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Abstract

Venom peptides are known to have strong antimicrobial activity and anticancer properties. King
cobra cathelicidin or OH-CATH (KF-34), banded krait cathelicidin (BF-30), wolf spider lycotoxin
I (IL-25), and wolf spider lycotoxin Il (KE-27) venom peptides were found to strongly inhibit £.
coli membrane bound F{F, ATP synthase. The potent inhibition of wild-type £. coliin comparison
to the partial inhibition of null £. coliby KF-34, BF-30, 11-25, or KE-27 clearly links the
bactericidal properties of these venom peptides to the binding and inhibition of ATP synthase
along with the possibility of other inhibitory targets. The four venom peptides KF-34, BF-30,
IL-25, and KE-27, caused =85% inhibition of wild-type membrane bound £.coli ATP synthase.
Venom peptide induced inhibition of ATP synthase and the strong abrogation of wild-type E. coli
cell growth in the presence of venom peptides demonstrates that ATP synthase is a potent
membrane bound molecular target for venom peptides. Furthermore, the process of inhibition was
found to be fully reversible.

Keywords

E. coli F1F, ATP synthase; F1-ATPase; Venom peptides; OH-CATH; cathelicidin; lycotoxin I;
lycotoxin 1l

Introduction

The ubiquitous enzyme ATP synthase or complex V of the respiratory chain is a molecular
machine comprised of an ion pump and a catalytic nanomotor [1]. The ion pump (F,-sector)
uses a proton gradient to rotate and generate conformational changes in the catalytic
nanomotor (Fq-sector). Thus allowing the binding of ADP and Pi to produce ATP [2]. This
terminal enzyme of oxidative phosphorylation is also the smallest known biological
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nanomotor [3, 4]. The universally accepted function of ATP synthase is the generation and
hydrolysis of ATP via the proton-motive force. The well-known primary locations of ATP
synthase are the inner membranes of mitochondria, plasma membrane of bacteria, and
membranes of chloroplast thylakoid. Multiple studies have confirmed the presence of ATP
synthase on the plasma membrane of several eukaryatic cell types, including endothelial
cells [5, 6], keratinocytes [7], adipocytes [8], hepatocytes [9], and cancer cells [10, 11].

In view of the increasing microbial resistance against many known antibiotics, it is of
paramount importance to find alternative approaches to combat microbial resistance. ATP is
indispensable for the proper growth of cells. About 95% ATP, the required energy of cells,
ATP, is generated by the enzyme ATP synthase. Thus, inhibition of ATP synthase is expected
to deprive cells of ATP, resulting in cell death. ATP synthase is a valued molecular drug
target in many disease conditions such as cancer, tuberculosis, obesity, and microbial
infections [12-14]. A wide variety of natural and synthetic compounds, including peptides,
are known to potently and selectively inhibit the ATP synthase [12, 15-19].

Venom from animals such as snakes, spiders, wasps, bees, scorpions, and toads is a mixture
of biologically active molecules along with peptides. Throughout the animal kingdom,
venom peptides have evolved to interact with the specific molecular targets on the intended
prey. The combination of high potency, efficiency, and target selectivity makes venom
peptides effective drugs against multiple disease conditions including microbial infections
and cancer. The successful survival story of reptiles in diverse microbe-filled environmental
conditions is owed to the presence of antimicrobial peptides (AMPs). AMPs are an integral
part of their innate immune system [20]. Venom peptide cathelicidins are a major class of
antimicrobial peptides in higher eukaryotes. Cathelicidin peptides from the snake family are
well characterized and are a diverse group of peptides. [20-22]. Cathelicidins are cationic
host-defense peptides and contain three discrete motifs, (i) the N-terminal signal peptide
motif, (ii) the conserved cathelin motif, and (iii) the C-terminal antimicrobial motif [23].

