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Enterotoxigenic Escherichia coli (ETEC) cause substantial morbidity by producing diarrhea in developing 

countries, as well as being the leading cause of traveler’s diarrhea1,2. Importantly, in infants, infection by ETEC 

can cause a host of problems such as chronic malnutrition, stunted growth, and impaired cognitive 

development3. Although cases of diarrheal disease have waned recently, the persistently high incidence results 

in hundreds of thousands of deaths each year1. Developing treatments to stop ETEC is of paramount 

importance. 

ETEC are extracellular pathogens that colonize the small intestine to initiate pathogenesis by adhering to the 

epithelial wall, a process mediated by adhesion pili 4. CFA/I, the most commonly occurring pilus in ETEC, is 

made up of helically arranged subunits whose elongated assemblies extend from the bacterial surface and 

terminate at a specialized adhesin tip that makes contact with epithelial cells5. 

Adhesion pili’s main role is to keep the bacteria attached to the cell surface under the strong fluid forces in the 

intestines. The structure of these filaments is essential in maintaining this adhesion. The CFA/I pilus is 

assembled from subunits as a single-start helix that consists of two important interactions. The first is a strong 

interaction between adjacent subunits in which the N-terminus of one subunit is donated to the next in order 

to fill a groove in the ß-strand arrangement of the pilin quaternary structure6. The second is between subunits 

above and below a single monomer. This weak layer-to-layer interaction breaks under force, causing the pili 

to unwind. Pili unwinding decreases the shear force on the adhesin tip and promotes sustained attachment to 

the epithelium. Once the forces decrease, the interaction is restored, and the pili re-coil. This transition is built-

in to the structure of adhesion pili, and is an essential process in the pathogenesis of ETEC7. 

Humans have developed innate protections that serve therapeutic roles to neutralize bacteria before they initiate 

disease. One such protection is a class of antimicrobial, histidine-rich peptides found in saliva, called histatins. 

We have shown that histatin-5 directly binds to CFA/I pili and markedly reduces the amount of adhered ETEC 

to cultured monolayers (Figure 1)8. In addition, the peptide was shown to increase the stiffness of the pili, 

likely disrupting its winding/unwinding ability that allows it to buffer the shear forces experienced in the 

intestines, causing the bacterium to wash away to prevent colonization. 

Inhibition of ETEC adhesion by histatin-5 is known, but the molecular mechanism for this inhibition is not 

understood. This information is essential for 1) understanding how histatin-5 binding confers ultrastructural 

changes in the CFA/I pili and 2) determining histatin’s potential use as a therapeutic. To elucidate the molecular 

mechanism behind histatin-5’s anti-ETEC action, we aim to solve the structure of the CFA/I pili in complex 

with histatin-5 using cryoelectron microscopy (cryo-EM). 

Cryo-EM images comparing CFA/I with bound histatin-5 to CFA/I alone show clear ultrastructure differences. 

The addition of histatin-5 produces shorter and straighter filaments, consistent with the observation that CFA/I 

pili treated with histatin-5 become stiffer. In addition, reference-free 2D class averages9 show that in the 

absence of histatin-5, CFA/I pili have a visible central channel that winds around the helical axis (Figure 2A). 

However, the addition of histatin-5 results in CFA/I pili with visible density at filament core (Figure 2B). These 

data provide evidence that histatin-5’s action occurs through interactions with subunits in the interior of the 

filament assembly. We are in the process of collecting and processing high-resolution data to visualize the 
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near-atomic structure of the histatin-5 binding site. In the meantime, we have utilized protein-protein docking 

methods to provide insights into the pili-peptide interaction. 

