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Abstract

The Gram-negative bacterium Aggregatibacter actinomycetemcomitans, commonly associated 

with localized aggressive periodontitis (LAP), secretes an RTX (repeats-in-toxin) protein 

leukotoxin (LtxA) that targets human white blood cells, an interaction that is driven by its 

recognition of the lymphocyte function-associated antigen-1 (LFA-1) integrin. In this study, we 

report on the inhibition of LtxA-LFA-1 binding as an antivirulence strategy to inhibit LtxA-

mediated cytotoxicity. Specifically, we designed and synthesized peptides corresponding to the 

reported LtxA binding domain on LFA-1 and characterized their capability to inhibit LtxA binding 

to LFA-1 and subsequent cytotoxic activity in human immune cells. We found that several of these 

peptides, corresponding to sequential β-strands in the LtxA-binding domain of LFA-1, inhibit 

LtxA activity, demonstrating the effectiveness of this approach. Further investigations into the 

mechanism by which these peptides inhibit LtxA binding to LFA-1 reveal a correlation between 

toxin-peptide affinity and LtxA-mediated cytotoxicity, leading to a diminished association 

between LtxA and LFA-1 on the cell membrane. Our results demonstrate the possibility of using 

target-based peptides to inhibit LtxA activity, and we expect that a similar approach could be used 

to hinder the activity of other RTX toxins.
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The RTX family of proteins are cytotoxins secreted from Gram-negative bacteria 

characterized by secretion through the type I secretion system and a highly conserved 

glycine- and aspartate-rich repeat domain associated with Ca2+ binding.1,2 These cytotoxins 

are produced by a diverse group of pathogens including Vibrio cholerae, Bordetella 
pertussis, Pseudomonas aeruginosa, Escherichia coli, Mannheimia hemolytica, and 

Aggregatibacter actinomycetemcomitans.1–5 A number of RTX toxins have been 

demonstrated to bind to integrin receptors on the host cell plasma membrane6–8 as an initial 

step in their toxic mechanism.

The RTX leukotoxin (LtxA) produced by A. actinomycetemcomitans specifically kills 

leukocytes in the host,9,10 allowing the bacterium to evade the immune response and 

providing a colonization advantage for the bacterium.11,12 Colonizing the upper 

aerodigestive tract in humans, A. actinomycetemcomitans is most commonly associated with 

localized aggressive periodontitis (LAP)13–15 but has also been linked with disseminated 

infections such as brain and lung abscesses16,17 and infective endocarditis.18 Current 

treatment methods includes mechanical debridement in combination with systemic 

antibiotics such as tetracycline;19–21 however, growing antibiotic resistance, including 

resistance to tetracycline in A. actinomycetemcomitans,22,23 has decreased the effectiveness 

of this treatment and necessitated the development of alternative treatment strategies.24,25 

Toward this end, our lab investigates the use of targeted peptides to inhibit the activity of 

LtxA to eliminate the colonization advantage provided by the toxin, thus leaving the bacteria 

susceptible to natural host clearance mechanisms.

Peptides are increasingly finding applications as therapeutic agents in the treatment of a 

diverse array of diseases including infectious diseases.26–28 Currently, there are over 200 

peptides approved by the US Food and Drug Administration for therapeutic use,29 including 

several peptide antibiotics, such as gramicidin and polymyxin. These peptide-based 

antibiotics interact with the bacterial cell directly, resulting in cell death. Our approach 

differs in that we are targeting the virulence mechanisms of the bacterium, promoting 

bacterial clearance by inhibiting toxin activity through the development of targeted peptides 

to block specific interactions of the toxin with host cells.
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In its interaction with host immune cells, LtxA must bind to both cholesterol30,31 and an 

integrin receptor, lymphocyte function-associated antigen-1 (LFA-1), which induces cell 

death through a lysosomal-mediated pathway.8,32–34 Deficiency of either of these 

components in otherwise targeted cells has been shown to abolish toxin activity.32,35 Recent 

studies have also suggested that P2X receptor activation plays a role in LtxA cytotoxicity.
36,37 Inhibition of the P2X receptor by antagonists was shown to protect both human 

erythrocytes and monocytes from LtxA-induced lysis. A similar investigation found that 

antagonist-inhibition of P2X receptors also protected erythrocytes from Staphylococcus 
aureus hemolysin A (Hla).38 However, a follow-up study revealed that the antagonists bind 

directly to Hla, not the P2X receptor, to inhibit toxin activity.39 Because the role of P2X 

receptors and antagonists in LtxA toxicity toward immune cells remains ambiguous, we 

have focused on inhibiting its required interactions with cholesterol and LFA-1.