The King Cobra (Ophiophagus hannali) venom peptide OH-CATH (KF-34) is an excellent
antimicrobial agent and shows broad-spectrum activity against multi-drug resistant bacterial
strains. KF-34 is an a-helical 34 residue long amphipathic cationic peptide (Table 1 and Fig.
1). It potently inhibits a wide variety of human pathogenic bacteria and causes little or no
hemolytic activity against erythrocytes up to [200] ug/mL, suggesting low cytotoxicity of the
peptide to eukaryatic cells [24]. The OH-CATH derivative OH-CATH30 also possesses
broad-spectrum, salt-independent antimicrobial activity against antibiotic resistant bacteria
without hemolytic activity [23, 25].

The Banded krait (Bungarus fasciatus) venom peptide cathelicidin (BF-30) is a 30 residue
long peptide (Table 1). It is an amphipathic a-helical peptide with broad-spectrum
antimicrobial activity (Fig. 1). BF-30 was found to be effective against drug-resistant
Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus. In comparison to
gentamicin, ampicillin, or bacitracin, BF-30 showed stronger antimicrobial activity against a
broad spectrum of microbes. BF-30 was shown to kill 2 aeruginosa and S. aureus rapidly in
less than 120 minutes. BF-30 was also found to be effective in burns and acute infections. In
rat models, BF-30 significantly reduced the P aeruginosa colony formation and prevented
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subsequent infection and inflammation. Moreover, this observed wide-spectrum
antimicrobial activity against drug resistant microbes was with no obvious hemolytic or
cytotoxic activity [26, 27]. Fragmented derivatives of BF-30 also possess significant anti-
microbial activity both in vitro and in vivo [20, 28].

Throughout the world there has been a steady growth in cancer related deaths. The ability of
carcinogenic cells to evade the host immune systems allows them to replicate aggressively
and metastasize violently. Chemo, radiation, or surgical procedures used for killing or
removing the tumor cells result in severe side effects and toxicities [29]. Therefore, it is
essential to find and develop therapies which specifically target tumor cells with the least
amount of toxicity and side effects. Targeting cell surface proteins in cancer cells by
peptides could help in eliminating cancer cells with the least amount of side effects [30].
Selective molecular targeting of ATP synthase by venom peptides provides great opportunity
to kill cancer cells. Cathelicidin BF-30 possesses outstanding anti-tumor activity. It was
shown to selectively inhibit melanoma cell proliferation suggesting BF-30 as a potential
candidate against malignant melanoma [31].

Lycotoxin I (IL-25) and Lycotoxin Il (KE-27), spider wolf (Lycosa carolinensis) venom
peptides, are amphipathic a-helical cationic peptides containing 25 and 27 amino acids
respectively (Table 1 and Fig. 1). They occur at a very high concentration, in the range of 1-
5 mM, in the venom and possess potent anti-microbial activity against £scherichia coli and
yeast Candida glabrata at micromolar concentrations [32]. The lycotoxins were shown to
both disable the prey and protect the spider from possible infections from the ingestion of
prey. Lycotoxins were also suggested to have the potential use as bio-insecticidal agents
[33]. Thus, spider venom represents a potential new source of novel antimicrobial agents
with important medical significances.

Anti-microbial peptides, including venom peptides, are a highly abundant and diverse group
of molecules found in wide variety animal species [34]. One of the proposed mechanisms of
action of AMPs for bactericidal activity is the increased permeability and loss of the
membrane barrier as a result of damage to the cytoplasmic membrane [35]. The second is
bactericidal effect through the inhibition of ATP synthase. It was found that amphibian
peptides and melittin, honey bee venom peptide, potently inhibit £. col/i ATP synthase
leading to the abrogation of £. coli growth [18, 19]. In this study, we examined the
inhibitory effects of venom peptides KF-34, BF-30, IL-25, and KE-27 on membrane bound
F1Fo ATP synthase and on the growth of E. coli cells. Our results show that all four venom
peptides strongly inhibit ATPase activity and bacterial growth, suggesting that the beneficial
antimicrobial activities of venom peptides are at least in part linked to the inhibition of ATP
synthase.

