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Abstract 
 

In this thesis the colonization factor antigen I (CFA/I) of the enterotoxicogenic Escherichia coli 

(ETEC) is characterized biophysically with an optical tweezers. ETEC is the causative agent of 

travellers’ diarrhoea. The CFA/I is an adherence organelle, often named pili, mediating attachment to 

the epithelia of the small intestine, essential for infection. An optical tweezers were used to unfold the 

pili showing a steady state force of about 8 pN during unfolding. Also, the force dependence on 

unfolding velocity was studied. At velocities above 1.75 µm/s, the force increased linearly with the 

logarithmic velocity, in line with results from UPEC associated E. coli. The resulting force of CFA/I 

differs significantly from previously studied type 1, P and S pili which are in the range 25-30 pN. This 

is supposed to reflect differences in the host environment, i.e. the difference between gastrointestinal 

and urinary tract. The general behaviour however, seem to be the same for the different pili, in 

accordance with the similar macromolecular structure. In addition, the steady state force of the F1C 

pili of Escherichia coli was estimated to 28pN. 
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Sammanfattning på svenska 

Bakteriella infektioner tillhör en kategori av få botbara sjukdomstillstånd som finns, de flesta andra 

sjukdomar är endast behandlingsbara. Bland de mer kända icke botbara tillstånden kan nämnas 

diabetes, hypertoni och hjärtsvikt. Botmedlet i fallet bakteriella infektioner kallas antibiotika. 

Obehandlade är många bakteriella infektioner dödliga eller ger men för livet. Utvecklingen av olika 

behandlingsmetoder, såsom exempelvis antibiotika och vacciner, är därför av stor vikt. Resistens 

mot antibiotika är ett växande problem varför det är viktigt att forskningen fortsätter och att nya 

metoder utvecklas i kampen mot infektioner. 

I detta arbete, som utgör examensarbete inom teknisk fysik, studeras en bakterie kallad 

enterotoxinogena Escherichia coli (ETEC). ETEC orsakar en vattning diarré, i engelsk litteratur kallad 

”travelers´ diarrhea”, när den infekterar tunntarmen. Som det engelska namnet antyder drabbar den 

ibland resenärer utomlands men orsakar framför allt uttorkningstillstånd hos miljoner och döden hos 

hundratusentals barn under 5-års ålder i utvecklingsländerna. Att hitta en behandlingsform skulle 

alltså innebära en stor vinst avseende lidande och dödsfall. 

Denna bakterie använder, likt många andra bakterier, ett vidhäftningsorgan för att kunna fästa på 

slemhinnan i tunntarmen. Dessa organ kallas pili (plural, pilus – singular) eller fimbrier. Det är de 

biofysikaliska egenskaperna hos de för ETEC karakteristiska pili, Colonization Factor Antigen I 

(CFA/I), som har studerats i detta arbete med hjälp av optisk pincett.  

Med hjälp av elektronmikroskop har man konstaterat att pili består av mikrometerlånga och 

nanometerbreda hårliknande utskott som sticker ut från bakterien. På makromolekylär nivå ses att 

CFA/I består av subenheter som är sammanlänkade i serie och bildar en spiral eller helix. Det krävs 

strax över 3 subenheter för att bilda ett varv på spiralen. Man har också sett att subenhet n 

interagerar med n+3 vilket ger helixen stadga och hindrar den från att vecklas ut. 

Tidigare studier över pili som uttrycks av uropatogena Escherichia coli (UPEC) som ger 

urinvägsinfektioner har visat att pili kan vecklas ut och förlängas flera gånger sin ursprungliga längd. 

Detta medför att en kraft som påverkar en vidhäftad bakterie kommer kunna fördelas över ett stort 

antal pilus. Kraften på varje enskild pilus blir då ofta så liten att den inte släpper från fästytan. Detta 

betyder att de biofysiska egenskaperna hos pili spelar en väsentlig roll för bakteriens förmåga at 

motstå externa krafter. 

Man har lyckats mäta kraften i pili och kunnat se att denna varierar dels beroende på hur pass 

utsträckt pili är men även med vilken hastighet man drar ut dem. En enkel matematisk modell har 

utvecklats utgående från mätningar som väl fångar dynamiken. Tre olika faser, eller regioner, kan 

ses när en pilus utvecklas. Den första, region I, kan liknas vid en fjäder som dras ut, dvs man ser en 

linjär kraftutveckling med förlängningen. Region II har en konstant kraftnivå. Man antar här att det är 

bindningen mellan n och n+3 som öppnar och att öppningen sker sekventiellt, en bindning i taget i en 

riktning längs med helixen tills alla bindningar är öppnade. När alla n till n+3-bindningar är öppna 

inträder region III som har ett olinjärt mer svårförklarat samband som antagligen delvis beror på 

rotationer mellan subenheterna. 

Vid mätningar gjorda under detta arbete sågs en statisk kraft (region II) på 8.4 ±1.2 pN för CFA/I. 

Vid hastigheter över ca 1.75 µm/s börjar kraften variera med utvecklingshastigheten som ger en linjär 

kraftökning med den logaritmerade hastigheten. Pili som uttrycks av UPEC har en betydligt högre 

statisk kraft. För t ex typ 1, P och S pili ligger kraften i intervallet 25-30 pN. Detta återspeglar 

sannolikt att flödeshastigheterna och därmed den kraft bakterierna utsätts för är betydligt högre i 

urinvägarna jämfört med tunntarmen. Dock har inga studier avseende flödeshastighet i tarmen hittats 
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vid litteratursökning. Således ses en klar skillnad i kraften hos CFA/I jämfört med pili hos UPEC men 

att det principiella beteendet och dynamiken hos makromolekylerna är de samma vilket stämmer väl 

med att de har en liknande uppbyggnad. 

Att förstå struktur och egenskaper hos pili är viktigt då det kan ge ledtrådar till hur man ska 

designa läkemedel. Utveckling av läkemedel som slår ut pili, sk pilicider, hos UPEC pågår för 

närvarande och försök där dessa utvärderas med hjälp av optisk pincett har gjorts. Då CFA/I 

uppvisar liknande beteende som tidigare studerade pili kan tekniken säkerligen appliceras som 

hjälpmedel vid utveckling av pilicider, eller motsvarande, verksamma mot ETEC. 

