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he spread of antibiotic resistance among bacte-
Trial pathogens especially in hospital environ-
ments but also now in the community has oc-

curred at an alarming rate (7, 2). There is now a
proliferation of so-called “Superbugs” that are resistant
to multiple or all antibiotics and severely limit treatment
options; these include methicillin-resistant Staphylococ-
cus aureus (MRSA), vancomycin-resistant enterococci
(VRE), and multidrug-resistant Pseudomonas, among
others, and cause hundreds of thousands of infections
annually. Despite these alarming trends and the obvi-
ous need for new interventions, pharmaceutical compa-
nies have largely withdrawn from the field of anti-
infectives (3), and only two structurally novel antibiot-
ics have entered the market in the past 40 years (4).

Virtually all species of life produce cationic antimicro-
bial (host defense) peptides. These peptides can be di-
rectly antimicrobial and/or can play an important role in
the functioning and orchestration of innate immune
and inflammatory responses of mammals, amphibians,

ABSTRACT Increased multiple antibiotic resistance in the face of declining anti-
biotic discovery is one of society’s most pressing health issues. Antimicrobial pep-
tides represent a promising new class of antibiotics. Here we ask whether it is pos-
sible to make small broad spectrum peptides employing minimal assumptions, by
capitalizing on accumulating chemical biology information. Using peptide array
technology, two large random 9-amino-acid peptide libraries were iteratively cre-
ated using the amino acid composition of the most active peptides. The resultant
data was used together with Artificial Neural Networks, a powerful machine learn-
ing technique, to create quantitative in silico models of antibiotic activity. On the
basis of random testing, these models proved remarkably effective in predicting
the activity of 100,000 virtual peptides. The best peptides, representing the top
quartile of predicted activities, were effective against a broad array of multidrug-
resistant “Superbugs” with activities that were equal to or better than four highly
used conventional antibiotics, more effective than the most advanced clinical can-
didate antimicrobial peptide, and protective against Staphylococcus aureus infec-
tions in animal models.
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and insects (5—7). These peptides are typically 12—50 bob@cmdr.ubc.ca.

amino acids in length with 2—9 excess basic residues
(arginine or lysine) and up to 50% hydrophobic amino
acids; they fall into four major structural categories
based on their amphiphilic conformations that are pre-
formed or occur after membrane interaction, namely,
B-structures with 2—4 B-strands, amphipathic
a-helices, loop structures, and extended structures (5).
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Such peptides have broad spectra of activity that can
encompass bacteria, fungi, viruses, and parasites (8).

In recent years, such peptides have drawn significant
attention as a possible source of novel antibiotics, given
their rapid action on a broad range of bacterial strains,
infrequent resistance development, and limited toxicity
and immunogenicity; indeed, one peptide, MX-226, has
demonstrated efficacy in limiting catheter colonization
in phase llla clinical trials (9). However there are still ma-
jor questions about this class of peptides including
their substantial cost-of-goods (as amino acids are ex-
pensive building blocks), unknown toxicities, and rapid
degradation by proteases. Furthermore we have only a
rudimentary understanding of the structural basis of an-
timicrobial peptide activity. This relates in part to one
of the most intractable problems in biology, namely, our
inability to predict protein structure based on primary
sequence, limiting rational peptide design. Cationic an-
timicrobial peptides always interact with membranes as
part of their mechanism of action (10). For different pep-
tides this can result in either disruption of membrane
barriers or translocation across the membrane to attack
cytosolic targets, and most peptides are considered
“dirty drugs” that attack multiple targets (11). Cationic
amphiphilic peptides insert into membranes by first
binding to the negatively charged surfaces of bacterial
cell membranes and then inserting through a combina-
tion of electrostatic and hydrophobic interactions; selec-
tivity occurs in part because they tend to insert much
more poorly into eukaryotic cell membranes that have
zwitterionic lipids at their surfaces. Thus the presence in
these peptides of cationic and hydrophobic amino ac-
ids appears to be essential.

