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Abstract 

The mechanostability of proteins plays an important role in various biological 

processes, for example cell adhesion and pathogen invasion. Single-molecule force 

spectroscopy (SMFS) is a powerful tool to understand the molecular mechanisms of 

mechanostable proteins, gain a mechanistic insight into biological systems and also direct the 

engineering of biomolecules for desirable mechanical properties, for example enhanced 

mechanostability. 

One family of highly mechanostable cell adhesion proteins is the dockerin (Doc)-

cohesin (Coh) family from cellulosomes. Cellulosomes are large protein networks used by 

certain bacteria to bind and digest cellulose fibers. The interaction between Xmodule-dockerin 

B (XMod-DocB) and cohesin E (CohE) is responsible for attaching the cellulosome of human 

gut bacterium R. champanellensis (Rc.) to the cell wall and therefore is crucial for cellulosome 

function. SMFS is used to demonstrate that the XMod-DocB:CohE complex can be formed in 

two different conformations, a behavior known as ‘dual-binding mode’, and dissociates through 

three pathways with distinct mechanical stabilities under force. The complex preferably 

populates a high force pathway under increased force loading rate, precisely resembling a catch 

bond. 

In addition to naturally occurring adhesion proteins, the mechanostability of antibodies 

and alternative scaffolds is also important for their functions in the context of antibody-coated 

therapeutic nanoparticles. Anticalin is a type of alternative scaffold developed to target various 

human cell surface receptors and small molecules related to diseases. One of its targets is 

cytotoxic T-lymphocyte antigen 4 (CTLA-4), an important target for tumor immunotherapy. 

Using SMFS combined with non-canonical amino acid incorporation and click chemistry, 

external pulling forces are applied to anticalin from eight different directions to dissociate it 

from CTLA-4 and characterize the geometric dependency of the unbinding energy landscape. 

The highest rupture force which is ~100% higher than the least mechanostable pulling geometry 

is found when pulling from residue 60 of anticalin. 

The anisotropic response of proteins to mechanical forces can also be used to engineer 

naturally occurring protein-ligand systems and change their mechanical properties. Another 

Doc:Coh system from Rc., DocG:CohE complex, dissociates in two pathways under force. The 

pulling geometry affects the rupture force in both pathways as well as the rate of entering each 



 

 

 

pathway. When pulling from residue 13 of CohE, the complex exhibits a catch bond behavior, 

which is distinct from other measured pulling geometries, including the native pulling 

geometry. 

In summary, SMFS is used here both to understand the underlying mechanisms of 

mechanostable protein-ligand complexes and to engineer them for higher mechanical stabilities 

as well as unique behaviors such as catch bonding.   
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Preface 

Mechanical forces are constantly generated, maintained and propagated in biological 

systems at various levels, including individual molecules, cells and tissues. A major class of 

proteins with mechanical functions is adhesion proteins. Cells use adhesion proteins, for 

example cadherin and integrin, to adhere to the extracellular matrix, transduce mechanical 

forces and trigger downstream signaling reactions to regulate cell activity [1,2]. In 

pathogenesis, bacterial adhesins tightly adhere to target molecules on the host’s cells and 

promote invasion [3,4]. Another class of bacterial adhesion proteins, cohesin and dockerin 

pairs, constitute a major building block of large extracellular protein networks known as 

cellulosomes. These receptor-ligands maintain the integrity and function of cellulosomal 

networks by resisting external shear forces [5,6]. 

In addition to native biomolecular systems, mechanical forces are also involved in 

various engineered biological systems. Examples of such artificial systems include drug-

delivery nanoparticles [7,8], protein hydrogels [9,10], and biomimetic materials [11,12].  

This thesis includes both of the aforementioned topics: mechanistic studies on native 

cell adhesion systems as well as engineering of mechanostable artificial systems. The scientific 

context of these two topics and the experimental and theoretical tools used in this thesis are 

introduced in chapter 1.  

The main results are presented in chapters 2-4. Chapter 2 aims to gain mechanistic 

insight into the mechanical properties of a native bacterial cell adhesion system, the Xmodule-

dockerin:cohesin complex from the cellulosome of a human gut bacterium, Ruminococcus 

champanellensis (Rc.). The unique dual-binding mode and high force catch bond behaviors of 

this system were demonstrated using a combination of single-molecule experiments and 

simulations. Chapter 3 focuses on an engineered alternative scaffold, anticalin. A novel AFM-

SMFS method is presented to mechanically dissociate anticalin from its target by applying 

tension from  eight different anchoring residues. Combined with simulations, these experiments 

demonstrate that the unbinding energy landscape and mechanical stability of this therapeutic 

protein complex is highly dependent on the force loading geometry. Chapter 4 uses the method 

developed in chapter 3 to dissociate another Rc. Doc:Coh complex from different directions 

https://paperpile.com/c/VbGZjS/pYgn+5O6u
https://paperpile.com/c/VbGZjS/7xQe+inOd
https://paperpile.com/c/VbGZjS/jcfi+sBsj
https://paperpile.com/c/VbGZjS/gfT7+PIsb
https://paperpile.com/c/VbGZjS/BfRs+7TIA
https://paperpile.com/c/VbGZjS/JEML+o8OW
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and demonstrate that the complex exhibits a catch bond behavior when pulled from a specific 

direction, while the other measured pulling geometries exhibit slip bond behavior. 

The results presented in this thesis are published in peer-reviewed journals (chapters 1, 

2 and 3), or are in preparation for publication (chapter 4). 
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labeling and protein purification) for smFRET and AFM-SMFS experiments 

● Performed AFM-SMFS experiments and analyzed the data 

● Wrote and edited the article manuscript 

 

Chapter 3: Zhaowei Liu, Rodrigo A. Moreira, Ana Dujmović, Haipei Liu, Byeongseon Yang, 

Adolfo B. Poma, Michael A. Nash. Mapping Mechanostable Pulling Geometries of a 

Therapeutic Anticalin/CTLA-4 Protein Complex Nano Letters 10.1021/acs.nanolett.1c03584, 

(2021) 

Contributions Statement: 

● Designed the experiments 
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peptide conjugation and protein purification) for AFM-SMFS experiments 

● Performed AFM-SMFS experiments and analyzed the data 

● Supervised the experiments as a part of Ana Dujmović’s master thesis project 

● Wrote and edited the article manuscript 
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● Designed the experiments 
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● Supervised the experiments as a part of Ana Dujmović’s master thesis project 

● Drafted the article manuscript 

 

Review article: 
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Contributions Statement: 
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Chapter 1 Introduction 

Part of this chapter (sections 1.1, 1.2, 1.3 and 1.4) was published in the following review article 

[13]: 

Yang B., Liu Z., Liu H., and Nash M.A. Next Generation Methods for Single-Molecule Force 

Spectroscopy on Polyproteins and Receptor-Ligand Complexes. Front. Mol. Biosci. 7:85. 

(2020) 

Adapted under a Creative Commons Attribution License (CC BY). 

 

1.1 Measuring protein mechanics using AFM-SMFS 

Single-molecule force spectroscopy (SMFS) is a well-established method that directly 

probes structural changes of macromolecules under the influence of mechanical force. The 

utilization of AFM in single-molecule biophysics has a history of over 20 years. The first AFM-

SMFS measurements were carried out in the 1990s to study the unfolding kinetics of single 

immunoglobulin domains [14], the mechanical stabilities of protein-ligand complexes [15], and 

the strength of single covalent bonds [16]. With advancements in instrumentation, sample 

preparation, surface chemistry, and computer simulations, AFM-SMFS has become a very 

powerful tool in biophysics and has been used to study various native mechanical proteins 

including examples from muscle [14,17–19], hearing [20–24], blood coagulation [25–27], cell 

adhesion [28–30], the extracellular matrix [31,32], protein folding at the ribosomal exit tunnel 

[33–35], protein unfolding and proteolysis by the proteasome [36,37], and DNA/RNA 

molecular motors [38–41]. In addition to native mechanical proteins, SMFS has the potential 

to probe the biophysical stability of therapeutic antibodies and other binding scaffold proteins 

and predict their developability as drugs[42,43], and also contributed to the design and 

characterization of artificial biomaterials[10,12]. 

https://paperpile.com/c/VbGZjS/yL0Y
https://paperpile.com/c/VbGZjS/qVwp
https://paperpile.com/c/VbGZjS/1BXP
https://paperpile.com/c/VbGZjS/jTVZ
https://paperpile.com/c/VbGZjS/EtuxY+qVwp+rdC2M+4wVhp
https://paperpile.com/c/VbGZjS/6IzdT+oTDEa+CuR1j+ONh0C+i4MDb
https://paperpile.com/c/VbGZjS/Gb68R+5PHUi+ar7Da
https://paperpile.com/c/VbGZjS/wWZK0+NLARL+DZQTb
https://paperpile.com/c/VbGZjS/HnRiJ+ab6rV
https://paperpile.com/c/VbGZjS/L9IFN+RIquQ+e7NWt
https://paperpile.com/c/VbGZjS/wmmzi+X4qHM
https://paperpile.com/c/VbGZjS/3kluq+DaFkJ+XMfcK+meuAa
https://paperpile.com/c/VbGZjS/e85e+nnDc
https://paperpile.com/c/VbGZjS/o8OW+7TIA
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Figure 1.1 Experimental configurations and pulling protocols of AFM-SMFS. A: AFM 

measurement based on non-specific adsorption of proteins. B: Immobilization of proteins using non-

covalent interactions including His:Ni and biotin:avidin. C: Immobilization of proteins using elastic 

linkers and covalent bonds. D: Covalent immobilization of proteins of interest and fingerprint domains 

using a variety of reactions and peptide tags. E: A free diffusion system allows continuous exchange of 

ligand molecules on the cantilever. F: Different pulling protocols used in AFM-SMFS. This figure was 

reprinted from Yang et al. [13] under a Creative Commons Attribution License (CC BY). 

 One of the earliest AFM-SMFS experimental setups, which is still used today, relies on 

non-specific adsorption of target proteins on surfaces, usually gold or mica [14,31,44,45]. The 

AFM cantilever tip is brought into contact with a surface sparsely decorated with adsorbed 

polyproteins, and with a low probability, a single molecule non-specifically adsorbs onto the 

AFM cantilever tip forming a tether between the cantilever and the surface, as shown in Figure 

https://paperpile.com/c/VbGZjS/yL0Y
https://paperpile.com/c/VbGZjS/qVwp+L5Ow+HnRiJ+XMS1
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1.1A. The polyprotein controls the force loading geometry on individual domains between their 

N- and C-termini. This configuration has been successfully and widely used over the years [46–

48]. However, there remain several limitations of the technique. One limitation is that the yield 

of usable single-molecule interaction curves is very low, sometimes well below 1%. This is 

because non-specific pickup of polyproteins is unpredictable, prone to spurious signals, and in 

many ways unreliable. Another limitation is that non-specific pickup procedures are not useful 

for probing receptor-ligand interactions because molecules that are picked up will clog the AFM 

tip and complicate data analysis. 

 Receptor-ligand interactions are a major class of protein-protein interactions that pose 

interesting objects of study. They have been reported both as the object of study as well as a 

tool for improving experimental yields in AFM-SMFS experiments using an approach referred 

to as “molecular handles” [49]. Early in the development of receptor-ligand handles for AFM-

SMFS, several affinity tags commonly found in protein biochemistry labs were used to pick up 

molecules with the AFM tip. For example, high-affinity non-covalent interactions including 

Ni:His-tag and biotin:avidin have both been used as immobilization tags onto surfaces or as the 

object of study in AFM-SMFS [50–53], as shown in Figure 1.1B. One limitation of these non-

covalent interactions as molecular handles for AFM-SMFS is the relatively low forces required 

to rupture these complexes. Both biotin/avidin and Ni-NTA/His-tag pairs break at around 

∼100–200 pN depending on the loading rate [15,54]. Therefore, the aforementioned AFM-

SMFS configurations using non-covalent molecular handles are not suitable to probe 

mechanostable systems where the rupture or unfolding forces of the protein of interest (POI) 

exceed the rupture force of the molecular handle. 

 Another commonly used measurement configuration involves covalent bond formation 

between the POI and the surface. Since the rupture force of a covalent bond is >2 nN [16], 

covalent linkage to the surface establishes a link that is significantly more stable than typical 

receptor-ligand interactions or domain unfolding forces. Covalent linkage of proteins to 

surfaces/AFM tips is therefore a suitable setup for measuring mechanostable protein 

interactions and domain unfolding. Such an approach is also valuable when combined with the 

approaches mentioned, particular specific receptor-ligands as pulling handles. As shown in 

Figure 1.1C, disulfide bonds and EDC/NHS coupling reactions were used to covalently link 

cysteine or lysine residues to the surface via a polyethylene glycol (PEG) linker [51,55]. 

Disulfide bonds have also been used to measure the unfolding force of single protein domains 

https://paperpile.com/c/VbGZjS/pNK8+4gRp+WdD1
https://paperpile.com/c/VbGZjS/pNK8+4gRp+WdD1
https://paperpile.com/c/VbGZjS/Cjo5
https://paperpile.com/c/VbGZjS/rlkL+rEyO+qAwr+8Ers
https://paperpile.com/c/VbGZjS/1BXP+AjrH
https://paperpile.com/c/VbGZjS/jTVZ
https://paperpile.com/c/VbGZjS/XznU+rEyO
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under different pulling geometries [56]. However, strictly defining the pulling geometry in this 

case may be hampered by native cysteines or the multiplicity of lysines present on the POI. 

 For all the AFM-SMFS experimental configurations discussed above, a common 

limitation is the difficulty in discriminating single-molecule interactions from non-specific or 

multiple interactions occurring in the measurements [57,58]. Although the elastic linker 

attaching the protein to the surface helps to exclude short range non-specific adhesion [59], it 

is not sufficient to eliminate all background signals. To solve this problem, experimenters have 

identified a variety of protein domains which have characteristic unfolding patterns, well-

defined contour lengths and unfolding forces that can serve as internal control modules to 

validate single-molecule interactions. These protein domains are known as “fingerprint 

domains” and have been used to screen for single receptor-ligand complex unbinding events 

from large datasets. We note that the fingerprint domains used for receptor-ligand SMFS should 

be chosen so that they unfold at a much lower range of forces than the unbinding event of the 

receptor-ligand under study in order to avoid the fingerprint biasing effect [60]. 

