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The lack of effective therapies for treating tuberculosis (TB) is a global health problem. While Mycobacterium tuberculosis is
notoriously resistant to most available antibiotics, we identified synthetic short cationic antimicrobial peptides that were active
at low micromolar concentrations (less than 10 puM). These small peptides (averaging 10 amino acids) had remarkably broad
spectra of antimicrobial activities against both bacterial and fungal pathogens and an indication of low cytotoxicity. In addition,
their antimicrobial activities displayed various degrees of species specificity that were not related to taxonomy. For example,
Candida albicans and Staphylococcus aureus were the best surrogates to predict peptide activity against M. tuberculosis, while
Mpycobacterium smegmatis was a poor surrogate. Principle component analysis of activity spectrum profiles identified unique
features associated with activity against M. tuberculosis that reflect their distinctive amino acid composition; active peptides
were more hydrophobic and cationic, reflecting increased tryptophan with compensating decreases in valine and other un-
charged amino acids and increased lysine. These studies provide foundations for development of cationic antimicrobial peptides

as potential new therapeutic agents for TB treatment.

M ycobacterium tuberculosis is the causative agent of tuberculo-
sis (TB), one of the world’s major health problems. Current
vaccines and chemotherapeutic measures are limited in their effi-
cacy and are failing to prevent spread of the disease. The emer-
gence of M. tuberculosis strains resistant to the few frontline drugs
that are currently available makes it very difficult, too often im-
possible, to cure fatal infections. Cationic antimicrobial peptides
(CAMPs) produced by the immune system can help resist infec-
tion. Since many CAMPs have rapid bactericidal activity against a
broad range of microbes and there is a low probability of patho-
gens acquiring resistance (1), they represent promising new ave-
nues for antibacterial drug development, especially for multidrug-
resistant strains (2, 3).

Thousands of CAMPs have evolved within bacteria, plants, and
animals (2, 4). Indeed, many antimicrobial peptides are under
clinical development for treating a wide variety of diseases (2).
While a single mechanism does not underlie all effects of CAMPs,
their bactericidal activities often depend on their abilities to per-
meabilize membranes by creating pores or disrupting the organi-
zation of the lipid bilayer. Partial depolarization of the cytoplas-
mic membrane by CAMPs interferes with electron transport and
oxidative metabolism, leading to cell death (5, 6). CAMP binding
to ATP may mediate additional effects on metabolism (7-10).
Directly or indirectly, exposure to CAMPs reduces the activities of
essential processes, including synthesis of protein, DNA, RNA,
and the bacterial cell envelope.

Bacteria have evolved resistance systems to avoid the antimi-
crobial effects of CAMPs. Anionic groups in the outer or inner
membranes can be neutralized to prevent cationic antimicrobial
peptides from binding (11-13). The activities of peptides and their
species specificity are also determined by resistance systems that
directly recognize structural motifs in specific CAMPs and then
bind, degrade, or extrude them from the membrane (1). Mem-
brane transporters also serve to extrude CAMPs from the cyto-
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plasmic or inner membrane compartments (14-16). The prolifer-
ation of intracellular pathogens within host cells is often
dependent on their abilities to sense and activate these resistance
systems (17).

Our understanding of the amino acid sequence requirements
that underlie the antimicrobial activities of CAMPs has been ac-
celerated by the development of high-throughput assays and
methods to analyze their physiochemical characteristics (18-20).
Physiochemical characteristics of amino acids have been defined
by dozens of quantitative structure-activity relationships
(QSARs), including various descriptors of hydrophobicity, hy-
drophilicity, isoelectric point, charge, mass, volume, and other
physiochemical characteristics (21). Although none of the indi-
vidual descriptors were predictive of activity, QSAR analyses
showed that antimicrobial activity was determined, to various ex-
tents, by combinations of these basic features (21-24). These anal-
yses identified common features of CAMPs that make them active
against a broad range of microbes and provided initial indications
of specificity. In fact, several studies have shown that peptides can
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have different activities against representative pathogenic bacteria
(20-22); however, this has never been statistically analyzed for
possible correlations of their activities against different organisms
or with their physiochemical properties. The possible activities of
synthetic CAMPs against Mycobacterium species have not been
reported.