Some of these questions might be addressed if a suf-
ficiently large pool of small effective peptides were avail-
able. The breakthrough of use of recent advancements
in high-throughput peptide synthesis (peptide arrays on
cellulose and rapid screening technologies) has al-
lowed for the generation of peptide libraries of hun-
dreds of peptides (12, 13), in a more efficient and cost-
effective manner than previously employed, and has
permitted a substantial reduction in the size of broad
spectrum peptides. However, given the number of
amino acid combinations (e.g., 5 X 10** possible
9-mers), these libraries cannot adequately explore se-
quence diversity.

The structural diversity of antimicrobial peptides
makes it hard to relate their structure to activity. Thus de-
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velopment of new more potent peptide candidates is a
substantial challenge. Attempts have been made to
overcome this by use of bioinformatics approaches such
as the “linguistic model” for design of antimicrobial pep-
tides (14) or rational design based on the known impor-
tance of charge and hydrophobicity. However these ap-
proaches have clear limitations due to the fluctuating
structures of peptides in solution or when interacting
with microbes and because they often utilize as start-
ing points natural peptides that tend to be large and are
often not very active.

The field of chemo-informatics involves computer-
aided identification of new lead structures and their op-
timization into drug candidates (15). One of the most
broadly used chemo-informatics approaches is called
quantitative structure—activity relationship (QSAR)
modeling, which seeks to relate the structural character-
istics of a molecule (through a series of descriptors) to
its measurable properties, such as biological activity.
QSAR analysis has found a broad application in antimi-
crobial discovery. In a series of pilot studies we utilized a
variety of chemical descriptors in combination with lin-
ear modeling methods such as principal component
analysis and partial least-squares projections to suc-
cessfully predict the antimicrobial activity of limited sets
of sequence-specific cationic peptides (16). These mod-
els explicitly relate a series of input descriptors to an
output prediction of activity, to permit an understand-
ing of structure—activity relationships, but only for
highly related peptides. However, when we applied
these predictions methods separately to two individual
libraries of peptides based on templates of the same
size and composition but scrambled sequence, we were
not able to extrapolate the derived relationships for
one library to predict, with any significant accuracy, the
activity of peptides in the other library (17).

To overcome the challenges in the design and optimi-
zation of antimicrobial peptides with superior activity to-
ward drug-resistant bacterial pathogens, we utilized
here experimental data from large random peptide li-
braries in combination with the descriptive power of
atomic-resolution chemical descriptors and the predic-
tive ability of an artificial neural net approach (a nonlin-
ear modeling technique). By combining these disci-
plines we were able to design and correctly predict
the biological activity of large pools of potent antimicro-
bial peptide candidates capable of combating life-
threatening, multidrug-resistant pathogens.

www.acschemicalbiology.org
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Figure 1. Occurrence of amino acids in the training and
QSAR predicted data sets. The predicted activity quartiles
from the 100,000 virtual peptide library are marked as
Q1-Q4.

RESULTS AND DISCUSSION

Rational Design of Antibacterial Peptide. The bovine
neutrophil cationic peptide bactenecin (RLCRIVVIRVCR-
NH,) is the smallest naturally occurring broad spectrum
antimicrobial peptide (18). It is stabilized by an internal
disulfide bridge, but the linear variant Bac2A
(RLARIVVIRVAR-NH,) shows a similar but still relatively
modest activity against Gram-negative bacteria and
somewhat improved activity against Gram-positive bac-
teria (19). Using the technique of SPOT synthesis hun-
dreds of new peptides were synthesized on cellulose
sheets and screened using a loss of energy-dependent
luminescence activity in a luxCDABE-expressing Pseudo-
monas aeruginosa isolate. Combinations of single or
multiple amino acid substitutions and sequence scram-
bling led to peptides with increased antibacterial activ-
ity (12, 13).