 A typical AFM experimental setup to measure protein-ligand interactions with 

fingerprint domains is shown in Figure 1.1D. A polyprotein consisting of a fingerprint domain 

and the protein/ligand of interest is covalently immobilized on the AFM tip or the surface 

through an elastic linker, most often a poly(ethylene glycol) (PEG) linker [61] or more recently 

an elastin-like polypeptide (ELP)[62]. The POI can be expressed as a fusion protein with the 

fingerprint domain or covalently attached to the fingerprint domain and elastic linker using 

sortase or ybbr tags [62–64]. A broad range of receptor-ligand interactions including cohesin-

dockerin [6,65–67], antibody-antigen [68] and bacterial adhesin-host interactions [4] have been 

studied with the help of fingerprint domains. 

In the aforementioned experimental setup, the protein-ligand interaction can be lost due 

to irreversible unfolding of the protein molecule immobilized on the tip. In order to solve this 

problem, an exchangeable receptor-ligand pair, SdrG:Fgβ, was added between the receptor and 

ligand, as shown in Figure 1.1E. Two features of the SdrG:Fgβ complex are crucial to this 

experimental configuration: (1) the SdrG:Fgβ complex is able to withstand a force as high as 2 

nN [4], which is in the same regime as a covalent bond and significantly larger than other 

receptor-ligand interactions. Therefore the receptor:ligand complex would always rupture 

without breaking the SdrG:Fgβ interaction; and (2) the affinity between SdrG and Fgβ is 

https://paperpile.com/c/VbGZjS/0DYo
https://paperpile.com/c/VbGZjS/SLPs+7KIG
https://paperpile.com/c/VbGZjS/03EP
https://paperpile.com/c/VbGZjS/n6s1k
https://paperpile.com/c/VbGZjS/4MA7
https://paperpile.com/c/VbGZjS/P2qNx
https://paperpile.com/c/VbGZjS/P2qNx+G6KVo+EeSp
https://paperpile.com/c/VbGZjS/w9MQh+sBsj+LZvd+5ZyRb
https://paperpile.com/c/VbGZjS/JCNQS
https://paperpile.com/c/VbGZjS/inOd
https://paperpile.com/c/VbGZjS/inOd
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moderate (300–400 nM) [69]. Therefore, the receptor/ligand molecule attached to the tip is 

frequently exchanged based on the natural off-rate at equilibrium of this complex. A freely 

diffusing molecule can then re-bind the SdrG molecule on the tip and prevent the loss of 

interaction due to tip clogging or protein unfolding. This experimental setup has been used to 

characterize the mechanical properties of monovalent and tetravalent streptavidin:biotin 

complex [70,71]. A limitation of this method is that the N terminus of the Fgβ peptide has to 

be exposed to interact with SdrG, which restricts the geometry and necessitates that the Fgβ 

peptide is located at the N terminus of the freely diffusing molecule, and that the receptor-of-

interest is situated at the C-terminal of the freely diffusing molecule. 

Depending on the purpose of the AFM-SMFS measurement, the time-dependent 

evolution of force experienced by the POI can be controlled by applying various pulling 

protocols (Figure 1.1F). An early method still commonly in use today is referred to as “constant 

speed” mode, where the distance between the base of the AFM cantilever and the surface (z) is 

increased at a constant rate. This method only requires open loop positional control of the piezo 

element in the AFM and is therefore very straightforward to implement, however, open loop 

operations of piezo elements are generally not recommended due to piezo drift. Other 

commonly used methods include “force ramp” and “force clamp” modes. In these modes, the 

photodiode deflection signal is used in a feedback loop to adjust the piezo position such that 

the POI experiences a tension value set by the experimenter. In force ramp mode, the force is 

increased linearly with time [72,73]. Force clamp can be viewed as a subtype of force ramp 

with a ramp velocity equal to zero, and the force applied to the POI is held at a constant value 

[72,74]. Force ramp and force clamp modes can be used to directly observe force-dependent 

kinetics of protein unfolding and receptor-ligand complex rupture. Force ramp and force clamp 

protocols are more prone to external perturbations compared to the constant speed protocol, and 

the precision of force tuning is limited by many factors, including the response time of the 

cantilever, drift in the system, and the signal sampling frequencies. 

Beyond force ramp, researchers have further developed pulse-chase protocols to study 

force-induced reactions that can modulate the length of proteins, such as disulfide 

reduction/oxidation [75–82], domain unfolding [74,83–86], elastic stretching [87], and the 

reversibility of such reactions. In pulse-chase protocols, force clamp is used to apply an initial 

force pulse to unfold a protein or a series of fingerprints/POI domains. The force pulse triggers 

a mechanochemical reaction of interest, for example, domain unfolding or disulfide bond 

https://paperpile.com/c/VbGZjS/hXtk
https://paperpile.com/c/VbGZjS/juCC+vGvE
https://paperpile.com/c/VbGZjS/m27V+gSoN
https://paperpile.com/c/VbGZjS/m27V+AipN
https://paperpile.com/c/VbGZjS/p6KD+0Fqr+FuHx+XdTv+YoKl+1ziZb+WfPY+FV4s
https://paperpile.com/c/VbGZjS/S3lk+gNyT+pO0a+AipN+Tjnt
https://paperpile.com/c/VbGZjS/KXCz
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cleavage by nucleophiles. The force is then quenched to zero or other sufficiently low value to 

allow the reverse reaction to take place. The occurrence of the back reaction is then 

characterized by applying a second force pulse and determining the fraction of event recurrence. 

Another recently developed pulling protocol, zig-zag force ramp, has enhanced the 

ability of detecting protein unfolding intermediates[88,89]. The zig-zag force ramp protocol 

uses open loop piezo control to move the AFM tip away from the surface at a constant speed, 

followed by reversing direction and moving the tip closer to the surface in a two steps 

forward/one step backward manner. This updown cycle is repeated periodically at a low 

frequency of ∼10 Hz, gradually increasing the distance between the tip and the surface in a 

stepwise fashion. The zig zag protocol was used to detect many intermediate folding states of 

bacteriorhodopsin not previously observable by conventional constant speed/force ramp 

measurements [88]. 

 

1.2 Surface chemistry in AFM-SMFS 

As discussed above, covalent attachment chemistry enables measurement of highly 

mechanostable systems and prevents AFM tip clogging, and therefore is desired for AFM-

SMFS measurements with receptor-ligand interactions as the objects of study. Chemical 

functionalization of cantilevers and substrate surfaces is usually required for further 

immobilization of target proteins. One way to prepare the substrate surface is using gold. Gold 

is a very stable and inert material and reacts readily with the thiol group on cysteine, forming a 

gold-sulfur bond so that thiol-containing molecules can be directly immobilized on gold 

surfaces. Gold-coated substrates and cantilevers are commercially available and also easily 

prepared. Due to the ease and convenience of this method, many AFM-SMFS measurements 

especially in the early years were performed using cysteine thiol-gold chemistry, and the 

technique remains in use today. 

Another way to prepare the substrate surface is silanization. Silicon or silicon nitride 

cantilevers and glass have silanol groups on their surfaces, and these silanol groups can be 

functionalized with organic silanes carrying amine or carboxyl groups [90]. Aminosilanization 

has been widely applied and standardized for AFM-SMFS [61]. Further immobilization steps 

can be performed by reacting amino groups with an N-hydroxysuccinimide (NHS) group. In 

https://paperpile.com/c/VbGZjS/vM3e+rXPq
https://paperpile.com/c/VbGZjS/vM3e
https://paperpile.com/c/VbGZjS/EK1d
https://paperpile.com/c/VbGZjS/4MA7
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many of the biological immobilization protocols, aminosilane is the starting layer for further 

derivatization. 

Proper flexible linkers are necessary for passivation of the surface to achieve very low 

non-specific interactions and for providing proper binding orientation with low steric hindrance 

away from the surface (Figure 1.2A). The most common linkers are PEG (polyethylene glycol) 

polymers. PEGs are linear, highly flexible with well-characterized elastic behavior, and also 

commercially available with a wide range of functional groups at the ends including NHS, 

maleimide and azide groups. PEGs provide well-passivated surfaces and provide functional 

groups for further derivatization. Some disadvantages of PEG include possible polydispersity 

and a trans-gauche to all-trans isomerization reaction that sets in around 300 pN of tension. This 

isomerization can distort contour length analysis for systems at high force [91,92]. More 

recently, elastin-like polypeptides (ELP) have been developed as linkers [62]. ELPs are 

composed of a repetitive GXGVP motif, where X can be any amino acid except proline. They 

are intrinsically disordered and provide added contour length and high flexibility, which are 

suitable for surface passivation. Also, since ELPs are encoded at the genetic level and expressed 

in bacteria, they are completely monodisperse with atomically defined lengths and 

compositions. These features make the use of ELPs a highly accurate measurement technique 

for analysis of contour length increments [62]. ELPs can be recombinantly expressed with the 

protein of interest as a fusion protein, or conjugated to the protein of interest via various ligation 

reactions, as shown in Figure 1.2A. 

https://paperpile.com/c/VbGZjS/9iPG+q8o9
https://paperpile.com/c/VbGZjS/P2qNx
https://paperpile.com/c/VbGZjS/P2qNx
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Figure 1.2 Surface chemistry, linkers, and site-specific immobilization methods for SMFS. A: 

Overview of cantilever and glass preparation for AFM-SMFS. Chemical functionalization of the 
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substrate surface by gold-coating or aminosilanization is followed by passivation and attachment of a 

suitable flexible linker (typically PEG or ELP) containing a functional end group. Target molecules can 

be further immobilized either non-specifically or site-specifically by several strategies: Non-specific 

immobilization through the reaction between lysine residues on protein surface and NHS ester; 

Enzymatic ligation using (B) LPXTG tag/GGG tag/Sortase A, (C) NGL tag/GL tag/OaAEP1, and (D) 

ybbR tag/CoA/SFP; Enzymatic self-labeling using (E) HaloTag with chloroalkane derivatives or (F) 

SNAP tag with benzyl group of benzylguanine; Spontaneous isopeptide bonds formation using (G) 

SpyTag/SpyCatcher, SnoopTag/Snoop catcher, and isopeptag/Pilin-C systems; Bioorthogonal click 

chemistry typically uses non-canonical amino acids, which are incorporated to the protein of interest by 

(H) amber suppression with (I) p-azidophenylalanine (pAzF) for click reactions with alkyne or DBCO 

compounds or (J) p-acetylphenylalanine (pAcF) for oxide formation with an aminooxy group. This 

figure was adapted from Yang et al. [13] under a Creative Commons Attribution License (CC BY). 

A variety of reactions have been developed and used to covalently immobilize proteins 

on functionalized surfaces and AFM tips. One key distinction is between methods that allow 

for site-specific attachment at a known residue in the protein and those that result in a statistical 

distribution of anchor points within the molecule (i.e. non-specific covalent immobilization). 

One of the most widely used non-specific immobilization strategies relies on the reaction 

between the native lysine residues on proteins surface, which carries a free amino group, and 

functional groups on the surface (e.g. NHS ester) [93,94], as shown in Figure 1.2A. This 

approach is easy to use and does not require any additional modification to the protein of 

interest. However, it does not provide a precise control of the anchor point and results in 

heterogeneous force loading geometries in the measurements. Site-specific immobilization, on 

the other hand, allows precise control over the geometrical loading configuration with dramatic 

effects on the observed mechanical response of protein domains and receptor-ligand complexes. 

Site-specific methods can furthermore provide higher yields of usable force-extension curves 

than non-specific or random covalent immobilization procedures [95]. Site-specific conjugation 

can also reduce non-specific interactions since contaminating proteins in the sample are not 

linked to the surface during the conjugation reaction. This can provide higher accuracy, higher 

yield and generally more reliable results. The most widely used site-specific ligation reactions 

can be divided into four categories: enzymatic ligation, enzymatic self-labeling, isopeptide 

bond, and non-canonical amino acid ligation. 

 

https://paperpile.com/c/VbGZjS/yL0Y
https://paperpile.com/c/VbGZjS/FHqe+KVYD
https://paperpile.com/c/VbGZjS/3vWI
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1.2.1 Enzymatic ligation tags 

 Certain enzymes are able to covalently ligate short peptide tags with other peptides or 

small molecules. Proteins of interest are typically expressed recombinantly with these peptide 

tags fused at the N- or C- terminus, and conjugated with elastic linkers for surface 

immobilization or with other protein molecules to assemble a polyprotein.  

 Sortase A from S. aureus recognizes an LPXTG tag at the C-terminus of a target protein, 

cleaves the bond between threonine and glycine, and ligates the target to a second protein 

containing an N-terminal oligo G motif (Figure 1.2B) [96]. One additional amino acid is 

required at the end of the LPXTG tag for proper binding of Sortase A. Depending on its 

accessibility, the N-terminal oligo G motif can contain between one and five glycines, however, 

three glycines (GGG tag) are generally sufficient. This system has been used for AFM-SMFS 

for immobilization of protein directly from cell lysate [97] or in systems where an LPETGG 

tag and GGG tag have been used to assemble polyproteins posttranslationally or to attach high-

strength dockerin handles to proteins [63,64,98]. A similar enzymatic ligation system, 

asparaginyl endopeptidase isolated from the plant Oldenlandia affinis (OaAEP1) recognizes an 

NGL tag at the C-terminus of the target protein, cleaves the bond between asparagine and 

glycine, and ligates it to an N-terminal GL tag (Figure 2.1C) [99]. 

 Another ligation enzyme, 4’-phosphopantetheinyl transferase (SFP) covalently links the 

first serine residue on the ybbR tag (DSLEFIASKLA) to coenzyme A (CoA), as shown in 

Figure 2.1D [100]. The thiol group on CoA is readily reactive to maleimide coated surfaces, 

which can be prepared by adding hetero-bifunctional PEG (NHS-PEG-maleimide) or 

sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) to 

aminosilanized surfaces. Therefore, the ybbR tag/SFP system has been widely used in AFM-

SMFS with a combination of aminosilanization [61,62,101,102]. 

 

1.2.2 Enzymatic self-labeling 

 In contrast to enzymatic ligation reactions, where the enzyme catalyzes the ligation 

between another two molecules, enzymes catalyzing self-labeling reactions covalently 

conjugate itself with the ligand molecule. Examples of enzymatic self-labeling include 

haloalkane dehydrogenase (HaloTag), which spontaneously forms a covalent ester bond with 

https://paperpile.com/c/VbGZjS/0ifw
https://paperpile.com/c/VbGZjS/U6kr
https://paperpile.com/c/VbGZjS/EeSp+h6pH+G6KVo
https://paperpile.com/c/VbGZjS/YwgL
https://paperpile.com/c/VbGZjS/qJANN
https://paperpile.com/c/VbGZjS/4MA7+IOWm+P2qNx+XlW3
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chloroalkane derivatives (Figure 1.2E) [103], and the hAGT or “SNAP” tag, which binds 

covalently to the benzyl group of benzylguanine, releasing guanine (Figure 1.2F) [104]. These 

self-labeling tags have been successfully used in AFM-SMFS [105–108]. 

