYIPQPRPPHPRL-OH 1 32 64
Api6 GNNRPVYIPQPRPPHPRL-NH, 0.5 1 16
Api7 Ac-ONNRPVYIPQPRPPHPRL-NH, 0.5 8 64
Api39 Ac-ONNRPVYIPRPRPPHPRL-NH, 2 4 16
Api88 Gu-ONNRPVYIPRPRPPHPRL-NH, 0.5 0.5 0.5

“Gu denotes N,N,N',N'-tetramethylguanidine, and O denotes r-ornithine. “E. coli D31 is pathogenic with extended spectrum f-lactamase. °K6 is a
pathogenic K. pneumoniae strain resistant against ampicillin, chloramphenicol, tetracyclin, efc.

Bacteria, in contrast, can traverse the blood-brain barrier (BBB)
by several mechanisms and pathways or infect the central
nervous system (CNS) during neurosurgical procedures. Some
bacteria even produce molecules (e.g, pneumolysin) that
damage the BBB and will contribute to the entry of the
bacteria into the CNS. Once inside the CNS, the pathogen
triggers an inflammatory reaction that contributes to degrada-
tion of the BBB. Several pathogens, such as E. coli, group B
Streptococcus, Streptococcus pneumoniae, Listeria monocytogenes,
and Neisseria meningitides, were shown to enter the brain®’
relatively easily, causing neurological disorders. While the CNS
may react to the infection, with microglia being key to the CNS
immune defense cells,® this is quite often insufficient and leads
to high morbidity and mortality.

Cationic gene-encoded host defense peptides (HDP) are
nature’s most diverse and most abundant class of antibiotics. All
higher organisms produce these peptides as part of their innate
immune system. A subset of the HDP, ie, antimicrobial
peptides (AMP), possesses a direct antimicrobial activity by
disruption of the bacterial membrane integrity and/or by
translocation through the bacterial membranes. The mecha-
nism for translocation often results in the inhibition of
intracellular targets, such as DNA/RNA synthesis, protein
synthesis/folding, cell wall synthesis, and cell division.” Thus
AMP provide an ideal and novel series of lead compounds.
Furthermore, they can be optimized for human applications,
which appears especially promising for AMP inhibition of
selective bacterial targets with little or no cross reactivity toward
the human analogues. Short proline-rich AMP isolated from
insects represent one promising class of compounds as they can
be easily synthesized on solid phase, are relatively stable against
proteases due to the high proline content, are nontoxic to
human cell lines, and are predominantly active against Gram-
negative bacteria including E. coli.'® Among these, the family of
apidaecins consists of more than 20 highly conserved peptides
isolated from different lymph fluids of bees and wasps.''
Apidaecins are 18—20 residues long and contain the highly
conserved C-terminal sequence PRPPHPR(L/I), believed to be
responsible for the translocation through the bacterial
membrane.'”"* The N-terminal domain appears to modulate
the activity against different Gram-negative bacteria. Apidaecin
1b, which is the best studied apidaecin representative, is highly
active against E. coli, less active against K. pneumoniae, and
inactive against P. aeruginosa."* Although some recent reports
indicate potential medical applications of apidaecins, it has not
been optimized for systemic therapies or tested in animal
models. Recent studies with longer proline-rich AMP (~40
residues), i.e, A3-APO and Bac7, indicate a high in vivo efficacy
in rodents, which was partially attributed to immunomodula-
tory effects.">""” Here, we report the rational design of a novel
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18 residue peptide derivative starting from apidaecin 1b
originally isolated from honey bees, which is active against
the most threatening Gram-negative human pathogens, with
very promising in vitro characteristics and high in vivo efficacy in
two murine E. coli infection models.

Bl RESULTS AND DISCUSSION

Improving the Activity and Expanding the Bacterial
Spectrum. Apidaecin 1b was very effective against non-
pathogenic E. coli BL21 Al (MIC 1 ug/mL), but much less
active against the multiresistant strains E. coli D31 and K
pneumoniae K6 (MIC 32—64 pug/mL) (Table 1). Amidation of
the C-terminus improved the activity 32- and 4-fold,
respectively (Table 1, Api6). Acetylation of the N-terminus
was designed to improve the protease stability; however, this
abolished the activity against both strains indicating that an N-
terminal positive charge is essential. Subsequent substitution of
Gly" with ornithine or lysine restored the activity against E. coli
(Api7). As trypsin-like proteases do not cleave peptide bonds
that are C-terminal to an ornithine,'® this amino acid was
preferred over lysine to prevent degradation of the peptide by
either human proteases (eg, serum proteases) or bacterial
proteases. Another favorable substitution was replacement of
the glutamine at position 10 with the basic residue arginine
(Api39), which improved the activity against K. pneumoniae
about 4-fold, although the activity against E. coli BL21AI was
reduced by the same amount. This loss of activity against E. coli
BL21AI appeared to be tolerable, as the dose required to treat
systemic infections would be determined by the least accessible
pathogen. In order to further increase the positive charge of the
peptide, we replaced the N-terminal acetyl amide (CH;CO-
NH-) by N,N,N’N'-tetramethylguanidine (((CH;),N),-C-
NH-), which significantly reduced the MIC values to 0.5 ug/
mL for both E. coli and K. pneumoniae strains (Table 1, Api88).