LFA-1 is a transmembrane glycoprotein that functions as an adhesion and signaling receptor 

on the surface of immune cells, which upon activation, binds with its ligand, intercellular 

adhesion molecule-1 (ICAM-1), preceding cell transmigration into tissue.40,41 The integrin 

is composed of two noncovalently associated subunits: CD11a (αL) and CD18 (β2). Both 

subunits are transmembrane proteins consisting of short C-terminal cytoplasmic domains 

and much larger N-terminal extracellular domains, which undergo a significant 

conformational shift upon activation.40,42 Within the extracellular region of the CD11a 

subunit is a domain containing seven four-stranded β-sheet repeats (W1–W7), which folds 

into the β-propeller domain,43,44 and has been shown to be targeted by LtxA.32

We have previously demonstrated the inhibition of LtxA-mediated cytotoxicity by blocking 

the LtxA-cholesterol interaction with peptides based on the cholesterol-binding site of LtxA.
35,45 In this study, we use an analogous approach to show that small peptides corresponding 

to sequential β-strands in the β-propeller domain of LFA-1, the reported LtxA binding site, 

prevent LtxA-mediated cytotoxicity by inhibiting the LtxA-LFA-1 interaction. We 

demonstrate that the affinity of the peptides for LtxA regulates their inhibitory action. 

Requisite binding to integrins has been demonstrated for several other RTX toxins;6,7 

therefore, we expect that equivalent approaches with receptor-based peptides may be broadly 

applicable to inhibit RTX toxin activity.

RESULTS AND DISCUSSION

Peptide Design

The domain of human CD11a (hCD11a) that is recognized by LtxA has been shown to 

consist of a region of the β-propeller comprising the fourth β-strand (S4) of the W1 β-sheet 

and all four β-strands (S1–S4) of the W2 β-sheet (Figure 1).32 Rather than synthesizing the 

entire domain of interest as one peptide, we divided the region into its component β-strands 

to permit reasonable synthesis time scales and yields.46 To identify the locations of the 

strand boundaries in the sequence, we analyzed previous studies on the folding topology of 

the β-propeller and predictions of disulfide bonds between the strands,43,44,47 then 

synthesized five β-strand peptides (Table 1). Each peptide is designated by its β-sheet (W) 

and strand (S) numbers.
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To complement our investigations, we also synthesized a series of peptides corresponding to 

the analogous region of murine CD11a (mCD11a, Table 1). Earlier work demonstrated that 

cells expressing chimeric LFA-1 containing the murine β-propeller were not sensitive to 

LtxA,32 indicating that LtxA is unable to bind to the murine β-propeller. Therefore, we 

anticipated that at least one of these peptides could be used as a negative control in our 

experiments. As shown in Table 1, we synthesized three peptides, mW1S4, mW2S1, and 

mW2S2. The mW2S3 sequence is identical to that of hW2S3 and was therefore not 

resynthesized.48

Preincubation of LtxA with hCD11a Peptides Inhibits Cytotoxicity

Each of the synthesized peptides was assessed to determine its capacity to inhibit LtxA-

mediated cytotoxicity in THP-1 monocytes in suspension. Each peptide was preincubated 

with LtxA for 1 h at 37 °C before the toxin was added to the cells. We then determined the 

THP-1 cell viability after 3 h using a Trypan blue exclusion assay.

We found that four of the five hCD11a-based peptides prevented LtxA-mediated cytotoxicity 

(Figure 2a). When LtxA was pretreated with the W1S4, W2S1, W2S2, or W2S3 peptides, 

the toxin-mediated cytotoxicity was almost completely inhibited, resulting in cell viabilities 

significantly greater than that of the LtxA-only positive control. The W2S4 peptide, 

however, was not effective in blocking LtxA activity, suggesting that the W2S4 peptide does 

not bind to LtxA. Because the W2S4 peptide was ineffective in blocking LtxA-mediated 

cytotoxicity, we did not synthesize the negative control, mW2S4 peptide.