 

1.2.3 Isopeptide bond 

Isopeptide bonds are intramolecular covalent amide bonds formed outside of the protein 

backbone between amino acid side chains. Isopeptide bonds form spontaneously upon 

nucleophilic attack of a primary amine from a lysine side chain toward a carboxamide/carbonyl 

group of asparagine/aspartic acid in close proximity to a catalytic glutamic acid [109]. Proteins 

having isopeptide bonds have been engineered by dissecting the fold into two fragments and 

utilizing spontaneous covalent isopeptide bond formation upon fold reconstitution to site-

specifically link targets together [110–112]. Isopeptide bond formation is fast, efficient, 

irreversible, and robust to diverse conditions [111], and is being increasingly used for site-

specific immobilization of proteins for AFM-SMFS. The Spytag/Spycatcher system is perhaps 

the most well known isopeptide bond system, comprising the second immunoglobulin-like 

collagen adhesin domain of S. pyogenes which is stabilized by spontaneous isopeptide 

formation between Lys and Asp. This fold was rationally engineered and split into two parts: 

13 amino acid SpyTag and the remainder of the domain, SpyCatcher (Figure 1.2G) [111]. 

SpyTag can be inserted at the protein terminus or internally in the sequence and remains 

reactive as long as it is accessible and can form the structure with SpyCatcher. For AFM-SMFS, 

the SpyTag/SpyCatcher system has been used to immobilize a cellulose binding module onto a 

cantilever [113], and conjugate an Xmodule-dockerin with ELP linker [114]. 

 

1.2.4 Non-canonical amino acids 

Non-canonical amino acid (NCAA) incorporation is a sophisticated strategy to 

introduce new functional groups into proteins [115]. Natural amino acids cover only a very 

limited range of functional groups and because the same functional groups are repeatedly 

incorporated into multiple sites in typical protein, their chemical selectivity is poor. These 

limitations can be overcome by introducing unique bioorthogonal functional groups into target 

proteins via site-specific NCAA incorporation. To date, a variety of unique amino acids and 

https://paperpile.com/c/VbGZjS/IB8H
https://paperpile.com/c/VbGZjS/NAQD
https://paperpile.com/c/VbGZjS/w6AF+ekL2+FWEc+ZwID
https://paperpile.com/c/VbGZjS/3Q5Z
https://paperpile.com/c/VbGZjS/0o2n+NkeL+mMMC
https://paperpile.com/c/VbGZjS/NkeL
https://paperpile.com/c/VbGZjS/NkeL
https://paperpile.com/c/VbGZjS/2j6YK
https://paperpile.com/c/VbGZjS/4l9q
https://paperpile.com/c/VbGZjS/Q7HL
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their orthogonal aminoacyl-tRNA synthetase (aaRS) pairs have been developed [116]. The 

target NCAA with a unique functional group is recognized by a corresponding aaRS and takes 

part in the translational machinery at the site of a corresponding codon (typically the amber 

codon) (Figure 1.2H). Depending on the choice of the NCAA, site-specific immobilization for 

AFM-SMFS can be highly specific, bioorthogonal, and efficient. For example, click chemistry 

with an azide group is often used. NCAAs having azide groups such as p-azidophenylalanine 

(pAzF) are incorporated into target proteins at a desired site, and this target protein can be easily 

immobilized onto alkyne- or DBCO-terminated PEGylated surfaces (Figure 1.2I) [117–119]. 

Also, p-acetylphenylalanine (pAcF) can be introduced for immobilization to aminooxy-

terminated PEGylated surface by oxime formation (Figure 1.2J) [120,121]. 

While many of the other methods described require longer peptide tags or require the 

ligation site to be located at the terminus of the protein, NCAA incorporation changes only a 

single amino acid and therefore minimally perturbes the target protein. Also NCAA-based 

attachment is not restricted to the protein terminus but can be achieved in the middle of the 

amino acid sequence, providing high flexibility in terms of selection of pulling positions for 

AFM-SMFS. 

 

1.3 Theoretical models of protein unbinding energy profile 

The conceptual free energy landscape is a high dimensional surface upon which proteins 

sample many conformations on their way to the folded/bound state. Due to the importance of 

protein folding/misfolding, conformational-sampling, and protein-ligand interactions in 

biological systems, quantifying energy landscapes is highly informative for the understanding 

of molecular behavior and can inform the development of new therapies. Using AFM-SMFS, 

we can use external force to perturb the energy landscape and measure the influence of force 

on transition rates from one state to another, and reconstruct the unfolding/unbinding energy 

landscape [122]. 

https://paperpile.com/c/VbGZjS/pn50
https://paperpile.com/c/VbGZjS/FMGd+vC7N+FTrK
https://paperpile.com/c/VbGZjS/tRZN+RUJ5
https://paperpile.com/c/VbGZjS/G27e
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Figure 1.3 1D depiction of protein unbinding energy landscape with a single energy barrier in the 

presence of force. The protein crosses a single energy barrier to be dissociated or unfolded. In the 

absence of force, the spontaneous off rate k0 is dependent on the activation energy ΔG‡. External forces 

applied to the protein molecules lower the energy barrier and thus increase the off rate. 

A simple and useful way of describing the protein unbinding/unfolding energy 

landscape is a 1D single energy barrier depiction, as shown in Figure 1.3. In this scenario, the 

protein only populates two states: the bound/folded and unbound/unfolded states, separated by 

an energy barrier, without additional intermediate states. While the true energy landscape might 

be more complex and contain additional intermediates, transition states and energy barriers, it 

is typically difficult to characterize the metastable intermediates and reconstruct the energy 

landscape in detail [122]. The single energy barrier model, however, provides a reliable 

approach to reconstructing the energy profile using AFM-SMFS and has been widely used to 

understand and predict the behavior of proteins. 

The single energy barrier and the effect of external forces can be described by several 

parameters. The bound/folded protein needs to overcome an activation energy (ΔG‡) to reach 

the transition state along the chemical reaction coordinate (Δx‡), and cross the energy barrier to 

reach the dissociated/unfolded state. The spontaneous off rate (k0) is the dissociation/unfolding 

rate in the absence of force. In AFM-SMFS measurements, external pulling forces are applied 

to the protein and subsequently perturb the unbinding energy landscape. The pulling forces 

lower the energy barrier (ΔΔG‡) and increase the off rate (koff(F)). Depending on the pulling 

https://paperpile.com/c/VbGZjS/G27e
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protocol of AFM-SMFS, the force-dependent energy landscape parameters can be measured 

based on the bond lifetime at different constant forces (force clamp) or rupture/unfolding force 

distribution at different force loading rates (force ramp/constant pulling speed). Several 

theoretical models have been developed to reconstruct the zero-force intrinsic energy landscape 

using AFM-SMFS data. 

 

1.3.1 Bell-Evans (BE) model 

The most widely used theoretical model is the Bell-Evans (BE) model, originally 

developed to study cell-cell adhesion forces. The BE model assumes that the distance between 

the initial state (bound/folded state) and the transition state (i.e. Δx‡) is independent of the force 

and therefore the external force linearly lowers the energy barrier [123,124]: 

𝑘off(𝐹) = 𝐴𝑒
−
∆𝐺‡−∆∆𝐺‡

𝑘𝐵𝑇 =  𝐴𝑒
−
∆𝐺‡−𝐹∆𝑥‡

𝑘𝐵𝑇   Eq 1.1 

,where kB is the Boltzmann constant, T is temperature, ΔG‡ is the intrinsic height of the energy 

barrier in the absence of force. 

 The force-dependent off rate therefore increases exponentially with force: 

𝑘off(𝐹) = 𝑘0𝑒
𝐹∆𝑥‡

𝑘𝐵𝑇   Eq. 1.2 

 Protein unfolding and complex rupture are stochastic processes and the 

rupture/unfolding force follows a certain probability density distribution. The general 

expression of the rupture/unfolding force distribution in constant pulling speed/force ramp 

measurement is: 

𝑝(𝐹) =
𝑘𝑜𝑓𝑓(𝐹)

𝑟
exp (−∫

𝑘off(𝑓)

𝑟

𝑓

0
𝑑𝑓)   Eq. 1.3 

, where r is the force loading rate. 

 Combining Eq. 1.2 and Eq. 1.3, the Bell-Evans model describes the rupture/unfolding 

force distribution as [125]: 

https://paperpile.com/c/VbGZjS/d2fnS+7dbGw
https://paperpile.com/c/VbGZjS/YfL8
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𝑝(𝐹) =
𝑘0

𝑟
exp (

𝐹∆𝑥‡

𝑘𝐵𝑇
−
𝑘0∙𝑘𝐵𝑇∙(exp(

𝐹∆𝑥‡

𝑘𝐵𝑇
)−1)

𝑟∆𝑥‡
)   Eq. 1.4 

 Eq. 1.4 also establishes the relationship between the most probable rupture/unfolding 

force and the force loading rate. The energy landscape parameters, i.e. spontaneous off rate 

koff(0) and distance to the transition state Δx‡, can be extracted by linearly fitting the most 

probable rupture/unfolding force against the logarithm of loading rate with Eq. 1.5 [123,124]: 

𝐹∗ =
𝑘𝐵𝑇

∆𝑥‡
ln[

𝑟∆𝑥‡

𝑘0𝑘𝐵𝑇
]  Eq. 1.5 

, where F* is the most probable rupture force at different loading rates. 

  

1.3.2 Dudko-Hummer-Szabo (DHS) model 

 While the BE model has been widely and successfully used by the SMFS community 

for over two decades [6,14,114,126], its predictions deviate from the behaviors of certain 

systems due to oversimplifications. Dudko, Hummer and Szabo introduced a modified 

theoretical model (DHS model) to overcome these limitations [127–129]. 

 As mentioned in section 1.3.1, the BE model assumes that the distance between the 

initial state (bound/folded state) and the transition state, Δx‡ , is a constant independent of the 

external force (see Eq. 1.1). However, at very high forces, this distance is expected to be 

shortened, i.e. the position of the energy barrier moves closer to the initial state [129]. 

 Instead of assuming a constant Δx‡ , the DHS model uses Kramers theory to calculate 

the force-dependent off rate, as shown in Eq. 1.6 [128]: 

𝑘off(𝐹) = 𝑘0(1 −
𝜐𝐹∆𝑥‡

∆𝐺‡
)
1

𝜐
−1exp [𝛽∆𝐺‡(1 − (1 −

𝜐𝐹∆𝑥‡

∆𝐺‡
)

1

𝜐
)]  Eq. 1.6 

, where β-1 = kBT, and υ represents the shape of the energy barrier. Commonly used υ values 

include 0.5, which assumes a cusp-like potential and ⅔, which assumes a linear-cubic potential. 

In addition to k0 and Δx‡, the height of the energy landscape ΔG‡ is also considered in the DHS 

model. Note that when υ = 1, Eq. 1.6 is the same as the BE model (Eq. 1.2). When the energy 

barrier is infinitely high (ΔG‡→ ∞), the DHS and BE models are also equivalent. 

https://paperpile.com/c/VbGZjS/d2fnS+7dbGw
https://paperpile.com/c/VbGZjS/qVwp+x5M4+sBsj+4l9q
https://paperpile.com/c/VbGZjS/tpUC+xXMDJ+sB3z5
https://paperpile.com/c/VbGZjS/sB3z5
https://paperpile.com/c/VbGZjS/xXMDJ
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 An important limitation of Eq. 1.6 is that the equation is valid only when the force is 

below a critical force FC= ΔG‡/υΔx‡. The energy barrier disappears at the critical force, 

rendering the high energy barrier assumption of Kramers theory invalid and giving an incorrect 

koff value koff(FC)=0 [128]. 

Similar to the derivation of Eq. 1.4, combination of Eq. 1.3 and Eq. 1.6 gives the 

distribution of  rupture/unfolding force [128]: 

𝑝(𝐹) =
𝑘𝑜𝑓𝑓(𝐹)

𝑟
exp (

𝑘0

∆𝑥‡𝑟
) ∙ exp [−

𝑘𝑜𝑓𝑓(𝐹)

𝑟∆𝑥‡
∙ (1 −

𝜐𝐹∆𝑥‡

∆𝐺‡
)
1−

1

𝜐
]  Eq. 1.7 

 Eq. 1.7 also describes the relationship between the mean rupture/unfolding force FM and 

the force loading rate [128]: 

𝐹M =
∆𝐺‡

𝑣∆𝑥‡
[1 − (

1

∆𝐺‡
ln

𝑘0𝑒
−𝛽∆𝐺‡

∆𝑥‡𝑙
)𝑣]  Eq. 1.8 

In contrast to the BE model, which gives a linear relationship between the force and the 

logarithm of  loading rate, as well as the off rate and the logarithm of force, the DHS model 

describes non-linear force-loading rate and off rate-force relationships. 

A practical approach to extracting energy profile parameters from SMFS data using 

DHS model is to fit the experimentally measured force-dependent off rate against the force. 

This approach is straightforward for constant force (force clamp) measurements, which directly 

measures the lifetime (the inverse of off rate) of the system under a given force. For constant 

speed or force ramp measurements, the force-dependent off rate should be calculated from the 

rupture/unfolding force distribution. By inverting Eq. 1.3, we have [129]: 

𝑘off(𝐹) =
𝑃(𝐹)𝑟

1−∫ 𝑃(𝑓)𝑑𝑓
𝐹

0

   Eq. 1.9 

Eq. 1.9 is a model-free description of the force-dependent off rate, but this continuous equation 

is less practical for processing discrete data from experiments. The DHS model uses a discrete 

form of Eq. 1.9 to transform rupture/unfolding force histograms obtained constant speed and 

force ramp measurements into force-dependent off rates [129]: 

𝑘off(𝐹k) =
ℎk𝑟(𝐹k)

(
ℎk
2
+∑ ℎi

𝑁
𝑖=𝑘+1 )∆𝐹

   Eq. 1.10 

https://paperpile.com/c/VbGZjS/xXMDJ
https://paperpile.com/c/VbGZjS/xXMDJ
https://paperpile.com/c/VbGZjS/xXMDJ
https://paperpile.com/c/VbGZjS/sB3z5
https://paperpile.com/c/VbGZjS/sB3z5
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,where koff(Fk) is the off rate at the mean force of the kth bin in the rupture/unfolding force 

histogram, , r(Fk) is the average loading rate of the kth bin, and hk is the height of the kth bin. 