För att lära handhavandet av den optiska pincetten användes en E. coli-stam som uttryckte en pili 

kallad F1C. Denna hade tidigare visat ge mätresultat men tillräckligt många mätningar hade ej gjorts 

för att ge signifikanta resultat. Som bonus i arbetet kunde således den statiska kraften hos F1C 

bestämmas till 28 ±1 pN, väl i nivå med typ1, S och P pili. Dynamiska mätningar väntar. 
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1 Introduction 

Bacteria are important causative agents of morbidity and mortality worldwide. The development of 

various antibiotics has made infections one of the few curable medical conditions that exists and has 

saved many lives. There are still infections which are hard to cure and the emergence of resistance 

to antibiotics urge the continued research to understand bacteria and develop new antibiotics and 

ways to treat infectious disease. 

This thesis concerns the enterotoxicogenic Escherichia coli (ETEC) which causes travelers’ diarrhea, 

but even more importantly, causes dehydration of millions and deaths of hundreds of thousands of 

children age below 5 years in the developing countries [8,9].  Thus, developing a vaccine or a drug 

that impedes infection by the bacteria could save many lives. More specifically, this study concerns 

an adherence organelle named Colonization Factor Antigen I (CFA/I) which is one of the most 

important virulence factors of ETEC. This study hopes to extend the understanding of the virulence of 

ETEC and function of CFA/I which eventually may lead to the development of such a drug or 

vaccine.  

To understand the virulence of ETEC it is important to understand the environment it has to conquer, 

namely the human gastrointestinal tract. Therefore an introduction to the anatomy and physiology is 

given. This overview, which includes section 1.1 to 1.3, is based on the references [1,2,3]. 

 

1.1 Anatomy and physiology of the gut 

The total length of the gastrointestinal tract, from the oral cavity to the rectum, is in the range 6 to 11 

meters, depending on body size and sex. In figure 1, the different anatomical parts mentioned below 

are indicated. 

In the mouth, food is grinded into smaller parts, facilitating processing further down the tract. 

Saliva is also added, partly to moist the food making transition through the pharynx and esophagus 

easier, but also to add enzymes which break down the contents of food, e.g. α-amylase which 

degrade carbohydrates.  

As mentioned, when swallowed, the food passes through the pharynx and then down the 

esophagus to the ventricle or stomach. Here hydrochloric acid is excreted making the pH below 4, 

often as low as 1-2. The food, or as it is now called – chyme, is further broken down by the 

massaging motion of the walls of the ventricle for about 1-4 hours before it is released into the first 

part of the small intestine, the duodenum. Here the pH is raised to 7-8 by the excretion by the 

pancreas, containing bicarbonate neutralizing the hydrochloric acid and also various enzymes, for 

instance proteolytic enzymes, amylase and lipase. Bile from the biliary tree is secreted here as well, 

consisting of bile salts, bilirubin and electrolytes. The middle part of the small intestine is the jejunum. 

Most of the nutrients, as carbohydrates and proteins, are absorbed in the duodenum and jejunum. In 

the distal part, the ileum, the absorption mainly concerns bile salts, vitamin B12, water and 

electrolytes. While passing through the small intestine roughly 7-9 liters of fluids are secreted each 

day into the lumen and 6.5-9 liters are absorbed. The food spends 3-5 hours in the small intestine.  
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When leaving the small intestine through the ileocecal valve into the large intestine, the food is 

still fluid. About 1.5-2 liters of water enters the colon but only 0.1-0.2 liters leaves the body with the 

faeces. Most absorption takes place in the proximal part, the ascending colon. Not much of nutrients 

are absorbed in the colon, usually the absorption in the small intestine is very efficient. But some 

capacity is available when needed. Though, vitamin K, produced by bacteria in the lumen, is 

absorbed and is important since the food often has insufficient amount to maintain the levels needed 

by the human body. The remnants of the food reside in the colon for up to 24 hours. 

In total, the transition time through the alimentary tract is up to 36 hours. Though, there is a high 

degree of inter-individual variation. During an episode of gastroenteritis, this transition time can be 

considerably shortened. 

The gastrointestinal wall, from the esophagus to the rectum, has a large muscular component 

providing propulsive force. This is a highly coordinated process. In fact, the alimentary tract contains 

as much nerve cells as do the spine. Since this study concerns the adherence of ETEC in the small 

intestine during infection, the description peristalsis will be limited to this part of the gastrointestinal 

tract. Though, the principles are applicable in general except in the esophagus, in which there is a 

large component of striated muscles which are not present elsewhere. 

In a cross section, the intestinal wall has a circular and a longitudinal muscle layer, where the 

longitudinal layer is the outermost. In addition, there are sparse bundles of muscle in the mucosa 

muscularis, in the deeper layer of the mucosa. All muscles in the layers are smooth muscles. They 

are interconnected by gap junctions both in the layer direction but also between layers. This provides 

a way of coordinating the muscular activity. As mentioned above, the neural density is relatively high. 

Between the longitudinal and circular muscle layer we have the myenteric plexus which is a network 

of nerve cells. In the mucosa closer to the intestinal lumen is the subumucosal plexus. As seen in 

figure 2, where all the layers are indicated, the mucosa has a rugged surface to increase the 

absorptive area. 

Figure 1 Anatomical chart of the gastrointestinal system. 
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The combined action of the muscle layers can produce different motions of the intestine. There 

are propulsive movements, or peristalsis, and mixing movements. These movements depend on the 

coordinate action of the smooth muscles and the neural plexus. Mixing movement can be triggered 

by chyme distending the intestinal wall, inducing contracting rings, spaced apart along a segment. 

The contractions last for less than a minute. New contracting rings appear at new locations along the 

segments. Contractions occur about 2 or 3 times per minute, the maximum frequency being 12 per 

minute. 

The propulsive movement is accomplished by peristaltic waves. These can be described as a 

contractile ring which moves in one direction. The segment distal to the ring is in a relaxed state. 

Theoretically they could move in any direction although in vivo they only seem to move analwards. In 

average they only travels 3-5 cm, rarely moving over 10 cm. The wave has a velocity of about 0.5-2 

cm/s. The net movement of chyme is about 1 cm/s. The dichotomy between mixing and propulsive 

movements is not as clear as described here though. Actually, the food is moved in the anal 

direction, about 1 cm, during mixing movements. 

 
The activity of the bowel is regulated by different mechanisms. As mention above, contractions 

are triggered by the distention of the intestinal wall. There are also different reflexes. For instance, 

Mixing movements with contractile rings spaced apart. 

A peristaltic wave moving to the right. 

Figure 3 At the top an illustration of the mixing movements of the intestine where contractile 
rings chop the food, mixing it with the sectretions of the intestinal system. At the bottom to 
the left a peristaltic wave starts moving to the right. The right illustration shows how the 
contractile ring has moved a second later. 