Although LtxA has been shown not to recognize the complete murine β-propeller domain,32 

we found that two of the three murine peptides (mW2S1 and mW2S2) also significantly 

inhibited LtxA-mediated cytotoxicity (Figure 2b). This suggests that both peptides retain 

some affinity for LtxA, and that differences in the sequences compared to the human-based 

peptide (red underlined in Table 1) does not alter their effectiveness. Conversely, the mW1S4 

peptide was not effective in inhibiting LtxA-mediated cytotoxicity, and cell viability after 

being treated with LtxA and mW1S4 peptide was not significantly different from cells 

incubated with toxin alone. For this reason, we used the mW1S4 peptide as a negative 

control in the remainder of our experiments.

As shown in Table 1, the sequences of our hCD11a and mCD11a peptides share a 78% 

sequence homology. The hW2S3 and mW2S3 sequences are completely identical, and the 

corresponding human and murine W2S2 and W2S1 peptides vary only slightly. On the other 

hand, the sequences of the hW1S4 and mW1S4 are almost entirely different. Because the 

mW1S4 peptide is the only murine peptide that does not inhibit LtxA activity, this small 

region is likely the domain that confers species specificity to the LtxA-LFA-1 interaction.

In each of our experiments, we found that preincubating the toxin with the peptide was 

crucial to the inhibition of the toxin activity. Simultaneous addition of LtxA and peptide to 

THP-1 cells led to diminished inhibitory action for all peptides (Figure S1a,b), suggesting 

that the peptides interact with the toxin specifically to inhibit LtxA-mediated cytotoxicity. 

Consequently, we theorized that the inhibition should be dependent on peptide 

concentration. Using the same concentration of LtxA, we decreased the peptide 
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concentration by an order of magnitude and investigated the cell viability. Our results reveal 

that the reduced peptide concentration did not significantly inhibit LtxA cytotoxicity (Figure 

S1c), demonstrating the inhibitory effect is concentration dependent. We therefore 

hypothesized that the observed inhibition of cytotoxicity originates from binding of the 

peptides to LtxA to block the receptor-binding domain.

Another mechanism that could explain the decreased cytotoxicity could be that the peptides 

simply induce toxin aggregation. To explore this possibility, we investigated peptide 

aggregation by measuring the fluorescence of 8-anilino-1-naphthalenesulfonic acid (ANS) at 

350 nm in solutions containing increasing peptide concentrations. A blue shift in the 

emission maxima indicates a decreased polar environment indicative of peptide aggregation.
49,50 Our results show that, of the human peptides that inhibited LtxA activity, aggregation 

began at peptide concentrations approximately five times that which was used in the 

cytotoxicity investigations (Figures S2a–d). Additional analysis of each of the peptides 

incubated with LtxA at the same concentration used in the cytotoxicity investigations also 

revealed no aggregation of the toxin (Figure S2e). This suggests that aggregation is not a 

predominant mechanism for the inhibited cytotoxicity and further supports our hypothesis 

that the peptides act by specifically blocking the receptor-binding domain on LtxA.

Inhibition of LtxA Activity Correlates with Affinity

To measure the binding kinetics between each of the peptides and LtxA, we used surface 

plasmon resonance (SPR). Sequential injections of LtxA analyte solutions at increasing 

concentrations were flowed across sensor chips functionalized with peptide to measure the 

interaction between LtxA and the peptide. Fitting the resulting sensorgrams (Figure S3) to a 

1:1 Langmuir binding model, we determined the association and dissociation rate constants 

(Table S1) and calculated the equilibrium dissociation constants (KD).

We found the KD of LtxA for all five peptides (Figure 3) to be on the order of 10−8 M. 

However, the KD for LtxA binding to W2S4, the only hCD11a-based peptide that did not 

inhibit LtxA-mediated cytotoxicity, was approximately twice as large as the values for LtxA 

binding to the other peptides, indicating that the toxin has a reduced affinity for this peptide. 

The interaction between LtxA and the mW1S4 peptide, our negative control that does not 

inhibit LtxA-mediated cytotoxicity, was equivalent to that observed for nonspecific binding, 

indicating that this peptide has negligible affinity for LtxA.