The height is calculated Eq. 1.11: 

ℎk =
𝐶k

𝐶tot∆𝐹
   Eq. 1.11 

,where Ck is the number of counts in the kth bin, Ctot is the total number of counts in the 

histogram, and ΔF is the bin width of the histogram. The resulting off rate-force dependency 

can be fitted using Eq. 1.6 to extract the intrinsic energy profile parameters in the absence of 

force, including k0, Δx‡ , and ΔG‡. 

 

1.3.3 Friddle–De Yoreo model 

 Both the BE model and the DHS model rely on the assumption that the rupture and 

unfolding processes cross sufficiently high energy barriers and therefore are irreversible 

[124,128]. However, rebinding and refolding processes are not negligible in the low force 

regime, giving rise to nonlinearity in force-loading rate spectra. The Friddle-De Yoreo model 

overcomes this limitation by taking the reversibility of reactions into consideration and adding 

a rebinding/refolding rate to the model [130]. 

 The unbinding/unfolding rate ku(F) and the rebinding/refolding rate kb(F) are given by 

Eq. 1.12 and Eq. 1.13 [130]: 

𝑘u(𝐹) = 𝑘𝑢
0exp (

𝐹∆𝑥‡−
1

2
𝑘c∆𝑥

‡2

𝑘B𝑇
)   Eq. 1.12 

𝑘b(𝐹) = 𝑘u(𝐹)exp (
∆𝐺‡−

𝐹2

2𝑘c

𝑘B𝑇
)   Eq. 1.13 

, where kc is the spring constant of the AFM cantilever. 

The force that gives ku(F)=kb(F) is the unique force Feq, at which the rebinding/refolding 

and the unbinding/unfolding processes are at equilibrium [130,131]: 

𝐹𝑒𝑞 = √2𝑘c∆𝐺
‡   Eq. 1.14 

https://paperpile.com/c/VbGZjS/7dbGw+xXMDJ
https://paperpile.com/c/VbGZjS/Hzkq
https://paperpile.com/c/VbGZjS/Hzkq
https://paperpile.com/c/VbGZjS/jXsu+Hzkq
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 The relationship between the mean rupture/unfolding force and the force loading rate r 

is given by Eq. 1.15 [130,132]: 

𝐹M = 𝐹𝑒𝑞 +
𝑘B𝑇

∆𝑥‡
ln (1 +

𝑟𝑒−𝛾

𝑘u(𝐹𝑒𝑞)
𝑘B𝑇

∆𝑥‡

)  Eq. 1.15 

, where γ is Euler’s constant. 

 

1.4 Protein elasticity 

 As discussed above, due to the stochastic nature of protein unfolding and complex 

rupture, barrier crossing is observed to occur over a broad range of positions and forces when 

measured repeatedly. This makes it difficult to analyze pulling curves using only force-

extension coordinates. The free contour length of a polyprotein, however, is a robust statistical 

parameter that represents the maximal length of physically possible extension in a given folding 

state. The contour length of the system will theoretically be the same for a given folding state, 

regardless of the force in the system at any given time. As such it is a robust means to visualize 

and analyze SMFS data, and can be used to identify unfolding events for a protein of interest. 

The additional contour length that is added to the tethered polyprotein following domain 

unfolding can be estimated simply by the length of the polypeptide released from the protein 

secondary/tertiary structures following protein unfolding. By knowing the amino acid sequence 

length of a domain, as well as its folded end-to-end length, we can generate expected values for 

the change in contour length that should be observed when a given domain unfolds. This is 

given by the equation ΔLc = (0.365 nm/AA) × (# AAs in POI) − Lf, where ΔLc is the expected 

contour length increment, 0.365 nm is the approximate contour length per amino acid of a 

protein, and Lf is the folded end-to-end length of the domain (typically <5 nm) [133–135]. 

Since receptor-ligand rupture typically results in loss of the tether between the cantilever 

and the surface, calculation of ΔLc upon rupture does not have the same physical meaning for 

receptor-ligand rupture experiments as for domain unfolding experiments, however, ΔLc 

calculations can be incorporated for fingerprinting of receptor-ligand interaction curves as well. 

Also, tethered protein receptor-ligand [27,136–138] and DNA [139,140] systems have been 

reported where the rupture of a molecular interaction results in extension of a flexible tether 
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providing a known contour length increment. Therefore, ΔLc analysis can be highly applicable 

not only to domain unfolding studies but also to receptor-ligand rupture experiments. 

 

Figure 1.4 Contour length transformation of force-extension curves. A: A force-extension curve 

measured with R. champanellensis XMod-Doc:Coh complex. After initial stretching of the elastic linker 

(ELP), the ddFLN4 fingerprint domains first unfold (orange), followed by the unfolding of XMod 

(purple) before the complex ruptures. B-E: The force-extension curve in (A) was transformed to contour 
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length space using four elasticity models: worm like chain (B), freely rotating chain (C), segmented 

freely rotating chain (D) and quantum mechanics corrected freely rotating chain (E). 

To calculate contour length increments (ΔLc), polymer elasticity models such as the 

worm-like chain (WLC) [141], the freely jointed chain (FJC) [142], the freely rotating chain 

(FRC) [143], or quantum mechanics FRC (QM-FRC) [144] models are applied to transform the 

force-extension curve using a one-to-one mapping into force-contour length space. The 

elasticity models can have different force ranges over which they are more accurate. 

A widely used model is an interpolation formula of the WLC [141], which is appropriate 

for ideal stiff chains (Eq. 1.16). This model mathematically describes the stretching of unfolded 

proteins, DNA, RNA, and other biopolymers reasonably well up to forces around 150 pN. 

However, for the high force regime over 150 pN, WLC gives less reliable transformation 

results, as shown in Figure 1.4B. 

𝐹 =
𝑘B𝑇

4𝑙𝑝
[
4𝑅

𝐿
− 1 + (1 −

𝑅

𝐿
)−2]   Eq. 1.16 

, where F is the force, lp is persistence length, R is the extension and L is the contour length. 

To extend the theoretical treatment to higher force regimes, Livadaru et al.  proposed 

an FRC model for semiflexible polymer chains made up of discrete segments [143], which has 

a better performance than WLC in the high force regime, but the results in the low force regime 

is much less reliable, as shown in Figure 1.4C. A more reliable way to use FRC is to divide the 

data into three distinct force ranges and use WLC to describe the low force regime, and FRC to 

describe the high force regime, as shown in Eq. 1.17. Note that the original reference [143] has 

two mistakes, which have been corrected in Eq. 1.17: the x in the first term should be in the 

denominator instead of numerator, and the number 2 in the third term should be in the numerator 

instead of in the denominator. The contour length transformation using Eq. 1.17 gives more 

accurate results than both WLC and FRC used individually when the data spans a wide range 

of force (Figure 1.4D) 
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)
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𝑥

1−(
2𝐹𝑏
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)−1

     Eq. 1.17 

, where 𝑎 = 𝑏
1+𝑐𝑜𝑠𝛾

(1−𝑐𝑜𝑠𝛾)𝑐𝑜𝑠
𝛾

2

 is the Kuhn length and 𝑙 = 𝑏
𝑐𝑜𝑠

𝛾

2

|𝑙𝑛𝑐𝑜𝑠𝛾|
 is the persistence length. 

For the same purpose, quantum mechanical (QM) corrections based on the WLC model 

were proposed to account for polypeptide backbone stretching in the high-force range of up to 

two nanonewtons [144]. The QM correction factor is calculated using Eq. 1.18: 

𝐿

𝐿0
= 1 +

−𝛾1+√𝛾2
2+4𝛾1𝐹

2𝛾2
   Eq. 18 

, where L is the corrected contour length, L0 is the uncorrected contour length, F is the force, γ1 

and γ2 are elastic coefficients, γ1=27.4 nN and γ2=109.8 nN (for peptides) [144]. 

 Figure 1.4E shows the contour length transformation using the FRC model with 

quantum mechanical correction (QM-FRC). At this force, the corrected and uncorrected 

contour lengths differ by no more than 2%. For larger forces, the difference between the 

corrected and uncorrected contour lengths is higher (e.g. ~6% for force up to 2 nN). 

Depending on the solvent environment, the effects of monomer side chains may become 

evident in the elastic response of individual biopolymers. A recent study showed that a more 

consistent fitting could be achieved using a new TSQM model that upgrades the previous 

modeling work with structure-relevant terms [145]. Given the importance of elastic stretching 

behavior in AFM-SMFS, isomerization reactions within monomer units of mixed 

synthetic/protein polymer systems can also become problematic, and blur contour length 

histograms. Intrinsically disordered elastin-like polypeptides (ELPs) have been incorporated as 

linkers to avoid the trans-gauche isomerization of PEG-linkers that occurs around 300 pN 

[62,91,92]. However, ELPs are also limited by the isomerization of prolines at 200-300 pN 

[146]. 
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1.5 Catch bonding 

 As discussed in section 1.3, external pulling forces typically lower the energy barrier of 

protein-ligand dissociation and decrease the lifetime of protein-ligand complexes; such bonds 

are called slip bonds. However, it has been shown that for a limited number of protein-ligand 

complexes, primarily cell-cell adhesion proteins, the bond lifetime is found to  increase with 

force over a certain force range. This counterintuitive behavior is called catch bonding. Catch 

bonds allow the cells to resist high shear stress, while maintaining the flexibility to detach from 

each other, migrate and diffuse under lower shear stress. SMFS measurements are able to 

distinguish catch bonds from slip bonds in both constant speed/force ramp mode and force 

clamp mode, and help explain the molecular mechanisms of catch bonding. 

 

 

Figure 1.5 Comparison of slip bond, two-state two-pathway catch bond and one-state one-pathway 

catchbond. A: The behavior of slip bonds can be characterized by Bell-Evans model. In constant 

speed/force ramp measurements, the rupture force shows linear dependency on the logarithm of loading 

rate. In force clamp measurements, the bond lifetime decreases exponentially with force. B: Two-state 
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catch bonds have two binding states that are typically interchangeable. These two binding states have 

different off rates and rupture forces, and can be distinguished in constant speed/force ramp 

measurements, giving bimodal distributions of rupture force. The rupture events preferably populate the 

high force population at high loading rates. In force clamp measurements, the lifetime increases with 

force in a certain force regime. C: One-state two-pathway catch bonds have two possible dissociation 

paths: catch path and slip path. In constant speed/force ramp measurements, the two pathways also give 

rise to a bimodal rupture force distribution with the low force population centered at zero. In force clamp 

measurements, the lifetime increases with force at low forces when the catch pathway is dominant. 

When the force exceeds a critical force and the slip pathway becomes dominant, the lifetime decreases 

with force and the system behaves like a slip bond. 

 

1.5.1 Slip bond 

 The behavior of single slip bonds under external pulling forces can be predicted very 

well by theoretical models such as Bell-Evans and Dudko-Hummer-Szabo models (see section 

1.3). The following discussion is based on the simpler Bell-Evans model. As shown in Figure 

1.5A, When measured with constant pulling speed or force ramp modes, slip bonds give rise to 

a single population of rupture force distribution, and the most probable rupture force increases 

linearly with the logarithm of force loading rate (see Eq. 1.5). The lifetime of slip bonds (i.e. 

the inverse of off rate) decreases exponentially with force (Eq. 1.2), which can be clearly shown 

in force clamp measurements. The interaction between biotin and streptavidin is a classical 

example of a slip bond [70,147]. 

 

1.5.2 Two-state two-pathway catch bond 

 One of the most widely used physical models to describe the underlying mechanism of 

catch bonding is the two-state two-pathway model. The receptor-ligand complex has two bound 

states and each bound state can dissociate and enter the unbound state with different off rates, 

i.e. each bound state behaves like a slip bond when considered separately. These two bound 

states have different off rates and thus also different rupture forces, meaning that they can be 

resolved using constant pulling speed/force ramp mode and give rise to a bimodal distribution 

of rupture force, as shown in Figure 1.5B. Unlike systems with multiple non-interchangeable 

https://paperpile.com/c/VbGZjS/7bPp+juCC
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and independent bound states, for example Doc:Coh complexes with dual-binding modes [148], 

the two bound states of two-state catch bonds are typically interchangeable, and the rate of 

entering one state from the other is dependent on the external force [149]. At high forces, the 

transition from the strong state (high rupture force) to the weak state (low rupture force) is 

suppressed and the rate of the reverse process is increased. As a result, the rupture force 

distribution of two-state catch bonds primarily populates the low-force population at low 

loading rate, and switches to the high-force population as loading rate increases. It is important 

to distinguish this low force-high force transition from the conventional loading rate 

dependency of rupture forces, where the most probable rupture force continuously increases 

with loading rate. The latter is a behavior of slip bonds that is well-described by the Bell-Evans 

model (see Figure 1.5A and Eq. 1.5). This behavior also distinguishes two-state catch bonds 

from independent two-state systems like dual-binding mode of Doc:Coh, where the prominence 

of each rupture force population is not dependent on the loading rate.  

The two-state catch bond can also be observed using constant force measurements 

(Figure 1.5B, forth panel). When measured with force clamp mode, the transition from the 

weak state to the strong state is dominant in a certain force regime, giving rise to an increased 

lifetime with increasing force. It is worth noting that, above a critical force, the force-induced 

dissociation again dominates and the lifetime of the complex decreases with force like a slip 

bond. The catch bond behavior of several cell adhesion proteins can be well-described by the 

two-state two-pathway model [150–152]. 

 

1.5.3 One-state two-pathway catch bond 

 Another kinetic model describing catch bonds is the one-state two-pathway model, 

which has been used to describe selectin and myosin catch bonds [29,153–155]. In this model, 

the receptor-ligand complex has only one bound state, but dissociates in two pathways, a catch 

pathway and a slip pathway (see Figure 1.5C, first panel). The distance from the bound state 

to the transition state (i.e. Δx‡) in the catch pathway is negative, meaning that the external force 

increases, rather than decreases, the unbinding energy barrier [153]. The energy barrier of the 

catch pathway is relatively low at zero force, but increases with force, giving rise to longer 

lifetimes [156]. The other pathway (slip pathway) has the same behavior as a slip bond. Its zero-

force energy barrier is higher than the catch pathway but is lowered by external force, giving 
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rise to exponential decrease of lifetime (see Eq. 1.2). The catch pathway dominates the system 

at low force, and is inhibited by higher external force, resulting in the slip pathway being 

dominant at high forces [149]. Similar to the two-state catch bond, the coexistence of two 

pathways also gives rise to a bimodal distribution of rupture force in constant speed/force ramp 

measurements, and a transition to the high force population can be observed at high loading 

rate (Figure 1.5C). The rupture force population of the catch pathway is centered at zero and 

only the positive half of the peak can be observed [156]. When measuring one-state two-

pathway catch bonds using force clamp mode, an increase in lifetime can be observed at low 

clamping forces, where the catch pathway is dominant, and the slip pathway dominates when 

the force exceeds a critical force, after which the bond lifetime decreases with force, similar to 

a slip bond.  

