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Abstract 14 

Since adhesion fimbriae are a major virulence factor for many pathogenic Gram-negative bacteria, they are 15 

potential targets for antibodies. Fimbriae are commonly required to initiate colonization leading to disease, 16 

and their success as adhesion organelles lies in their ability to both initiate and sustain bacterial attachment 17 

to epithelial cells. The ability of fimbriae to unwind and rewind their helical filament presumably reduces 18 

their detachment from tissue surfaces during shear forces that accompany significant fluid flow. Disruption 19 

of functional fimbriae by inhibiting this resilience therefore should have great vaccine potential for 20 

prevention of disease. In this study, we show that two characteristic biomechanical features of fimbrial 21 

resilience, the extension force and the extension length, are significantly altered by antibody-binding to 22 

fimbriae. Fimbriae studied are normally expressed on enterotoxigenic Escherichia coli that are a major 23 

cause of diarrheal disease. This alteration in biomechanical properties was observed with bivalent polyclonal 24 

anti-fimbrial antibodies that recognize major pilin subunits, but not with Fab fragments of these antibodies. 25 

Thus, we propose that the mechanism by which bound antibodies disrupt natural fimbria uncoiling under 26 

force is by clamping together layers of the helical filament, thereby increasing their stiffness and reducing 27 

their resilience during fluid flow. In addition, we propose that antibodies tangle fimbriae via bivalent 28 

binding, by binding to two individual fimbriae and linking them together. Use of antibodies to disrupt 29 

physical properties of fimbriae may be generally applicable to the large number of Gram-negative bacteria 30 

that rely on these surface-adhesion molecules as an essential virulence factor. 31 
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 32 

Importance 33 

Our study shows that the resilience of CFA/I and CS2 fimbriae, both current targets for vaccine 34 

development, can be compromised significantly in the presence of anti-fimbrial antibodies. It is unclear how 35 

the humoral immune system specifically interrupts infection after attachment of ETEC to the epithelial 36 

surface. Our study indicates that immunoglobulins, in addition to their well-documented role in adaptive 37 

immunity, can mechanically damage the resilience of fimbriae of surface-attached ETEC, revealing a new 38 

mode of action. Our data suggest a mechanism whereby antibodies coat adherent as well as free floating 39 

bacteria in such a manner as to impede fimbrial resilience. Further elucidation of this possible mechanism 40 

is likely to inform the development and refinement of preventive vaccines against ETEC diarrhea.  41 
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Introduction 42 

Intestinal infections with enterotoxigenic Escherichia coli (ETEC) are a major concern for children in 43 

resource-limited countries, causing acute diarrhea that can result in death or long-term consequences (1, 2). 44 

Travelers are also at risk of ETEC diarrhea (3). Once in the intestine ETEC adhere to host cells, often 45 

facilitated by helical, long, filamentous adhesion fimbriae, and provoke fluid and electrolyte loss through 46 

the action of enterotoxins (4). Adherence by means of fimbriae is indeed the critical first step in ETEC 47 

pathogenesis. Twenty-five different adherence fimbriae have been identified from clinical isolates of ETEC, 48 

including colonization factor antigen I (CFA/I) and coli surface antigen 2 (CS2) (5, 6). For CFA/I and related 49 

fimbriae, interaction of a fimbrial tip protein with specific intestinal epithelial receptors initiates bacterial 50 

colonization (4). Recent studies suggest that the quaternary structure of a fimbrial shaft plays an additional 51 

deterministic role in colonization, inasmuch as the shaft of certain ETEC fimbriae as well as those of other 52 

pathogenic E. coli is adapted to organ-specific biomechanical and structural features. Despite their 53 

differences in biogenesis and assembly processes, when analyzed biomechanically, ETEC-expressed 54 

fimbriae unwind at a characteristic low-unwinding steady force of <20 pN (7, 8); while fimbriae expressed 55 

by extra-intestinal pathogenic E. coli (ExPEC), such as Type 1, P and S fimbriae, require a steady force of 56 