To verify that specific amino acid compositions and
primary structures were necessary for antibacterial activ-
ity, a set of 200 random 9-mer peptides were synthe-
sized on cellulose (using all natural coded amino acids
except cysteine to avoid dimerization). No active pep-
tides were found using the lux assay. Therefore using the
amino acid preferences of the best peptides from our
previous peptide libraries (20, 21), sets of 943 and 500
computer-selected random cellulose peptides (Sets A
and B, respectively) were iteratively designed by moder-
ately adjusting the amino acid composition of Set B to
the preferences indicated by the best Set A peptides
(Figure 1). The antibacterial activity of Set A measured
by the lux assay indicated that 26% of peptides had
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similar and 2.3% superior activity compared with that
of Bac2A, while the adjustments made to the amino acid
composition of Set B (increased content of the amino
acids isoleucine, arginine, valine, and tryptophan and
decreased amino acids alanine, aspartic acid, glutamic
acid, glycine, histidine, methionine, asparagine, proline,
glutamine, serine, and threonine; Figure 1) resulted in
48% and 5% of peptides having activity similar or supe-
rior to that of Bac2A, respectively. It is worth noting
that although there was a potential for bias created by
using Bac2A as the original starting point for library de-
sign, from the Bac2A sequence only the basic residue
arginine appeared at high frequency in the final library
and alanine, leucine, isoleucine, and valine that were
present at frequencies of 17%, 8%, 17%, and 25%, re-
spectively, in Bac2A were reduced to only 1%, 3%, 8%,
and 8% of the amino acids in the second generation li-
brary (Figure 1). Thus the amino acid composition of the
Set B peptides was used for random generation, by
computer, of 100,000 virtual peptides (out of the ap-
proximately 70 billion possible 9-amino-acid peptide
variants), with no position-specific restrictions and 16
different amino acids (omitting only four residues, three
that were found to be unfavorable in previous libraries,
the acidic residues aspartic acid and glutamic acid and
the structure-breaking peptide proline, as well as cys-
teine to prevent the possibility of disulphide formation
leading to dimerization).

Computer-Aided Design of Antibacterial Peptides. It
has been demonstrated that the antimicrobial activity
of cationic peptides can be influenced by their charge,
hydrophobicity, and amphipathicity (22). Nonetheless,
our current understanding of the exact factors determin-
ing peptide activity is incomplete. The small numbers
of models developed to date have been based on
closely related sequence variants and typically have uti-
lized residue-based descriptors providing only moder-
ately useful two-dimensional QSAR solutions (23-26).
However, by abstracting from the conventional amino
acid level used to approximate the character of peptides
and taking into account all of their constituent atoms (in-
cluding hydrogen), a number of “inductive” chemical
descriptors (27-30) were calculated. These atomic-
resolution characteristics have been demonstrated to
be sensitive to the three-dimensional structure of a pep-
tide and thus in preliminary investigations with closely
related peptides (16, 17) appeared to describe peptide
behavior more adequately than the isolated properties
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of constituent amino acids. Thus we utilized this ap-
proach to train an atomic-based QSAR model based on
the two tested 9-mer peptide libraries, Set A and Set B,
described above.

The parameters of antimicrobial activity were utilized
as dependent variables for modeling while a large num-
ber of conventional and inductive chemical descriptors
(28) were used as independent variables. As this QSAR
approach does not depend per se on the stereochemis-
try of the peptides, similar approaches could be used
for retro peptides as well as peptidomimetics, provid-
ing sufficient were available to train the models. To re-
late chemical descriptors to antimicrobial activity, we
employed the method of artificial neural networks, one
of the most effective pattern recognition techniques uti-
lizing artificial intelligence.

The developed QSAR solutions were then utilized to
predict the activity of all peptides in our virtual library
of 100,000 random 9-mer peptides. Overall these pep-
tides were built from 16 amino acids, but the occurrence
of tryptophan (19%), arginine (18%), and lysine (13%)
was high and represented a total of 50% of the residues
in the total 100,000 peptides, while the other 13 amino
acids used represented the remaining 50%. The pep-
tides were sorted by hypothetical antimicrobial poten-
tials predicted by the neural network model and then
grouped into four quartiles of 25,000 peptides, ex-
pected to contain high activity, medium activity, low ac-
tivity, and completely inactive entries.