Materials and Methods

Venom peptides and other chemicals

King cobra OH-CATH (KF-34), banded krait cathelicidin (BF-30), wolf spider lycotoxin |
(IL-25), and wolf spider lycotoxin Il (KE-27) venom peptides were purchased from
Biomatik (http://www.biomatik.com). Amino acid sequences are presented in Table 1. All
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peptides were greater than 95% pure determined by HPLC. Lyophilized powder was stored
at —20 °C upon receipt and resuspended in distilled deionized water for use as needed. All
other chemicals used in this study were ultra-pure analytical grade purchased either from
Sigma—Aldrich Chemical Company or Fisher Scientific Company.

Wild type and null E. coli strains; growth in limiting glucose; preparation of membrane
bound E. coli F1F4 ATP synthase; measurement of ATPase activity of membranes

Wild type membrane bound F{F, ATP synthase (membrane) was isolated from the
pBWU13.4/DK8 E. coli strain [36]. Our null strain is pUC118/DK8 from where ATPase
gene has been deleted. Null strain usually grows 40-50% with respect to wild-type due to
glycolytic pathway to generate ATP. Wild-type can use both glycolysis and oxidative
phosphorylation. Oxidative and substrate level phosphorylation in limiting glucose (3 mM)
was measured as in [37]. Membrane bound F1F, ATP synthase were prepared as in [38]
using three washes of the initial membrane pellets. The first wash by buffer containing 50
mM TES pH 7.0, 15% glycerol, 40 mM 6-aminohexanoic acid, 5 mM p-aminobenzamidine
is followed by two additional washes by buffer containing 5 mM TES pH 7.0, 15% glycerol,
40 mM 6-aminohexanoic acid, 5 mM p-aminobenzamidine, 0.5 MM DTT, 0.5 mM EDTA.
Membrane bound F1F, were washed twice more by resuspension and ultracentrifugation in
50 mM TrisSO4 pH 8.0, 2.5 mM MgSO, before the experiments.

ATPase activity was measured in 1 ml ATP cocktail (ATP assay buffer) containing 10 mM
NaATP, 4 mM MgCl,, 50 mM TrisSOy, pH 8.5 at 37 °C. Reactions were initiated by the
addition of 1 ml ATP cocktail to membranes and stopped by the addition of 1 ml SDS to a
final concentration of 3.3%. Pi (inorganic phosphate) release was measured by the Taussky
and Shorr method [39]. 20pug wild-type membrane was used in the ATPase assay with a
reaction time of 5 min. Reactions were found to be linear with time and protein
concentration. SDS-gel electrophoresis (10% acrylamide) and immunoblotting with rabbit
polyclonal anti-F1-a and anti-F1-p antibodies was used to check the integrity and purity of
protein [40].

Inhibition of membrane bound F{F, ATPase activity by OH-CATH (KF-34), cathelicidin
(BF-30), lycotoxin I (IL-25), or lycotoxin Il (KE-27) venom peptides

Membrane bound wild-type F1F, membranes were incubated with different concentrations
of venom peptides for 60 minutes at room temperature (RT) in 50 mM TrisSOy4 at pH 8.0.
ATP cocktail was used to measure the enzyme activity. The reaction was stopped by the
addition of SDS. Addition of Taussky and Shorr reagent generated a blue color which was
measured at OD7qq. Venom peptide induced inhibition profiles were generated with Sigma
plot 10.0. Relative ATPase activity was calculated from the absolute values of ATPase
activity in the absence of venom peptides taken as 100%.

Reversal of venom peptide induced inhibition of ATPase activity

Reversibility was measured by dilution of the membranes. Membranes were reacted with
maximal inhibitory concentrations of venom peptides for 60 min at room temperature. These
concentrations were based on the maximal inhibition of the membrane bound F{F, ATP
synthase (Fig. 2). Then, 50 mM TrisSO4 pH 8.0 buffer was added to reduce the venom
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peptide concentration to near non-inhibitory levels and incubation continued for an
additional 60 min at room temperature before the ATPase assay. Control samples without
venom peptides were incubated for the same time periods as the samples with venom
peptides.