To further characterize the peptides, we investigated their structure using circular dichroism 

(CD) to identity any structural differences between the peptides that may be contributing to 

the LtxA affinity. The domains represented by the peptides are individual β-strands that 

compose the β-propeller in the native CD11a structure. Taken out of this context, we did not 

anticipate the peptides to maintain such a secondary structure since the structure of the β-

sheet is dependent upon hydrogen bonding between the antiparallel β-strands. As expected, 

analysis of the CD spectra (Figure S4a) revealed that none of the peptides has a 

predominantly ordered structure (Figure S4b), suggesting that the affinity of LtxA for the 

peptides arises from its recognition of the peptide sequence rather than a specific structural 

motif.
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Although the affinity of LtxA for LFA-1 is not known, these results demonstrate that 

peptides containing only small domains of the reported binding site retain sufficient affinity 

for the toxin to inhibit LtxA-mediated cytotoxicity. Additionally, these results demonstrate 

that the affinity of LtxA for the peptides is directly correlated with their inhibitory action.

LFA-1-Based Peptides Inhibit LtxA Association with THP-1 Cells

To demonstrate that the LFA-1-based peptides specifically inhibit the interaction of LtxA 

with LFA-1 on THP-1 cells, we investigated changes in the colocalization of LtxA and 

LFA-1 in the presence of the peptides. We focused our investigation on the four hCD11a 

peptides that inhibited LtxA-mediated cytotoxicity using the nonbinding mW1S4 as a 

negative control. LtxA was labeled with Alexa Fluor 647 (AF647), then incubated with one 

of the four peptides, and THP-1 cells were incubated with FITC-tagged TS 2/4 anti-CD11a 

monoclonal antibody to label the LFA-1. The toxin–peptide solution was added to the 

labeled cells and imaged using confocal microscopy (Figure S5). We then analyzed the 

colocalization of the toxin with LFA-1 using Manders’ colocalization coefficients (MCC), 

which characterized the co-occurrence of the fluorescent probes.51 If the peptides block the 

CD11a binding domain of LtxA, we would expect a decrease in the colocalization of the 

labeled LtxA with labeled LFA-1 in the presence of the peptides.

We found that preincubating LtxA with the hCD11a peptides diminished the association of 

the LtxA with LFA-1 (Figure 4) compared to the LtxA only control. The composite confocal 

images (Figure 4a) provide a representative qualitative assessment of the diminished 

association. In the absence of peptide, LtxA is observed within the cells by the 15 min time 

point; however, a significant fraction remains on the plasma membrane, in the vicinity of 

LFA-1. In contrast, cells treated with the peptide-LtxA solution exhibit significantly less 

LtxA on both the cell membrane and within the cell, demonstrated by the decreased mean 

LtxA-AF647 fluorescence of the cells (Figure S6a), indicating a reduced interaction between 

the toxin and integrin.

To quantify these observations, we measured the colocalization between the labeled LtxA 

and the labeled LFA-1 using MCC. The M1 coefficient values refer to the co-occurrence of 

LtxA (magenta) in pixels that contain LFA-1 (green). We found a significant decrease in the 

M1 values for samples that contain LtxA preincubated with hCD11a peptides (Figure 4b) 

compared to the LtxA only control. We also determined there was no significant difference 

in colocalization between LtxA and LFA-1 when the toxin was incubated with the mW1S4 

peptide, compared to the control, consistent with this peptide’s lack of inhibitory activity. 

The simultaneous addition of LtxA and peptide resulted in no significant difference in 

colocalization compared to the LtxA only control (Figure S6b), consistent with our 

cytotoxicity investigations.

In addition to its binding to LFA-1, LtxA is also known to bind cholesterol with strong 

affinity, which is shown to be critical to its cytotoxic activity.30,45 Therefore, as a control to 

demonstrate that the inhibition of toxin association with the membrane is not due to 

inhibition of cholesterol binding, we investigated the ability of the LFA-1-based peptides to 

inhibit LtxA binding to LFA-1-free, cholesterol-containing giant unilamellar vesicles 

(GUVs). The GUV membranes, containing 1% N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-
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dihexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE), were treated with AF647-

labeled LtxA either alone or pretreated with one of the four peptides (Figure S7). We found 

that the peptides do not inhibit the colocalization of the LtxA with the GUVs (Figure 5), 

demonstrating that these peptides do not affect the ability of LtxA to bind cholesterol. As 

further support, we characterized the ability of LtxA treated with peptides to bind with 

fluorescent liposomes using a dot blot assay. LtxA preincubated with peptides was dotted on 

a nitrocellulose membrane and incubated with liposomes composed of POPC, cholesterol, 

and NBD-PE. Measuring the resulting fluorescence intensity of the dots revealed that none 

of the peptides significantly inhibited the binding of LtxA to cholesterol (Figure S8). 