In Vitro Testing of Best Virtual Candidates on P.
aeruginosa PAO1. To evaluate the practical applicabil-
ity of the developed structure—activity models, 200 pep-
tide candidates were selected from the entire range (50
from each quartile of the 100,000 entries), and their ac-
tivities were tested against P. aeruginosa using the lux
assay. This demonstrated a remarkable correlation of
the measured relative IC., values of these peptides to
the predictions of peptide activity by the QSAR model
(luminescence readings for the peptides were subse-
quently compared to MIC values, giving a correlation co-
efficient by linear regression of r» = 0.986, confirming
the accuracy of the luminescence screening results).
Thus 98% of the peptides from quartile 1 were more ac-
tive than the control peptide Bac2A (Figure 2, panel e).
Quartile 2 peptides were less active overall but still dem-
onstrated 88% highly active peptides. Quartile 3 con-
tained substantially increased numbers of low activity
peptides, and quartile 4 peptides were largely inactive.

CHERKASOV ET AL.

It is important to note that peptides from each quartile
had similar charge, hydrophobicity, and amphipathicity/
hydrophobic moment (Figure 2, panels a—d), each of
which have been considered to be critical determinants
for the design of effective antimicrobial peptides (19,
25, 31). For example, two lead peptides selected from
the top of first quartile, i.e., HHC-10 (KRWWKWIRW) and
HHC-36 (KRWWKWWRR), demonstrated high antibacte-
rial activity, whereas peptides ranked in the lower por-
tion of the third quartile were virtually inactive despite
having very similar amino acid compositions (WHGVRW-
WKW, WVKVWKYTW, WVRFVYRYW, and AIRRWRIRK).
Thus the relative positioning of amino acids within the
peptide sequence was clearly critical and likely reflected
structural features that were discerned though the neu-
ral network predictions of effective combinations of
chemical descriptors.

Assessment of the antibacterial activities of 20 pep-
tides selected from the first three quartiles using stan-
dard MIC assays confirmed these observations (data not
shown), demonstrating that the QSAR approach accu-
rately forecasted the antimicrobial activity of de novo de-
signed peptides. Thus, first quartile peptides demon-
strated very significant activity against P. aeruginosa
PAO1 with corresponding MIC values ranging from 1.4
to 6.8 wM. In particular, two of the tested first quartile
peptides, HHC-10 and HHC-36 (Table 1), outperformed
the most active peptides in the training sets. This clearly
stresses the importance of utilizing larger training sets
and inductive descriptors that take into account interac-
tions between adjacent amino acids, to permit the de-
velopment of more effective QSAR models. Peptides se-
lected from the second quatrtile also demonstrated
substantial antimicrobial activity with MIC values from
4 to 12 pM, and as predicted by the QSAR model, the
third quartile selection did not return any generally ac-
tive substances, and the fourth quartile peptides tested
were all completely inactive (in agreement with the re-
sults presented in Figure 2, panel e).

In Vitro Tests with Highly Antibiotic-Resistant
Pathogens. The two selected lead peptides, HHC-10
and HHC-36,were further evaluated for their in vitro ac-
tivities, MIC, against several of the most multidrug-
resistant and problematic pathogens, collectively
termed Superbugs, including strains of multidrug-
resistant P. aeruginosa, methicillin-resistant Staphylo-
coccus aureus (MRSA), Enterobacter cloacae with dere-
pressed chromosomal B-lactamase, extended spectrum

www.acschemicalbiology.org
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Figure 2. Antimicrobial activity and physical parameters for antimicrobial peptides from Training Sets A and B and peptides from the 100,000
peptide virtual library. a) Median MIC versus P. aeruginosa of antimicrobial peptides from the training Sets A (91 M) and B (127 »M) and the
corresponding median values for the 50 experimentally tested peptides separated into activity quartiles (7, 13, 172, and 379 M, corre-

sponding to Q1, Q2, Q3, and Q4). b) Median values of formal

net charge, c) hydrophobicity (expressed as hydrophobic fraction), and d) am-

phipathicity (expressed as hydrophobic moment) for peptides in training Sets A and B and for the 100,000 virtual peptides divided into activity
quartiles Q1—Q4. Molecular weights of these peptides also varied very little (not shown). e) Activities of 200 peptides from the 100,000 pep-
tide virtual library. Q1: first quartile peptides; Q2: second quartile; Q3: third quartile; Q4: fourth quartile; rel IC,,, is the relative IC,, the ratio
of the IC,, for the experimental peptide to the IC;, of Bac2A. Peptides where the highest concentration failed to reduce the luminescence by at
least 50% were identified as inactive. f) Toxic effect of control and lead peptides monitored by hemolytic activity at a peptide concentration of

188 g mL~* compared to Bac2A and MX-226.