Generation of helix-wheel plots

Expert Protein Analysis System (ExPASYy) software package (http://heliquest.ipmc.cnrs.fr/)
was used to generate the helix wheel plots in Figure 1 [41].

Results

Structural characteristics of KF-34, BF-30, IL-25, and KE-27 venom peptides

Amino acid sequences of KF-34, BF-30, IL-25, and KE-27 venom peptides are shown in
Table 1. Figure 1 shows the helix-wheel plots of these cationic amphipathic peptides. The a-
helical structures can be seen segregating into hydrophilic charged residues on one side and
hydrophobic residues on the other side.

Venom peptide KF-34, BF-30, IL-25, and KE-27 induced inhibition of wild-type membrane
bound E. coli F1F45 ATP synthase

Previously, several peptides were shown to bind and inhibit £. col/i ATP synthase [18, 19, 42,
43]. The lack of desired success in the clinical development of combinatorial chemistry and
small molecule based therapies has brought the increased interest in AMPs including venom
peptides [44]. Venom peptides evidently offer important therapeutic viable alternatives to
conventional antibiotics [25, 45]. For this reason we embarked on to study the venom
peptide induced inhibition of ATP synthase. As shown in Fig. 2, KF-34, BF-30, IL-25, and
KE-27 caused strong inhibition of ATP synthase. The maximal inhibition induced by KF-34
was ~90%, by BF-30 was ~85%, by IL-25 was ~85%, and by KE-27 was ~88%.

Reversal of membrane bound F1F, ATPase activity from venom peptide KF-34, BF-30,
IL-25, and KE-27 inhibition

Venom peptide KF-34, BF-30, 1L-25, and KE-27 induced inhibition of ATP synthase was
found to be fully reversible (Fig. 3) Membrane bound F1F, ATP synthase was inhibited with
the maximum inhibitory concentrations of venom peptides for one hour at RT as in Fig. 2.
Samples were then diluted to a non-inhibitory concentration by adding TrisSO4 pH 8.0
buffer before the measurement of ATPase activity. Reversibility data indicates that the
observed inhibition is not the result of protein denaturation and that the ATP synthase
reactivates after dilution of the venom peptides, suggesting non-covalent interaction between
venom peptides and ATP synthase.

Inhibition of E. coli cell growth in the presence of venom peptide KF-34, BF-30, IL-25, or
KE-27

Both wild-type and mutant £. coli strains were grown on LB, succinate, and limiting glucose
media in the presence or absence of venom peptides KF-34, BF-30, IL-25, or KE-2. (Table
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2). While the venom peptides potently inhibited the growth of wild-type £. colistrain
(pBWU13.4/DK8), the null strain (pUC118) was only partially inhibited.

Discussion

Venom and its components have a long history of use in traditional medicines. Venom from
reptiles has been used for the treatment of arthritis, gastrointestinal ailments, asthma, cancer,
polio, multiple sclerosis, rheumatism and pain [46, 47]. The success of the venom peptide
based anti-hypertensive drug captopril has brought the venom peptide to the forefront of
research and drug discovery [48]. Moreover, the high rate of microbial resistance against
common and widely used antibiotics necessitates the development of alternative approaches
to combat microbial infections. Higher chemical and thermal stability of venom peptides
along with selectivity and potency makes them valuable lead molecules for the development
of novel therapeutics.

Interest in the use of peptides as antimicrobial and antitumor agents is steadily growing.
Several peptides including venom peptides are being used or are under clinical trials as
potential anti-tumor or antimicrobial agents [23, 26-29, 31, 32, 49]. The goal of this study
was to determine if the antimicrobial properties of venom peptides are linked to the
inhibition of ATP synthase. Therefore, we examined the inhibitory effects of KF-34, BF-30,
IL-25, and KE-27 on ATPase activity and on growth of E. coli strains.