The intrinsic drug resistance of M. tuberculosis, along with its
low growth rate and requirements for biocontainment, has dis-
couraged efforts to develop artificial small CAMPs effective
against M. tuberculosis. M. tuberculosis is often described as being
CAMP tolerant. In fact, many natural CAMPs are active against
M. tuberculosis only at rather high concentrations that are not
practical for TB treatment (25-30). Furthermore, CAMPs can be
cytotoxic to mammalian cells, and long peptides are relatively ex-
pensive to produce. In this study, we took advantage of libraries
enriched for CAMPs active against Pseudomonas aeruginosa (19—
22) and devised screens to identify those having activity against M.
tuberculosis. We report, for the first time, short, nontoxic, artificial
CAMPs that inhibit M. tuberculosis growth in vitro at low micro-
molar concentrations.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Mycobacterium smegmatis
mc?6, M. tuberculosis H37Rv, and the M. tuberculosis lux strain (31) were
routinely cultivated at 37°C in Difco Middlebrook 7H9 broth (ammo-
nium sulfate, 0.5 g/liter; disodium phosphate, 2.5 g/liter; monopotassium
phosphate, 1.0 g/liter; sodium citrate, 0.1 g/liter; magnesium sulfate, 0.05
g/liter; calcium chloride, 0.0005 g/liter; zinc sulfate, 0.001 g/liter; copper
sulfate, 0.001 g/liter; L-glutamic acid, 0.5 g/liter; biotin, 0.0005 g/liter;
ferric ammonium citrate, 0.04 g/liter; and pyridoxine, 0.001 g/liter) sup-
plemented with 10% (vol/vol) BD BBL Middlebrook ADC enrichment
(sodium chloride, 8.5 g/liter; bovine albumin [fraction V], 50.0 g/liter;
dextrose, 20.0 g/liter; and catalase, 0.03 g/liter), 0.2% glycerol, and 0.05%
(vol/vol) tyloxapol. Bacterial strains Escherichia coli UB1005 (F~ nalA37
metB1), a wild-type Salmonella enterica serovar Typhimurium strain,
wild-type Pseudomonas aeruginosa H103, Enterococcus faecalis ATCC
29212, Staphylococcus aureus ATCC 25923, a clinical isolate of Staphylo-
coccus epidermidis, and Candida albicans were obtained from R. E. W.
Hancock (Department of Microbiology and Immunology, University of
British Columbia); Staphylococcus epidermidis was obtained from B. Dill
(Department of Microbiology and Immunology, University of British Co-
lumbia); and Candida albicans was obtained from D. Speert (Department
of Medicine, University of British Columbia). All nonmycobacterial
strains, including C. albicans, were grown in Mueller-Hinton (MH; Difco)
broth or MH agar at 37°C. Peptide activity against M. smegmatis was
assayed in 7H9* medium (see below under “Medium composition”). M.
tuberculosis screens and peptide antimicrobial activity assays were per-
formed in 7H9* broth medium. Peptide activity against all other micro-
bial pathogens was determined using MH broth (Difco) that was non-
cation adjusted.

Medium composition. Some cations, such as Ca?t, Mg”, and Na™,
can inhibit the antimicrobial activity of cationic peptides (18, 32). Among
other salts, commercially available 7H9 medium contains 50 mg/liter of
magnesium sulfate (physiological concentrations are 10 to 12.5 mg/liter)
and 0.5 mg/liter calcium chloride (40- to 50-fold lower than physiological
concentrations). In addition, ADC supplement contains 8.5 g/liter (145
mM) sodium chloride, while concentrations of 100 mM Na™ inhibited
peptide activity (33). Based on this information, we developed a new
medium to test peptide activity against mycobacteria. The components of
either standard 7H9 or ADC supplement were individually prepared, au-
toclaved, and combined in the appropriate proportions. Both magnesium
sulfate and sodium chloride were excluded from the 7H9 medium and
ADC supplement, respectively. This new medium (7H9*) supported
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FIG 1 Flowchart of the screening program used to select antimycobacterial
peptides. Peptide library A (PL-A) was composed of 253 peptides from several
published (19-22) and unpublished libraries, chosen for their antibacterial
activities against Pseudomonas aeruginosa (note that 214 of these peptides
qualified as positive hits against P. aeruginosa by the more stringent criteria
used in previous studies [24]. The 39 nonactives were introduced as internal
negative controls). Peptides in PL-A were screened against M. smegmatis and
M. tuberculosis. Those active against M. tuberculosis, representing a range of
amino acid compositions and sequences, were chosen for further analyses as
PL-B (20 peptides). This pool was combined with 29 peptides selected for
activities against P. aeruginosa and other representative pathogenic microbes
(PL-C; CAMPs active against P. aeruginosa [unpublished data]) to generate
PL-D. The antimicrobial activities of the 49 peptides in PL-D were quantified
against a broad range of pathogenic microbes.

growth rates of M. tuberculosis and M. smegmatis similar to those of stan-
dard commercially available 7H9 (data not shown).

Peptide libraries. A flowchart of the screening program used to select
the most potent anti-M. tuberculosis peptides is outlined in Fig. 1. Peptide
library PL-A included peptides enriched for higher activity against P.
aeruginosa but also had peptides serving as internal negative controls.
PL-A was synthesized on cellulose using the SPOT technology (34). A
glycine linker was used to achieve maximum peptide density (35). After
synthesis, the peptides were cleaved from the cellulose support by ammo-
nia gas overnight. The peptide spots were punched out, transferred into
polypropylene 96-well microtiter plates, and dissolved in 200 pl distilled
autoclaved water (18). The plates were foil sealed and gently shaken over-
night at room temperature. Peptides were then immediately used for the
screen or stored at —20°C. To minimize costs for the screen, the peptides
were not purified or further analyzed. Typically, the yield of a peptide per
cm? of cellulose using a glycine linker is 0.8 to 1.9 wmol (35). Peptide
libraries PL-B and PL-C were combined to generate peptide library PL-D.
PL-D was synthesized using standard Fmoc chemistry on resin and high-
performance liquid chromatography (HPLC) purified to >85% purity.
Peptides were weighed to obtain the final stock concentration, but con-
centration was corrected based on the measured absorption of the pep-
tides at 280 nm, calculated using the amino acids W, F, C, and Y.