Mesenterium 
 
Longitudinal muscle 
 
Circular muscle 
 
Submucosa 
 
Mucosa 
 
Myenteric nerve plexus 
 
Submucosal nerve plexus 

Figure 2 Cross section of the small intestine showing the various layers. 
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the gastrocolic-reflex, which is a signal from the stomach to evacuate the colon, and the 

enterogastric-reflex, where the colon and small intestine signals to the stomach to inhibit ventricular 

motility and secretion. The neural plexus are under autonomic influence, regulated by sympathetic 

and parasympathetic innervation. In general, the parasympathetic system increases the activity of 

the enteric nervous system while the sympathetic inhibits it. There are also several hormones which 

influence the intestinal activity. Many of these are released by cells in the intestinal wall. 

Cholecystokinin, released from the mucosa in the jejunum in response to fat, increase the secretion 

of bile and inhibits the emptying of the stomach. Secretin is released by the duodenum when gastric 

acid comes through the pylorus from the ventricle. This stimulates secretion from the pancreas and 

also inhibits the stomach. Other examples are gastric inhibitory peptide, vasoactive intestinal 

polypeptide, somatostatin and of course the neurotransmitters acetylcholine and norepinephrine. 

1.2 The normal flora of the alimentary tract 

The whole gastrointestinal tract is colonized by different species of bacteria. Under normal 

circumstances they do no harm to the individual. In fact, it is more of a symbiosis. As mentioned 

earlier, they produce vitamin K in the colon, which is essential for the blood coagulation and also help 

fermenting the food. The mouth and pharynx are colonized by over 300 different species. In the 

stomach, many of these can be found since they are swallowed. The acidity in the ventricle reduces 

the amount of bacteria significantly, from about 10
5
 bacteria per ml just after a meal down to 10-100 

per ml on empty stomach. In the small intestine, the number of bacteria increases from the proximal 

to the distal part. In the duodenum 10
4
-10

5
 per ml, mostly lactic acid producing - streptococcus 

species, lactobacillus and bifidobacteria, all coming from the swallowed saliva. The jejunum contains 

the same species but in higher numbers. The ileum is richer in species and has a more permanent 

colonization. Lactic acid producing bacteria are still numerous but there are also enterobacteria, 

bacteroides and fusobacteria. The count in the distal ileum is around 10
7
-10

8
 per ml. In the ceacum 

and the colon, 95% of the bacteria are anaerobic. There are 400-500 different species and a total 

concentration of bacteria in the interval 10
11

-10
12

 per ml. An important group of bacteria here is E. 

coli. Some subspecies cause urinary tract infections and different types of gastroenteritis. 

1.3 The defense against gastrointestinal infection 

The gastrointestinal system has several ways in defending itself against pathogenic bacteria. Many 

of these mechanisms are nonspecific. One could regard cocking food and washing of the hands as 

part of this nonspecific defense, though the variation is large between individuals and cultures.  

The acidic environment of the ventricle reduces the amount of bacteria, on empty stomach often 

to a count of less than 100 per ml. People with achlorhydria are more susceptible to infection by 

Salmonella, Cholera and ETEC proving the importance of hydrochloric acid as part of the defense 

against bacterial infection.  

The peristalsis of the small intestine and colon also influence the amount of bacteria. Low 

peristaltic activity gives higher counts and increased risk of malabsorption and diarrhea.  

The normal bacterial flora is important in protecting the gut from infection by pathogens. It does 

this mostly by competing and inhibiting establishment of the pathogenic species. The importance of 

the normal flora is seen in cases of Clostridium difficile infections due to treatment with antibiotics. In 

these cases, the normal flora has been disrupted by the antibiotics, allowing the clostridium to 

establish itself. 
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The specific defense consists of antibodies, mostly secretory IgA but also IgM can be secreted. 

These antibodies can block the adhesion of bacteria and neutralize the toxins produced by the 

bacteria. IgG antibodies are efficient when bacteria invade the epithelia but if the antibodies leak into 

the intestinal lumen, they are rapidly degraded by enzymes and thus inefficient. 

From the description in section 1.1 of the secretory activity of the bowel, one realizes that if 

absorption is impaired, more than 10 liters of fluid can be lost in 24 hours due to diarrhea. If vomiting 

is present, this fluid is hard to replace and if it is to be continued can result in circulatory collapse. 

Also, important electrolytes are lost and in small children this can result in lethal hypertone 

dehydration which demands careful administration of intravenous fluids with risk of cerebral edema. 

1.4 Escherichia coli and ETEC 

E. coli are part of the Enterobacteriaceae family of Gram-negative rods. They grow in both aerobic 

and anaerobic conditions and occur naturally in the gastrointestinal tract making 1-5% of the naturally 

occurring bacteria in the colon, accounts for 90 % of all urinary tract infections, various kinds of 

diarrheas and neonatal meningitis [4]. 

It possesses different virulence mechanisms to infect its host. One important factor is adherence, 

which often is mediated by a macromolecular structure named fimbriae or pili. Many other bacterial 

species also have pili. The pili are thin hair like filaments extending out from the bacterial cell wall. 

The pili are built of smaller subunits which forms a polymer. This structure is flexible, allowing the 

subunits to move relative each other, providing a spring like action, damping and redistributing 

external forces the bacteria are exposed to. A scanning electron microscope picture of an E. coli 

expressing P pili is shown in figure 4, where the pili are clearly visible. 

 

 
 

                                    
 

Previous studies with optical tweezers have characterized type 1, P pili and S pili [5,6,7], which 

are predominantly expressed by different strains of the uropathogenic E. coli (UPEC), and also other 

strains. Several characteristics have been revealed about their function. For instance, differences 

have been seen between type 1 and P pili which is suggested to reflect their different host 

environment. As type 1 pili is expressed in strains causing lower urinary tract infection (UTI), cystitis, 

and P pili in upper UTI, pyelonephritis, it is speculated  that this is due to the different flow dynamics 

of the lower and upper urinary tract. From the measurement data a biophysical model has been 

developed, see section 2.3 below. 