Thus, having optimized the antibacterial activity for three
medically relevant Gram-negative bacteria, we proceeded to test
the lead compound Api88 against a panel of seven clinically
important pathogens (ie, 37 strains and clinical isolates)
including nine drug-resistant strains (Table 2, also see
Supplementary Table S1). Importantly, the MIC values were
observed over a very narrow range (0.125—4 ,ug/mL), a
promising result for the treatment of all clinically relevant
Gram-negative pathogens currently causing concerns including
P. aeruginosa and A. baumannii. As expected, Api88 was highly
active against a single clinical isolate of K. pneumoniae KPC (K.
pneumoniae carbapenemase; conferring resistance to all -
lactams except aztreonam) (MIC 2 ug/mL). A time-kill assay
with E. coli BL21 Al performed at peptide concentrations
corresponding to 10 X MIC showed that Api88 was bactericidal
(i.e, reducing the colony forming units (CFU) by more than
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Table 2. Broad Spectrum Antimicrobial Activity of Lead
Compound Api88 against Different Gram-Negative
Pathogens”

range of MIC values

pathogen no. of strains and isolates tested (ug/mL)
E. coli 8 0.5—-1.0
K. pneumoniae 6 0.25-0.5
P. aeruginosa 8 1.0—4.0
A. baumannii S 1.0-2.0
Enterobacter cloacae S 0.25
Proteus vulgaris S 0.125-1.0

“For details see Supplementary Table S1.

1000-fold within 24 h) and killed these bacteria quickly by
reducing the CFU within the first 30 min by 10-fold, whereas
the native sequence was less effective and only bacteriostatic
(see Supplementary Figure S1). Even at a 10-fold lower
concentration (ie, 1 X MIC), Api88 was still bactericidal and
killed the bacteria relatively fast by reducing the bacterial load
within the first 30 min by 90%.

Cellular Toxicity. Api88 did not influence the proliferation
of SH-SYSY-, HeLa-, HEK293-, and HepG2-cells (Figure 1).
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Figure 1. Cytotoxic effects of apidaecin 1b and its derivative Api88
against human embryonic kidney cells (HEK293; black bars), human
hepatoma cells (HepG2; red bars), HeLa cells (blue bars), and
differentiated SYSY cells (purple bars). The cell lines were incubated
with apidaecin 1b and Api88 at a concentration of 0.6 mg/mL for 24 h,
ie, 285 and 262 pumol/L, respectively. The cell viability was
determined with the Cell Proliferation Kit I Positive controls
consisted of DMSO (12%) and melittin (100 pg/mL, 35 umol/L).
The values were normalized to PBS (12%) as negative controls. The
metabolic activity was determined twice in triplicates.

Moreover, it did not show any hemolytic effects on human red
blood cells (see Supplementary Figure S2) within the tested
concentration range up to 600 yg/mL, which is more than 100-
fold above the MIC values.

Mode of Action. Although the detailed mechanism has not
been determined for proline-rich AMP, all the evidence
suggests that all members of this peptide family penetrate
freely through the membrane of Gram-negative bacteria into
the periplasmatic space, prior to dispersion within the cells. The
latter step may involve an active transport process.19 Once
intracellular, it is assumed that the peptides block chaperone
DnaK, as shown for pyrrhocoricin in vitro and also in vivo by
bimolecular fluorescence complementation (BIFC).>**' This
inhibition is lethal for E. coli at elevated temperatures, as
indicated by DnaK null mutants of E. coli that do not survive at
temperatures above 30 °C.*> Therefore, the activity of proline-
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rich AMP depends on two factors, which most likely originate
from different domains: the peptide uptake by the C-terminal
sequence and inhibition of the intracellular target by the N-
terminal sequence. As Api88 was developed stepwise from
apidaecin 1b and resembled its structure closely, we assumed
that the mode of action should be very similar, despite its
higher net charge. Thus we compared Api88 with its native
ancestor using a few key steps of the proposed mechanism. In
vitro, a quartz crystal microbalance (QCM) was employed to
compare the mass of Api88 taken up by a bacterial-mimetic
membrane of composition DMPC:DMPG (4:1)."**725 This
method provided the mass of peptide binding by measurement
of the frequency change of an oscillating crystal (Am
Af).25’26 The mass of Api88 taken up into the lipid bilayer was
found to increase over the concentration range 2—10 pmol/L
(Figure 2, left), with membrane saturation occurring at ~10
uM. Higher concentrations resulted in no further peptide
binding (data not shown). The incorporation of Api88 was
rapid and reversible in a manner similar to that observed for
apidaecin 1b,"? although the mass of peptide binding for Api88
(¢f. apidaecin 1b) was greater at every concentration: 2 gmol/L
(~4.6 and ~4.2 pg/mL), 7.3 (2) Hz; § umol/L (~11.5 and
10.5 pg/mL), 8.3 (2.5) Hz, and 10 ymol/L (~23 and ~21 ug/
mL), 10.6 (3.5) Hz. These data support the uptake of peptide
into bacterial (mimetic) membranes without disruption or
irreversible change to the membrane layer. The reversibility of
this peptide-membrane association is consistent with cell-
penetrating peptides and facile intracellular transport.