Antimicrobial peptide activity assays. The mycobacterial screen was
performed in a final volume of 100 pl 7H9* in sterile 96-well, round-
bottom polypropylene microtiter plates (Costar). Cell viability was as-
sessed using the resazurin assay as previously described (31, 36). Briefly,
M. smegmatis and M. tuberculosis cells were incubated in the presence of
peptides for 3 or 8 days and then in the presence of resazurin for 1 or 2
days, respectively. A change from blue to pink indicated bacterial growth.
The activities of PL-D peptides against M. tuberculosis were determined
using a luciferase-based assay (luminescence) (31). Growing cultures were
transferred from polypropylene microtiter plates to detection polystyrene
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plates (Costar), and an equal volume of Bright Glo Luciferase assay re-
agent (Promega) was then added to the plates. After a 15-min incubation,
luminescence was measured in a PerkinElmer Tropix luminometer using
a 1-s exposure. MIC,,, was calculated as the drug concentration that re-
duced luminescence by at least 90%, compared to untreated samples.
Isoniazid (a benchmark anti-TB standard) was used for calibration assays
in 7H9* medium. Various conditions for luminescence detection were
optimized: the best signal with the highest dynamic range between growth
and no-growth conditions was obtained after 72 h of incubation with 10°
cells/ml inoculum and a 100-pl volume per well. Under these conditions,
the MIC of isoniazid for the M. tuberculosis lux strain in 7H9* medium
was 0.025 pg/ml, similar to levels previously established (37) and consis-
tent with our resazurin assay. These conditions were then used to deter-
mine the antimicrobial activity of the PL-D peptides. Peptides were intro-
duced to M. tuberculosis lux cultures in a 2-fold serial dilution format. As
internal controls, isoniazid and drug-free wells were also included in every
peptide assay plate. MIC values were the mean of two independent bio-
logical determinations. To measure antimicrobial activity of the PL-D
peptides against other microbial pathogens, 2-fold serial dilutions of the
peptides were introduced to cultures growing exponentially (2 X 10’ to
7 X 10° cells/ml) in polypropylene 96-well plates. After 18 h of incubation
at 37°C, the MIC was reported for the lowest concentration of peptide
where no growth was observed (38). PL-D activity against M. smegmatis
was determined by the resazurin assay.

Assay for peptide cytotoxicity against human THP-1 cells. Frozen
stocks of THP-1 cells (39) (ATCC TIB-202) were thawed and cultured in
RPMI medium with 1% glutamine, 10% fetal bovine serum (FBS), 10,000
units/ml penicillin G (sodium salt), and 10 mg/ml streptomycin sulfate in
0.85% saline. Cells were passaged a maximum of 5 times and maintained
without antibiotics. Four thousand cells per well were induced to differ-
entiate in RPMI medium containing 1% glutamine, 80 ng/ml phorbol
myristate acetate (PMA), and 10% FBS without antibiotics and left to
adhere to the culture dish for 24 h. Black, clear-bottom 96-well microtiter
plates were used. After cell differentiation, medium was removed from the
wells and 2-fold serial dilutions of peptides were added in 100 p.l of phenol
red-free RPMI medium containing 10% FBS. Cells were incubated in the
presence of the peptides for 72 h, after which 20 wl of resazurin (0.01%)
was added to each well. After 4 h of incubation, fluorescence (excitation
wavelength [lexc] = 535 nm; emission wavelength [lem] = 590 nm) was
read to determine the viability of the cells; the 50% inhibitory concentra-
tion (IC,,) was calculated relative to that of untreated cells.

Activity classes. A binary classification term (“positive” and “nega-
tive”) was assigned to each peptide in each library and against each species.
The resazurin assay was used to determine the activity of PL-A peptides
against M. tuberculosis and M. smegmatis. This colorimetric redox indica-
tor is based on a blue-to-pink color conversion. Peptides that fully inhib-
ited cell growth (blue) or that partially inhibited cell growth (violet) for a
given peptide concentration were classified as “positive,” and if a peptide
did not inhibit cell growth, it was classified as “negative” (pink). A mini-
mum dilution factor of >20 (corresponding to about 50 wM) was ad-
opted to restrict the number of selected positive peptides. For activity
analysis of the PL-D peptides, “positive” was defined as a MIC of <10 uM
and “negative” as a MIC of >20 wM. This approach was used to identify
and analyze descriptors for class differences (e.g., in amino acid distribu-
tion). Species with less than 10 peptides of class “negative” or “positive”
were excluded from analyses of amino acid composition.