Our protein-protein docking using ClusPro investigates potential binding sites for the histatin-5 peptide to the 

CFA/I pili (Figure 2C). This program uses shape complementarity, residue-to-residue electrostatic interactions, 

and van der Waals chemical potentials to rank likely binding sites between two proteins10. The histatin-5 

peptide, modeled from NMR data11, was docked to a six subunit pilus, constructed from our most recent cryo-

EM reconstruction of the CFA/I filament6. Consistent with the 2D class averages, the best ranked pose places 

the peptide in the hollow core of the filament, displaying many contacts between the basic peptide and acidic 

interior of CFA/I. The most abundant interactions between the peptide and the pilin subunits occur between 

subunits along the helical axis, strengthening the weak, layer-to-layer interaction. By doing so, the unwinding 

action is expected to be compromised, presumably reducing the bacterium’s ability to withstand the forces 

acting on the adhesin tip. This mechanism of action is being tested through our cryo-EM structure 

determination of the CFA/I pili in complex with the histatin-5 peptide. 

Combining ex vivo results, cryo-EM data, and protein-protein docking methods, we have shown that the 

salivary peptide, histatin-5, inhibits adhesion of ETEC to intestinal epithelium cells, and stiffens the adhesion 

pili CFA/I. We propose a molecular mechanism where the peptide binds to the inner core of the pilus, 

strengthening vertical associations between subunits to disrupt the vital winding/unwinding mechanism. In 

further work, we will solve the near-atomic cryo-EM structure of CFA/I with bound histatin-5, thereby 

determining the histatin-5 binding site and the molecular mechanism by which histatin-5 inhibits ETEC 

infection. Armed with this information, therapeutic peptides could be designed to increase binding affinity, 

improving protection against ETEC-induced diarrheal disease. 

 
Figure 1. Histatin-5 inhibits binding of diarrhea-causing ETEC and alters the ultrastructure of CFA/I pili 

expressed on the ETEC bacterial surface.  A, B). Histatin-5 decreases the adherence of ETEC to Caco-2 tissue 

culture cells. Fluorescence microscopy of Caco-2 cells inoculated with ETEC in the absence (A) and presence 
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(B) of 100 μM histatin-5 show reduced bacterial binding in the presence of the salivary peptide. Caco-2 nuclei 

were stained with 4’,6-diamidino-2-phenylindole (blue) and ETEC were stained with AlexaFluor 488 – 

labelled anti-ETEC antibody (green); from Reference 8. C, D). Histatin-5 disrupts the ultrastructure of the 

CFA/I filaments.  Images of frozen-hydrated CFA/I pili were collected on a Tecnai TF20 at a defocus of ~5 

μm without histatin-5 (C) and with histatin-5 (D). In the presence of histatin-5 the pilus filaments are shorter 

and appear straighter, as compared to control filaments. Scalebar, 50 nm. 

 
Figure 2. The central channel of CFA/I pili has density only in the presence of histatin-5, indicating an internal 

binding site for the salivary peptide.  A, B). 2D reference-free class averages show density, presumed to be 

histatin-5, located in the hollow center channel of the CFA/I filament. Using Relion 3.1 software, individual 

filaments were manually picked from TF20 cryo-EM images of CFA/I pili in the absence and presence of 

histatin-5. Filament segments 215 Å in length were extracted with 97% overlap and used to generate reference-

free 2D class averages. In the absence of histatin-5, the center of the filament remains hollow. In the presence 

of histatin-5, conspicuous density that we attribute to the peptide appears in the previously hollow center. 

Scalebar, 5 nm. C). Protein-protein docking indicates a histatin-5 binding site in the center of the hollow CFA/I 

pilus. ClusPro, a protein docking program was used to optimize electrostatic and van der Waals potential 

interactions. Shown is the top-ranked proposed binding sites between the ligand histatin-5 and a six subunit 

CFA/I filament receptor site. The top ranked poses between histatin-5 and CFA/I pili appear within the 

filament’s interior, with the most abundant interactions occurring between the first and third subunit. This 

histatin-5/pilus interaction increases the vertical, layer-to-layer interactions between pilin subunits. 
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