Together, our results suggest that the peptide-mediated inhibition of LtxA binding to the cell 

membrane (Figure 4) is due to the ability of the peptides to specifically inhibit binding to the 

toxin’s protein receptor, LFA-1, rather than the plasma membrane lipids. The inability of the 

peptides to inhibit LtxA binding to these LFA-1-free GUVs (Figure 5) supports our 

hypothesis that the diminished cytotoxic activity originates from the peptides blocking the 

LFA-1 binding site on LtxA.

Although receptor-based peptides to inhibit binding have been broadly used in the field of 

antiviral therapies,52–54 the approach has seen less use in the field of bacterial infections, as 

most bacteria can be readily treated with antibiotics. However, as antibiotic resistance grows, 

the development of antivirulence strategies, including design of antitoxin molecules based 

on the toxin receptor, has increased. For example, cholera toxin (CT) binds with picomolar 

affinity to the ganglioside GM1,55 and soluble GM1 has been effectively used to inhibit 

binding of CT to host cells.56 A similar approach was investigated for blocking binding of 

the heat-labile enterotoxin (LT) from Escherichia coli to host cells using galactose-derived 

inhibitors targeting the homologous GM1 binding domain.57 In addition, substantial interest 

has been paid to development of antitoxin molecules against anthrax toxin including a 

soluble peptide derived from the toxin binding domain of the cell surface receptor.58

CONCLUSION

Our investigation demonstrates the effectiveness of receptor-based peptides to inhibit LtxA 

cytotoxicity. We designed small, synthetic peptides based on the reported LtxA binding site 

of LFA-1 to inhibit LtxA-mediated cytotoxicity. Of the five peptides we designed based on 

the human integrin, four had inhibitory action, demonstrating that only small domains of the 

CD11a binding domain are required to inhibit the activity of LtxA. We have demonstrated 

that the peptides bind to LtxA with a strong affinity and specifically disrupt the interaction 

between LtxA and LFA-1 on the host cell membrane leading to inhibition of toxin-mediated 

cytotoxicity. Our results demonstrate that target-based peptides can successfully be used to 

inhibit the cytotoxic activity of LtxA, and we anticipate that an analogous approach could be 

used to disrupt the binding of other RTX toxins to their integrin receptors as a means to 

inhibit activity.
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METHODS

Chemicals

Unless indicated, all reagents were purchased from Sigma-Aldrich and used without further 

purification.

Cell Culture

THP-1 monocyte cells from ATCC (Manassas, VA) were cultured in RPMI 1640 (Corning) 

supplemented with 10% (v/v) fetal bovine serum (FBS, Quality Biological), 1% (v/v) 2-

mercaptoethanol, and (v/v) 1% penicillin/streptomycin (Gibco) growth media in 5% CO2 at 

37°C.

LtxA Purification

LtxA was purified from the supernatant of the JP2 strain of A. actinomycetemcomitans 
using size exclusion chromatography as previously described.59 The presence of LtxA was 

verified by Western blot (Figure S9a) using anti-LtxA monoclonal antibodies,9 and the toxin 

purity of 91% was determined by Coomassie staining (Figure S9b). The purified protein 

solution was lyophilized for storage.

Peptide Synthesis

The peptides were prepared using 9-fluorenylmethyloxycarbonyl (Fmoc) solid-phase 

synthesis as described previously.45 Briefly, the Fmoc group of H-Rink Amide ChemMatrix 

resin (0.47 mmol/g) (PCAS BioMatrix) was cleaved with a solution of 6% (wt %) piperidine 

and 1% (wt %) 1-hydroxybenzotriazole monohydrate (HOBt) in dimethylformamide (DMF) 

for 20 min and subsequently washed with methanol (MeOH) and dichloromethane (DCM). 

A coupling solution of Fmoc-protected amino acid (4.0 equiv), tetramethyl-O-(1H-

benzotriazol-1-yl) uranium hexafluorophosphate (HBTU) (3.9 equiv), and N,N-

diisopropylethylamine (DIEA) (8.0 equiv) was prepared in DMF and incubated with the 

resin for 90 min. After being washed with MeOH and DCM, the successive Fmoc protecting 

groups were removed using the same deprotection and washing steps used for the resin, and 

the progress of the synthesis was periodically verified by electrospray ionization (ESI) mass 

spectrometry (SCIEX 3200 QTRAP, SCIEX, Framingham, MA). At the end of the solid-

phase synthesis, the N-terminal amino acid was acetylated with a solution of acetic 

anhydride and DIEA in DMF. The peptide was then cleaved from the resin with a solution of 

2.5% (vol %) triisopropylsilane and 2.5% (vol %) water in trifluoroacetic acid (TFA) for 2 h 

and precipitated with cold diethyl ether.