Data analysis and statistics. The activities against P. aeruginosa and
the descriptor features were analyzed by a methodology described in ref-
erence 24. In addition, the similarities of logarithmic MIC values against
different microbes were analyzed using principal component analysis
(PCA) to determine whether peptides act as broad-spectrum antibiotics
against all species, groups of species, or individual species. PCA computes
aggregated features of orthogonal linear combinations of the original fea-
tures. The linear combinations were optimized and sorted so that each
combination preserved maximal information content measured by the
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percentage of explained variance in descending order. In addition, the
coefficients of the linear combinations (factor loadings) explain how
the aggregated feature was computed. An additional correlation analysis
was done using Pearson correlation coefficients for the logarithmic MIC
(LMIC) values and the aggregated features from PCA. The correlations
between aggregated features and LMIC were used to show the directions
of the coefficients of the linear combination. This made interpretation of
similar or different MICs for different species and aggregated features
(positive or negative correlations) or missing relations (correlations near
zero) possible. In addition, the aggregated features can be interpreted as
tendencies in the complete library to have broad-spectrum activities (sim-
ilar correlations of an aggregated feature to all LMICs), specific activities
(correlation to only LMIC), or grouped activities (positive or negative
correlation of specific LMIC groups). The complete analysis was per-
formed by the peptide extension of the MATLAB toolbox Gait-CAD (40).
The differences in amino acid distributions of peptides between classes
“positive” and “negative” were tested using a (nonparametric) Wilcoxon
rank sum test (equivalent to a Mann-Whitney U test) with a significance
level of alpha = 0.05. It was Bonferroni corrected to an alpha value of
0.0025 with 20 amino acids.

RESULTS

Identification of CAMPs active against M. tuberculosis. Based on
studies showing that some natural CAMPs have moderate activi-
ties against M. tuberculosis (25-28) and with the availability of
artificial short CAMP libraries (19-22), we explored the interest-
ing possibility that some might target M. tuberculosis (our screen-
ing strategy is summarized in Fig. 1). Our principle peptide library
(PL-A) was screened using a qualitative test for activities against
M. smegmatis and M. tuberculosis. Since M. tuberculosis and P.
aeruginosa each have their own distinctive envelope structures
that provide selective permeability barriers and resistance to dif-
ferent sets of antibiotics, it was surprising to find that nearly one of
every three peptides (82/253 [32.4%]) inhibited growth of M. tu-
berculosis, including several that were active at low micromolar
concentrations (highest concentration tested was ca. 50 wM).
Even more were active against M. smegmatis (a total of 131). In-
terestingly, only 50 out of 253 peptides were active against both M.
tuberculosis and M. smegmatis (Fig. 1). Twenty peptides from this
library (PL-A) with various degrees of activity against M. tubercu-
losis were then combined with an independent library of 29 pep-
tides designed for activity against P. aeruginosa (PL-C). The MICs
of these 49 peptides (PL-D) were quantified using an M. fubercu-
losis lux strain (Table 1). Twelve peptides had a MIC,, lower than
5 wM; peptide WKWLKKWIK was the most potent, with a MIC,,
of 1 wM. To our knowledge, this is the first report of artificial
CAMPs with potencies against M. tuberculosis lower than 5 WM.

Comparison of CAMP activities against diverse microbes. To
evaluate antimicrobial specificity, PL-D peptides were then as-
sayed for their activities against M. smegmatis and 7 representative
Gram-negative, Gram-positive, and fungal pathogens, including
P. aeruginosa, Escherichia coli, Salmonella enterica serovar Typhi-
murium, Candida albicans, Streptococcus epidermidis, Staphylococ-
cus aureus, and Enterococcus faecalis (Table 1). Originally selected
for their activities against P. aeruginosa, these peptides proved to
be active against a broad range of microbes. It is also important to
note that the average MICs of PL-D peptides varied about 10-fold
between different microbes. The most sensitive bacteria were S.
aureus (median MIC, 1.4 uM) and S. epidermis (median MIC, 1.2
wM); P. aeruginosa (median MIC, 11.2 wM) and M. tuberculosis
(median MIC, 9.0 wM) were much more resistant.

Correlation analyses provided further evidence for broad-
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TABLE 1 Antimicrobial activity of selected peptides (library PL-D)