Previously, a number of a-helical amphipathic cationic peptides were shown to bind and
inhibit ATPase activity to variable degrees [13, 18, 43, 50, 51]. It was also documented that
peptides bind at the highly conserved BDELSEED-motif of ATP synthase [19]. All four
venom peptides used in this study potently inhibited membrane bound F{F, ATP synthase
(between 85-90%, Fig. 2). It is interesting to note that in previous studies, many natural and
synthetic molecules including peptides caused nil, partial, or total inhibition of ATP synthase
[18, 52, 53]. To make sure that the maximal observed inhibition is the true inhibition in the
presence of venom peptides, the maximally inhibited samples were re-inhibited. Additional
inhibition of already inhibited membrane bound F{F, by KF-34 (30uM), BF-30 (30uM),
IL-25 (20uM), or KE-27 (20 uM) did not change the extent of inhibition to a meaningful
level. This suggests that the left over 10-15% residual activity was not the result of
uninhibited enzyme or due to the degradation of the venom peptides during the process of
inhibition.

KF-34, BF-30, IL-25, and KE-27 induced inhibition of membrane bound F;F, ATP synthase
was found to be fully reversible. After having been inhibited with venom peptides at higher
concentration, membrane bound enzyme regained activity once returned to lower
concentration of venom peptide by dilution with buffer. This process of reversibility shows
that the venom peptides bind non-covalently to the peptide binding site.

Venom peptides have been shown to potently disrupt the growth of many drug-resistant
pathogenic bacterial species, such as Sa/monella typhi, Bacillus subtilis, Enterobacter
cloacae Escherichia coli, Pseudomonas aeruginosa, methicillin-resistant Staphylococcus
aureus, [25, 54] and yeast (Candida albicans, Candida glabrata) [54, 55]. Damage to
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cytoplasmic membranes [25], blocking of membrane bound sodium, calcium, potassium,
and chloride channels, nicotinic acetylcholine receptors, or noradrenaline transporters [49],
and inhibition of membrane bound F1F, ATP synthase [18] were proposed and shown to be
the cause for the bactericidal activity. The cationic amphipathic a-helical structure of venom
peptides, with all charged residues on one side and hydrophobic residues on the other side, is
highly suitable to interact simultaneously with the BDELSEED-motif from one side and to
the membrane from other side (Fig 1).

Our growth inhibition assay of wild-type (pBWU13.4/DK8) and null (pUC118/DK8) E. coli
strains (Table 2) provides a strong and interesting argument regarding possibility of more
than one target and the synergetic mode of action for the bactericidal effect of venom
peptides. It can be seen in Table 2 that while wild-type E. coliis potently inhibited by venom
peptides, the null £. coli strain still grows ~23£1% in limiting glucose in presence of venom
peptides which is ~50% of the total growth of null strain in limiting glucose. In limiting
glucose, null strain normally grows in between 40-50% in comparison to the wild-type. This
is due to the use of glycolytic pathway to generate ATP. As can be seen in Table 2, the null
strain shows no significant growth in the nonfermentable carbon source succinate due to the
absence of ATP synthase. Wild-type on the other hand, uses glycolysis, TCA, and oxidative
phosphorylation, and therefore grows well in both the fermentable carbon source glucose
and non-fermentable carbon source succinate.

Venom peptides reduced wild-type growth from ~100% to nearly 0% in both limiting
glucose and succinate media, but the null strain growth is reduced from 46% to only ~23%.
Potent inhibition of growth in the wild-type can be attributed to the loss of oxidative
phosphorylation through inhibition of ATP synthesis and damage to the membrane by
venom peptides. In the absence of ATP synthase venom peptides cause only limited damage
to cell membrane. Thus, partial growth retention in the null £. coli strain clearly suggests
that ATP synthase is a molecular target for the venom peptides. Thus, the complete
bactericidal effect requires inhibition of ATP synthase. These results establish that the
venom peptide induced inhibition of bacteria is at least in part through their binding and
inhibition of ATP synthase.