Peptide Purification

The peptides were purified by reversed-phase high-performance liquid chromatography 

(HPLC) on an Agilent 5 Prep-C18 5 μm, 150 mm × 21.20 mm column (Agilent, Santa Clara, 

CA) (phase A, water and 0.1% TFA; phase B, acetonitrile and 0.1% TFA) using a gradient 

from 95% A and 5% B to 0% A and 100% B over 12 min. The identity of the peptide was 

confirmed by matrix-assisted laser desorption/ionization-time-of-flight (MALDI-TOF) or 
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electrospray ionization (ESI) mass spectrometry, and the purified peptide was then 

lyophilized and stored at −80 °C.

GUV Preparation

GUVs were prepared by reverse phase evaporation based on a protocol previously described.
60 Lipid mixtures containing 79% 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine 

(POPC, Avanti Polar Lipids, Alabaster, AL), 20% cholesterol, and 1% N-(7-nitrobenz-2-

oxa-1,3-diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (NBD-PE, 

ThermoFisher) were prepared in chloroform with 7% (vol %) methanol. In a round-bottom 

flask, 100 μL of the lipid mixture was injected below 3 mL of a 1× PBS, 10 mM EDTA 

solution and placed on a rotary evaporator immersed in a 40 °C water bath. Under vacuum, 

the evaporation of organic phase spontaneously forms GUVs in the aqueous phase.

Cytotoxicity Assays

LtxA and peptide stocks were prepared by resuspending the lyophilized proteins in PBS 

buffer. Equal molar concentrations of LtxA and peptide solutions were then coincubated for 

1 h at 37 °C before being added to cells. Suspension THP-1 cells at a concentration of 2 × 

106 cells/mL in PBS were treated with the LtxA-peptide solution (160 nM final 

concentration), and the initial cell viability was determined by Trypan blue exclusion assay. 

After incubation of the cells with the toxin for 3 h at 37 °C, the Trypan blue exclusion assay 

was repeated to calculate the percent change in cell viability. The changes in cell viability 

were then normalized to the negative and positive controls, PBS and LtxA without peptide 

respectively, conducted during each experiment.

ANS Fluorescence

A stock solution of ANS was prepared in PBS at a concentration of 2.1 mM, determined by 

the absorbance at 350 nm using an extinction coefficient of 5000 M−1 cm−1.61,62 ANS stock 

was added to peptide and LtxA-peptide samples for a final dye concentration of 50 μM. 

Samples were incubated at 37 °C for 1 h, then allowed to equilibrate to room temperature 

prior to measurements. The fluorescence emission spectra were measured with a PTI 

Quantamaster 400 (Horiba, Edison, NJ) between 460 and 560 nm with an excitation 

wavelength of 350 nm. The fluorescence data were fit to a bi-Gaussian function with Origin 

2016 (OriginLab Corp., Northampton, MA) to determine the wavelength of peak emission 

intensity.

SPR Investigations

SPR studies were performed with an OpenSPR instrument (Nicoya Lifesciences, Waterloo, 

Canada) at room temperature with a 100 μL injection loop. Standard gold sensor chips were 

cleaned with a piranha solution and subsequently functionalized with a 5 mM solution of 12-

mercaptododecanoic acid (12-MDA) in ethanol at a flow rate of 20 μL/min. The running 

buffer was then changed to filtered and degassed 1× PBS, pH 7.4 for the remainder of the 

experiment. Each peptide was cross-linked to the 12-MDA using N-hydroxysuccinimide 

(NHS) and N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC) 

chemistry, and any remaining activated conjugation sites were blocked with ethanolamine. 
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The sensor chip was allowed to stabilize for at least 1 h, and the system was primed with 

four alternating injections of PBS (blank) or 70 nM LtxA at a flow rate of 40 μL/min. Each 

analyte injection was followed by an injection of regeneration buffer composed of 50 mM 

each of piperidine, trisodium phosphate, ethanolamine, and glycine, pH 10.3. Finally, a 

series of injections of LtxA analyte solutions of increasing concentrations were passed over 

the sensor chip to measure the LtxA-peptide interaction. Each injection was followed by an 

injection of regeneration buffer to remove the bound LtxA from the sensor. Nonspecific 

binding (NSB) of LtxA to the chip was assessed using sensor chips functionalized as 

described, but without peptide immobilization. The NSB was subtracted from the 

sensorgrams, and the kinetics of the interaction was analyzed with TraceDrawer 1.6.1 

(Ridgeview Instruments AB, Vänge, Sweden) by fitting the sensorgrams to a 1:1 Langmuir 

binding model.