A fluorescein labeled analogue of Api88 (CF-Api88) stained
E. coli, K. pneumoniae, and P. aeruginosa within 60 min and was
not removed from the cells by washing (see Supplementary
Figure S3), whereas it was not able to enter HeLa cells within 2
h (data not shown). When the same experiment was repeated
without washing Api88 (CF) off the cells, but in the presence of
trypan blue to quench the fluorescence in the medium and at
the bacterial surface, the bacterial cross section still showed a
homogeneous fluorescence stain (Figure 2, right). This clearly
indicates that Api88 enters the cells and does not permeabilize
the membrane for trypan blue. In a fluorescence polarization
assay, the same peptide was studied for its DnaK binding. The
binding constants determined with recombinant full-length
DnaK were 5.0 + 1.2 ymol/L (~11.5 + 2.7 ug/mL) for Api88
and 6.3 + 2.3 umol/L (~13.2 + 4.8 pug/mL) for apidaecin 1b
(see Supplementary Figure S4), indicating that the sequence
optimization did not alter the binding to DnaK. Interestingly,
the binding constants are very similar to other native and
artificial Pro-rich AMP.>**” The N-terminal sequence corre-
sponding to residues 1—8 of apidaecin 1b had only a slightly
weaker binding constant of 17.3 + 3.2 umol/L, whereas the C-
terminal part (residues 9—18) bound very weakly (33.1 + 5.6
umol/L) (see Supplementary Figure S4). This was further
confirmed by a crystal structure of the substrate binding
domain of DnaK (residues 389—607) in complex with an Api88
fragment (residues 3—11) that bound to DnaK as well as
apidaecin 1b (Kp = 5.8 = 1.7 umol/L) (Figure 3, also see
Supplementary Figure SS). Interestingly, Api88 (3—11) bound
within the same crystal form in a forward as well as in a reverse
direction to DnaK. In both binding modes residues 5—11
bound to DnaK. The reverse binding mode was unexpected
insofar as the almost identical sequence of oncocin and
pyrrhocoricin  (YCLPRP' compared to Y’IPRP' in Api88)
binds only in the forward direction to DnaK.>”*® However, the
ability of DnaK to bind peptides in both directions has been
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Figure 2. Quartz crystal microbalance (left) and confocal laser scanning microscopy image (right). The uptake of Api88 onto a preformed
DMPC:DMPG (4:1) membrane layer is shown as a Af—t graph; i indicates the beginning of the peptide and membrane interaction and ii
corresponds to the introduction of the PBS buffer rinse in the QCM chamber. The Api88 concentrations were 2 gmol/L (green), S pmol/L (red),
and 10 pumol/L (black) using the seventh harmonic. The fluorescence image was obtained by incubating an E. coli BL21 Al culture (3 X 10° cells/
mL) with Api88(CF) (10 ymol/L) (60 min, 24 °C). The bar indicates 2.5 ym.

suggested previously following spectroscopic studies.”” Both
binding modes of the Api88 fragment appear to be stabilized by
crystal packing interactions.

Substitution of glutamine in position 10 by arginine neither
weakened nor strengthened the DnaK binding, which also
agrees with the MIC values for E. coli. For K. pneumoniae,
however, this substitution might strengthen the DnaK-binding
and thereby the corresponding MIC values. Interestingly,
apidaecin 1b and Api88 were highly active not only against E.
coli MC4100 but also against two DnaK null mutants produced
from this E. coli strain (see Supplementary Table S2). This
clearly indicates that apidaecin 1b and the optimized Api88 do
not only inhibit DnaK but can kill at least these E. coli strains
equally efficient by inhibiting other intracellular targets, such as
chaperonin GroEL and its cofactor GroES,”>*° or even by a
different mechanism. Such a second killing mechanism was
suggested recently, based on the observation that cell division
protease ftsH was overproduced in E. coli incubated with
apidaecin 1b.>' The authors speculated that the overexpressed
protease will degrade cytoplasmic UDP-3-O-acyl-N-acetylglu-
coseamine deacetylase, resulting in an unbalanced synthesis of
LPS and phospholipids. This multimodal killing mechanism
should prevent or at least reduce the likelihood of possible
resistance mechanisms caused by gene mutations or changes to
the protein expression pattern.

All data suggest that Api88 kills Gram-negative bacteria by
the same mechanism as apidaecin 1b, although its net charge at
physiological conditions is around +7 compared to only +4 for
apidaecin 1b due to substitutions in positions 2 (Orn) and 19
(Arg), a guanidated N-terminus, and an amidated C-terminus.
To further confirm the suggested nonlytic target-inhibiting
mechanism, the antimicrobial activity of Api88 was compared
to its all-D and retro-inverso analogues. Whereas Api88 was
highly active against two E. coli and two K. pneumoniae strains,
the all-p and retro-inverso forms were at least 64-fold less active
or even inactive (Table 3). This clearly indicates that the
activity of Api88 depends on its stereospecific interaction with a
transporter or target protein but not on lytic effects. It will be
important for the further optimization of lead compound Api88
to study the underlying mechanisms in more detail.