MIC (pM)“
S. enterica serovar

Sequence M. tuberculosis M. smegmatis  P. aeruginosa  E.coli ~ Typhimurium C. albicans ~ S. epidermidis  S. aureus  E. faecalis
WKWLKKWIK 1.1 1.9 2.9 5.8 11.5 5.8 0.7-0.3 0.7 11.5
ILRWKWRWWRWRR 2.4 2.4 5.7 1.4 2.9 5.7 0.7 0.7 2.9
ILPWKWRWWKWRR 2.6 2.2 5.7 1.4 5.7 2.9 0.7 0.7 2.9
RWRRKWWWW 2.8 5.7 11.2 1.4 2.8 5.6 0.7 0.7 2.8
WRKFWKYLK 3.0 1.5 6.0 0.8 6.0 3.0 0.8 0.8 6.0
KRWWKWWRR 3.1 4.9 11.1 2.8 5.6 5.6 0.7 0.7 11.1
RRWWKWWWR 3.6 4.8 5.4 2.7 2.7 5.4 0.7 0.7 5.4
KIWWWWRKR 4.1 5.4 42.3 53 10.6 10.6 1.3 1.3 10.6
RLWWWWRRK 4.1 2.4 16.6 4.1 8.3 4.1 0.5 2.1 4.1
KWKWWWRKI 4.2 6.4 4.6 4.6 4.6 4.6 1.2 1.2 4.6
RIRRWKFRW 4.3 1.4 42.6 53 53 21.3 1.3 1.3 5.3
RLKRWWKFL 4.5 3.0 9.8 1.2 4.9 9.8 1.2 2.4 9.8
RWWRWRKWW 4.6 4.6 10.3 2.6 52 2.6 0.6 0.6 5.2
KRWWWWRFR 5.2 5.2 46.9 2.9 5.9 5.9 0.7 0.7 11.7
KRWWRKWWR 5.3 53 43.2 2.7 5.4 5.4 0.7 0.7 10.8
RRWWRWVVW 5.6 11.4 2.6 0.7 2.6 10.4 0.7 1.3 2.6
WFKMRWWGR 5.9 2.2 46.1 5.8 23.1 11.5 2.9 2.9 11.5
KFKWWRMLI 6.1 15.3 4.6 0.6 2.3 4.6 0.6 1.2 2.3
FIKWKFRWWKWRK 7.4 3.7 6.0 1.5 1.5 3.0 0.7 0.7 1.5
RIKRWWWWR 7.8 4.6 86.3 2.7 2.7 5.4 1.3 1.3 10.8
RWRWWWRVY 8.0 6.7 13.2 1.6 3.3 13.2 1.6 3.3 3.3
HQFRFRFRVRRK 8.2 4.1 32.0 8.0 4.0 8.0 1.0 2.0 16.0
LKRRWKWWI 8.8 5.1 19.1 2.4 9.6 19.1 1.2 2.4 9.6
RRRIKIRWY 8.9 1.5 38.2 0.6 9.5 19.1 1.2 2.4 9.5
RLWWKIWLK 9.0 3.8 22.5 2.8 11.3 5.6 1.4 1.4 5.6
KRRWRIWLV 9.1 2.7 3.0 3.0 3.0 12.0 1.5-0.7 1.5 3.0
FFIYVWRRR 11.9 1.3 15.3 3.8 7.6 7.6 1.0 1.9 3.8
IRMRIRVLL 13.7 0.3 16.0 2.0 4.0 16.0 2.0 4.0 16.0
RWWRKIWKW 16.6 8.3 2.2 8.8 8.8 4.4 1.1 2.2 4.4
LRFILWWKR 17.0 4.2 25.7 3.2 6.4 6.4 1.6 1.6 6.4
RWWIRIRWH 17.0 1.6 10.7 1.3 2.7 10.7 1.3 1.3 2.7
RRRWWKLMM 17.6 2.2 11.0 2.7 11.0 21.9 2.7-1.4 5.5 21.9
LRRWIRIRW 17.7 2.2 21.4 0.7 5.4 10.7 1.3-0.6 1.3 5.4
RKFRWWVIR 17.8 3.7 21.9 2.7.0 5.5 21.9 1.4-0.5 1.4 10.9
WKIVFWWRR 23.3 4.4 21.9 1.4 2.7 5.5 0.7 1.4 2.7
RQRRVVIWW 24.7 1.9 10.7 1.3 53 21.4 1.3 2.7 5.3
RRWRVIVKW 24.7 2.3 2.7 1.3 2.7 5.4 0.7 1.3 2.7
RRWKIVVIRWRR 24.8 6.2 5.6 1.4 2.8 11.1 0.3 0.7 1.4
RLWRIVVIRVKR 25.9 4.3 7.1 1.8 3.5 7.1 0.4 0.9 1.8
RLRRIVVIRVFR 29.8 5.0 8.0 4.0 4. 16.0 0.5 1.0 2.0
VRLRIRVRVIRK 30.1 1.6 2.0 2.0 2.0 8.0 1.0 1.0 4.0
RRYHWRIYI 33.2 16.6 12.5 1.6 6.3 12.5 3.1 3.1 12.5
RKWKIKWYW 34.5 2.9 5.2 0.7 2.6 10.5 1.3 2.6 5.2
YRLRVKWKW 36.0 1.5 14.3 3.6 7.1 3.6 0.9 1.8 7.1
WKWRVRVTI 51.5 0.8 5.4 1.3 2.7 10.8 1.3 2.7 2.7
RTKKWIVWI 78.1 9.8 11.6 1.4 5.8 23.1 2.9 5.8 11.6
NWRKLYRRK 109.3 38.3 >86.5 86.5 >86.5 86.5 43.3 86.5 >86.5
YKFRWRIYI 130.0 16.2 >92.8 2.9 >92.8 >92.8 1.4 2.9 2.9
KRKKRFKWW 141.0 8.8 165-80.3 20.6 20.6 41.2 2.6 2.6 10.3
Median 9.0 4.1 11.2 2.6 5.3 8.0 1.2 1.4 5.3