Figure 4 E. coli captured by a atomic force microscope. Here the pili are 
clearly visible, a pilus is marked with an arrow. 
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In addition to the CFA/I pili, ETEC also possesses two enterotoxins. These are named LT (heat 

Labile Toxin) and ST (heat Stabile Toxin), which via adenylate cyclase and guanylate cyclase, 

respective, induces secretion by the intestinal epithelia. Raising the level of cAMP and cGMP in the 

epithelial cells inhibits the uptake of Na
+
 and Cl

-
 by the epithelia and stimulates secretion of Cl

-
 and 

HCO3 with the following osmosis of water into the intestinal lumen. The infection by ETEC is non 

invasive and thus non inflammatory, so when eliminated from the gut, the normal function of the 

gastrointestinal tract recovers rapidly [5]. 

1.5 The CFA/I pili 

The CFA/I pili of ETEC thus is an important virulence factor which provide attachment to the small 

intestine of humans. It is a helical filament with a diameter of about 7.4 nm and a length of about 1 

µm. The subunit building up the helix rod is CfaB, which has a bilobed, peanut-shaped, appearance. 

3.17 subunits makes up one turn of the helix and each subunit produces a rise of about 0.83 nm. The 

long axis of the subunits is perpendicular to the axis of the helix. In a study with iterative helical real-

space reconstruction, a strong n to n+1 subunit interaction was seen, as well as a n to n+3 subunit 

interaction. Compared to P-pili, previously studied, the n to n+3 subunit to subunit interaction is much 

weaker in CFA/I [10]. A 3-D reconstruction is displayed in figure 5 where the subunits are seen, as 

well as the n to n+3 interaction (taken from [10]). 

 

 
 
 
 
 

Several proteins have been discovered which are important for the structure an assembly of 

CFA/I. The CfaB, as mentioned above, is the major subunit that polymerizes to form the helical rod. 

The CfaE is a minor subunit localized at the tip and also nucleates formation of the fimbriae. It also is 

supposed to mediate adhesion. Though, conflicting evidence exists whether CfaE or CfaB is the 

eukaryotic receptor-binding ligand, recent studies support the role of CfaE as the ligand [11,12]. A 

chaperone in the periplasm, the CfaA, promotes folding of subunits and mediates transport to the 

outer membrane where the CfaC usher helps the assembly of the polymer. Donor strand 

complementation of the CfaB subunits promotes proper folding and interaction between the individual 

subunits [11]. 

Figure 5 3-D reconstruction of the CFA/I pili from [7]. The bilobed appearance of 
the subunits is clearly seen as are the position of the n and n+3 subunit 
providing the layer-to-layer interaction. 
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Type 1, P and S pili have similar structural architecture with similar subunit interaction as CFA/I. It 

is worth mentioning that there are pili with different architecture and behavior. For example the Hib 

pili of Haemophilus influenzae where the subunits form a three stranded ropelike structure adapted to 

withstand the forces of coughs and sneezes [26]. 

2 Theory 

2.1 Biomechanical model 

A simple model has previously been developed before [13,6] to describe the mechanical dynamics of 

pili structures. The pili are modeled as a chain of coupled rigid rods. The rods have closed layer-to-

layer bonds, open layer-to-layer bonds and head-to-tail bond, as depicted in figure 6 below, which 

roughly defines 3 different conformations or states, here named A, B and C, respectively. 

 
 
 
 
 
 
 
 

 
 
 

 
 
 
 
 
 
 

An outline of the energy landscape of state A and B is shown in figure 7. In order for a bond in 

state A to open, and thereby arrive at state B, it has to pass over the so called transition state T. The 

probability of making this passage is proportional to an (exponential) Arrhenius factor of the form 

𝑒−𝑉𝐴𝑇 /𝑘𝑇  , where VAT  is the difference in energy between the states A and T, k and T are the 

Boltzmann constant and the (absolute) temperature, respectively. A similar configuration is 

applicable for the transition between state B and C.  

Figure 7 illustrates the effect of applying a force FUF to the pili, or subunits. In the presence of an 

external force F the activation energy is lowered, giving rise to an Arrhenius factor of the form 

e − VAB −F∆xAT  /kT  , where ∆xAT  is the distance between the states A and T. Hence, in the presence of 

a force, the probability of transition to the higher state increases and the bond opens at a faster rate, 

for a given force FUF, the bond opening rate is equal to (or larger) than the bond closure rate, 

whereby the pili starts to unfold. 

It has been shown that the pilus has different phases during elongation. A general sketch of the 

force dynamics of a pilus elongating with a constant speed is shown in figure 8. Three regions can be 

discerned and have consequently been named region I, II and III in previous studies, as marked in 

figure 8.  

Region I has a linear increase of force with distance. In this region, there is no conformational 

change of the pilus; the force response is linear with elongation and is considered to be due to an 

A B C 

Head Tail 
Closed layer-to-layer 
bond Open layer-to-layer 

bond 
Head-to-tail bond 

Figure 6 Biomechanical model of a pilus. The grey ellipses are rigid rods connected with a bond head to tail and a layer 
to layer bond as indicated with arrows in the figure. The movement of the rods relative each other are thus governed by 
these different bonds giving 3 states, indicated as A, B and C. 
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elastic elongation of the entire rod. A simple spring like model could suffice for this behavior since the 

force of a spring potential increases linearly with the distance.  

 
Region II is a steady state force region and it is proposed that this represent the transition from 

state A to B. Furthermore, it is suggested that the opening from closed to open layer-to-layer occurs 

in a sequential order beginning at one end, i.e. that opening starts at one end of the polymer and 

then proceeds in opening of the neighboring layer-to-layer, then opening the next closed and so on 

until the whole pilus is unfolded. This is motivated by the fact that to open a bond within the helix, 

three bonds have to be opened, which is highly unlikely. Also, in the interior of the helix a bond only 

experience one third as much force as at the end. This thesis mainly concerns region II and this 

region of the force response might be the most important as regarding understanding the biological 

function of the pili.  

In region III, the behavior is nonlinear and it is assumed that this is due to stretching or twisting of 

the head-to-tail bonds, described as a transition from state B to C. 

In reality, the behavior of the pilus is more complicated since it is a three dimensional structure. 

For instance, there are rotations between the subunits that complicate matters. 