Api88 Distribution in Mice. As all the available data
suggested a broad antibiotic activity against the most
threatening Gram-negative pathogens, without toxic side
effects, we proceeded to test Api88 in mice. In vivo imaging
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showed that Api88 labeled at the side chain of the ornithine
with DY675-Ser-Gly was systemically distributed within 30 min
after intraperitoneal (i.p.) injection (see Supplementary Figure
S6). These images were taken at different time points, and the
fluorescence in the organs indicated that the peptide was
effectively distributed throughout the body, although it is not
possible to distinguish between the fluorescence of the full
length peptide and any fluorescent degradation products. As
the fluorescence-dye label coupled to the N-terminus of Api88
might influence the peptide distribution, we used an alternative
approach that relied on Api88 labeled with '*I at Tyr-7. This
radioactive derivate was injected into the jugular vein of CD-1
mice, and its distribution was studied by measuring the
radioactivity in six organs and in serum (Figure 4A).
Interestingly, the radioactivity was detected at similar levels in
liver and kidney, which confirms the unexpectedly high hepatic
clearance of the polar, positively charged peptide as indicated
by the in vivo imaging (see Supplementary Figure S6G).
Importantly, fluorescence and radioactivity were detected in all
organs studied and at high levels (only moderate in brain)
clearly indicating that Api88 could target and kill bacteria in all
parts of the body. As tissue distribution is not the most sensitive
technique to characterize the permeability of the peptide
toward the BBB,*” this was studied by multiple time regression.
The influx transfer constant (K;,) was 0.37 yL/(g X min) for
Api88 with an apparent initial distribution volume (V}) of 26.06
uL/g, compared to a K, of 025 uL/(g X min)) and V; of 14.27
uL/g for the almost impermeable marker bovine serum
albumin (BSA) (Figure 4B). This represents a small but
significant influx of Api88 from the serum into the brain, with a
brain distribution volume almost double that of BSA. Given the
specific activity of '*I-Api88 (3.95 cpm/pg), about 0.7 ng
reached the brain (0.5 g) within 10 min, which corresponds to a
percentage ratio brain/serum of 3%. In order to distinguish the
peptide distribution between brain parenchyma and blood-
brain capillaries, a capillary depletion experiment was
performed, demonstrating that a significant portion of the
peptide had reached the brain parenchyma (77.5 + 1.1%)
rather than being trapped in the capillaries (22.5 & 1.1%). Thus
the amount of peptide entering the brain is mostly transferred
from the capillaries to the parenchyma. The brain to blood
transport (efflux) showed only a small efflux rate (k,,, = 0.061
+ 0.075 min~"), indicating that Api88 remains considerably
longer in the brain tissue and is not rapidly transported back to
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Figure 3. Stereoviews of the binding modes of an Api88 fragment (residues 3—11) to the substrate binding cleft of DnaK (residues 389—607). (A)
This fragment binds in a forward (yellow carbon atoms) and in a reverse direction (green carbons) to the two independent DnaK molecules in the
asymmetric unit of the crystal. The two binding modes are superimposed. In the forward and reverse binding modes, Ile-8 and Pro-9 occupy the
central hydrophobic pockets, respectively. (B) Hydrogen bonding and van der Waals interactions between the forward binding Api88 fragment
(yellow) and the substrate binding domain of DnaK (red). Residues 4—11 of the peptide are visible in the electron density. Two strong (<3 A) and
two weak hydrogen bonds are formed. The peptide in the forward binding mode forms less strong hydrogen bonds to DnaK compared to the DnaK-
oncocin interactions.”” Superposition to the oncocin structure (Supplementary Figure S5) shows a shift of the peptide that may be caused by crystal
contacts. This shift most likely results in the suboptimal interaction pattern of the peptide with DnaK, which is also reflected by relatively high B-
factors of the peptide and partly weak electron density for a 1.9 A structure, especially for residues 9—11 (not shown). (C) Stereoview of the
hydrogen bonding and van der Waals interactions between the reverse binding Api88 fragment (green) and the substrate binding domain of DnaK
(blue). Residues 4—11 of the peptide are visible in the electron density. Six strong (<3 A) and one weak hydrogen bonds are formed showing a tight
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Figure 3. continued

interaction. The B-factors for the reverse binding peptide are lower as for the forward binding peptide and the electron density is well-defined (not

shown).

Table 3. Sequence MIC Values Determined in 1% TSB of Api88, All-D-Api88, and Retro-inverso Api88 against Two E. coli and

One K. pneumoniae Strains

MIC (ug/mL)

E. coli K. pneumoniae
code sequence® ATCC 25922 DSM 10233 DSM 681 DSM 11678
Api88 Gu-ONNRPVYIPRPRPPHPRL-NH, 2 1 2 8
All-p-Api88 Gu-onnrpvyiprprpphprl-NH, 128 64 256 256
Retro-inverso-Api88 Irphpprprpiyvprnno-NH, >256 128 >256 >256
“Gu denotes N,N,N',N"-tetramethylguanidine, O denotes L-ornithine, and small form letters denote p-amino acids.
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Figure 4. Distribution of '*I-labeled Api88 in organs and serum after 15 min (left) and the brain influx of '*I-labeled Api88 (right). The
radiolabeled peptide (200 uL, 30,000 cpm/uL) was injected into the jugular vein of anesthetized CD-1 mice. At specified time points blood was
obtained from the carotid artery, and the mouse was decapitated. Immediately after brain collection, spleen, liver, lungs, heart, and kidneys were
collected and weighed. The percentage of time-corrected injected dose (ID) was then calculated from the measured gamma counts. Left: The bars
represent the values calculated for brain, spleen, kidney, lungs, heart, liver, and serum (from left to right). Right: The brain influx multiple time
regression of '2°I-Api88 (@) versus '>I-BSA (M) was calculated according to Gjedde.*® The influx of '**I-Api88 (cf. ’I-BSA) was described by the

linear regression y = 0.37x + 26.06 (y = 0.25x + 14.27).

the periphery. This global influx rate, however, is negatively
influenced by the rapid and high hepatic and kidney clearance,
reducing the serum concentration of Api88 passing through the
brain, and hence a rapid declining exposure of Api88 to the
brain tissue.

Toxicity in NMRI Mice. Seven healthy female NMRI
outbred mice (~7 weeks old, 28—32 g) were treated with four
doses of 20 mg/kg body weight (BW) of Api88 administered
via i.p. bolus at 0, 3, 7, and 24 h. None of the animals showed
any discomfort after the injections, and all mice showed their
regular behavior and feeding pattern during the S-day
observation period. Following administration of a double
dose, a few animals showed a slight discomfort after the first
injection for up to 10 min, which was not observed after the
three consecutive injections, but no other irregular behavior or
feeding pattern. After S days the mice were sacrificed. The
brain, kidney, pancreas, lung, urinary tract, genitals, and thymus
all revealed a typical (normal) histology with no signs of
inflammation, internal bleeding, or any other pathological
finding (data not shown). Giemsa staining of the spleen
sections did not reveal any additional basophil or eosinophil
granulocyte infiltration (data not shown). The cellular
architecture of the spleen was not altered in the Api88 treated
mice (Figure SC) compared with the PBS control (Figure SD).
Further histopathological investigation demonstrated no differ-
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ences between the 20 and 40 mg/kg BW Api88 and the placebo
groups for white pulp and red pulp of the spleen parenchyma
(data not shown). Also, there were no differences in the
histological appearance and the number of living cells per
spleen (see Supplementary Figure S7) as well as the
proportions of several splenocyte subpopulations, ie, neu-
trophilic granulocytes, macrophages, dendritic cells, natural
killer cells, B cells, and T cells (Figure SA). The expression of
the activation marker CD86 on antigen-presenting cells was not
influenced by Api88 (Figure SB). The resulting data for
peritoneal exudate cells were also similar to those of the
splenocytes. There were no significant differences in the
number of living peritoneal cells as well as the rate and
activation levels of several peritoneal cell subpopulations (see
Supplementary Figure S8). Taken together, no evidence was
found for in vivo immunomodulatory activities of Api88, which
contrasts a recent report about the in vitro effects of native
apidaecin 1b.*?