B-lactamase producing Escherichia coli and Klebsiella
pneumoniae, and vancomycin-resistant Enterococcus
faecalis and Enterococcus faecium (VRE) (The results are
expressed in micromolar concentration, but because
these peptides have molecular weights of around 1000,
MICs would have similar values in wg mL~?.) The re-
sults demonstrated that both peptides had significant
in vitro inhibitory activity against antibiotic-resistant
bacteria. More specifically they exhibited MICs of
0.3—11 M against most of the tested Superbugs and
were clearly superior to the only antimicrobial peptide to
show efficacy to date in advanced clinical trials, MX-
226 (9), which generally exhibited MICs of 10—76 M.
For these exceptionally resistant bacteria, the peptides
demonstrated far broader and in most cases more po-
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tent activity compared to that of highly utilized clinical
antibiotics such as the aminoglycoside tobramycin, flu-
oroquinolone ciprofloxacin, and B-lactams ceftazidime
and imipenem, which represent the most potent, highly
utilized variants of their respective chemical classes
(Table 1). These results characterize the developed pep-
tides as excellent antibiotic candidates for treating some
of the most recalcitrant and dangerous human
infections.

Lack of Peptide Toxicity. To assess possible host
cell toxicity of the developed compounds, the two se-
lected lead peptides were also tested for their toxicity.
Hemolytic activity was monitored by hemin release over
a broad range of peptide concentrations (4.4—251 pM).
There was minimal red blood cell lysis at all concentra-
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TABLE 1. Activities against multidrug-resistant Superbugs”

MIC (1)
Bacterium Bac2A HHC-10 HHC-36 MX-226 Tobramycin Ciprofloxacin Imipenem Ceftazidime
P. aeruginosa
H103 (wild-type) 48 0.8 0.7 19 11 0.4 6.7 3.6
9 (Brazil MDR) 192 5.9 5.7 76 >274 386 428 >231
198 (Brazil MDR) 95 1.5 1.4 153 >274 97 107 231
213 (Brazil MDR) 192 3 5.7 38 >274 193 428 >231
LES400 (Liverpool MDR) 95 5.9 11 76 8.6 1.5 3.3 58
H1027 (Liverpool MDR) 12 0.8 0.3 38 69 3.0 27 231
H1030 (Liverpool MDR) 95 3 1.4 76 17 0.8 27 58
P. maltophilia
ATCC 13637 3 0.4 1.4 19 8.6 0.8 428 0.5
E. cloacae
218R Class C B-lactamase 24 3 11 9.6 1.1 0.4 0.4 58
E. coli
63103 (ESBL) 24 1.5 5.4 38 137 >386 0.4 231
64771 (ESBL) 24 1.5 2.7 38 274 >386 0.4 >231
K. pneumoniae
61962 (ESBL) 192 25 174 153 69 0.4 0.4 >231
63575 (ESBL) 192 6.2 22 76 34 193 0.4 >231
S. aureus
ATCC 25923 24 3 29 9.6 0.5 0.4 0.4 29
€623 (MRSA) 24 1.5 1.4 19 >274 6.0 0.4 115
E. faecalis
ATCC 29212 12 12 43 76 34 0.8 1.7 231
W61950 (VRE; VanA) 48 99 >174 >153 >274 97 6.7 >231
f43559 (VRE; VanB) 12 49 174 153 69 97 6.7 >231
E. faecium
mic80(VRE; VanA) 3 3.1 11 38 274 97 428 >231
t62764 (VRE; VanB) 48 1.5 1.3 76 >274 386 >428 >231

9 Activities of selected peptides (HHC-10 and HHC-36) predicted through the QSAR analysis, compared to the original parent peptide Bac2A and the
control peptide MX-226, as well as the some of the most highly utilized antibiotics in our society, aminoglycoside tobramycin, the fluoroquinolone cip-
rofloxacin, the carbapenem imipenem, and the cephalosporin ceftazidime. MIC values were measured in 3—5 replicates.