Energy 

Distance 

F = 0 

F = FUF 

A B 

B 

T 

T 

∆𝑥𝐴𝑇  

∆𝑥𝐴𝐵  

∆𝑥𝑇𝐵  

∆𝑉𝐴𝑇  

∆𝑉𝐴𝐵  

Figure 7 Schematic over the energy landscape. The distance x is along the pilus.   
∆𝑥𝐴𝐵  is the bond length, i.e. the distance the pilus will increase in length when a 

layer-to-layer bond opens. As the force F increases, the probability of a bond to 
open increases. 
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If the sequential opening of the bonds starts at one end, it could be argued that the rate of change 

of the number of open bonds 𝑑𝑁𝐵 𝑑𝑡  , where 𝑁𝐵  is the number of bonds in state B, must be equal to 

the rate of change of a single bond. This in turn is equal to the difference between the rate of opening 

and closing. Furthermore, by imposing a constant velocity 𝐿  onto the unfolding, the velocity must be 

equal to 𝑑𝑁𝐵 𝑑𝑡 ∙ ∆𝑥𝐴𝐵 . This gives the important relations 

𝑑𝑁𝐵

𝑑𝑡
=

𝐿 

∆𝑥𝐴𝐵
= 𝑘𝐴𝐵(𝐹) − 𝑘𝐵𝐴(𝐹)  (1) 

where 𝑘𝐴𝐵(𝐹) and 𝑘𝐵𝐴(𝐹) are the bond opening and closing rates, respective, for a given force  𝐹  

[6,14,15]. A description of the rate equations can be found in [16] and are given by 

𝑘𝐴𝐵(𝐹) = 𝑘𝐴𝐵
𝑡ℎ 𝑒𝐹∆𝑥𝐴𝑇 /𝑘𝐵𝑇                            (2) 

𝑘𝐵𝐴(𝐹) = 𝑘𝐴𝐵
𝑡ℎ 𝑒(∆𝑉𝐴𝐵−𝐹∆𝑥𝑇𝐵 )/𝑘𝐵𝑇   (3) 

where 𝑘𝐴𝐵
𝑡ℎ  is the bond opening rate without any force, i.e. opening due to thermal movements. 

Combining (1), (2) and (3) gives 

𝐿 

∆𝑥𝐴𝐵 𝑘𝐴𝐵
𝑡ℎ = 𝑒𝐹𝑈𝐹 ∆𝑥𝐴𝑇 /𝑘𝐵𝑇 1 − 𝑒(∆𝑉𝐴𝐵−𝐹𝑈𝐹 ∆𝑥𝐴𝐵 )/𝑘𝐵𝑇  (4) 

Here the fact that ∆𝑥𝐴𝐵 = ∆𝑥𝐴𝑇 + ∆𝑥𝑇𝐵   has been used. This equation thus relates unfolding force 𝐹𝑈𝐹  

and the elongation velocity 𝐿 . There are two special cases.  

First, at low velocities, below the so called corner velocity, one can assume equilibrium conditions, 

i.e. 𝑘𝐴𝐵 = 𝑘𝐵𝐴 . Then (2) and (3) can be solved to give 

𝐹𝑈𝐹 =
∆𝑉𝐴𝐵

∆𝑥𝐴𝐵
   (5) 

Second, at higher unfolding speeds, above the corner velocity, the refolding rate can be neglected 

and one can combine (1) and (2) get 

Region III 

Force 

Region I Region II 

Distance 

Figure 8 Force versus distance during elongation with constant speed. Region I has a linear increase of force with 
distance, region II a steady state force, whereas region III has a nonlinear behavior. 



15 

 

𝐹𝑈𝐹(𝐿 ) =
𝑘𝐵𝑇

∆𝑥𝐴𝑇
𝑙𝑛  

𝐿 

∆𝑥𝐴𝐵 𝑘𝐴𝐵
𝑡ℎ    (6) 

Thus, when plotting the resulting forces with the velocity in a logarithmic scale, a straight line 

should result. These results imply that the force of unfolding has a steady state and dynamic region 

relative the velocity. A schematic illustration of the behavior looks like figure 9. 

Figure 9 illustrates the fact that the corner velocity 𝐿 ∗ reappears as the intersection of the 

extrapolated lines from the static and dynamic region. Also marked in the figure is 𝐿0
 , which is the 

intersection of the extrapolated line of the dynamic region with the x-axis. Equation (6) give that 

𝐿0
 = ∆𝑥𝐴𝐵𝑘𝐴𝐵

𝑡ℎ , providing information about ∆𝑥𝐴𝐵 , i.e. the bond length. 

The experimental procedure, as outlined in section 2.4 below, makes it possible to relate the force 

 𝐹  in the system with the elongation velocity 𝐿  according to 

𝑑𝐹

𝑑𝑡
=  𝐿 −

𝑑𝑁𝐵

𝑑𝑡
∆𝑥𝐴𝐵 𝜅   (7) 

where κ is a force constant of the system, also defined below. This equation can of course be used to 

derive all the equations in the above section. From this it is possible to derive an analytical 

expression for the relaxation of a pilus which is elongated suddenly coming to a halt. At the moment t 

= 0 when the motion is stopped the velocity is 𝐿 = 0. This together with the notion that refolding can 

be ignored at higher forces eventually lead to [15] 

𝐹 𝑡 = −
𝑘𝐵𝑇

∆𝑥𝐴𝑇
𝑙𝑛  𝑒−𝐹0∆𝑥𝐴𝑇 /𝑘𝐵𝑇 +

∆𝑥𝐴𝐵 ∆𝑥𝐴𝑇 𝑘𝐴𝐵
𝑡ℎ 𝜅

𝑘𝐵𝑇
𝑡  (8) 

which is an expression for the relaxation. 

The above relations have been shown to provide a good fit to experimental data from several 

different pili [6,7,13,14,15] and also has been verified by computer simulations [17]. 

Force 

Corner velocity 𝐿 ∗ 

𝐿0
  

Figure 9 Theoretical plot of force versus velocity. In the left part, the horizontal line represents the steady state region 
were the unfolding force is independent of unfolding velocity. At speeds roughly above the corner velocity, the 
unfolding speed has a logarithmic dependence on velocity giving the straight inclined line to the right in the plot. 

Extrapolating this line to zero force give 𝐿0
  which provide information of the bond length ∆𝑥𝐴𝐵. 

Velocity 𝐿  (logarithmic scale) 
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2.2 Optical Tweezers 

Optical tweezers are a technique that relies on radiation pressure. The concept of radiation pressure 

was predicted by James C Maxwell several hundred years ago. The fact that photons carry 

momentum is implied in the well known equation  𝑝 = ℎ/𝜆 , where  𝑝 is the momentum,  ℎ Planck’s 

constant and  𝜆  the wavelength of the light. Thus, when light is refracted or scattered on an object, 

momentum transfer to the object results. The radiation pressure is in general rather weak, but with 

high intensities and small objects it becomes significant. With the development of lasers, it became 

possible to generate these high intensities and to use it to manipulate small objects. 