Murine Infection Models. The efficacy of Api88 was first
evaluated in a systemic septicemia E. coli ATCC 25922
infection model (with 2.5% mucin) on female NMRI outbred
mice (seven animals per group). Untreated mice (23—28 g)
were extremely sick within 1 h and had to be euthanized based
on a scoring system within 11 + 3 h post infection. Bacteria
were detected after 1 h in the blood and in the liver, lung,
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Figure S. Influence of Api88 treatment on splenocyte subpopulations and their activation. Female NMRI outbred mice were treated with four doses
of 20 mg/kg body weight (BW) Api88 (n = 7) or PBS (n = 4) as control. The rate of the splenocyte subpopulations (A) and the expression of the
activation marker CD86 by professional antigen-presenting cells (B) were determined by flow cytometry analysis. The data shown are medians.
Significance between the groups was determined by Mann—Whitney test. The immune cell subpopulations were identified by expression of specific
markers, ie., neutrophilic granulocytes (Gr1**, exclusion of eosinophilic granulocytes by counterstaining of SiglecF), macrophages (CD11b*, F4/80%,
CDl1c", B2207), dendritic cells (CD11c"), natural killer cells (NKp46*, CD37), B cells (B220*, CD11c”, CD11b"), and T cells (CD3*, B2207).
The cellular architecture of the spleen of the PBS control (D) was not altered by the Api88 treatment (C) at a magnification of 400x (hematoxylin

and eosin staining).

kidney, spleen, and brain with a further increase of the bacterial
loads afterwards (see Supplementary Figure S9A). When
treated with Api88 at ip. bolus doses of 20, 10, S, 2.5, or
1.25 mg/kg BW at three time points (1, 4, and 8 h post
infection), the survival rates of the animals increased for all the
doses to 100% (Figure 6A). The weight losses of the animals
after infection increased with lower doses (see Supplementary
Figure S9B). These weight changes correlated well with the
scoring based on the clinical symptoms shown by the animals.
The high-dose groups and the animals treated with
ciprofloxacin recovered relatively fast, whereas the animals
treated with the lowest dose needed ~2 days to recover
completely (see Supplementary Figure S9B). Similar to the
toxicity study, the number of splenocytes or peritoneal exudate
cells did not change in the infected animals that were treated
with Api88 or ciprofloxacin (control) (see Supplementary
Figure S10).

Finally, we tested Api88 in a second murine model (infection
with E. coli Neumann as an clinical isolate; 1 X 107 CFU/mL)
using female CFW-1 mice (S animals per group, BW 20—2S g,
4—5 weeks) followed by treatment with Api88 (Figure 6B).
The two highest doses provided a survival rate of 100%,
whereas 80% and 40% of the animals survived after the lower
doses of 5 and 2.5 mg/kg BW, respectively. When the peptide
was administered in Kollidon FP17, a commercially available
vehicle for injections in animals, the survival rate increased to
100% for animals treated at the same time intervals with a dose
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of 5 mg/kg. Interestingly, this reproducibly obtained ED o, was
identical to the ED, of imipenem, which was determined in
the same infection model, later in the course of the
experiments. However, the MIC values of imipenem and
Api88 were 0.06 and 2 ug/mL, respectively, in 25% Mueller-
Hinton broth for the clinical isolate E. coli Neumann.
Considering that no adverse effects were observed with
repeated ip. injections of 40 mg/kg BW during the toxicity
study and there was a 100% survival rate after administration of
S mg/kg BW in both infection models, the MOS (margin of
safety) was better than eight.

Although E. coli ATCC 25922 is commonly used for murine
infection models,>*** and despite the fact that it was passaged
twice through mice to increase its virulence, it is considered to
be an only moderately pathogenic strain. Still the survival rates
of the NMRI mice were very impressive, especially as the lower
virulence was partially compensated by the relatively late
therapeutic intervention (i, 1 h post infection) allowing the
bacteria to distribute systemically. In contrast, the E. coli
Neumann strain is adapted for infection models and is rated to
be suitable for an adequate sepsis model. It was used recently to
evaluate A3-APO, a lead compound developed by combining
sequences from different proline-rich AMP followed by
chemical optimization.'® At the lowest dose administered of
2.5 mg/kg BW Api88 four out of five CFW-1 mice survived
significantly longer than the control group with only two of
them surviving the 5 day observation period. When Api88 was
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Figure 6. Survival rates of NMRI (A, seven per group) and CFW1 (B,
five per group) mice after infecting them with E. coli ATCC 25922 and
E. coli Neumann, respectively. NMRI mice were treated 1, 4, and 8 h
post infection using an individual dose of 20, 10, S, 2.5, or 1.25 mg/kg
BW Api88. Ciprofloxacin was injected at a dose of 40 mg/kg BW as
positive control. CFW1 mice were treated 0.5, 4, and 8 h post infection
with individual doses of 10, S, or 2.5 mg/kg BW Api88 or 40 mg/kg
imipenem as control (vehicle only). Shown are the survival rates of all
animal groups 12 h (white bar) and 2 (light gray), 3 (gray), 4 (dark
gray), and S days (black) post infection.