>20 pN to unwind (7, 9–12).  57 

Due to the essential role played by fimbriae in ETEC pathogenesis, they have commonly served as 58 

targets for development of preventive vaccines against ETEC diarrhea (13–15). Recent vaccination 59 

strategies involve the use of either multiple colonization factors or the use of a recombinant antigen 60 

consisting of multiple fimbrial epitopes (16–18). Use of fimbriae as an immunizing antigen has proven 61 

effective in model organisms as well as in human volunteers challenged with ETEC following passive 62 

immunization with an hyperimmune cocktail containing, predominantly, anti-fimbrial antibodies (19, 20). 63 

While the precise mechanism is unknown, both active and passive immunization with ETEC fimbrial 64 

colonization factors may result in protection by inhibition of bacterial attachment, enhanced bacterial 65 

aggregation and/or opsonization (21–23). 66 

Recent studies have revealed additional potential mechanisms by which antibodies target the bacterial 67 

adhesion process. Anti-adhesin immunoglobulin G (IgG) antibody isotypes mediate neutrophil dependent 68 

clearance of the enteropathogen Citrobacter rodentium from rodents (24), and in cases of ETEC and UPEC, 69 

anti-fimbrial IgG severely limits the biomechanical resilience of CS20 and P fimbriae, respectively (25, 26). 70 

This resilience is important for reducing the force on the adhesin when bacteria are exposed to the shearing 71 

fluid forces in both intestinal and extra-intestinal milieus (27, 28). For example, E. coli expressing CFA/I 72 

fimbriae with a point mutation in the fimbrial major subunit that disrupts its quaternary helical architecture 73 

are unable to aggregate erythrocytes, in an in vitro model of intestinal adherence (11). However, the extent 74 
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to which anti-fimbrial antibodies distort the biomechanical properties of ETEC fimbriae in vivo and their 75 

consequences on bacterial pathogenesis are not yet known.  76 

Material and Methods 77 

Bacterial strains 78 

E. coli strain BL21-A2/pMAM2 expressing CFA/I fimbriae were grown to OD600nm of 0.5 and CFA/I 79 

expression was induced for 6 hours with arabinose (29). E. coli strain C91F expressing CS2 fimbriae (30) 80 

were grown overnight on CFA agar plates at 37°C, and passaged for another overnight growth. Fimbrial 81 

expression was visualized by Atomic Force Microscopy (AFM). 82 

Raising antisera against CFA/I and CS2 fimbriae 83 

CFA/I and CS2 fimbriae from strains WS1933D and C91F, respectively, were purified by heat extraction 84 

followed by ammonium sulfate precipitation (31). Anti-fimbrial antisera were raised by Harlan 85 

Laboratories, Inc. (Envigo). Anti-CS2 (R1590) and anti-CFA/I (R2175) polyclonal antisera predominantly 86 

recognized the major subunits CotA and CfaB of CS2 and CFA/I, respectively, tested by western blot 87 

analysis against purified CS2 and CFA/I fimbriae isolated from C91F and BL21-A2/pMAM2 strains using 88 

a 15% polyacrylamide gel (SDS-PAGE) and immunoblotting with anti-CS2 (1:106) and anti-CFA/I (1:107) 89 

antisera. 90 

CfaB and the adhesin CfaE of the CFA/I operon in strain WS1933D share 100% identity with those in 91 

the CFA/I operon in strain E7473/0, cloned into pMAM2 and used in these studies. 92 

Antibody purification and fragments antibody binding (Fab) preparation 93 

Polyclonal Immunoglobulin G (IgG) antibodies were purified using the Amicon® Pro Affinity 94 

Concentration Kit - Protein A (Amicon) using manufacturer’s instructions. To obtain Fab fragments, 95 

antibodies were cleaved using the Pierce Fab Preparation Kit (44985, Pierce) (25). Purified antibodies and 96 

Fab fragments were analyzed by electrophoresis under non-reducing and non-boiled conditions using 12% 97 

SDS-PAGE. Purified antibodies and Fab fragments were analyzed by electrophoresis under non-reducing 98 

and non-boiled conditions using 12% SDS-PAGE. Gels containing anti-CS2 antibodies and Fab were 99 

stained with PageBlueTM (24620, ThermoFisher Scientific). Due to less protein concentrations, gel 100 

containing anti-CFA/I antibodies and Fab fragments were silver-stained using the ProteoSilverTM Plus 101 