The theory of laser trapping depends on how large the object to be manipulated is relative to the 

wavelength of the light. When the diameter  𝑑  is much smaller than the wavelength  𝜆 , the theory is 

referred to as the Rayleigh regime. Since this work concerns manipulation of bacteria and larger 

objects, where  𝑑 ≫ 𝜆 , the Rayleigh regime will not be discussed further. The case  𝑑 ≫ 𝜆  can be 

described with ray optics, i.e. the light is divided into a bundle of rays for which the momentum 

transfer can be calculated individually and then be summed up to give a resultant force on the 

particle. Important factors for how the force will be are the light intensity gradient and the geometry of 

the trapped object. In this study, the object being trapped during measurements is a sphere. A pure 

laser beam has a Gaussian distribution, i.e. in a cross section of the beam the light is most intense in 

the centre. Performing calculations of the resultant force over a sphere then gives a net force 

towards the centre of laser beam, which is the gradient force. Also, a scattering force, which pushes 

the object forward in the axial direction of the beam, results from the geometry. By having a high 

numerical aperture, focusing the laser beam strongly, so as to increase the light intensity gradient, a 

gradient force counteracting the scattering force is created, hence trapping the sphere both in the 

lateral and the axial directions [18].  

It can be shown that the maximum force generated by the trap is 

𝐹 = 𝑄𝑇𝑜𝑡
𝑛𝑃

𝑐
   (9) 

where 𝑄𝑇𝑜𝑡  is the efficiency factor,  𝑛  the refractive index of the surrounding medium and  𝑃  the 

power of the laser [18]. In (9) the parameters which can be used to control the strength of the trap 

are seen. In biological studies, it is often hard to optimize the surrounding medium since the cells 

under study are dependent on the medium. Increasing the laser intensity to much can harm both the 

sample and the optic system. The Q-factor then seems to be the best choice to control the strength 

of the trap. It depends on the laser wavelength, the numerical aperture, polarization, laser mode, 

geometry of the object and the relative index of refraction. For biological samples, light in the near 

infrared region is preferred. This is a compromise between having a short wavelength, which gives a 

more focused beam but can affect biological objects adversely, and a long wavelength for which the 

sample might become heated by absorption.  

Near the centre of the laser trap, the force potential is approximately harmonic and so the force  𝐹  

has a linear dependence on distance according to  𝐹 = 𝜅Δ𝑥 , where  𝜅  is the force constant of the 

trap and  Δ𝑥  the distance from the trap centre. This applies in three dimensions. Hence, by 

measuring the deviation of a trapped object from the centre, with the knowledge of the force 

constant, the force on the object can be determined. In this study, the optical tweezers has a second 

laser which, together with a position sensitive detector, monitors the position of the object. In the 

practical measuring situation, one also has to take into account the viscous drag from the 
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surrounding when moving the object. Furthermore, Brownian motion affects the particle being 

trapped. This leads to 

𝛾
𝑑𝑥

𝑑𝑡
+ 𝜅𝑥 = 𝐹(𝑡)   (10) 

here  𝛾  is the viscous drag coefficient and  𝐹(𝑡) the force due to thermal motion. Measurements have 

to be corrected for the viscous drag, also called Stoke’s drag. The thermal motion is used to calibrate 

the system to determine the force coefficient 𝜅. This is done by simply measuring the thermal 

movement of the sphere, which is limited by the trap. The power spectrum of this motion 𝑆𝑥 =

 𝑋(𝑓) 2, where  𝑋(𝑓) is the Fourier transform of the motion  𝑥(𝑡), can then be used to extract 𝜅 by 

fitting 

𝑆𝑥 =
𝑘𝐵𝑇

𝛾𝜋2 𝑓𝑐
2+𝑓2 

    (11) 

to the spectrum [19]. Here 𝑓𝑐 = 𝜅/2𝜋𝛾  is the corner frequency,  𝑘𝐵 Boltzmann’s constant and  𝑇  the 

temperature. Specifications of the optical tweezer are found in section 3.2. 

3 Materials and Methods 

3.1 Bacteria 

A wild type strain of E. coli HMG11 was used. These were infected by pNTP119 plasmids containing 

the genes encoding the proteins necessary to express the CFA/I pili. The bacteria were cultured on 

agar plates overnight at 37°C. Before measurement they were suspended in a PBS solution (pH 7.4). 

The bacteria containing the pNTP119 plasmids were provided by the Department of Molecular 

Biology at Umeå University. 

3.2 Preparing the sample 

Before measurements were done, glass covers were prepared by first taking diluted 9 µm beads 

solution placing a small amount on the covers and letting the water dissipate in an oven at about 

60°C for an hour. After this a solution of polylysin were applied to the covers, which were incubated 

at 37°C for at least 1 hour, letting the polylysin sediment and creating a positive layer. This procedure 

thus created glass covers coated with 9 µm beads.  

When measuring, about 30 µL PBS solution was placed on the coated glass covers. As 

mentioned above, a small sample of bacteria was taken from the Petri plates where they were 

cultured and suspended in a PBS solution, 1-2 µL of this solution was injected into the 30µL PBS 

solution. Finally, about 5 µL of a suspension with 3 µm beads was injected to this sample. In 

summary, a sample with firmly attached positive 9 µm beads and freely floating bacteria and 3 µm 

beads were created. 

3.3 The optical tweezers 

The system used was the same as constructed in [20]. In summary, an inverted microscope 

(Olympus IX71) with a high numerical objective (Olympus model UPlanPl 100x/1.30 oil immersion) 
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was used as base. This system was modified to focus a 10-W continuous wave 1064-nm Nd:YAG 

laser (Millennia IR10 Spectra-Physics Mountain View CA) providing the trap. An optical fiber-coupled 

(SMJ-A3A 3AF-633-4/125-3-1 OZ Optics Ottawa Ontario CA) linearly polarized HeNe laser (1137 

Uniphase Manteca CA) was used to detect changes in the position of the trapped bead in 

combination with a position-sensitive detector (PSD, Sitex, Sweden). 

 
 
                                  
 

 

The whole setup could be controlled via a LabView program on a PC equipped with a data 

acquisition card (PCI 6259M, National Instruments, Austin, TX). A piezo stage (P517.2CL, Physik 

Instrumemte), with nm resolution, was used to move the sample holder of the microscope. This 

optical tweezers system is capable of sub-pN resolution. 