administered i.p. in a polyvinylpyrrolidone (PVP) formulation,
the ED o, was S mg/kg BW. Thus, Api88 and imipenem were
equally effective in the E. coli Neumann infection model,
whereas imipenem was 30-fold more active in vitro based on the
MIC values. This is in line with observations from Otvos for
A3-APO."® Similar apparent contradictions were also reported
for other AMP and indicated that the MIC values of peptides
cannot always be simply extrapolated to murine models using
the expert knowledge obtained for small molecules.

In addition, the peptide brain distribution showed a brain-
serum ratio of 3% indicating that the peptide significantly
entered the brain parenchyma, rather than being trapped in the
blood-brain capillaries. Once in the brain, Api88 remained there
for a long time, apparent from the small efflux and low
metabolism rate. Considering a therapeutic dose of 10 mg/kg
BW Api88 (i.e, 250 ug Api88 per mouse) and a total blood
volume of 2.5 mL per mouse, the maximal Api88 concentration
in blood should be around 100 yg/mL and about 3 yg/mL in
CSF. This is still above the MIC value determined for E. coli
Neumann in 25% MHB medium. As the activity of apidaecin
1b and most other cationic AMP increases with lower salt
concentrations as found in the CSF, Api88 appears to be a
suitable treatment option for infections of the CNS.

One explanation for the high in vivo activity might be
additional immunomodulatory effects of AMP that are not
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considered in antibacterial in vitro assays but may be significant
toward animals. Thus AMP could act by two independent
mechanisms in vivo. First, they could kill the pathogens directly,
when injected at high doses somewhat similar to the in vitro
testing. In parallel, the immune system might be stimulated and
initiate the fight with pathogens even after the peptides were
cleared from the body or degraded by proteases. Such
immunomodulatory effects are well-known for mammalian
HDP with in vitro antimicrobial activities, such as defensins or
cathelicidins.**™*' More surprising was a recent finding that
apidaecin 1b has immunomodulatory effects on human
macrophages and monocytes in vitro despite the evolutionary
distance between honey bees and humans.** We did not find
any evidence for immunomodulatory side effects here for Api88
with NMRI mice, such as modulation of the activation state of
antigen-presenting cells from spleen or the peritoneal cavity or
proliferative effects on splenocytes or peritoneal exudate cells.
At this point it remains unclear if this effect is related to the
modified sequence of Api88, differences between the murine
and human immune systems or if the effect was just too weak
to be identified in the mouse model at the studied time points.
All of these questions need to be addressed in future studies.

In conclusion, the Api88 peptide is a highly efficient
treatment for Gram-negative pathogens systemically with a
therapeutic window larger than ten. Importantly, Api88 killed E.
coli in a direct manner without apparent modulation of the
immune system. This latter aspect will make it easier to develop
Api88 further for clinical applications, as its mode of action can
be directly linked to specific inhibition of the substrate binding
domain of DnaK without any toxic effects toward human cells.
Most importantly, Api88 was not able to enter HelLa cells,
which provides an additional layer of safety. Future animal
studies will be used as added proof that the low MIC values
obtained for K. pneumoniae, P. aeruginosa, and A. baumannii
allow also treating such systemic infections.

B METHODS

Peptide Synthesis. Peptides were synthesized as C-terminal
amides or free acids with standard 9-fluorenylmethoxycarbonyl/tert-
butyl (Fmoc/tBu) chemistry at the 25 or 250 umol scale using di-
isopropyl carbodiimide (DIC) or 2-(1H-benzotriazol-1-yl)-1,1,3,3-
tetramethyluronoium hexafluorphosphate (HBTU) activation (for
details see Supporting Information).*” HBTU activation was also
used to manually couple acetic acid (“acetylation”) or $,(6)-
carboxyfluoresceine to the unprotected N-termini after completion
of the peptide synthesis. The N,N,N’,N-tetramethylguanidino group
was obtained by incubating the N-terminally deprotected peptides
with 10 equiv of HBTU and N-methymorpholine.*® For in vivo
imaging, Api88 was synthesized with methyltritryl-protected ornithine,
which was selectively deprotected after N-terminal guanidation. The
peptide synthesis was continued at the 5-amino group of ornithine by
coupling glycine and serine before the fluorescence dye DY675 (0.5
equiv, Dyomics GmbH, Jena, Germany) was coupled to the a-amino
group of serine. All peptides were cleaved with trifluoroacetic acid
(TFA), precipitated with cold diethyl ether and finally purified on a
Cg-phase using a linear aqueous acetonitrile gradient in the presence
of 0.1% (v/v) TFA as ion pair reagent. The purified peptide was
analyzed by analytical RP-HPLC and matrix-assisted laser desorption/
ionization time-of-flight mass spectrometry. For the animal studies, the
lyophilized peptides were dissolved in 0.1% (v/v) aqueous acetic acid
and lyophilized twice to remove residual TFA. The tissue distribution
and multiple time regression studies relied on purified Api88 and BSA
(control), which were labeled with '*I by the Iodogen method and
purified over Ag filters (for details see Supporting Information). The
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1251 Api88 purity was assessed by RP-HPLC, which confirmed also that
the filtrate did not contain any free iodide.