 

1.6 Cellulosomal network and cohesin-dockerin complexes 

 Cellulose is one of the most abundant and prominent components of biomass [157] and 

can be degraded by a variety of fungi and bacteria to enter the carbon cycle [158]. Many 

cellulose-degrading bacteria rely on cellulosome, a large, complex, and multi-branched 

extracellular protein network to bind and digest cellulose fibers. Cellulosomes are composed of 

subunits called scaffoldins [159]. As shown in Figure 1.6A, the scaffoldin proteins typically 

contain multiple copies of cohesins (Cohs), a C-terminal dockerin (Doc), as well as other 

functional domains including cellulose binding modules (CBMs) and catalytic enzymes that 

digest the cellulose fibers [157,160,161]. The Cohs and Docs form high-affinity and highly 

mechanostable interactions, which crosslink the scaffoldin subunits to form a large 

cellulosomal network, and certain Doc:Coh pairs are responsible for attaching the extracellular 

cellulosome to the bacterial surface [159,162]. Therefore, the Doc:Coh complexes form the 

primary backbone of the cellulosome and play an important role in maintaining the integrity 

and function of cellulosomes. 

 Based on sequence similarities and binding specificities, Doc:Coh pairs can be 

classified into three types: type I, type II, and type III [163]. Figure 1.6B-D shows 

representative structures of Doc:Coh complexes of three different types [5,164,165]. The Docs 

are calcium binding proteins and contain two calcium binding loops. The binding of calcium 

induces Doc conformation change and is necessary for Docs to recognize and bind Cohs [166]. 
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Certain Docs contain an Ig-like X-module (XMod) at their N-terminus (Figure 1.6C and D, 

purple). The XMods are known to enhance the affinity and mechanical stability of the Doc:Coh 

complex [6,164,165] and are important for Doc:Coh pairs under high shear stress, for example 

the Doc:Coh interactions at the cellulosome-cell wall interface. 

 The molecular mechanism of Doc:Coh interaction is essential to understand how 

complex cellulsosomal networks are assembled, resist external shear stress, and maintain highly 

dynamic and flexible structure at the same time to quickly respond to environmental changes. 

Among the various available biochemical and biophysical approaches, AFM-SMFS is a 

powerful tool to study Doc:Coh systems due to its capability to measure highly mechanostable 

proteins and gain a mechanistic insight into complex biological systems. AFM-SMFS has been 

used to study the mechanisms of highly mechanostable type III XMod-Doc:Coh systems and 

demonstrate that they can withstand a force up to 600 pN to 1 nN [6,67]. As a single-molecule 

approach, AFM-SMFS is uniquely suited to resolve distinct binding conformations of certain 

Doc:Coh complexes, a unique behavior known as ‘dual-binding mode’ [148]. In addition to the 

dissociation of Doc:Coh complexes, the mechanical properties of single Coh domains are also 

very interesting because tandem repeats of Cohs are the primary component of scaffoldin 

backbone and the stability of scaffoldins is highly dependent on the mechanostability of Cohs. 

AFM-SMFS was used to demonstrate the distinct mechanical stabilities of Cohs located at 

different positions of scaffoldins. The bridging Cohs between the CBM and the anchoring Doc 

are under higher mechanical stress and therefore are more resistant to forces compared to the 

hanging Cohs (see Figure 1.6A) [161]. Thanks to the high mechanical stability of Doc:Coh 

complexes, they are also widely used as a high-force handle in AFM-SMFS measurements to 

mechanically unfold other protein domains [10,64,167]. 

https://paperpile.com/c/VbGZjS/0c1l+y28XP+sBsj
https://paperpile.com/c/VbGZjS/sBsj+5ZyRb
https://paperpile.com/c/VbGZjS/C9hcV
https://paperpile.com/c/VbGZjS/wpkkj
https://paperpile.com/c/VbGZjS/EeSp+7TIA+kIXT


Chapter 1 Introduction 

27 

 

 

Figure 1.6 Cellulosome structure and representative Doc:Coh complex structures. A: Typical 

cellulosome scaffoldin subunits consist of cohesins (Cohs), dockers (Docs), cellulose binding modules 

(CBMs), and catalytic enzymes. Certain Docs have an adjacent X-module (XMod) at their N-terminus. 

Cohs located between the CBM and anchoring Doc of a scaffoldin are called bridging Cohs, which are 

subject to higher shear stress and found to be more mechanostable than the hanging Cohs [161]. B-D: 

Structures of type I (B), type II (C) and type III (D) Docs (blue) in complex with Cohs (green). The type 

II and III Docs shown here contain an X-module (XMod, purple) at the N-terminus [5,164,165]. Panel 

A was adapted from Liu et al. [168] under a Creative Commons Attribution 4.0 International License. 
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1.7 Mechanical anisotropy in biomolecules 

 The residues in protein domains and complexes form a complex network of interactions 

including covalent bonds, hydrogen bonds, hydrophobic interactions, van de Waals 

interactions, and electrostatic interactions. This network is anisotropic and therefore responds 

to external forces differently when forces are applied from different directions. As a result, 

force-induced protein unfolding and unbinding pathways are dependent on the pulling 

geometry. AFM-SMFS is capable of precisely controlling the force loading geometry on 

biomolecules, and therefore has been successfully used to demonstrate the anisotropic response 

to pulling forces of single protein domains, protein-ligand complexes, as well as other 

biomolecules, for example nucleic acids. 

 

1.7.1 Single protein domains 

Ubiquitin is one of the naturally occurring systems where the mechanical stability of 

proteins is regulated by force loading geometry. The ubiquitin monomers in ubiquitin chains 

are linked either between the N- and C-termini or the C-terminus and one of the four possible 

lysine residues via an isopeptide bond [169]. AFM-SMFS measurements showed that single 

ubiquitin domains can resist over three fold higher forces when pulled from the N- and C-

termini, compared to Lys48-C-terminus linkage [170]. Another study used AFM to unfold a β-

sheet protein, E2lip3, with two different pulling geometries, which gave rise to unfolding forces 

that differed by an order of magnitude [171]. Similar mechanical anisotropy was also shown in 

GFP. Single GFP domains were unfolded by pulling from five different directions and exhibited 

distinct unfolding forces (~5 fold difference) [56]. Combination of experimental and theoretical 

approaches has provided mechanistic insight into the anisotropic response of proteins to pulling 

forces. The anisotropic network model (ANM) was used to calculate the effective spring 

constant between different anchor residues on the three aforementioned proteins (ubiquitin, 

E2lip3, and GFP) and showed correlation between the calculated spring constant and measured 

unfolding forces [172]. Molecular dynamics (MD) simulations can help identify the protein 

unfolding pathways and, combined with experiments, provide information on the underlying 

mechanisms leading to the mechanical anisotropy of proteins [170,173,174]. 
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1.7.2 Protein-ligand complexes 

 Directionally dependent responses to external forces have been shown not only in single 

protein domains, but also in protein-ligand complexes. The R. flavefaciens XMod-Doc:Coh 

complexes in vivo are anchored to the scaffoldins from the N-terminus of XMod-Doc and to 

the cell wall from the C-terminus of Coh. AFM-SMFS measurements resembling the native 

force loading geometry showed high rupture force up to ~600 pN [6]. A non-native pulling 

geometry, where the force is loaded to the N-terminus of Coh, gives rise to an additional low 

force rupture pathway at ~100 pN. Steered molecular dynamics (SMD) simulations were used 

to identify the force propagation route, which demonstrated the mechanisms of the low force 

pathway at the non-native pulling geometry, and explained how the complex achieves high 

mechanostability at native pulling geometry [65]. Another system widely used by the SMFS 

community, the biotin:streptavidin complex, was also shown to exhibit significant mechanical 

anisotropy. The monovalent streptavidin (mSA):biotin complex has ~2 fold higher rupture force 

when pulled apart from the C-terminus of mSA, compared to the N-terminus pulling geometry 

[70], The tetrameric streptavidin in complex with biotin also exhibited distinct force-induced 

unbinding pathways when force was applied to the complex from different streptavidin subunits 

[71]. SMD simulations also contributed to understanding the structural basis of mechanical 

anisotropy in biotin:streptavidin systems.  

 

1.7.3 Nucleic acids 

 Similar to proteins, nucleic acids are also capable of forming complex secondary and 

tertiary structures and exhibit anisotropic response to forces. Double-stranded DNA can be 

unfolded by force in two directions: unzipping, where the base paired hydrogen bonds are 

broken in series, and shearing, where the hydrogen bonds are broken in parallel. The shearing 

force is typically larger (>50 pN) than unzipping force (~30 pN), showing a direction-dependent 

response to forces [175–177]. In terms of RNA molecules, AFM-SMFS measurements 

demonstrated the magnesium-dependent mechanical anisotropy of a three-way junction pRNA. 

In the presence of magnesium, the unfolding force of the RNA can be different by ~5 folds 

depending on the pulling geometry, but the mechanical anisotropy is lost in the absence of 

magnesium [178]. Since magnesium affects nucleic acid folding and structure, magnesium-

dependent mechanical anisotropy was also observed in other RNAs [179]. 
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1.8 Non-immunoglobulin scaffolds and nanoparticles with 

biomedical applications 

 Antibody-based therapeutics have been successfully used to target various diseases 

including, but not limited to, cancer [180–182], HIV infection [183], sickle cell disease [184], 

and asthma [185]. The high affinity and specificity of antibodies towards their targets make 

them very useful tools for targeted drug delivery and diagnostic imaging, in the form of 

antibody-drug conjugates [186], or antibody-coated nanoparticles [187–189]. Antibodies can 

also directly block or neutralize their targets, without being conjugated with other molecules or 

nanoparticles [190–192]. While antibody-based therapy has achieved great success, there are 

certain disadvantages of immunoglobulin (Ig) scaffolds that limit in some cases the efficacy, 

stability, or developability of therapeutic antibodies based on full-length Igs. Igs are large 

proteins (~150 kD) with disulfide bonds and post-translational modifications (e.g. 

glycosylation). Their large size limits the efficiency of tissue penetration, which is a major 

limiting factor in tumor therapy [193], and decreases the clearance rate from the system, 

potentially leading to systematic accumulation [194]. The disulfide bonds and glycosylation 

pose challenges to the production of therapeutic antibodies. While the advancement of 

eukaryotic expression systems have made it easier and cheaper to produce full-length 

antibodies, production and analysis of uniformly glycosylated antibodies is still a challenge 

[195,196]. 

 One approach to overcoming the aforementioned limitations is to develop therapeutic 

non-Ig scaffolds (alternative scaffolds). Similar to antibodies, non-Ig scaffolds specifically bind 

their targets with high affinity and can be potentially used for targeted drug delivery and 

imaging. However, they are typically smaller in size (no larger than 20 kD), have simpler 

structure with none or a few disulfide bonds, and lack glycosylation. These features make them 

easier to engineer and produce, and the small size, which leads to efficient tissue penetration, 

is very beneficial for tumor therapy [197]. 
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1.8.1 Representative non-Ig scaffolds 

Over one hundred non-Ig scaffolds have been developed so far [198]. They have diverse 

structures, a large variety of targets, and different routes of development. This section discusses 

three representative non-Ig scaffolds with different sources of parent protein: naturally 

occurring protein, consensus design, and de novo design, as shown in Figure 1.7. 

 

Figure 1.7 Representative non-Ig scaffolds. The non-Ig scaffolds are shown in blue with the target 

binding residues labeled with red. Their targets are shown in grey. The three non-Ig scaffolds have 

different origins: anticalin (A) backbone was based on a naturally occurring protein, human lipocalin 

[199], DARPin (B) backbone was designed using consensus design, based on ankyrin repeat proteins 

[200], and alphabody (C) was developed using computer de novo design [201]. 

 

The most common approach to developing non-Ig scaffolds is to use a naturally 

occurring protein (usually human protein) as the parent protein, which typically binds a natural 

target in vivo. A random library is created to randomize the target binding residues of the parent 

protein. The library is selected using directed evolution techniques such as phage display, 

yeast/bacterial surface display and ribosome display [195] to develop high-affinity non-Ig 

scaffolds against a desired target in iterative selection-randomization cycles [202]. While 

affinity is the primary selection criterion in directed evolution of non-Ig scaffold, a number of 

other biochemical and biophysical properties also need to be considered, including specificity, 
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solubility, thermostability, and, in the case of clinical applications, immunogenicity [195]. 

Anticalin is one of the non-Ig scaffolds developed using this approach. The parent protein is 

naturally occurring human protein lipocalin, which is involved in transportation of small 

molecules in vivo. Figure 1.7A shows one of the anticalins (blue). The ligand binding residues 

(red) were randomized to create a library, which was selected to target human T cell receptor 

CTLA-4 (grey) [199]. A number of other non-Ig scaffolds also have a naturally occuring parent 

protein, for example affibody, adnectin, and centyrin [203–205]. 

Consensus design strategy is also widely used in the development of non-Ig scaffolds. 

This approach takes a series of homologous protein sequences into consideration. The 

conserved residues in these sequences are considered important for the protein structure and 

kept unchanged in further directed evolution steps [206]. The variable residues, on the other 

hand, can be randomized and selected to bind certain targets. The conserved and variable 

residues can be identified by aligning the homologous sequences. Designed ankyrin repeat 

proteins (DARPins) are a successful example of consensus design. The sequences of naturally 

occurring ankyrin repeat proteins are aligned to identify the structural framework residues 

(conserved) and potential target binding residues (variable) to yield a consensus sequence 

[207,208]. A library is built by randomizing the variable residues and selected using ribosome 

display or phage display. An example of DARPin is shown in Figure 1.7B [200]. Other non-Ig 

scaffolds developed using consensus design are mostly repeat proteins, including armadillo 

repeat protein and repebody [209,210]. 

Computer de novo design also contributed to the development of non-Ig scaffolds. 

Alphabody (Figure 1.18C) is one of the most widely used de novo designed non-Ig scaffolds 

and has been successfully used for tumor drug delivery [201]. Recently, another de novo 

designed protein scaffold was developed to bind the SARS-CoV-2 spike receptor binding 

domain (RBD) with picomolar affinity [211]. 