Circular Dichroism

The secondary structure of each peptide was determined based on the circular dichroism 

(CD) spectra, which were recorded using a Jasco J-815 CD spectrometer (Jasco Inc., Easton, 

MD). Each peptide was scanned from 260 to 190 nm, with a 1.00 nm bandwidth, 1 nm data 

pitch, and 50 nm/min scanning speed. All peptides except W2S4 were dissolved in 10 mM 

phosphate buffer at a peptide concentration of 0.25 mg/mL. W2S4 stock was dissolved in 

50% acetonitrile (AcCN) (vol %) in water and further diluted in 10 mM phosphate buffer to 

0.25 mg/mL. All the baselines and samples were measured three times, and averaged 

baselines were subtracted from each sample. The subtracted CD spectra were averaged again 

to generate the curves shown in Figure S4a. Each subtracted spectrum was further analyzed 

with DICHROWEB using CONTIN/LL and reference data set seven to determine the 

secondary structure.63

Fluorescence Labeling

THP-1 cells (2.5 × 106 cells/mL) were washed in PBS and immunolabeled with a 2.5 ng/μL 

solution of FITC-functionalized TS 2/4 anti-CD11a monoclonal antibody (BioLegend, San 

Diego, CA) for 15 min. After labeling, the cells were washed twice in PBS and resuspended 

in phenol red-free media at a concentration of 5 × 105 cells/mL. The cells were plated at a 

density of 1.25 × 105 cells/mL in poly L-lysine-coated glass bottom dishes for imaging.

Lyophilized LtxA was dissolved at 5 μg/μL in 0.1 M sodium bicarbonate, pH 8.0 and 

incubated with Alexa Fluor 647 NHS ester (AF647, Thermo Fisher) (9.7 μM final 

concentration) for 10 min. The labeled LtxA was then centrifuged in a Zeba spin desalting 

column (Thermo Fisher) to separate unbound dye and exchange the buffer to 1× PBS, pH 

7.4 as per the manufacturer’s instructions.

Confocal Microscopy

THP-1 cells shown in Figures 4 and S5 were imaged with a Nikon C1si confocal laser 

scanning microscope system and NIS Elements software (Nikon Instruments Inc., Melville, 

NY). Confocal images were acquired utilizing the Apo 60 × /NA 1.40 λs oil objective with 

488 and 647 nm diode laser sources.
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All GUV samples and the THP-1 cells used in Figure S6b were imaged with a Zeiss LSM 

880 confocal laser scanning microscope system combined with the Zeiss Axio Observer 7 

inverted microscope and ZEN imaging software (Carl Zeiss, Inc., Thornwood, NY). 

Confocal images were acquired utilizing the C-Plan-Apochromat 63×/NA 1.4 oil objective 

and two laser sources: argon (488 nm) and HeNe (633 nm).

Image Processing and Analysis

For colocalization analysis, the background signal in each image was subtracted using a 

5625 μm2 background region of interest (ROI) with NIS Elements. For each image, an ROI 

was defined that encapsulated the membranes of all THP-1 cells, and the MCCs were 

calculated using the Coloc2 plugin in Fiji.64 An average and standard deviation MCC was 

calculated from four to six images for each peptide. Using the same confocal images, the 

mean fluorescence intensities were determined with Fiji by altering the ROIs used in the 

MCC calculations to include the entire cell interior.

Dot Blot

LtxA was incubated with one of the peptides for 1 h at 37 °C at the same concentrations 

used for cytotoxicity. Liposomes with the same composition as the GUVs (79% POPC, 20% 

cholesterol, 1% NBD-PE) were prepared by extrusion. LtxA alone or LtxA–peptide solution 

was spotted on a nitrocellulose membrane then incubated with the fluorescently labeled 

cholesterol-containing liposomes. Binding of the toxin to the liposomes was quantified using 

the resulting fluorescence intensity of each spot.