Antibacterial Activity.”” MIC values for E. coli (strains BL21 Al
D31, MC4100, ATCC 25922, DSM 10233, ADnaK, and ADnaK52)
and K. pneumoniae (K6, DSM 681, and DSM 11678) were determined
in triplicate by a liquid broth microdilution assay in sterile 96-well
plates using a 2-fold peptide dilution series in 1% (w/v) tryptic soy
broth (TSB; 33% TSB medium) (for details see Supporting
Information). The inoculum (50 L, 1.5 X 107 cells/mL) was
prepared by diluting an overnight culture grown in nutrient broth
(Carl Roth GmbH, Karlsruhe, Germany) with 33% TSB medium. The
MIC values of all other pathogenic bacteria were tested in 1% TSB
medium using an overnight culture grown on Columbia agar (Becton
Dickinson, Sparks, MD, USA) at 37 °C and diluted with 1% TSB
medium first to an ODgyg . of 0.1 and then further 285-fold
(inoculum: 190 pL, (1-2) X 10° CFU/mL). All plates were incubated
at 37 °C for 18 h, except the null mutants ADnaK and ADnaKS52
(courtesy of B. Bukau, MPI, Heidelberg) that were grown at 30 °C.
The MIC was defined as the lowest peptide concentration preventing
visible bacterial growth.

DnaK Expression, Crystallization, and Structure Determi-
nation. The substrate binding domain (SBD) of E. coli DnaK
(residues 389—607) and the full length protein were expressed and
purified as described.** The SBD was concentrated to 16 g/L, mixed
with Api88 (residues 3—11) at a 1:5 molar ratio and incubated (1 h,
RT).?® Crystals were grown with the hanging-drop vapor diffusion
method in 2.7 mol/L ammonium sulfate and 0.1 mol/L MES (pH
6.0). These crystals could be cooled to 100 K for data collection
without the need to add a cryo protectant. Diffraction data were
collected at the Bessy synchrotron beamline 14.1 to a resolution of 1.9
A and processed using XDS* and SCALA* (Supplementary Table
S1). The structure was solved by molecular replacement using
Molrep*” and PDB ID 1DKZ.** The model was built with Coot*® and
refined with REFMAC.* The asymmetric unit contains two protein
monomers (chain A and B) and two apidaecin peptides (chain C and
D).

Fluorescence Polarization. The binding constants were
determined with full length DnaK and 5(6)-carboxyfluorescein labeled
peptides in polarization buffer (20 mmol/L TRIS, 0.15 mol/L KCl, §
mmol/L MgCl,, 1 mmol/L NaNj, and 2 mmol/L dithiothreitol, pH
7.5) at 28 °C, as described recently.”’” Briefly, black 384-well plates
(flat bottom, Greiner Bio-One GmbH) were blocked with 0.5% (w/v)
casein in washing buffer (10 mmol/L sodium phosphate, 0.3 mol/L
NaCl, pH 7.4, and 0.05% (v/v) Tween20) at RT for 1 h and washed
three times with washing buffer. A 2-fold dilution series of full length
DnaK (40 uL/well) in polarization buffer containing a labeled peptide
(10 nmol/L) was added and incubated (28 + 1 °C). After 2 h the
fluorescence anisotropy was measured on a Paradigm microplate
reader (Beckman Coulter, Salzburg, Austria) in top read position (A
= 485 nm, 4., = 535 nm) on at least two different days in triplicates.
The data were fitted to a nonlinear, dose—response logistical transition
[y = ao + a;/(1 + x/a,)®] using the Levenberg—Marquardt algorithm
with the dissociation constants (Kp) being represented by the a,
coefficients (SlideWrite, Encinitas, CA, USA.).

Cytotoxicity. Cell viabilities were determined with the MTT cell
proliferation assay®”*' for human embryonic kidney (HEK 293),
human hepatoma (HepG2-), SH-SYSY-, and HeLa-cells (for details
see Supporting Information). The cell lines were cultured in DMEM/
Ham's F-12 medium containing fetal bovine serum, neomycin,
penicillin, and streptomycin, seeded (2 X 10* cells) in the same
medium into 96-well plates and incubated (overnight, 37 °C, 5% CO,)
or differentiated with trans-retinoic acid (SYSY, 10 gmol/L, S days).
Peptide solutions (0.6 g/L) were added to the cells washed with
phosphate buffered saline (PBS) and incubated again at identical
conditions for 24 h.

Hemolytic Activity.”® Concentrated human erythrocytes were
washed, suspended in PBS (2%, SO uL), and added to a serial peptide
dilution series from 600 to S pg/mL in PBS (S0 uL) in 96-well
polypropylene plates (V-bottom, Greiner Bio-One GmbH) and
incubated (37 °C, 1 h). After centrifugation (1000g) the absorbance
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of the supernatants was determined in a 384-well plate (flat-bottom,
Greiner Bio-One GmbH) at 405 nm in a Paradigm microplate reader.
The positive and negative controls were 0.1% triton X-100, melittin
(75 to 0.6 pug/mL) and PBS, respectively.

Fluorescence Microscopy. E. coli ATCC 25922, K. pneumoniae
DSM 681, and P. aeruginosa DSM 3227 were grown overnight in
nutrient broth and diluted with 33% TSB medium. Api88 labeled N-
terminally with S(6)-carboxyfluorescein was added to the cell
suspension (8 X 107 cells/mL) at a final concentration of 125 ug/
mL, incubated (90 min, 37 °C), and centrifuged (12000g). The cells
were washed twice with sterile NaCl solution (0.9%) and once with
water (600 uL each) and resuspended in water (S0 yL). One-fifth of
the suspension was dried on a microscope dish (darkness), embedded
(mowiol mounting solution), and covered with a coverslip, and the
fluorescence was measured on a confocal laser scanning microscope
TCS SPS (Leica Microsystems, Wetzlar, Germany).