@ In vitro assays for M. tuberculosis and M. smegmatis are described in Materials and Methods and presented as MIC,, values. For all others, the MIC was defined by no visual

growth. Peptides originating from PL-C are shown in bold.

spectrum activities of the peptides. Pairwise comparisons of each
peptide’s logarithmic MIC value against each individual species
revealed significant correlations of activities between species. Sig-
nificant positive correlations were observed between 18 of the 36
pairs (Fig. 2A). The degree of correlation varied, providing initial
evidence for species-specific peptides. While many peptides were
active against M. smegmatis, this group of peptides had the lowest
net correlation with other bacteria (including M. tuberculosis); M.
smegmatis was the least attractive surrogate for M. tuberculosis
screening for antimicrobial peptides. Surprisingly, S. aureus and
C. albicans were the best candidates for an M. tuberculosis surro-
gate. These easy-to-handle and fast-growing strains could be ex-
ploited for further peptide-based TB drug development.
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A principal component analysis (PCA) documented increased
activities of peptides against certain microbes or groups of mi-
crobes. PCA is a statistical method to simplify multiple compari-
sons in order to identify shared patterns as aggregated features
(Fig. 2B). The first of three aggregated features, containing 49.7%
of the information, probably reflects activity against all bacteria
(all bacteria had similar values) determined by shared essential
functions that are inactivated by multiple peptides. The second
feature contributed 16.8% of the information and differentiated
peptides more active against P. aeruginosa, S. enterica serovar Ty-
phimurium, E. coli, and E. faecalis (positive values) from those
more active against M. tuberculosis (negative values); the third
aggregated feature reflected properties of peptides active against
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FIG 2 Correlations of CAMP activities between diverse microbes. Peptides in PL-D were assayed for their MICs against 9 microbes, and their patterns of activities
were compared using correlation analyses and principle component analyses. (A) Correlation analyses were used to compare peptide activities (logarithmic MIC)
against pairs of microbes using a range of correlations (Pearson coefficients). Green indicates positive correlation; white, no correlation; red, negative correlation
(not found). All statistically significant positive correlation coefficients between different species with P values of <0.05 (after Bonferroni correction of 36 pairs
with Pvalues of <0.0014) are indicated by *. (B) Principle component analysis (PCA) was used for multiple comparisons to identify shared (aggregated) features.
The first three factor loadings correlated with the logarithmic MIC of peptides in PL-D. The first feature contains 49.7%, the first two features contain 66.5%, and
the first three features contain 76.2% of the information. The first three aggregated features were used to do PCA on peptides in PL-D using Pearson correlation
coefficients. Correlations are indicated by colors: green, positive; red, negative; white, no correlation.

M. smegmatis. M. tuberculosis did not correlate with aggregated
feature 3, again revealing significant differences between M. smeg-
matis and M. tuberculosis.

Molecular descriptors that define antimicrobial specificity.
PL-A peptides initially selected for their activities against P.
aeruginosa are enriched for amino acids with cationic charges and
hydrophobicity (23). Analyses were therefore done to determine
whether these parameters were further increased in subgroups of
peptides that were selected for their relatively high (positive
groups in Fig. 3) or low (negative groups in Fig. 3) activities
against P. aeruginosa, M. smegmatis, or M. tuberculosis. Analyses of
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these physiochemical properties rely on grouping amino acids
based on similar charges (isoelectric points) or hydrophobicities
(Hopp-Woods values) into 3 “terms” (low, medium, or high) and
plotting peptide sequences (SEQ) as a function of their charges
and hydrophobicities using specific subsets of amino acids that
were either cationic (high pI, term 3) or hydrophobic (term 1, low
Hopp-Woods values). These analyses confirmed that peptide ac-
tivities against all bacteria were generally associated with cationic,
hydrophobic amino acids and uncovered novel characteristics of
peptides that were more active against M. tuberculosis. Distribu-
tions of positive and negative peptides were highly overlapping in

aac.asm.org 2299


http://aac.asm.org

Ramdn-Garcia et al.

P. aeruginosa

£ o8-

g

g

£ 06-

o9

8 o0a.

] iy

w [ ; Q.

@ 02. o Positive N

s Negative

& 0= - - .

= 0 0.2 0.4 0.6 0.8
TERM1 SEQ Hopp-Woods

- M. smegmatis

£ 08-

g

2 0.6

g

8

@ 04.

]

w . N

® 02. o Positive

% ol l\fegatlve~ ) ) .

[ 0 0.2 0.4 0.6 0.8
TERM1 SEQ Hopp-Woods

= M. tuberculosis

€ 08-

8

£ 0.6

g o6

8

® 04.