Statistical Analysis

All statistical analyses were performed in Origin 2016 (OriginLab Corp., Northampton, 

MA) using the independent two-sample t-test for equal means.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

12-MDA 12-mercaptododecanoic acid

AcCN acetonitrile

AF647 Alexa Fluor 647 NHS ester

ANS 8-anilino-1-naphthalenesulfonic acid

CD circular dichroism
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CT cholera toxin

DCM dichloromethane

DIEA N,N-diisopropylethylamine

DMF dimethylformamide

EDC N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride

EDTA ethylenediaminetetraacetic acid

ESI electrospray ionization

FBS fetal bovine serum

FITC fluorescein isothyocyanate

Fmoc 9-fluorenylmethyloxycarbonyl

GUV giant unilamellar vesicle

HBTU tetramethyl-O-(1H-benzotriazol-1-yl) uranium hexafluorophosphate

hCD11a human CD11a

Hla hemolysin A

HOBt 1-hydroxybenzotriazole monohydrate

HPLC high-performance liquid chromatography

ICAM-1 intercellular adhesion molecule-1

KD equilibrium dissociation constant

LFA-1 lymphocyte function-associated antigen-1

MALDI-TOFmatrix-assisted laser desorption/ionization-time-of-flight

MCC Manders’ colocalization coefficients

mCD11a murine CD11a

MeOH methanol

NBD-PE N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-1,2-di-hexadecanoyl-sn-glycero-3 

phosphoethanolamine

NHS N-hydroxysuccinimide

NSB nonspecific binding

PBS phosphate buffered saline

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine
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ROI region of interest

RTX repeats-in-toxin

SPR surface plasmon resonance

TFA trifluoroacetic acid
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Figure 1. 
Diagram of the LFA-1 integrin, which is composed of two noncovalently associated 

subunits, CD11a and CD18. Both proteins are composed of extracellular, transmembrane, 

and cytosolic domains. The CD11a subunit contains a β-propeller region in its extracellular 

domain (inset), which is composed of seven β-sheets (W1–W7), each containing four β-

strands (S1–S4). The highlighted β-strands are those targeted by LtxA and serve as the basis 

of the peptides synthesized for LtxA inhibition.
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Figure 2. 
Viability of THP-1 cells after 3 h determined by Trypan blue exclusion. (a) W1S4, W2S1, 

W2S2, and W2S3 peptides inhibited LtxA-mediated cytotoxicity, but the W2S4 peptide did 

not. (b) Two of the murine peptides, mW2S1 and mW2S2, inhibited LtxA-mediated 

cytotoxicity, but the mW1S4 peptide did not. The viabilities were normalized to the positive 

and negative controls, and the level of significance was determined by a two-sample t-test. 

NS, P > 0.05; **, P ≤ 0.001; ***, P ≤ 0.0001 versus LtxA control.
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Figure 3. 
Equilibrium dissociation constants of LtxA binding to each of the peptides, calculated from 

the association and dissociation rate constants in Table S1. To determine the rate constants 

for each peptide, four concentrations of LtxA were flowed over a peptide-conjugated SPR 

chip, and the subsequent sensorgrams were fit to a 1:1 Langmuir binding model. Errors are 

propagated from the TraceDrawer fitting results.
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Figure 4. 
Colocalization analysis of the interaction between LtxA and LFA-1-expressing THP-1 cells. 

(a) Composite confocal images of the diminished LtxA (magenta) association with LFA-1 

(green) after pretreatment of the toxin with the peptides. Scale bar: 20 μm. (b) Mean 

Manders’ coefficient M1 of labeled LFA-1 (green) and labeled LtxA (magenta) preincubated 

with peptide. Error bars represent the standard deviation of the mean M1. The level of 

significance was determined by a two-sample t-test. NS, P > 0.05; ‡, P < 0.05; *, P ≤ 0.01 

versus LtxA control.
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Figure 5. 
Colocalization analysis of the interaction of LtxA with LFA-1-free GUVs. (a) Composite 

confocal images of the LtxA (magenta) association with GUV membranes (green). Scale 

bar: 2 μm. (b) Mean Manders’ colocalization coefficient M1 of labeled phospholipid (NBD-

PE, green) and labeled LtxA (magenta) preincubated with peptide. Error bars represent the 

standard deviation of the mean M1. The level of significance was determined by a two-

sample t-test. NS, P > 0.05.
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