3.4 Measuring procedure  

First, bacteria were trapped by the tweezers and mounted on the 9 µm beads. Then a 3 µm bead 

was captured in the laser trap. A calibration procedure, described in [17], was performed before 

measuring. Though, the long time stability of the setup has been proven to be excellent with a drift of 

only 50 fN/min [21]. The calibration procedure gives a value of the spring constant κ of the trap. A 

representative value of κ for this setup is 1.4 ∙ 10−4 N/m. 

The 3 µm bead was brought in close proximity of the bacteria until pili attached to the bead. Then, 

the bead could be moved by the trap while sampling the resulting force. Different types of 

measurements were made. To characterize the steady state force of region II, the bead was moved 

at a velocity of 0.1 µm/s. First, away from the bacteria until all pili except one had detached. The 

bead then moved back towards the bacteria so that several measurements could be made. When 

studying region III, the bead was simply moved away from the bacteria until detachment took place. 

To investigate how the force varied with velocity, an automated function of the LabView program was 

Figure 10 The optical tweezers setup. The blue line indicates the path of the trap laser while the red is 
the probe laser. 
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used which first unfolded the pilus at a specified velocity and distance, then stopped for a couple of 

seconds allowing measurements of the relaxation of the pilus. After this it returned to the starting 

point and a new round of measurement could be started with an increase in unfolding velocity which 

was given by a variable factor. In this study, the starting velocity was set to 1 µm/s and the factor to 

increase the speed was chosen to 2, thus giving the series 1, 2, 4, 8, 16, 32, 64 and 128 µm/s. 

 
 
 

 
 
 

4 Results 

4.1 CFA/I pili steady state force – Region II 

A representative measuring result of the steady state force in region II and part of region III is 

displayed below. The red curve in the plot represents the contraction of the pili, with the classical dip 

in the transition from region III to II due to nucleation. The steady state force was assessed to 8.4 

±1.2 pN. 

 

 
9 µm bead 3 µm bead 

Bacteria 

Pilus 

Figure 12 Measurement of CFA/I. Black line indicating unfolding and red line refolding. The steady state force is about 
8 pN in region II. The first part of region III is seen in the far right. The nucleation dip is seen at -46.3. Also seen is a 2 
pN dip at -46.2 during unfolding. 

Figure 11 Schematic of the measuring situation with 9 µm bead on glass cover, mounted bacteria and a 3 µm 
bead with a pilus attached. To the left, the pilus is in its native state with no force applied to it. In the right side, 
the glass sheet and hence the 9 µm bead with bacteria is moved to the left resulting in the unfolding of the pilus. 
The resulting force displaces the 3 µm bead to the left which deflects the probe laser which in turn is detected by 
the position detector. 
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4.2 Dynamic measurements – Region II 

The force dynamics of the CFA/I pili was measured at velocities 0.1, 1, 2, 4, 8, 16, 32, 64 and 128 

µm/s and the resulting forces, adjusted for the Stoke’s drag, are plotted in the graph below. A total of 

n = 22 different bacteria were used in the plot. 

 

 

 
 
 
 

From the intercept of the asymptote with the x axis we get 𝐿0
  180 ±30 nm/s. The inclination of the 

fitted line with (6) gives ∆𝑥𝐴𝑇  1.1 ±0.1 nm. The corner velocity was estimated, from the intersection of 

the fitted curve and the constant line extrapolated from the constant force at lower velocities, to 1.75 

µm/s but taking the standard deviation in account gives a of span 0.9-3.7 µm/s. 

4.3 Relaxation measurements – Region II 

When measuring the dynamic response, relaxation of the pili was measured when the movement 

came to a halt after stretching it at a certain velocity and distance. From these measurements 𝐿0
  was  

again estimated from (8) to 130 ±50 nm/s. Thus in good agreement with the earlier result from above. 
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Figure 13 Dynamic measurements of CFA/I. The corner velocity is in the intersection at 1.75 µm/s. Above this speed 
there is a linear increase with the logarithmic velocity. At 128 µm/s there is a large deviation. This is due to the 
problem of getting good measurements since the unfolding distance is only about 1 µm. 

Figure 14 Relaxation of CFA/I. From time -0.02 to 0 the pilus is unfolded at a constant speed. At time 0 the unfolding 
is stopped and the force in the pilus is measured. As seen the pilus relaxes with a logarithmic decrease and comes 
to a constant level close to the unfolding force in steady state of 8 pN. 
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4.4 Dip at transition from region II to region III 

In many measurements a consistent dip of about 2 pN was noticed at the transition from region II to 

III when the pilus was stretched. Below is an average over 15 different measurements where the dip 

was visible. From these measurements the dip was estimated as the difference between 8.1 ± 0.5 

and 6.0 ± 0.5 pN, thus 2.1 ± 0.7 pN. Since the force constant κ is about 1.4 ∙ 10−4 N/m the dip 

corresponds to an increase in length of about 15 nm. 

 

 
 
 
 

4.5 Negative controls 

Measurements on the strain HMG11 without the plasmid pNTP119 containing the CFA I locus were 

used as a negative control – No forces indicating a pilus were seen. 

5 Discussion 

5.1 Comparison with type 1, P and S pili 

Table 1 provides a compilation of some of the biophysical properties of various types of pili. It can 

clearly be seen that the CFA/I has a significantly lower steady state force compared to type 1, P and 

S pili. This might reflect the environment at which they are expressed. For instance, it is plausible 

that the sheer forces and flow, due to the fluid content, in the small intestine is much smaller as 

compared to the forces and flows in the urinary tract. For instance, peak flows at the uroteric jet has 

been assessed to 460 cm/s [22]. 

Even though there is a significant difference in steady state force between CFA/I and the UPEC 

associated pili, the general biomechanical behavior seem to be the same, in accordance with earlier 

studies, which have shown that they are very similar. The n to n+3 interaction was seen weaker, in 

good agreement with the results presented in [10]. 
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Figure 15 Dip at transition from region II to III of CFA/I. Plotted from an average of 15 measurements. The dip is 
estimated to about 2 pN. 
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CFA/1 S pili P pili Type 1 pili 

FUF (pN) 8.4 ± 1.2 26 ± 1 28 ± 2 30 ± 2 

ABx (nm) - 5.7 ± 0.5 3.5 ± 0.1
‡
 5 ± 0.3

†
 

ATx (nm) 1.1 ± 0.1 0.66 ± 0.08 0.76 ± 0.11 0.59 ± 0.06 

*L  (nm/s) 1750 490 400 6 

                                                   †
 Forero et al. [2]. 

‡
 Andersson et al. [10]. 