Alternatively, E. coli BL21 AI (3 X 10% cells/mL) were incubated
with Api88 labeled at the side chain of Orn-1 with 5(6)-
carboxyfluorescein (10 ymol/L, ~1.5-fold MIC) at RT (60 min).
The background fluorescence was quenched with trypan blue (10 uL,
1 g/L),52 and the fluorescence was measured on the confocal laser
scanning microscope TCS SPS.

Animal Studies. All experiments started after an acclimatization
period of at least 3 days in accordance with FELASA and GV-Solas
guidelines. The animal studies were approved by the Animal Care and
Usage Committee of the state agency (Landesdirektion Leipzig, file
number: 24-9168.11/12/22).

Api88 Distribution in Mice. Female NMRI outbred mice (40—45
g, 12 weeks) were anesthetized with ketamine (100 mg/kg BW) and
medetomidine (1 mg/kg BW) in sterile NaCl solution (0.9%, 200 uL
ip.). DY675-Api88 (40 g in 200 uL sterile PBS) was injected i.p., and
the fluorescence was measured on a NightOWL II LB 983 (Berthold
Technologies GmbH, Bad Wildbad, Germany) with the following
parameters: A, = 630 + 20 nm, 4., = 720 + 20 nm, sample size
129.873, sample height SS, camera gain low, camera readout fast,
exposure time 1.0 or 0.1 s (Photo), and illumination 0 or 10 (Photo).
The mice were euthanized with CO,, and the organs were analyzed
using the same parameters.

Male Caesarean Derived-1 mice from the Institute for Cancer
Research (ICR-CD-1, Harlan Laboratories, Venray, The Netherlands;
25—30 g) were used according to the Ethical Committee principles of
laboratory animal welfare as approved by our institute (Ghent
University, Faculty of Veterinary Medicine, 2009-052). CD-1 mice
were anesthetized with urethane (ip., 3 g/kg BW), and the jugular
vein and carotid artery were isolated. '**I-Api88 (30 000 cpm/uL) and
2I.BSA were injected separately into the jugular vein. The
radioactivity was determined after specified time periods in serum
(prepared from blood collected from the carotid artery) and different
organs (brain, spleen, kidney, liver, lung, heart) after decapitation (for
details see Supporting Information). The theoretical background of
the multigle time regression analysis is based on the Gjedde
equation.> The experiments were performed in duplicate.

Capillary depletion, ie, the extent of 125I—Api88 crossing the
capillary wall into the brain parenchyma instead of being trapped in
the capillary cells, was determined by the method of Triguero et al.>* as
modified by Gutierrez et al.>® (for details see Supplementary). Briefly,
the peptide was injected into the jugular vein of anesthetized CD-1
mice. Blood was collected from the abdominal aorta and the brain was
perfused manually, before it was collected, homogenized, weighed, and
separated by centrifugation into the capillaries (pellet) and
parenchyma and fat tissues (supernatant). Compartmental BBB
distribution was evaluated from plotting capillaries/serum and
parenchyma/serum activity ratios versus time (n = 2).

NMRI Mouse Model. Acute toxicity of Api88 was studied for
doses of 20 and 40 mg/kg BW by injecting either dose four times (0,
3, 7, and 24 h) into NMRI mice (28—32 g, ~7 weeks old). The
antibacterial therapy was done with NMRI mice (25—28 g, 6—8 weeks
old) infected with a lethal dose of E. coli strain ATCC 25922 (1.1 +
0.2 X 10° CFU in the presence of 2.5% (w/v) mucin, i.p.).56 Api88 (20
to 1.25 mg/kg BW) and ciprofloxacin (40 mg/kg BW) were dissolved
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in aqueous glucose solution (5% w/v) and administered three times
ip. (1, 4, and 8 h post infection). As negative control the glucose
solution was added at the same time intervals. Mice were checked 3
times per day for the health status (mobility, breathing, feeding, fur
appearance (plain or scrubby), etc.) for a total period of S days and
weighed 1 day before and 1 and S days after infection, before the
organs were removed and analyzed histopathologically. Moribund
mice were euthanized in accordance with the Animal Care and Usage
Committee of the Landesdirektion Leipzig.

For splenocyte analyses residual spleen not needed for the
histopathological analysis was used for preparation of a single cell
suspension. The portions of splenocyte subpopulations and the
expression of the activation marker CD86 by professional antigen-
presenting cells were determined by flow cytometry analysis. The
different immune cell subpopulations were identified by their
expression of the following markers: neutrophilic granulocytes
(Gr1™, exclusion of eosinophilic granulocytes by counterstaining of
SiglecF), macrophages (CD11b*, F4/80%, CD11c", B220~), dendritic
cells (CD11c*), B cells (B220*, CD11cT, CD11b™), and T cells
(CD3*, B2207).

CFW-1 Mouse Infection Model. Female CFW-1 mice (body
weight 20—25 g; 4—S5 weeks of age) were infected ip. with E. coli
Neumann (an E. coli strain, adapted for mouse infection models) with
an inoculum of ~107 CFU/mL in a final volume of 200 uL in 0.9%
aqueous NaCl per animal. Peptides were dissolved in aqueous PVP
(Kollidon FP17) and administered i.p. covering a dose range of 0, 2.5,
5, 10, 20 mg/kg at 0.5, 4, and 8 h post infection. Imipenem (injected as
imipenem/cilastatin (500 mg/500 mg); trade name Zienam, Msd
Sharp & Dohme GmbH, Haar, Germany) was administered in a dose
range of 5, 10, 40 mg/kg with the same schedule. Survival of the mice
was monitored every 4 h (except night time) during the first day of
treatment and daily inspections afterward until day S post treatment.
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