 

1.8.2 Diagnostic and drug-delivery nanoparticles 

 Nanoparticles have been widely used in diagnostic imaging and targeted drug delivery, 

especially in tumor therapy [212–214]. The nanoparticles need to be transported to and 

accumulated at the target cells to be functional. One of the targeting strategies is to coat the 

nanoparticles with targeting moieties, which specifically bind cell surface receptors of target 
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cells [215]. Antibodies and non-Ig scaffolds are useful targeting moieties because of their high 

affinity and specificity towards target molecules. Antibody-nanoparticle conjugates have been 

widely used in drug delivery [188,216], in vivo imaging [217,218], as well as in vitro 

diagnostics [219,220]. Non-Ig scaffold-coated nanoparticles are also widely used in 

biochemical applications. Nanobodies targeting the tumor marker epidermal growth factor 

receptor (EGFR) have been used to deliver drugs carried by nanoparticles [221] or nanogels 

[222] to tumor cells, and affibody-nanoparticle conjugates were used for in vivo imaging of 

tumors [223,224].  

 

 

Figure 1.8 Binding of nanoparticles to target cells and nanoparticle coating strategies. A: 

Nanoparticles coated with targeting molecules bind the target cell through the interaction between the 

targeting molecule and the cell surface receptor. The nanoparticles are constantly under shear stress 

when binding the target cells. B: The targeting molecules can be conjugated with the nanoparticles 

covalently or noncovalently. Another way to categorize the conjugation strategies is based on site-

specificity. The target cells in panel A were created with BioRender.com. 

 

 As shown in Figure 1.8A, when the nanoparticles coated with antibodies/non-Ig 

scaffolds bind the target cells under flow, they experience shear stress, which tends to dissociate 
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the nanoparticles from the target cell surface [225–227]. Therefore, the interaction between the 

targeting molecule and the cell surface receptor, as well as the interaction between the target 

molecule and the nanoparticle, should have sufficient mechanical stability to resist the shear 

stress. 

A number of different strategies have been developed to conjugate antibodies/non-Ig 

scaffolds with nanoparticles (see Figure 1.8B). The non-covalent conjugation strategies include 

simple physical adsorption [228], biotin-avidin interaction [229], and complementary DNA 

molecule hybridization [230]. However, one limitation of the non-covalent conjugation 

strategies is the low mechanical stability between the coating molecule and the nanoparticle. 

Covalent conjugation strategies are therefore preferred in this context. The most widely used 

covalent coupling reaction is the reaction between the amino groups on the antibody or non-Ig 

scaffold protein surface and the N-hydroxysuccinimide (NHS) ester group on the nanoparticle 

(the NHS ester can be generated from carboxyl groups using EDC/NHS reaction) 

[216,231,232]. However, this strategy is not site-specific and the orientation of the targeting 

molecule cannot be controlled, resulting in decreased efficacy of the nanoparticles [233]. Thiol-

maleimide reaction, on the other hand, provides better site-specificity due to the low abundance 

of cysteines in natural proteins and is also widely used in protein-nanoparticle conjugates 

[234,235]. Since this approach is still limited by the native cysteines on the coating proteins, a 

better approach is to use bioorthogonal click chemistry, for example dibenzocyclooctyne 

(DBC)-azide reaction, which provides precise control over the orientation of proteins on the 

nanoparticle surface [236]. 
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Chapter 2 Mechanics of bacterial adhesion complexes in the 

human gut 

This chapter was published in: 

Liu, Z., Liu, H., Vera, A.M., Bernardi R.C., Tinnefeld, P., and Nash, M.A. High force catch 

bond mechanism of bacterial adhesion in the human gut. Nat Commun 11, 4321 (2020)  

Adapted under a Creative Commons Attribution 4.0 International License. 

 

Bacterial colonization of the human intestine requires firm adhesion of bacteria to 

insoluble substrates under hydrodynamic flow. Here we report the molecular mechanism 

behind an ultrastable protein complex responsible for resisting shear forces and adhering 

bacteria to cellulose fibers in the human gut. Using single-molecule force spectroscopy 

(SMFS), single-molecule FRET (smFRET), and molecular dynamics (MD) simulations, we 

resolve two binding modes and three unbinding reaction pathways of a mechanically ultrastable 

R. champanellensis (Rc) Dockerin:Cohesin (Doc:Coh) complex. The complex assembles in two 

discrete binding modes with significantly different mechanical properties, with one breaking at 

~500 pN and the other at ~200 pN at loading rates from 1-100 nN s−1. A neighboring X-module 

domain allosterically regulates the binding interaction and inhibits one of the low-force 

pathways at high loading rates, giving rise to a catch bonding mechanism that manifests under 

force ramp protocols. Multi-state Monte Carlo simulations show strong agreement with 

experimental results, validating the proposed kinetic scheme. These results explain 

mechanistically how gut microbes regulate cell adhesion strength at high shear stress through 

intricate molecular mechanisms including dual-binding modes, mechanical allostery and catch 

bonds. 

 

2.1 Introduction 

When cells adhere to surfaces under flow, adhesion bonds at the cell-surface interface 

experience mechanical tension and resist hydrodynamic drag forces. Because of this 

mechanical selection pressure, adhesion proteins have evolved molecular mechanisms to deal 
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with tension in different ways. Most bonds not involved in force transduction in vivo have 

lifetimes that decay exponentially with applied force, a behavior well described by the classical 

Bell-Evans slip bond model [123,124,237]. Less intuitive are catch bonds [29,151,156,238], 

which are receptor-ligand interactions that serve as band pass filters for force perturbations, 

becoming stronger with applied force and weakening when force is released. When probed in 

constant force mode, the lifetime of a catch bond will rise as the force setpoint is increased. 

When probed in force ramp mode or constant speed mode, catch bonds typically give rise to 

bimodal rupture force distributions [239,240]. Different kinetic state models and network 

topologies can be used to describe catch bonds [241]. For example, mechanical allostery models 

such as the one-state two-pathway model [242], or two independent sites model [150,239] have 

been applied to mathematically describe catch bond behavior [150,152,156,239]. 

The R. champanellensis (Rc) cellulosome [160,243] is a bacterial protein complex found 

in the human gut that adheres to and digests plant fiber [244]. The large supramolecular 

complex is held together by dockerin:cohesin (Doc:Coh) interactions [245] which comprise a 

family of homologous high-affinity receptor-ligand pairs. A proposed topology of the Rc 

cellulosome is shown in Figure 2.1 [160,243]. We focused here on the mechanical stability of 

the complex formed between DocB located at the C-terminus of scaffoldin B, and CohE which 

is covalently attached to the peptidoglycan cell wall. This complex anchors the base of the 

cellulosome network to the cell surface, and is required in vivo to maintain cell adhesion under 

hydrodynamic flow and applied shear stress. Single-molecule interactions between fiber 

substrates and cellulose binding modules (CBMs) have been reported to rupture at moderate 

forces (~50 pN) [113,246]. However, due to the multivalency of interactions, the mechanical 

requirements on the anchoring complex are more stringent. At the same time, the complex must 

be able to release cellulosome complexes to facilitate dynamic niche exploration and 

cellulosome shedding in response to new substrates. These seemingly mutually exclusive 

requirements of dynamics and strong adhesion motivated us to understand the molecular 

mechanism of the anchoring complex in more detail.  

Rc-DocB belongs to the type III dockerin family and is the only Rc dockerin with an 

adjacent X-module domain (XMod; Figure 2.1a, purple) [160,243]. XMod was previously 

shown in a related system from Ruminococcus flavefaciens (Rf) to stabilize Doc and increase 

the mechanical stability of the XMod-Doc:Coh complex [6,65]. Furthermore, the binding 

helices of Rc-DocB are highly symmetric (Figure 2.S1, helices 1 and 3), a feature observed in 
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types I and II Doc:Coh complexes that exhibit dual-binding modes [148,247–251]. Dual 

binding modes arise in certain Doc:Coh complexes where the complex populates two distinct 

binding conformations involving different sets of binding residues on Doc recognizing the same 

residues on Coh. In these systems, due to structural and sequence symmetry, Doc can be rotated 

180° with respect to Coh to form an alternative bound conformation. However, dual binding 

mode behavior has not been previously reported in type III Docs such as the Rc XMod-Doc:Coh 

complex reported here.  

Observing dual binding modes experimentally is extremely challenging using 

conventional bulk experiments because the two binding modes have nearly identical 

equilibrium binding affinity. Instead, we took a single-molecule approach which is uniquely 

suited for studying discrete heterogeneous systems. Single-molecule force spectroscopy with 

the atomic force microscope (AFM-SMFS) is able to explore a large force range up to several 

nN and has been used to characterize protein folding pathways [80,252,253] and receptor-ligand 

interactions [4,68,254,255]. Single-molecule FRET (smFRET) is capable of measuring 

distances at the molecular scale [256], and has been used to study protein dynamics [257,258] 

and to characterize structures of receptor-ligand complexes [259,260]. At the computational 

level, these experimental single-molecule approaches can be elaborated upon by employing 

molecular dynamics (MD) simulations [161]. When combined, these experimental and 

computational approaches can provide mechanistic insights into the dynamics of receptor-

ligand complexes [4,67]. 

Here we used AFM-SMFS, smFRET, and MD simulations to study putative dual-

binding modes and catch bond behavior of the Rc XMod-Doc:Coh complex. We developed a 

state map with experimentally measured transition rates to fully describe the system, and 

performed kinetic Monte Carlo simulations that recapitulate the experimental data. What 

emerges from this three state kinetic scheme is a picture of a unique adhesion bond that 

resembles a catch bond when probed under force ramp conditions, but maintains slip bonding 

under constant force. 
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Figure 2.1 Rc XMod-Doc:Coh complex, dual binding modes, and molecular dynamics simulation 

of complex dissociation. a: The Rc-cellulosomal network is assembled through interactions between 

Doc and Coh domains. Cellulose binding domains, digestive enzymes, and structural scaffold proteins 

(Sca) self-assemble into a cellulosome complex, which binds and digests cellulose fibers in the human 

gut. XMod-DocB and CohE form a mechanically stable protein complex that anchors the cellulosomal 

network to the cell surface. b and c: Structural models showing the XMod-Doc:Coh complex in the two 

hypothesized binding modes. Green: Coh, blue: Doc, purple: XMod. Calcium ions are shown as black 

spheres. In both binding modes, the rupture forces observed for the 5 most stable models were measured 

by performing 200 steered molecular dynamics (SMD) replicas and plotting as histograms. The pulling 

directions are marked by black arrows. Rupture force histograms were fitted with Gaussian distributions. 

The most probable rupture force was 981 pN in binding mode A (panel b) and 575 pN in binding mode 

B (panel c) at a pulling speed of 5.0 Å/ns.  

 

2.2 Results 

2.2.1 XMod-Doc:Coh homology model and expression cassettes.  

Since no structural information was available for the Rc XMod-Doc:Coh complex, we 

created homology models of each protein domain using Modeller 9.22 [261]. The structure of 

the Rc XMod-Doc domain was modeled based on the available structure of Rf CttA XMod-Doc 

(PDB 4IU3) [165], which shares 20% sequence identity (35% similarity) with the Rc domain. 
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The structure of the Rc Coh domain was modeled based on two different available structures 

from Rf, namely CohE (PDB 4IU3) with 15% sequence identity (28% similarity), and CohG 

(PDB 4WKZ) [262] with 18% sequence identity (34% similarity). Full amino acid sequences 

are given in the Supplementary Information. The selected templates share very high structural 

similarity with previously reported Coh and Doc domains. The 10 models with highest score 

from Modeller were selected for each domain/template pair, resulting in 10 models for the Rc 

XMod-Doc domain, and 20 models for the Rc Coh domain. Employing VMD [263], we 

assembled 200 models of the Rc XMod-Doc:Coh complex in each of the two binding modes 

(Figure 2.1b and c), building all possible combinations between XMod-Doc and Coh models. 

For binding mode A, the structure of the Rf XMod-Doc:Coh complex (PDB 4IU3) was 

employed to guide the Rc Coh:Doc interface alignment. To create a model for the hypothesized 

alternative binding mode B, Doc helix 1 from the homology model structure was used as a 

guide for the superposition of Doc helix 3. This alignment resulted in the XMod-Doc rotating 

180° with respect to Coh. The models show that Doc binds Coh via the two Ca2+ binding loops 

and two binding helices (helices 1 and 3, see Figure 2.S1), forming a binding interface 

consisting of a hydrophobic center surrounded by hydrophilic amino acids, as shown in Figure 

2.S2. This duplicated F-hand motif is consistent with those of other Doc domains which have 

been shown to exhibit dual binding modes [148,247,249,250]. 

We cloned polyproteins containing several modules for AFM-SMFS and purified them 

from E. coli. A ddFLN4 and an elastin-like polypeptide (ELP) were used as an unfolding 

fingerprint domain[264] and flexible linker [62,265–267], respectively. The Coh construct (N- 

to C-terminus) was Coh-ddFLN4-ELP-HIS-ybbr. The XMod-Doc construct (N- to C-terminus) 

was ybbr-ELP-ddFLN4-XMod-Doc-HIS. The ybbR tag facilitated site-specific and covalent 

linkage to the coverglass or cantilever tip [100]. The loading geometry with Coh pulled from 

its C-terminus and XMod-Doc pulled from its N-terminus precisely mimicked that experienced 

by the complex in vivo. Analysis of the equilibrium binding affinity of WT XMod-Doc:Coh 

using isothermal titration calorimetry (ITC) revealed KD=1.0 ± 0.3 nM and a binding 

stoichiometry of 1:1. SDS-PAGE and mass spectrometry analysis indicated a molecular weight 

of 44 kDa for Coh construct and 55 kDa for XMod-Doc construct. 
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2.2.2 Steered molecular dynamics simulations reveal a weak and a strong 

binding mode. 