(e}

w . R

@ 02. o Positive

= Negative

T

- 0 0.2 0.4 0.6 0.8

TERM1 SEQ Hopp-Woods

FIG 3 Scatterplot describing how the charges and hydrophobicity properties
of peptides relate to their activities in three bacteria. Activities (positive or
negative; described in Materials and Methods) of peptides in PL-A against P.
aeruginosa (top), M. smegmatis (middle), and M. tuberculosis (bottom) are
plotted as a function of the charge of the sequence (SEQ) (third term of the
Hopp-Woods scale, isoelectric point) and its hydrophobicity (first term of the
Hopp-Woods scale) (23).

the case of M. smegmatis, i.e., differences could not be readily
visualized. In contrast, positives and negatives were separated in
the case of M. tuberculosis. Peptides more active against M. tuber-
culosis were associated with sequences having 30 to 70% hydro-
phobic amino acids (TERM 1, SEQ Hopp-Woods values of 0.3 to
0.7) and 40% to 60% cationic amino acids (TERM 3, SEQ isoelec-
tric point values of 0.4 to 0.6). Consistent with these observations,
the subsets of peptides more active against any of the nine
indicator microbes had similar amino acid compositions (see
Fig. S1 in the supplemental material), with notable differences in
peptides that were active against M. tuberculosis.

Amino acid composition analyses of PL-A and PL-D peptides
having high (“positive”) or low (“negative”) activities against M.
tuberculosis further clarified why some peptides were more active
against M. tuberculosis. The large number of peptides available for
analysis in PL-A allowed the identification of statistically signifi-
cant differences in amino acid composition (Table 2; see also Fig.
S2 in the supplemental material). Positives had less alanine (0
versus 4%), isoleucine (6 versus 12%), leucine (2 versus 5%), and
valine (2 versus 12%), and more tryptophan (39 versus 18%) and
lysine (15 versus 11%). In contrast, the same analysis of peptide
activities in M. smegmatis showed no significant differences in
amino acid composition (Table 2; see also Fig. S2 in the supple-
mental material). Similar analyses of PL-D showed that stronger
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positives (redefined as MIC values of <10 uM), preselected from
PL-A for their activities against M. tuberculosis, had significantly
different amino acid compositions (analyses done using a Wil-
coxon rank sum test [equivalent to a Mann-Whitney U test] with

TABLE 2 Influence of amino acid composition on activities against M.
tuberculosis and M. smegmatis in the PL-A peptide library”

P i 9
roportion (%) P value (Wilcoxon rank

Amino acid Positive Negative sum test)
M. tuberculosis
A 0 4 1.80E—07
C 0 0 NS
D 0 0 NS
E 0 0 NS
F 3 2 NS
G 0 1 NS; Bonferroni corrected
(0.00270357)
H 1 0 NS
1 6 12 3.15E—07
K 15 11 NS; Bonferroni corrected
(0.00322959)
L 2 5 0.000113558
M 0 NS; Bonferroni corrected
(0.00583051)
N 0 0 NS
P 1 1 NS
Q 0 0 NS
R 30 28 NS
S 0 1 NS; Bonferroni corrected
(0.014283)
T 0 1 NS; Bonferroni corrected
(0.00787191)
Vv 2 12 1.32E—12
w 39 18 7.99E—19
Y 1 2 NS
M. smegmatis
A 3 2 NS
C 0 0 NS
D 0 0 NS
E 0 0 NS
F 2 3 NS
G 1 1 NS
H 0 0 NS
1 10 11 NS
K 13 12 NS
L 4 4 NS
M 1 1 NS
N 0 0 NS
P 0 1 NS
Q 0 0 NS
R 30 27 NS; Bonferroni corrected
(0.00545506)
0 1 NS
T 0 1 NS; Bonferroni corrected
(0.00392398)
\% 9 8 NS
w 25 25 NS
Y 1 3 NS; Bonferroni corrected

(0.0449885)

“ See Materials and Methods for definitions of positive and negative activity. M.
tuberculosis, 82 positive, 171 negative; M. smegmatis, 131 positive, 122 negative. NS, not
significant.
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a significance level of alpha = 0.05 [Bonferroni corrected to
0.0025 with 20 amino acids]). In agreement with the analysis of
PL-A, those having higher activity against M. tuberculosis had sig-
nificantly elevated proportions of tryptophan (W; P = 0.0001)
and decreased proportions of valine (V; P = 0.0004). In other
microbes, differences in tryptophan and valine compositions were
not obvious (see Fig. S in the supplemental material) and could
not be statistically evaluated due to the low numbers of negative
peptides (see Table S1 in the supplemental material). These re-
markable differences in the activities of peptides against M. smeg-
matis compared to M. tuberculosis are likely due to differences in
their intrinsic resistance systems and cell envelope properties.

Determination of peptide cytotoxicity againsthuman THP-1
cells. CAMP cytotoxicity to human cells is also a significant con-
cern for their development as clinical antibacterial agents (41).
Initial cytotoxicity studies were carried out using THP-1 (39), a
human cell line that can be induced to a differentiated, macro-
phage-like state. Differentiated THP-1 cells are widely used in
tuberculosis research and for compound toxicity testing (42). The
cytotoxicity of peptides was measured using differentiated THP-1
cells and resazurin as an indicator of their viability. Many peptides
in PL-D did not generate significant toxicity using this assay. Re-
sults were expressed as selectivity indices, i.e., the ratio of in vitro
activity against M. tuberculosis relative to THP-1 toxicity (either
50% or 90% inhibition, Sl5, or Slyy). SI5, ranged from 3 to 256
with an average of 79, and SI,, ranged from 1 to 51 with an average
of 17 (see Table S2 in the supplemental material).