Silver Stain Kit (PROTSIL1-1KT, Sigma Life Science). The gel was first fixed with a solution containing 102 
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50% methanol and 10% acetic acid for 20 minutes, followed by washing first with 30% ethanol and then 103 

with water. The gel was stained with silver stain and developed using solutions provided in the kit. Protein 104 

concentrations were determined using a NanoDrop spectrophotometer, wavelength 280 nm with an 105 

extinction coefficient of 14.0 for IgG and Fab. 106 

Atomic Force Microscopy 107 

For AFM 10 µl of bacterial cell suspension in Milli-Q water was placed onto a cleaved ruby red mica sheet 108 

(Goodfellow Ltd., Cambridge), incubated for 5 min at room temperature and placed into a desiccator for ~2 109 

h. Micrographs were recorded in ScanAsyst mode using a Nanoscope V Multimode8 AFM setup (Bruker 110 

software) with a Bruker ScanAsyst-air probe oscillated at a resonant frequency of 50-90 kHz (32). The 111 

length of fimbriae was assessed using ImageJ software as previously described (12). 112 

Optical tweezers instrumentation 113 

Force spectroscopy measurements were performed using an Optical Tweezers (OT) setup as previously 114 

described (33, 34). Briefly, probe beads and bacterial cells were trapped with a Nd:YVO4 (1064 nm) laser 115 

in continuous wave mode. Trapped bead position was probed with a HeNe-laser (632.8 nm) using a position-116 

sensitive detector. A single bacterium or a probe bead (2.5 µm diameter) was trapped and positioned with 117 

nm precision via a computer controlled piezo-stage. Setup optimization was as described in (35), and data 118 

analyzed using the Allan variance method (36).  119 

Sample preparation and force spectroscopy measurements 120 

An in-house flow chamber system provided defined conditions for force spectroscopy measurements as 121 

previously described (25). A bacterial cell suspension in Phosphate Buffered Saline (PBS, pH 7.4) was 122 

diluted to a concentration expected to have at most one bacterium per field-of-view during experiments. 123 

Bacterial cells (4 µl) and surfactant-free 2.5 µm white amidine polystyrene beads (3-2600, Invitrogen), alone 124 

or with antibodies or Fabs were injected into the flow chamber and sealed with a coverslip. 125 

A trapped bacterium was mounted on the side of a poly-L-Lysine coated 9.5 µm bead and, a 2.5 µm 126 

bead was trapped and the trap stiffness was calibrated using the power spectrum method (37). The trapped 127 

bead was brought into proximity of the mounted bacterium and attached nonspecifically via a fimbria. The 128 

piezo-stage was moved using a home-design LabView program to unwind and rewind the fimbria under 129 

steady-state conditions (software available upon request). 130 

Detailed description of the optical tweezers experiments is described in Supplementary Materials.    131 
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Results 132 

Imaging the expression of fimbriae using atomic force microscopy 133 

We used atomic force microscopy (AFM) to monitor the expression, average length, and helicity of 134 

fimbriae. AFM micrographs in Figures 1A and 1B show uniform distributions of CS2 and CFA/I fimbriae, 135 

respectively attached to E. coli. The average lengths of CS2 and CFA/I fimbriae were 0.88 ± 0.34 µm (mean 136 

± standard deviation, n = 270) and 0.87 ± 0.31 µm (n = 174), respectively. Micrographs show that CS2 and 137 

CFA/I fimbriae were primarily in their intact helical form (black arrow). Only occasionally were narrow 138 

structures observed (yellow arrow in Fig. 1A), representing unwound CS2 fimbriae. 139 