VOL.4 NO.1 + 65-74 « 2008

tions, and both lead peptides demonstrated substan-
tially less lysis than observed with MX-226, indicating
that these peptides were quite pathogen-specific
(Figure 2, panel f). Similar very low toxicity was ob-
served in metabolically active cells by using the WST-1
reagent to assay the reduction in mitochondrial activity
of human peripheral blood mononuclear (PBMC) cells
(data not shown).

In Vivo Tests with S. aureus. To examine the poten-
tial of these novel antimicrobial peptides in vivo, two of

CHERKASOV ET AL.

the most potent broad spectrum candidates, HHC-10
and HHC-36, in addition to the control peptide MX-226,
were selected, and their antimicrobial activities were as-
sessed in a well-established mouse model of invasive
Staphylococcal infection (32-35) that is commonly uti-
lized to demonstrate antimicrobial activity (35). Female
CD1 mice were infected intraperitoneally (IP) with high
doses (~10° bacteria) of S. aureus, to avoid self-
clearance through innate immune responses. When ad-
ministered by the same route 4 h postinfection, both

www.acschemicalbiology.org
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Figure 3. Ability of the peptides HHC-10 and HHC-36 to protect mice against invasive S. aureus infections. Representative
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mucin and 4 h later were treated with the indicated peptides, as described. Twenty-four hours postinfection, mice were
sacrificed and peritoneal bacterial CFU counts were assessed by overnight culture on LB plates. a) Peritoneal bacterial
loads after IP treatment with saline, HHC-10, or HHC-36 administered 4 h postinfection. b) Peritoneal bacterial loads after
no treatment or treatment with MX-226 via the IP route, administered 4 h postinfection. When the peptides were admin-
istered IP the survival frequency was not significantly different under any condition, using the Logrank test (Mantel-Cox
test). c,d) Bacterial loads in the peritoneal lavage (c) and blood (d) after intravenous (IV) administration of as a single
dose of HHC-10 (200 p.g per mouse or 8 mg kg™?), 4 h after the initiation of infection. Dead animals were assigned the
highest CFU count obtained in the experiment. The designation *** indicates p < 0.001 by Chi-square analysis with a
95% confidence interval. ) Mortality after IV administration of peptide was 60% in the control group and 0% in the pep-
tide treated animals, which is significantly difference with a P value of 0.0495 by Logrank test. Effects similar to those in

panels c and d were observed when mice were treated with IV HHC-36 4 h postinfection (data not shown).

HHC-10 and HHC-36 (4 mg kg~ * or 100 g per mouse)
demonstrated substantial ability to reduce peritoneal
counts 24 h later (Figure 3, panel a). Complete eradica-
tion of the bacteria was observed in some animals

24 h postinfection, though a decrease in bacterial
counts and mortality was the most frequent result. In
contrast to these peptides, the most advanced clinical
peptide MX-226, when provided at the same dose and
route, was unable to mediate protection (Figure 3,
panel b). Significant protection was also observed when
HHC-10 was inoculated through intravenous (IV) injec-
tion (Figure 3, panels ¢ and d). None of the mice given
HHC-10 via the IV route died, whereas 60% of the con-
trol animals succumbed to infection. Thus unlike most
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other antimicrobial peptides investigated to date, these
peptides may, if appropriately formulated, be effective
against systemic infections.

Conclusions. These results reveal a new, effective ap-
proach for designing highly active broad spectrum pep-
tides smaller than those found in Nature. Indeed
tryptophan- and arginine-rich peptides do exist in Na-
ture (e.g., indolicidin, the parent peptide of MX-226
(36)) but are 12—13 amino acids long and have activi-
ties at least 10-fold poorer than peptides HHC-10 and
HHC-36. The structure—activity models produced
through neural network approaches substantially en-
riched the list of drug candidates. These results illus-
trate that adequate modeling of antimicrobial activity
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of cationic peptides demands much more refined
structure—activity approaches than simple consider-
ations of polar and hydrophobic characteristics of con-
stituent amino acids and indeed requires a detailed,
atomic level of consideration of molecular structures.
Since obtaining structural models of short peptides,
e.g., by utilizing two-dimensional NMR approaches, is
very time-consuming, we suggest that only the use of
powerful chemoinformatic approaches can bring about
the rational design of antimicrobial peptides at a large-
scale level. For example, if we were to consider a com-
prehensive library of 9-amino-acid peptides composed
of only the five amino acids (tryptophan, arginine, ly-
sine, isoleucine, leucine) that were predominant in ac-
tive variants from our previous random peptide libraries,
it would still be necessary to consider ~2 million se-
quence variants.