To examine the stability of Rc XMod-Doc:Coh under mechanical load we carried out 

steered molecular dynamics (SMD) simulations [237] employing NAMD [268,269] and its 

QwikMD[270] interface. First, to test the stability of the 200 models of the complex in each 

binding mode, we performed equilibrium MD simulations for a combined simulation time of 

2.0 μs (10 ns per model), followed by a combined 8.0 μs (40 ns per model) of SMD simulations 

at constant pulling velocity. These SMD simulations served as a metric to eliminate unsuitable 

structural models. We expected that good structural models should be stable under mechanical 

load, therefore, for each binding mode, we selected the 5 strongest complexes out of the 200 

models. In fact, some of the 400 complexes were found not to be stable already after the 

equilibrium MD, and due to the low sequence identity of the templates, most of the models 

were not stable under mechanical load. A visual observation in VMD showed that many of 

these models had only partial contact between Coh and Doc following equilibrium MD. From 

the 5 strongest models for each binding mode, we performed 200 production SMD simulation 

replicas, using a similar protocol as previously described [4,67]. The simulations reveal that the 

dissociation of XMod-Doc:Coh occurs at clearly distinct forces for the two different binding 

modes, with mode A dissociating at ~981 pN, and mode B at ~575 pN, both at a 5.0 Å/ns pulling 

speed (Figure 2.1b and c). 
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Figure 2.2 XMod-Doc:Coh unbinds along three pathways under mechanical load. a: Experimental 

configuration with Coh-ddFLN4-ELP immobilized on the AFM tip and ELP-ddFLN4-XMod-Doc 

immobilized on the surface. Immobilization was site-specific and covalent through a terminal ybbR tag 

on the ELP. b: Three different classes of force curves were repeatedly observed, corresponding to 

different pathways. In pathway 1 (P1), the complex ruptured at high force (500-600 pN, red) with the 

XMod remaining folded. In pathway 2 (P2), XMod unfolded (purple) followed by a low force rupture 

of the complex (blue). In pathway 3 (P3), the complex ruptured at low force rupture (grey) with the 

XMod remaining folded. Unfolding of the two ddFLN4 fingerprint domains (orange) was used to 

identify single-molecule traces. c: Combined contour length histograms for each unbinding pathway. 

Force-extension traces were transformed using a freely rotating chain elasticity model and aligned using 

cross-correlation analysis. Histograms show contour length increments resulting from unfolding of 2× 

ddFLN4 and XMod. d: Rupture force vs. loading rate plot showing final XMod-Doc:Coh complex 

rupture events obtained from the three pathways, as well as XMod unfolding events observed in P2. 

Error bars represent the standard deviation of rupture force and loading rate. Lines show linear Bell-

Evans fits of the most probable rupture/unfolding force vs. logarithm of loading rate to obtain Δx‡ and 

k0 (Eq. 2.2). Fitted Δx‡ and k0 values are listed in Table 2.1. e: Percentages of the three pathways in all 

rupture events at different pulling speeds. f: Kinetic off-rate (koff) vs. force for complex rupture and 

XMod unfolding events. Force-dependent off-rates calculated using the histogram transformation 
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method (Eq. 2.3) were plotted against force (shown in boxes). The average off-rates of four different 

pulling speeds were shown in open circles and fitted to the analytical expression (Eq. 2.5) with υ=0.5. 

Error bars represent the standard deviation of off-rate. The fitted Δx‡, ΔG‡ and k0 values are listed in 

Table 2.1. 

 

2.2.3 Wild type XMod-Doc:Coh unbinds along 3 distinct pathways.  

We performed AFM-SMFS with Coh covalently attached to the cantilever tip through 

its C-terminal ybbR tag and XMod-Doc covalently attached to the surface (Figure 2.2a) 

through its N-terminal ybbR tag. The XMod-Doc:Coh complex was formed by approaching the 

AFM tip to the surface and dwelling for 200 ms. After XMod-Doc:Coh complex formation, the 

cantilever base was retracted at constant speed and a force-extension curve was recorded. This 

procedure was repeated thousands of times typically over a 12 hours period to generate large 

datasets of force vs. extension curves. The recorded force curves were transformed into force 

vs. contour length space using a freely rotating chain (FRC) elasticity model (Eq. 2.1). We 

searched for the contour length pattern of ddFLN4, which contained ~32 nm of total contour 

length that resulted from a two-step unfolding pattern. Since one ddFLN4 molecule was 

contained in the surface-linked protein, and another one in the cantilever-linked protein, we 

only analyzed curves which contained in total two ddFLN4 unfolding fingerprints, thereby 

eliminating spurious signals. 

We repeatedly observed three distinct unbinding pathways of the complex, as shown in 

Figure 2.2b. We refer to these as pathway 1 (P1), pathway 2 (P2), and pathway 3 (P3). We 

used cross-correlation analysis [134,271] to assemble superposition contour length histograms 

for each pathway (Figure 2.2c). These histograms all showed the distinct unfolding pattern of 

two ddFLN4 fingerprint domains, adding in total 64 nm of contour length to the system. P2 

showed an additional 38 nm length increment which matched the expected value for XMod 

unfolding (116 XMod amino acids * 0.365 nm/amino acid - 5.3 nm folded length = 37 nm) 

(Figure 2.2c, middle). The contour length histograms were broadened by occasional 

unassigned unfolding events that were observed in all three pathways, which we attributed to 

partial unfolding of Coh or Doc. A representative sampling of these unassigned unfolding 

events are presented in Figure 2.S3. 
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Approximately 80% of curves were assigned to P1 or P2. In P1, unfolding of two 

ddFLN4 domains in series was followed by dissociation of XMod-Doc:Coh at high forces of 

~500 pN (Figure 2.2b, top). In P2, XMod unfolded at high forces, followed by the Doc-Coh 

complex rupture at low forces of ~200 pN (Figure 2.2b, middle). This indicated that XMod 

unfolding significantly destabilized the interaction between Doc and Coh in P2, giving rise to 

a shielded complex rupture event. P2 was reproduced in SMD simulations by deleting the 

XMod from the Doc:Coh complex in binding mode A, which showed a decrease in rupture 

forces (Figure 2.S4). The remaining 20% of curves were classified as P3, where XMod-

Doc:Coh ruptured at low force (~200 pN, Figure 2.2b, bottom) and no XMod unfolding was 

observed. Based on these classifications, we hypothesized that P1 and P2 resulted from 

complexes with high mechanical stability, which were able to resist external forces as high as 

~500 pN prior to high force complex rupture or XMod unfolding. In the cases where XMod 

unfolded, the Doc-Coh binding interaction became destabilized and ruptured at low force. P3 

meanwhile represented a weaker Doc-Coh complex that ruptured at lower force (~200 pN) even 

without XMod unfolding. The existence of complexes with different mechanical stabilities was 

consistent with SMD simulation results (Figure 2.1c), which showed that the dual-binding 

modes rupture at distinct forces. 

 

2.2.4 Allosteric regulation by XMod gives rise to catch bonding in force ramp 

mode.  

AFM measurements on WT XMod-Doc:Coh were carried out at pulling speeds of 100, 

400, 1600, and 6400 nm/s, which allowed us to investigate the loading rate dependency of 

complex rupture and XMod unfolding in the various pathways (Figure 2.2d and 10). We used 

the Bell-Evans (BE) model (Eq. 2)[123,124] to analyze the experimental force-loading rate data 

and obtain the intrinsic off rate (k0) and the distance to the transition state along the reaction 

coordinate (Δx‡) for the complex rupture events in each pathway, as well as for XMod unfolding 

along P2 (Table 2.1). 

As shown in Figure 2.2e, the percentage of curves that were classified as P3 was 

independent of the pulling speed, maintaining a value of 17-22% across the range of speeds 

tested. This observation was consistent with the hypothesis that P3 belonged to a different 

binding mode than P1 and P2. Interestingly, the ratio between P1 and P2 was dependent on the 

https://paperpile.com/c/VbGZjS/7dbGw+d2fnS
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pulling speed. The likelihood of P1 increased with increasing pulling speed from 100-6400 

nm/s, while the likelihood of observing P2 decreased. This means that the complex 

preferentially populated the pathway with higher rupture force (P1) when pulled at higher 

loading rates. This switch from low rupture force P2 to high rupture force P1 at increasing 

loading rates is not to be confused with standard scaling based on Bell-Evans theory, which 

also predicts higher rupture forces at higher loading rates. This behavior, in contrast, 

represented a discrete non-linear switching from P2 to P1 with much higher rupture forces. 

Although P1 and P2 rupture events each individually scale as classical slip bonds as a function 

of the loading rate, the pathway switching behavior precisely mimics that of a catch bond 

[29,149,150,156,272] probed under force ramp conditions. In contrast to other reported catch 

bonds in the literature which occur at low force (<50 pN), XMod-Doc:Coh is activated at much 

higher forces (>300 pN). 

 

Table 2.1 Kinetic parameters extracted from AFM-SMFS 

Pathway Event 
k0 [s-1] 

(BE) 

Δx‡ [nm] 

(BE) 

ΔG‡ 

[kBT] 

(DHS) 

k0 [s-1] 

(DHS) 

Δx‡ [nm]  

(DHS) 

1 
High force rupture 

(XMod intact) 
4.70×10-8 0.178 

22.8 

(υ=0.5) 

20.0 

(υ=2/3) 

9.39×10-5 

(υ=0.5) 

1.57×10-4 

(υ=2/3) 

0.146 

(υ=0.5) 

0.132 

(υ=2/3) 

2 

Unfolding of 

XMod (measured) 
9.94×10-6 0.139 

27.6 

(υ=0.5) 

24.0 

(υ=2/3) 

5.74×10-7 

(υ=0.5) 

4.79×10-6 

(υ=2/3) 

0.209 

(υ=0.5) 

0.168 

(υ=2/3) 

Unfolding of 

XMod (corrected) 
4.53×10-5 0.116 

30.1 

(υ=0.5) 

26.1 

(υ=2/3) 

2.66×10-6 

(υ=0.5) 

5.42×10-6 

(υ=2/3) 

0.173 

(υ=0.5) 

0.157 

(υ=2/3) 

Low force rupture 

after XMod unfold 
7.43×10-4 0.277 

13.9 

(υ=0.5) 

12.5 

(υ=2/3) 

0.0152  

(υ=0.5) 

0.101 

(υ=2/3) 

0.254 

(υ=0.5) 

0.171 

(υ=2/3) 

3 
Low force rupture 

(XMod intact) 
2.79×10-5 0.366 

8.46 

(υ=0.5) 

7.45 

(υ=2/3) 

0.831 (υ=0.5) 

1.08 

(υ=2/3) 

0.131 

(υ=0.5) 

0.113 

(υ=2/3) 

https://paperpile.com/c/VbGZjS/NLARL+TWiNe+ajTjd+MEf5o+SCwGg
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The explanation for this apparent catch bond behavior under force ramp conditions is 

evident when looking at the loading rate dependency of XMod unfolding. The loading rate 

dependency of XMod unfolding is steeper than that of the complex rupture in P1 (Figure 2.2d, 

Table 2.1). Therefore, at high loading rates, far fewer complexes reach sufficiently high forces 

to unfold XMod prior to complex rupture, thus prohibiting the system from entering P2. This 

behavior is unique to this particular XMod-Doc:Coh system and was not observed in other 

Doc:Coh systems reported thus far [6,67]. 

We note that the experimentally observed values for XMod unfolding are slightly biased 

by the maximal stability of the receptor-ligand complex [60]. This ceiling effect is magnified 

at high loading rates (>100 nN/sec) because the XMod unfolding force increases and exceeds 

the maximal force that the complex can withstand. We attempted to measure the unbiased 

rupture force of XMod using a high rupture force handle, i.e. the SD-repeat protein G (SdrG) 

from Staphylococcus epidermidis in complex with the N-terminus of human fibrinogen β chain 

(Fgβ). As shown in Figure 2.S6a, the Fgβ-XMod-Doc-ddLFN4-ELP-His-ybbr immobilized on 

the glass surface binds the SdrG-ddFLN4-ELP-HIS-ybbr immobilized on the AFM tip. As the 

cantilever retracts, the ddLFN4 fingerprint domains and the XMod were unfolded, followed by 

the rupture of SdrG:Fgβ complex. The interaction between SdrG and Fgβ can withstand a force 

of ~2 nN[4], which is significantly higher than the unfolding force of XMod. Therefore this 

construct is expected to measure the XMod unfolding force without any biasing due to the 

XMod unfolding force exceeding the complex rupture force. However, as shown in Figure 

2.S6b, the measured XMod unfolding force was ~300 pN, significantly lower than the 

unfolding force measured using the XMod-Doc:Coh complex. We attribute this decrease in 

XMod unfolding force to the change of force loading geometry. As shown in Figure 2.S6a, in 

the native XMod-Doc:Coh complex, the force was loaded to the XMod-Doc from its N-

terminus and the Doc:Coh binding interface. However, in the SdrG:Fgβ-XMod-Doc complex, 

the force is loaded to the N- and C-termini of the XMod-Doc, leading to a decreased XMod 

unfolding force compared to the native force loading geometry. Since the current toolbox is not 

able to measure the unbiased XMod unfolding force experimentally, we used a theoretical tool 

to correct the XMod unfolding force distribution to take this biasing effect into account[60], as 

shown in Figure 2.S7. Using the Bell-Evans model, we obtained the kinetic parameters of 

XMod unfolding after bias correction (Table 2.1). This analysis confirmed what was observed 

https://paperpile.com/c/VbGZjS/sBsj+5ZyRb
https://paperpile.com/c/VbGZjS/n6s1k
https://paperpile.com/c/VbGZjS/inOd
https://paperpile.com/c/VbGZjS/n6s1k
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in the rupture force vs. loading rate scatter plots, namely that XMod has a steeper loading rate 

dependency (lower Δx‡) than the high force rupture event in P1, and that these scaling 

differences give rise to catch bonding in force ramp/constant speed mode. 

 The rupture forces from three pathways as well as the XMod unfolding forces obtained 

at different pulling speeds were plotted as histograms (Figure 2.S7 and 2.S8), which were 

transformed into force-dependent off rate koff(F) using Eq. 3 and plotted against force. The 

force-dependent off-rates were fitted using Dudko-Hummer-Szabo (DHS) model (Eq. 2.5) 

[128,129] to extract the intrinsic barrier crossing rate (k0), barrier height (ΔG‡) and distance to 

the transition state along the reaction coordinate (Δx‡) of the various barrier-crossing events, as 

shown in Figure 2.2f and 2.S9 and Table 2.1. The off rate vs. force plot was fitted using two 

different υ values in Eq. 2.5: υ = 0.5 (Fig. 2f, assuming a cusp-like energy barrier) and υ = ⅔ 

(Figure 2.S9, assuming a linear-cubic energy barrier). Both υ values generated good fits and 

extracted similar k0, ΔG‡ and Δx‡ values (Table 2.1), meaning that the model is applicable to 

the experimental data. In addition to the transformation shown in Figure 2.2f, we used Eq. 2.6 

to calculate the force-dependent off-rate based on combining the histograms from P1 and P2 

rupture events (Figure 2.S10) [273,274]. The rationale for combining the analysis of P1 and P2 

rupture events was motivated by the evidence for dual binding modes (see below). Eq. 2.3 and 

Eq. 2.6 are essentially the same equation where Eq. 2.3 is the discrete form and Eq. 2.6 is the 

continuous form. Therefore, the force-dependent off-rate calculated from both separated and 

combined P1/P2 histograms (Figure 2.2f, 14 and 15) showed the same trend (Figure 2.S10e) 

and a crossover regime around 300 pN where the off rate decreased with increasing force, 

consistent with previously reported multi-pathway systems leading to catch bond behavior 

[273,274]. We note that comparison of the fitted energy landscape parameters between these 

two models in Table 2.1 is complicated by the fact that the Bell-Evans model assumes Δx‡ is 

constant and independent of the force, while the DHS model assumes both Δx‡ and ΔG‡ to be 

force-dependent. In practice we used DHS model to generate off-rates for each pathway at 

constant force with data derived from force ramp experiments, while Bell-Evans fitting was 

used for extracting the loading rate dependency of rupture events from constant speed 

measurements. 