Resilience of CS2 and CFA/I fimbriae  140 

We measured the resilience of CS2 and CFA/I fimbriae under steady-state conditions (0.05 µm/s extension) 141 

using the optical tweezers system, as seen in Figures 3A1 and 3B1 for individual CS2 and CFA/I fimbria, 142 

respectively. The responses are comprised of three distinct force-regions, which is typical for helical 143 

fimbriae; an increasing force, a constant force, and an increasing force (38). As in previous studies, the CS2 144 

and CFA/I fimbriae unwound at a constant force of 10 pN and 7.5 pN, respectively (8, 12). Occasional 145 

multi-fimbriae interactions with the probe bead generated distinct force plateaus, shown as multiples of the 146 

force needed to unwind one fimbria (Fig. 3A1 and 3B1, insets). Fimbriae detached sequentially with 147 

extension and we could always extend the attached fimbriae until only one fimbria remained attached and 148 

used to quantify the mechanical properties of a single fimbria. 149 

The characteristic resilience of helical fimbriae, with a capability of unwinding to ~7 times its original 150 

length (8, 12) and rewinding upon release of tensile force, is shown for CS2 and CFA/I in Fig. S1 and S2, 151 

respectively. Unwinding and rewinding, curves have a high amount of overlap. These unwinding and 152 

rewinding curves indicate that measurements were performed under steady-state conditions and without any 153 

external perturbations (8, 12). 154 

Anti-fimbrial antibodies damage the resilience of CS2 and CFA/I fimbriae 155 

To study the impact of anti-fimbrial antibodies on the resilience of CS2 and CFA/I fimbriae, we performed 156 

force spectroscopy measurements in the presence of purified polyclonal anti-fimbrial antibodies. Anti-157 

fimbrial antisera were raised against intact fimbriae with the major structural subunit as the primary antigen. 158 

Anti-CS2 and anti-CFA/I antisera were tested by western blot for their ability to recognize purified CotA 159 

and CfaB, the major structural subunits of CS2 and CFA/I fimbriae, respectively (Figs. 2A and 2B, first 160 
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panels). Antibodies purified from the antisera were analyzed by SDS-PAGE, which revealed molecular 161 

weights consistent with that of immunoglobulin G (IgG) class antibodies, Figs. 2A and 2B, second panels. 162 

We thereafter performed force spectroscopy measurements on CS2 and CFA/I fimbriae in the presence 163 

of purified anti-fimbrial IgG. In preliminary experiments, we found that an IgG concentration of 2.8 µg/ml 164 

significantly affected the force extension response; see Fig. 3A2, showing only high force peaks and no 165 

indication of a region that unwinds under a constant force. At this concentration it was never possible to 166 

rewind the structure, as it always detached from the probe bead during extension before a single fimbria 167 

could be completely extended. This was typical for all experiments performed at 2.8 µg/ml; see Fig. S3 for 168 

additional data. The IgG concentration was sequentially lowered by 10 fold, until a single fimbria could be 169 

extended and a partial rewinding curve could be measured.  As can be seen in Fig. S4, the force-extension 170 

data at 0.28 µg/ml is less disrupted than at 2.8 µg/ml, but it shows multiple peaks and the force never 171 

descended to 10 pN, indicating that extension of one single fimbria did not occur. Again, it was not possible 172 

to rewind the structure since the fimbriae always detached from the bead during initial extension. 173 

Experiments at 0.028 µg/ml showed less disruption, with only a few minor peaks in the force, and it was 174 

possible to extend the fimbriae until a single fimbria was identified. At this antibody concentration it was 175 

possible to also assess a partial rewinding curve (see Fig. S5). 176 

Similar experiments were performed for CFA/I in the presence of 2.8 µg/ml purified polyclonal anti-177 

CFA/I antibodies. Representative force-response profiles are shown in Fig. 3B2 and Fig. S6. The data show 178 

a high degree of disruption in the force-extension curve. Occasionally, constant force plateaus at a multiple 179 

of the force required to extend a single fimbria were observed. However, it was not possible to unwind a 180 

single fimbria nor was it possible to measure a rewinding curve. At a 10-fold lower concentration, 0.28 181 

µg/ml, we observed that the force-extension was slightly disrupted, and it was possible to assess a response 182 

from a single fimbria, see Fig. S7. 183 

In addition to alterations in forces required for unwinding, the extension length of fimbriae was also 184 

significantly affected in the presence of a high concentration of anti-fimbrial antibodies. This can be clearly 185 

seen by comparing the representative force-extension curves of CS2, Fig. 3A1 with Fig. 3A2, Fig. S3 and 186 