Peptides are an essential part of natural defense mechanisms for many animals and
microorganisms. Cationic amphipathic 10 to 50 amino acid residues long AMPs have been
observed to possess broad spectrum antimicrobial activity [56]. It was also demonstrated that
the peptides bind at the BDELSEED-motif of ATP synthase [18, 19]. Based on the KF-34,
BF-30, IL-25, and KE-27 induced inhibition of membrane bound F1F, ATP synthase and
potent inhibition of bacterial growth we conclude that the bactericidal properties of venom
peptides are linked to their inhibitory effects on ATP synthase. Moreover, targeting ATP
synthase by venom peptides seems to be an effective alternative approach to combat drug
resistant bacterial strains.
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Lycotoxin | (IL-25) (Lycotoxin Il (KE-27)

Fig. 1.
Helix-wheel plots of venom peptides OH-CATH, (KF-34), cathelicidin (BF-30), lycotoxin |

(IL-25), or lycotoxin Il (KE-27). The size of the downward arrow  indicates the level of
hydrophobicity. Hydrophobic and hydrophilic faces of KF-34, BF-30, 1L-25, and KE-27 in
the helix wheel plots are shown in yellow and blue colors respectively.
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Fig. 2. Inhibition of membrane bound wild-type F1Fy ATP synthase by venom peptides
Membrane bound F1F, ATP synthase was preincubated for 60 min at room temperature with

varied concentrations of venom peptides, OH-CATH, (KF-34), cathelicidin (BF-30),
lycotoxin | (IL-25), or lycotoxin 1l (KE-27). The Materials and Methods section contains the
detailed procedure. Data points are the average of three to four experiments, using 2-3
independent membrane preparations. Results agreed within £ 5%.
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Fig. 3. Reversal of ATPase activity from venom peptide induced inhibition
Membrane bound F1F, ATP synthase (Mbr) was inhibited with inhibitory concentrations of

venom peptides as shown in the figure for 60 min under conditions as described in Fig 2 and
in the Materials and Methods section. TrisSO,4 pH 8.0 buffer was added to bring back the
venom peptide concentrations to a lower level and activity was measured. Nomenclature
used are: Mbr, membranes; Dil, dilution; KF34, OH-CATH; BF30, cathelicidin; IL25,
lycotoxin I; 1L27, lycotoxin I1.
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Table 1

Amino acid sequence, length, and source of venom peptides

Peptide Sequence Length | Species

OH-CATH (KF-34) KRFKKFFKKLKNSVKKRAKKFFKKPRVIGVSIPF 34 Ophiophagus hannah
Cathelicidin (BF-30) | KFFRKLKKSVKKRAKEFFKKPRVIGVSIPF 30 Bungarus fasciatus
Lycotoxin I (IL-25) IWLTALKFLGKHAAKHLAKQQLSKL 25 Lycosa carolinensis
Lycotoxin Il (KE-27) | KIKWFKTMKSIAKFIAKEQMKKHLGGE 27 Lycosa carolinensis
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Table 2

Effect of venom peptides on the growth of Escherichia coli cells

Presence/absence of venom peptides | agrowth on bGrowth on
limiting glucose | succinate
(%) (%)

WT (pBWU13.4) 100 100

Null (pUC118) 464 3+2

WT+KF-34 0£3 1+3

Null + KF-34 24+4 242

WT + BF-30 244 243

Null + BF-30 2313 3+3

WT + IL-25 1+4 1+2

Null + IL-25 24+4 3+3

WT + IL-27 0£3 1+3

Null + IL-27 2214 3+2

aGrowth yield on limiting glucose was measured as OD5g5 after ~20 hours growth at 37 °C.

bGrowth on succinate medium after 72 hours was determined by OD595

All experiments were done at least three times at 37 °C. Individual experimental points are average of duplicate assays.
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