Recent advancements in high-throughput peptide
synthesis and testing technologies have provided sub-
stantial support for the development of potent peptide-

based antibiotics. At the same time, there has been a
lack of effective unbiased computational approaches
enabling rational and large-scale design of novel candi-
dates. We have demonstrated here that QSAR method-
ology combined with artificial intelligence/neural net-
work approaches can significantly accelerate the
discovery of antimicrobial peptides, even from semiran-
dom starting points based on diverse peptide se-
quences. In particular, we have utilized experimental
data, obtained from peptide array experiments that per-
mit the assessment of antibacterial activity for large
numbers of peptides, to train QSAR models that are ca-
pable of accurate in silico prediction of antimicrobials of
diverse sequences. The developed computational solu-
tions allowed effective virtual interrogation of a large
number of peptide candidates and resulted in the devel-
opment of new antibiotic leads that were effective
against a broad spectrum of multidrug-resistant, life-
threatening pathogenic bacteria.

METHODS

Peptide Synthesis. Peptide syntheses on cellulose were per-
formed using a pipetting robot (Abimed, Langenfeld, Germany)
and Whatman 50 cellulose membranes (Whatman, Maidstone,
U.K.) as described previously (21). The HPLC purified peptides
(>95% pure) used for detailed characterization of antimicrobial
activity in vitro and in vivo were purchased from Thermo elec-
tron cooperation (Ulm, Germany).

Prediction of Peptide Activity. The design and prediction of
novel antibacterial peptides was performed using artificial neu-
ral networks, which represents one of the most broadly utilized
machine-learning techniques that are based on the basic prin-
ciples of brain organization and memory mechanisms. The
theory behind our approach and the specifics of model training
and optimization will be described elsewhere (37).

Luminescence-Based IC;, Assay of Peptides from Cellulose
Support. The peptides were cleaved from the dried membrane
in an ammonia atmosphere overnight, resulting in free peptides
with an amidated C-terminus. Subsequently the peptide spots
were punched out, transferred into microtiter plates, diluted,
and tested for their ability to reduce the energy (FMN)-
dependent luminescence of P. aeruginosa strain H1001
fliC::luxCDABE, as described previously (20).

Minimal Inhibitory Concentration (MIC) Determination. The
MIC of the peptides was measured using a modified broth mi-
crodilution method in Difco Mueller Hinton (MH) medium
(Becton-Dickenson, Franklin Lakes, NJ) (19). Briefly, the pep-
tides were dissolved and stored in glass vials. The assay was
performed in sterile 96-well polypropylene microtiter plates (cat.
3790, Costar, Cambridge, MA). Serial dilutions of the peptides
to be assayed were performed in 0.01% acetic acid containing
0.2% bovine serum albumin at 10-fold the desired final concen-
tration. Ten microlitres of the 10-fold concentrated peptides
were added to each well of a 96-well polypropylene plate con-
taining 90 pL of MH media per well. Bacteria were added to the
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plate from an overnight culture at a final concentration of 2—7
X 10° CFU mL™* and incubated ovemight at 37 °C. The MIC was
taken as the concentration at which no growth was observed.