S4. We quantified this by calculating the average unwinding length, i.e., the length of the force plateau, for 187 

all fimbriae in each respective group. The mean extension length of CS2 fimbriae in the absence and 188 

presence of anti-fimbrial antibodies was estimated to 5.2 ± 2.5 µm and 1.5 ± 0.8 µm (n = 20), respectively. 189 

These mean values are significantly different (t-test, p = 2.61·10-7). 190 
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Intact bivalent antibodies are essential to challenge fimbrial resilience 191 

Next, we determined whether the damage to fimbrial resilience is due to antibodies binding to their specific 192 

epitopes or whether it is a direct physical intervention. We cleaved the anti-fimbrial antibodies to 193 

monovalent antigen-binding fragments, Fabs. Fabs prepared from anti-CS2 and anti-CFA/I anti-fimbrial 194 

antisera were analyzed by SDS-PAGE (Figs. 2A and 2B, panel 2, respectively). Force responses of 195 

individual CS2 and CFA/I fimbriae in the presence of Fab fragments at 2.8 µg/ml shown in Fig. 2 panels 196 

A3 and B3 show that Fab fragments had an insignificant impact on force-extension curves (cf. Figure 3A2 197 

and 3B2). That is, the unwinding force did not show a significant change in the presence of Fabs, and is 198 

very similar to the force response in the absence of antibodies, see Fig. 3A1 and 3B1. 199 

Control measurements using anti-adhesin antibodies 200 

To verify that the altered resilience of fimbriae results from physical interference of antibodies with the 201 

fimbrial shaft, we performed force-extension experiments in the presence of a high concentration of 202 

antibodies raised against the tip adhesin, 85.8 µg/ml. Using antibodies directed against CfaE, the CFA/I 203 

adhesin (Fig. S8 shows western blot and purified protein analysis), we investigated the biomechanics of the 204 

shaft. The force-extension response of CFA/I fimbriae in the presence of anti-adhesin antibodies is shown 205 

in Fig. 4 and Fig. S9. This antiserum preparation serves as a very nice control compared to the anti-fimbrial 206 

antisera, essentially proving that it is the antibodies directed against the major subunit that adversely impact 207 

the biomechanical properties of CFA/I. 208 

Discussion 209 

CS2 and CFA/I fimbriae facilitate ETEC colonization in the small intestine. These fimbriae have a helical 210 

configuration that can be extended several times their initial length with the application of very low tensile 211 

forces, ~10 pN and ~7.5 pN of unwinding force, respectively, distinguishing them as fimbriae with the 212 

lowest required unwinding forces described to date (8, 12). Fimbrial unwinding is proposed to be essential 213 

for initial attachment and sustained adhesion of bacterial cells since unwinding reduces the load on the 214 

adhesin-receptor interaction (27, 28). Increasing fimbrial stiffness by inhibition of unwinding could 215 

therefore reduce the capacity of bacteria to initiate and sustain attachment (25, 26). Since antibodies 216 

generated against common ETEC fimbrial colonization factors interact with and significantly reduce their 217 

ability to deform elastically, fimbriae with bound antibodies lose their ability to absorb energy. These 218 

findings suggest that anti-fimbrial antibodies could provide a protection against ETEC bacteria by 219 

interfering with fimbrial elasticity. 220 
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Our data show that the resilience of CS2 and CFA/I fimbriae is significantly diminished by bivalent 221 

binding of anti-fimbrial antibodies, raising the unwinding force several fold, removing the constant force 222 

plateau, and significantly reducing fimbrial resilience. To affect fimbrial resilience, antibody binding must 223 

be to fimbrial shaft subunits, as our data show that antibodies against the tip adhesins, which do not bind to 224 

or compromise the fimbrial shaft, have no impact on fimbrial unwinding capacity. It is, however, extremely 225 

unlikely that bivalent antibody binding causes elongated fimbriae to become locked in an unwound 226 

configuration. While it is sterically possible that an antibody can bind two epitopes on an unwound fimbria, 227 

the linker region between the two arms of antibodies is highly mobile. Similarly, the linker region between 228 

subunits in fimbriae is also mobile. Upon binding of an antibody to a single epitope, the probability that a 229 

second (identical) epitope is positioned such that the second arm can bind to a nearby subunit is extremely 230 