DISCUSSION

In M. tuberculosis, envelope structure and self-defense systems
provide resistance to the majority of commonly used antibiotics as
well as CAMPs (43). These intrinsic resistance systems were be-
lieved to restrict the use of CAMPs in treating TB (30). However,
after screening libraries of peptides selected for activities against P.
aeruginosa, we were surprised to find that at least 30% had signif-
icant activities against M. tuberculosis, including 26 with very low
MIC values (1 to 10 uM). Furthermore, screens of P. aeruginosa-
active peptides against diverse microbes showed that they had a
broad spectrum of antimicrobial activity associated with their
positive charge (term 1) and hydrophobicity (term 3; Fig. 3).
However, our studies revealed that microbes each had their own
characteristic levels of sensitivity to CAMPs in our libraries. The
median MICs of peptides (PL-A) against individual pathogens
varied about 10-fold (Table 1); some microbes, including M. fu-
berculosis and P. aeruginosa, had significantly higher average levels
of CAMP resistance. Furthermore, individual peptides had their
own spectra of maximal activity against certain microbes or
groups of microbes. We were somewhat surprised to find that
these individual activity spectra were not simple reflections of mi-
crobial taxonomy. For example, activities against C. albicans (a
fungus) and various bacteria correlated better than most interbac-
terial pair comparisons. These observations led us to hypothesize
that the activities of CAMPs were determined largely by com-
monly occurring genetic variations that provide resistance rather
than stable genomic elements that define bacterial taxa. This
model is further supported by analyses of CAMP activities in My-
cobacterium species.

While mycobacterial envelopes have conserved structural ele-
ments that serve as effective permeability barriers to most antibac-
terial agents, envelope composition and corresponding drug re-
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sistance spectra are species dependent (43). Their envelopes are
composed of multiple layers of hydrophilic and hydrophobic
polymers that serve as permeability barriers (2, 8,44). Their mem-
branes contain anionic phosphatidylglycerol (PG) that can be
converted to a cationic form by lysinylation (PG-L), thus limiting
CAMP binding or penetration and providing resistance to antimi-
crobial CAMPs that it encounters within the macrophage (30, 45).
As in other bacteria, the presence of such modifications or trans-
porters, as well as specificity of corresponding regulatory systems,
may determine CAMP resistance in different mycobacteria that
have become adapted to different environments. This concept
may explain heterogeneity in the resistance of M. tuberculosis and
M. smegmatis to different subsets of CAMPs.

Despite the fact that M. tuberculosis is viewed as being tolerant
to natural CAMPs, our studies identified some synthetic CAMPs
that were highly active. Furthermore, comparisons of the activities
of CAMPs against M. tuberculosis and M. smegmatis showed that
levels of sensitivity to CAMPs were not a specific characteristic of
an individual mycobacterial species. In fact, activities of various
CAMPs against M. tuberculosis correlated better with unrelated
microbes than with its close relative, M. smegmatis. M. smegmatis
has been successfully employed as a surrogate model for M. tuber-
culosis in drug screening programs. However, a recent report sug-
gests that it may not be as predictive as previously thought (46).
Our data also document limitations of using M. smegmatis for
CAMP screening.

Both the microbe-specific CAMP activities and their broad-
spectrum antimicrobial activities are apparently dependent on the
enriched content of hydrophobic and cationic amino acids. Scat-
terplots showed that more active peptides had similar average
masses and descriptors of either charge (term 1) or hydrophobic-
ity (term 3) in all microbes (Fig. 3). Further dissection of these
foundational physiochemical characteristics revealed that amino
acid composition was a determinant of increased activity against
M. tuberculosis. The original P. aeruginosa-active libraries (PL-A
and PL-C) contained high proportions of K, R, and W (see Table
S3 in the supplemental material) and had an average length of 10
amino acids. Peptides that were most active against M. tuberculosis
had further increased proportions of tryptophan, which was offset
by decreased proportions of some uncharged amino acids (valine,
alanine, isoleucine, and leucine). The fact that these differences in
amino acid compositions were not observed in the same analyses
of peptides more active against other organisms supports PCA
analyses indicating that unique features determine a degree of
specificity against M. tuberculosis. Furthermore, many of these
peptides had low levels of toxicity against macrophage-like human
THP-1 cells. Additional cytotoxicity studies using multiple cell
lines will be needed to select the best candidates for in vivo testing.

Our studies showed that the activities of these peptides had
significant specificity for M. tuberculosis and that this was asso-
ciated with specific amino acid compositions. Together, these
insights will be used to improve peptide sequence design to
increase their activities and specificity against M. tuberculosis,
including drug-resistant strains, while minimizing cytotoxic-
ity. In the future, better understandings of the modes of action,
resistance mechanisms, and pharmacological properties of
CAMPs are needed to accelerate their development as anti-
infective therapies.
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