MIC analyses were done on a panel of bacterial pathogens
that were both susceptible and resistant to common antibiot-
ics. P. aeruginosa PAO1 strain H103 (19), P. maltophilia ATCC
13637, S. aureus ATCC 25923 (19), Enterococcus faecalis ATCC
29212 (13), and Enterobacter cloacae 218R, constitutively ex-
pressing Class C chromosomal B-lactamase (38), were from our
laboratory strains collection. A methicillin-resistant S. aureus
(MRSA) clinical isolate was kindly provided by Anthony Chow
(Vancouver General Hospital, Vancouver, Canada). Two K. pneu-
moniae and two E. coli clinical isolates expressing extended
spectrum B-lactamases (ESBL) were kindly provided by George
Zhanel (Health Sciences Centre, Winnipeg, Canada). Vanco-
mycin-resistant clinical isolates of E. faecalis and E. faecium
were obtained from Ana M. Paccagnella (BC Centre for Disease
Control, Vancouver, Canada). Three clinical isolates (nos. 9, 198,
and 213) of multidrug-resistant P. aeruginosa were kindly pro-
vided by Carlos Kiffer (University of Sdo Paulo, Brazil). These iso-
lates all have resistance to piperacillin/tazobactam, Mero-
penem, ceftazidime, ciprofloxacin, and cefepime, and no. 9 is
also polymyxin B resistant. Three P. aeruginosa clinical isolates
of the Liverpool epidemic strain (LES) (H1027, H1030, and
LES400) (39) were all kindly provided by Craig Winstanley (Uni-
versity of Liverpool, UK). LES400 was resistant to gentamicin and
tobramicin, and H1030 showed resistance to colistin, amika-
cin, gentamicin, and tobramicin. All tested bacterial strains were
categorized as biohazard level 2 pathogens.

Cytotoxicity Assessment. Fresh human venous blood was col-
lected from volunteers in Vacutainer collection tubes contain-
ing sodium heparin as an anticoagulant (BD Biosciences, Frank-
lin Lakes, NJ), in accordance with UBC ethics approval and
guidelines. The blood was diluted 1:1 in complete RPMI 1640
medium and separated over a Filcoll-Paque Plus gradient (Amer-
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sham Biosciences) by centrifugation, separating the peripheral
blood mononuclear cells (PBMC), white blood cells from the red
blood cells. The toxic effect of the peptides was assessed by he-
moglobin release from human red blood cells resulting from
cell lysis. The red blood cells were washed three times in ster-
ile 0.85% NaCl (saline) and centrifuged at 1500 rpm for 10 min.
Concentrated red blood cells were diluted 3-fold in saline, and
150 plL of this cell suspension was mixed with 50 pL of peptide
at concentrations ranging from 4.4 to 251 wM, diluted in a mix-
ture of 0.01% acetic acid and 0.2% BSA. Triton X-100 (1%) was
used as a positive control, demonstrating 100% cell lysis, and
sterile saline was considered as a negative control. The assay
was carried out in 96-well polypropylene microtiter plates. The
red blood cells and peptide dilutions were incubated on a rock-
ing table to obtain circulation at 37 °C under 5% CO, pressure
for 24 h. Hemoglobin release was monitored chromogenically at
414 and 546 nm using an ELISA plate reader.

To further test toxicity, PBMC (2 X 10°) were seeded into 96-
well plates (Sarstedt, Newton, NC) and incubated at 37 °C in
5% CO, overnight. The WST-1 assay measuring mitochondrial
activity in PBMC was then performed after 24 h of incubation
with the peptides (50 pg mL™?) in a medium containing 0.01%
acetic acid and 0.2% BSA (used for MIC testing). All experiments
were done in triplicate.

Animal Models. The animal models were performed in accor-
dance with UBC animal care ethics approval and guidelines, as
per animal care certificate A04-0020. A dose of ~10° CFU per
mouse of S. aureus ATCC 25923 was suspended in MH broth
containing 5% mucin and injected intraperitoneally into female
CD1 mice. Peptides HHC-10, HHC-36, or MX-226, resuspended
in PBS, pH 7.0, were administered IP or IV at 4 mg kg™, 4 h
postinfection. The animals were euthanized 24 h postinfection,
and blood and peritoneal lavage were collected, diluted in PBS,
and plated on MH agar plates that were incubated overnight at
37 °C and counted for viable bacteria. Animals that died during
the study were assigned the highest colony forming unit count
obtained in the experiment. The statistical differences between
peptide-treated and nave mice were assessed using PRISM
(GraphPad Software Inc., San Diego, CA) using contingency
tables Chi-square test, with a confidence interval of 95%.

Disclosure: The peptides described here have been submitted
as part of a U.S. patent application.
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