unlikely. Thus, bivalent binding to unwound fimbriae is not expected to occur, due to both the limited reach 231 

of the antibody arms and the combined mobility of the antibody and the fimbria. There are, however, 232 

occasional dips in force observed when fimbriae are rewinding. These dips could be caused by transient 233 

bivalent binding of antibodies to unwound fimbriae. 234 

The importance of bivalent binding was also demonstrated by Fabs having no impact on fimbrial 235 

biomechanics (Figs. 3A3 and 3B3).  Thus, we conclude that both bivalent and shaft-specific antibodies are 236 

required to cross-link and lock together layers in the shaft, and that these antibodies thereby reduce fimbrial 237 

resilience.  238 

We propose that the high extension forces measured in the presence of anti-fimbrial antibodies resulted 239 

from both intra-fimbrial cross-linking, i.e., binding two subunits on the same fimbria, and to some extent, 240 

inter-fimbrial cross-linking, i.e., binding between two fimbriae. We speculate that inter-fimbrial cross-241 

linking would also change the resilience of fimbriae, since this situation is similar to connecting two parallel 242 

springs with a stiff linker. If one spring is extended with an external force, it will abruptly increase the spring 243 

constant when the linker (in this case an antibody) connecting the two springs is fully stretched. This would 244 

lead to a transient increase in the force, significantly reducing the lifetime of the receptor-ligand bond and 245 

most likely lead to bond breakage (39). 246 

Secretory IgA and, to a much less extent, secretory IgM provide the first line of immune defense in the 247 

intestine and luminal surfaces (40, 41). With this in mind, we conceptually model a plausible situation at 248 

the brush border of the small intestine in the absence and presence of antibodies, as described in Fig. 5. 249 

ETEC bacteria are attached to microvilli with adhesion fimbriae and exposed to peristaltic movements and 250 

fluid flow from the lumen (43, 44). The movement of the microvilli will in turn apply stress to fimbriae and 251 

the receptor-ligand bond. However, the fimbrial resilience will modulate and effectively damp out transients 252 

in the force prolonging the lifetime of the receptor-ligand bond (45). In contrast, in the presence of antibodies 253 
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(see Fig. 5C), primarily secretory IgA, there are two possibilities. Either the antibodies attach to fimbriae 254 

and increase fimbrial stiffness, or the presence of antibodies results in fimbrial tangles. In either scenario 255 

the function of these antibody-decorated fimbriae is now impeded by the transient forces from the lumen, 256 

which can break the receptor-ligand bond and flush the bacterium out from the intestine. Once a bacterium 257 

is detached from the surface, antibodies attached to the fimbriae would limit the ability to reattach, resulting 258 

in reduced bacterial retention in the intestine. 259 

As common bacterial surface antigens with essential roles in initiating and sustaining intestinal 260 

attachment, fimbrial colonization factors of ETEC have been included as primary components of several 261 

ETEC vaccines in clinical evaluation (17, 19, 20). Recent work has suggested that the CfaE minor tip-262 

localized adhesin of CFA/I serves as a protective vaccine against ETEC disease in an infant mouse model, 263 

based on the generation of an antibody response that inhibits adhesin-receptor binding (42).  In combination 264 

these data, the biomechanistic framework presented here, and prior evidence showing the protective capacity 265 

of antibodies against purified CFA/I fimbriae (20) is predominantly a response against the major stalk-266 

forming subunit, leads to a new hypothesis:  the optimal subunit for an ETEC vaccine would elicit robust 267 

responses to both the CfaE adhesin and the CfaB stalk-forming subunit. A previously described CfaE-CfaB 268 

fusion protein (11) represents such an antigen that could be used to test this hypothesis. 269 

Our current study shows that the resilience of CFA/I and CS2 fimbriae, both current targets for vaccine 270 

development and requiring extremely low unwinding forces, can be compromised significantly in the 271 

presence of anti-fimbrial antibodies. It is unclear how the humoral immune system specifically interrupts 272 

infection after attachment of ETEC to the epithelial surface. Our study indicates that immunoglobulins, in 273 

addition to their well-documented role in adaptive immunity, can mechanically damage the resilience of 274 

fimbriae of surface-attached ETEC, revealing a new mode of action. Our data suggest a mechanism whereby 275 

anti-fimbrial antibodies coat adherent as well as free floating bacteria in such a manner as to mechanically 276 

impede fimbrial resilience. Further elucidation of this possible mechanism is likely to inform the 277 

development and refinement of preventive vaccines and therapeutics against ETEC diarrhea. 278 
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Figures 447 