5.2 Region I and III 

In this study, region I was never seen. To get the pili to attach to the 3 µm-bead, the bead had to be 

brought into very close contact with the bacteria, actually rolling the bead over the bacteria. This 

probably caused many pili to attach to the bead, compromising the signal. Likewise, when measuring 

while refolding the pilus, as the bead approaches the bacteria, in the close proximity pili starts to 

attach to the bead. Thus, either region I does not exist as it is known from studies of other pili, or it 

has a very steep ascent which is obscured by the attachment of other pili. In [10] the average pilus 

was about 1 µm long. From this one would expect to be able to get the pili to attach to the bead and 

discern region I without having to rub the bead against the bacteria. In this experimental setup, the 

pili probably do not attach to the tip of the pili but somewhere on the bulk of it, i.e. to the CfaB 

subunits. 

It is hard to know whether the whole of region III was ever seen. Most times the pili detached at 

about 40-50 pN, or even at lower forces, when trying to stretch the pili as long as possible, in contrast 

to work on other type of pili, preliminary on UPEC. In every measurement, region III is increasing 

linearly until detachment took place. Region III is important to study since this, for example, can 

provide information about the bond length ∆𝑥𝐴𝐵 . 

A new protocol, especially designed for the attachment of the CFA/I pili has to be developed to 

reveal both region I and III. Maybe with 3 µm-beads coated with antigens to the CfaE adhesin at the 

tip of the pili which could provide good attachment between bead and bacteria. A try with positively 

charged 2.5 µm beads were made but the results were the same as with 3 µm beads. A proposal 

from Dr Esther Bullitt, at the Department of Physiology and Biophysics at Boston University, is to coat 

the beads with sialic acid since it is speculated to be a ligand for CfaE. 

5.3 A 2 pN dip at transition from region II to III 

The 2 pN dip was seen in roughly 50% of the measurements. This could represent the unfolding of 

several subunits at one time, maybe 3-5 units. The results of this study and of [10] has shown that 

the layer-to-layer interactions of CFA/I is much weaker compared to the P pili. At the transition from 

region II to III when there are only about 4 subunits left, i.e. about one loop of the helix, the layer-to-

layer interactions are weak. Since the CFA/I n to n+3 subunit to subunit interaction is so weak, this 

Table 1 Comparison of CFA/I, S, P and type 1 pili 
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should increase the probability for all the last bonds to snap open which might explain the 

phenomenon not seen in earlier studies of other pili. In communications with dr Esther Bullitt, it has 

been proposed that this dip could be due to rotations between subunits. Though, dr Bullitt has 

another theory regarding how the pilus unfolds in region II, acting more like a spring or coil with 

resonances, in analogy with the toy called “Slinky”. 

 

 
 
 
 

5.4 Biological relevance 

As can be seen in the introductory part, the measurements have some physiological relevance – in 

the small intestine the pH is about 7 as is the pH of the PBS solution. So the behavior of the pili 

should be the same in this regard. The PBS solution is of course much purer compared to the 

contents of the bowel, which have various solutes – carbohydrate, amino acids/proteins, lipids, larger 

food debris and all the secretions from the pancreas and the gall. It is unclear if this affects the pili. 

When comparing E. coli strains causing UTIs to ETEC in 5.1, the steady state force of these pili 

are higher than CFA/I. This is proposed to be due to lower flow rates in the small intestine. To start 

with, the contents in the intestinal lumen are fluid and under normal physiological conditions the time 

of passage through the small intestine is several hours for a distance of a couple of meters. In the 

standard reference literature, the velocity of peristaltic propulsive waves is in the range 0.5-2.0 cm/s. 

This is to be compared to the urinary tract where the uroteric jet gives flow rates up to 460 cm/s and 

the urinary bladder can be emptied of half a liter in about 10 seconds. Not much else have been 

found regarding the flows of the intestine, so it is unknown if “jets” can be created locally in the lumen 

by the peristalsis of the gastrointestinal wall. Also, the viscosity of the degraded food is probably 

higher which might give higher shear forces compared to a more clear fluid like urine. It is hard to 

speculate what the forces and flows are at the micro level, i.e. at the µm-range. The high flow speed 

in the urinary tract might give a high degree of turbulence. On the other hand, the mixing movements 

in the intestine might give a circular local flow which could have a significantly higher velocity 

compared to forward motion of about 1 cm/s. 

In the case of gastroenteritis, the flow rates are probably significantly higher in the intestine and 

could have relevance for the course of an infection. The response with vomiting and diarrhea could 

be a defense against the pathogen but could also be an efficient way for the microbe to spread to 

new individuals. Still, no information about this has been found. 

Figure 16 The Slinky, suggested as a model of the 
CFA/I pili. 
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5.5 Signal to noise ratio 

When comparing to type 1, P and S pili, the steady state force of CFA/I is about 1/3 - 1/4 compared 

to the other three. In the dynamic region the forces of type I and P pili are also much larger. Thus, the 

signal-to-noise ratio is significantly lower in the case of CFA I measurements, making analysis 

harder. Still, the results are in good agreement with the theory. 

6 The F1C pili – An additional (pre)study 

When starting this project, to develop the skill how to handle the optical tweezers, a pili which had 

been tested just shortly and was known to give measurable results was used. This was the F1C pili, 

also expressed by E. coli. It is present on 14-30% of UPEC and shows a correlation with UTIs 

[23,24]. Its amino acid sequence shows a close relation to the S pili [25]. Little else is known about 

the pili. 

E. coli of the strain HB101 expressing F1C from a plasmid were used and were provided by the 

Department of Molecular Biology at Umeå University. The bacteria were prepared in the same 

manner as for CFA/I, as described in section 3.  

From 33 measurements, the steady state force of region II was determined to be 28 ±1 pN. It 

shows all the expected characteristics with all regions clearly visible and a steady state force 

comparable to P pili. One measurement with unfolding and refolding (red line) is displayed below in 

figure 17. Region I with the approximately linear increase of force with distance at about -49 µm, 

region II with its plateau steady state force between -49 to -43.4 µm and finally the nonlinear behavior 

of region III after -43.4 µm. At the transition from region III to II during refolding at 43.4 µm, the dip 

before nucleation is clearly seen. 

 

 
 

 
 
 

Figure 17 Measurement of a single F1C pilus. The black line is indicating unfolding and the red refolding. At the far 
left, the linear increase of region I. In the middle part, the plateau with the steady state force of 28 pN of region II. 
To the right the nonlinear force dependence of region III. At about -43.4, the nucleation dip is seen. Also, during 
refolding the force is somewhat lower due dissipation of energy during unfolding. 
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