 448 

Figure 1. AFM micrographs of ETEC cells expressing fimbriae. (A) A single C91F cell expressing CS2 fimbriae. The 449 
black arrow indicates a fimbria in its helical form (wound), whereas the yellow arrow shows an extended (unwound) 450 
CS2 fimbria. The inset represents 1.5x magnification of the micrograph in the vicinity of the arrows. (B) A single 451 
BL21-A2/pMAM2 expressing peritrichous CFA/I fimbriae, which were primarily in their helical form (wound). Scale 452 
bar is 0.5 µm. 453 
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 454 

Figure 2. Analyzing antibodies and Fab preparations. (A) Anti-CS2 antibodies and Fab fragments: left panel, western 455 
blot analysis of purified CS2 fimbriae using anti-CS2 antisera (R1590) indicating the major structural subunit, CotA, 456 
specific band at approximately 15 kDa. Right panel, PageBlue stained SDS-PAGE analyses of purified anti-CS2 457 
antibodies in Tris buffer (lane 2), purified anti-CS2 antibodies in 1x PBS buffer (lane 3), papain-digested anti-CS2 458 
antisera (lane 4), purified Fab fractions 1 and 2 in 1x PBS (lane 5 and 6). Anti-CS2 Fab fraction 2 was used in bio-459 
mechanical assays. (B) Anti-CFA/I antibodies and Fab fragments: left panel, western blot analysis on purified CFA/I 460 
fimbriae using anti-CFA/I antisera (R2175) indicating major structural subunit, CfaB, specific band at approximately 461 
15 kDa. Right panel, silver stained SDS-PAGE analyses of purified anti-CFA/I antibodies in Tris buffer (lane 2), 462 
purified anti-CFA/I antibodies in 1x PBS buffer (lane 3), papain-digested anti-CFA/I antisera (lane 4), purified Fab 463 
fraction in 1x PBS (lane 5) which was used in bio-mechanical assays. First lane in each panel shows molecular weight 464 
markers. 465 
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 466 

Figure 3. Force spectroscopy measurements on CS2 and CFA/I fimbriae. Panels (A1) and (B1) show force extension 467 
responses of CS2 and CFA/I fimbriae, respectively. The inset shows the force responses when multiple CS2 and CFA/I 468 
fimbriae are bound, where distinct force plateaus can be identified. The force response is divided into three distinct 469 
regions; region (I) shows a linear increase of the force, region (II) shows unwinding of the intact quaternary structure 470 
of the fimbria, and region (III) shows overstretching of the fimbria after complete unwinding of the quaternary 471 
structure. Panels (A2) and (B2) show the extension responses of CS2 and CFA/I fimbriae, respectively, in the presence 472 
of 2.8 µg/ml purified anti-fimbrial antibodies. Antibodies significantly alter the force responses of the fimbriae. The 473 
small constant plateau between the dashed lines in panel B2 shows a short unwinding region, which was rarely seen 474 
when analyzing all data. Panels (A3) and (B3) shows the extension responses of CS2 and CFA/I fimbriae in the 475 
presence of Fab fragments (2.8 µg/ml). The presence or absence of Fab fragments does not change the force responses 476 
(e.g. compare panels (A1) and (A3)). 477 
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 479 

Figure 4. Force-extension responses of CFA/I fimbriae in the presence of anti-adhesin antibodies. The black curve 480 
represents unwinding whereas the blue curve represents rewinding of the fimbria. 481 
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 482 

 483 

Figure 5. Conceptual model of fimbriated bacteria in the intestine.  A) Fimbriae in the absence of antibodies bind to 484 
microvilli and undergo unwinding when exposed to forces due to intestinal fluid flow. B) Fimbriae decorated with 485 
antibodies cannot freely unwind and rewind, thereby limiting sustained binding to microvilli. 486 