 

https://paperpile.com/c/VbGZjS/xXMDJ+sB3z5
https://paperpile.com/c/VbGZjS/qEju2+wvJaY
https://paperpile.com/c/VbGZjS/qEju2+wvJaY
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Figure 2.3 SMFS measurements of XMod-Doc binding mode mutants. a: Arginine 191 and leucine 

195 on Doc were mutated to alanine and glutamic acid, respectively, to disrupt their interaction with 

Coh in binding mode A. Arginine 140 and methionine 144 were mutated to alanine and glutamic acid, 

respectively, to disrupt their interaction with Coh in binding mode B. b: Percentages of the two binding 

modes measured with WT XMod-Doc, BMA-KO mutant and BMB-KO mutant at 400 nm/s pulling 

speed. The BMA-KO mutant preferentially populates binding mode B while the BMB-KO mutant 

preferentially populates binding mode A. 

 

2.2.5 AFM-SMFS evidence of dual-binding modes.  

We hypothesized that P1 and P2 arose from one binding mode, while P3 arose from an 

alternative binding mode with lower mechanical stability. To test this, we sought to knock out 

specific binding modes by mutagenesis (Figure 2.3a and 2.6). Using the structural models, we 

identified key Doc residues likely to be involved in each respective binding mode (Figure 

2.S1), and designed mutations to disrupt electrostatics and hydrogen bonding. The mutant 

designed to knock out binding mode A contained R191A and L195E mutations, and is referred 

to as BMA-KO. The mutant designed to knock out binding mode B contained R140A and 

M144E mutations and is referred to as BMB-KO. Interactions between BMA-KO or BMB-KO 

and Coh were then measured using AFM-SMFS at 400 nm/s. For WT XMod-Doc:Coh, the 

percentage of P3 curves was typically ~20%. As shown in Figure 2.3b and 2.S11, BMA-KO 

resulted in a P3 curve percentage that increased to 31%. We attributed this increase in P3 

probability to the destabilization of binding mode A, and slight preferential formation of 

binding mode B as compared to WT. This result indicated that binding mode B was likely 
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associated with the low force pathway P3. However, the mutations were not able to completely 

knock out binding mode A. 

BMB-KO was more effective at knocking out binding activity, and decreased the 

percentage of P3 curves from 19% for WT down to 7% with a corresponding increase in P1 

and P2 percentage. Despite the introduction of destabilizing mutations at the binding interface 

in BMB-KO, we nonetheless obtained a system with higher stability and predominantly high 

force rupture pathways, a result that may seem counterintuitive but is explained by the presence 

of a weak binding mode B being knocked out or inhibited by the mutations. Based on these 

measurements with the binding mode knock-out mutants, we concluded that P1 and P2 are 

attributable to binding mode A, which is the strong binding mode, while P3 corresponds to 

binding mode B, which is the weak binding mode. In contrast to other Doc:Coh systems 

exhibiting dual-binding mode [148,249], the two binding modes of Rc XMod-Doc:Coh 

complex have significantly different mechanical stabilities with one rupturing at ~200 pN and 

the other able to withstand forces of ~500-600 pN.  

This conclusion was further supported by a statistical analysis involving a biasing effect 

of an additional fingerprint domain [60] (see Supplementary information note 2.2 and Figure 

2.S12). We introduced an additional fingerprint domain (I27) whose unfolding force sits in 

between the P1 and P3 rupture events. If the multi-pathway dissociation behavior that we 

observed resulted from multiple unbinding reaction pathways originating from a single bound 

state, we would expect that the likelihood of observing an I27 unfolding event would be 

decorrelated from the pathway classification of the curve. We did not observe this, and instead 

the vast majority of curves that showed I27 unfolding terminated in a high force rupture event 

(P1) or XMod unfolding followed by low force rupture (P2). This indicated that complexes that 

ruptured in a low force rupture event (P3) were not sufficiently strong to unfold I27, consistent 

with P3 emerging from a discrete binding mode that was weaker than the P1 or P2 complexes, 

further substantiating the dual binding modes. 

https://paperpile.com/c/VbGZjS/C9hcV+5ojT6
https://paperpile.com/c/VbGZjS/n6s1k
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Figure 2.4 Dual binding modes are observed by smFRET. a: The C-terminus of Coh (position 154) 

was labeled with the FRET donor Cy3b while the C terminus of the XMod-Doc (position 199) was 

labeled with the FRET acceptor AF647. The donor-acceptor distance was smaller in binding mode A 

(3.5 nm) than the binding mode B (4.9 nm), giving rise to a higher FRET efficiency when the complex 

formed in binding mode A. b: FRET efficiency histograms measured using Cy3b-labeled WT XMod-

Doc (top), BMA-KO (middle), or BMB-KO (bottom) complexed with AF647-labeled Coh. Efficiency 

histograms were fitted with single or double Gaussian distributions. 

 

2.2.6 Single-molecule FRET evidence of dual-binding modes. 

Based on differences in inter-residue distances in the two binding conformations, we 

used smFRET to observe the dual-binding modes. We introduced a point cysteine mutation at 

position 154 of Coh and covalently attached a FRET donor dye maleimide-Cy3b. Since XMod-

Doc has native cysteines, we used amber suppression [275] to introduce a non-canonical azide 

at position 199 of XMod-Doc, and covalently attached DBCO-AF647. Based on the homology 

models (Figure 2.4a), the donor-acceptor distance is expected to be ~3.5 nm in binding mode 

A and ~4.9 nm in binding mode B. XMod-Doc:Coh complexes were formed by mixing labeled 

XMod-Doc and Coh in a 1:1 molar ratio and diluting them to ~200 pM. FRET efficiency of 

individual XMod-Doc:Coh complexes was measured on a confocal microscope and plotted into 

histograms (Figure 2.4b). A bimodal distribution was clearly observed in the FRET efficiency 

https://paperpile.com/c/VbGZjS/wAxJ9
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histogram of WT XMod-Doc:Coh, with mean FRET efficiencies of 0.34 and 0.71, 

corresponding to binding modes B and A, respectively. In addition to labeling and analyzing 

WT, we introduced the FRET acceptor dye into BMA-KO and BMB-KO mutants at position 

199, and again measured FRET efficiency in complex with labeled Coh using the same protocol 

as for WT. We found that only the low FRET efficiency peak was observed in BMA-KO, 

meaning that binding mode A corresponding to the high FRET efficiency peak was eliminated 

by the mutations. The FRET efficiency histogram of BMB-KO complexed with Coh meanwhile 

showed predominantly the high FRET efficiency population, consistent with binding mode B 

being knocked out. Compared to AFM-SMFS, the binding mode A is much less prevalent in 

the smFRET measurement of wild-type complex and the BMA-KO mutant knocks out the 

binding mode A much more efficiently in smFRET measurement. We attributed this difference 

to the acceptor dye destabilizing the complex in binding mode A but not binding mode B, which 

was supported by AFM-SMFS measurements between dye-labeled BMA-KO and unlabeled 

Coh (Figure 2.S13). 

 

 

Figure 2.5 Multi-state kinetic model and Monte-Carlo simulation of mechanical rupture of XMod-

Doc:Coh. a: The multi-state kinetic model postulates that upon molecular collision, the complex has 

~80% probability of forming the strong binding mode A (pathways 1 and 2) and 20% probability of 
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forming the weaker binding mode B (pathway 3). Once the binding mode is set, there is no 

interconversion between the modes. In the strong binding mode, the complex can rupture at high force 

(pathway 1) with XMod remaining folded, or XMod can unfold prior to complex rupture according to a 

loading rate dependent unfolding rate ku(L) (pathway 2). In pathway 2, XMod unfolding destabilizes the 

complex, resulting in low force complex rupture. At increased loading rates, the XMod unfolding rate 

decreases so that pathway 2 is deactivated and the complex has a higher probability of unbinding along 

pathway 1 (high force rupture). In pathway 3, the complex ruptures at low force without reaching 

sufficiently high force to unfold XMod. b and c: Monte-Carlo simulation results. Force vs. extension 

curves at constant pulling speed were simulated to obtain the loading rate dependency of complex 

rupture and XMod unfolding events (b), as well as the percentages of the three unbinding pathways at 

different pulling speeds (c). The simulation was carried out at the same pulling speeds as the experiments 

(100, 400 ,1600, 6400 nm/s) and further extended over a range from 1 to 106 nm/s. Simulated force vs. 

loading rate plots were fitted with the Bell-Evans model to extract k0 and Δx‡ values (Table 2.S1). The 

error bars in (b) represent the standard deviation of rupture forces. 

 

2.2.7 Kinetic model and Monte Carlo simulations. 

Combining the experimental results and MD simulations led us to propose a kinetic 

scheme for the unbinding mechanism of the Rc XMod-Doc:Coh complex that accounts for dual-

binding modes as well as the catch bond behavior observed under force ramp conditions 

(Figure 2.5a). Our model postulates that there are two non-interconvertible bound states with 

different mechanical stabilities (binding modes A and B). Upon binding, the complex has an 

80% probability of forming the more stable binding mode A, and a 20% probability of forming 

binding mode B. If the complex forms in binding mode B, the only escape pathway under load 

is P3 terminating in a low force rupture (~200 pN). When bound in binding mode A, the 

complex either ruptures at high force (P1), or enters a weakened state due to the unfolding of 

XMod (P2). The rate of entering the weaker state (P2) from the stronger state (P1) decreases as 

the loading rate increases because of the steeper loading rate dependency of XMod unfolding. 

This results in an increased proportion of P1 high rupture force curves when the complex is 

probed using force ramp conditions at high loading rates (>100 nN/sec), which is precisely what 

is observed in classical catch bonds. 

We used kinetic rates obtained from AFM-SMFS combined with our proposed state 

model to simulate the system in a constant pulling speed scenario, identical to the experiments. 

We used worm-like chain elasticity theory and Monte-Carlo [276] to simulate force-extension 

https://paperpile.com/c/VbGZjS/AB0C7
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curves of the XMod-Doc:Coh stretching, XMod unfolding and complex rupture (see Methods 

- Monte Carlo simulation). The loading rate dependency of the complex rupture force and 

XMod unfolding forces, as well as the rupture and unfolding force histograms from the 

simulated curves are shown in Figure 2.5b, 2.S14 and 2.S15. The simulations showed 

remarkable agreement with experiment results both in terms of the rupture forces, and other 

observed trends (Figure 2.2, 2.S7 and 2.S8). For example, our network Monte-Carlo modeling 

shows the same bimodality of the rupture force distributions, similar force magnitudes and 

similar ratios between the P1, P2, and P3 trajectories. Furthermore, the novel catch bond 

network topology that emerged in force ramp mode was also observed in the simulation.  

The simulations further allowed us to probe a range of pulling speeds that were not 

accessible experimentally. We extended the range of pulling speeds in the simulations to get a 

clearer picture of the catch bond behavior. As shown in Figure 2.5c, at high loading rates, the 

complex predominantly ruptures along P1 due to the strengthening of XMod. At extremely 

slow pulling speeds, we see in the simulation that the P1 pathway is lost and the complex only 

exhibits P2 and P3 low force rupture behavior. The broad agreement of the simulation with the 

experimental results provided strong support for the proposed kinetic scheme. 

 

2.3 Conclusions 

We discovered a new mechanism by which bacteria achieve mechanically stable 

adhesion to crystalline fiber surfaces in the human gut, and resolved the dual binding modes of 

this complex using single-molecule techniques and all atom simulations. The kinetic scheme 

amounts to a novel multi-state catch bond mechanism in binding mode A (P1/P2 paths). The 

system starts in the high rupture force (P1, activated) state and has a certain probability of 

entering the low rupture force state (P2). The transition rate from P1 to P2 decreases with 

increasing loading rate, meaning that the low rupture force state is inhibited at high loading 

rates. Once the complex enters the low rupture force state, it cannot return to the high rupture 

force state. These features make our system distinct from the other two-state catch bond models 

[27,29,150–152]. Interestingly, the catch bond behavior emerges from a network of purely slip 

bonds/folds and only manifests under a force ramp or constant speed scenario. If this system is 

probed using constant force clamp conditions, there is no increase in lifetime as the clamping 

force is increased (Figure 2.S16).  

https://paperpile.com/c/VbGZjS/bofXU+aCJPu+TWiNe+NLARL+ar7Da
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To further clarify the description of the system as a catch bond, we note that when 

considering the XMod unfolding force and the binding interface together as a unified system, 

the maximal force that the system can withstand does not increase with increasing loading rate 

or clamping force (Figure 2.S16). This is due to the high forces required to unfold XMod and 

enter the low stability P2 pathway. Nevertheless, when considering the force at which the 

Doc:Coh binding interface breaks (i.e. the rupture event), we find the term catch bond 

appropriate. The force-dependent off rates (Figure 2.2f, 2.S9 and 2.S10) show catch bond 

behavior when considering the force at the time of the rupture event independently from bond 

history. This mechanism emerges due to the inhibition of P1 to P2 transfer rates at high loading 

rates (Figure 2.2e and 2.5c), which caused P1 rupture events to become more frequent at higher 

loading rates.    

Based on structural modelling and analysis, we predicted that the heterogeneity of 

unbinding pathways was attributable to two different binding conformations, binding modes A 

and B. AFM-SMFS and smFRET on mutant XMod-Doc constructs designed to specifically 

knockout binding mode A or B supported the presence of dual binding modes with different 

mechanical properties. The biological significance of the two binding modes is still unclear, 

however we speculate that the Rc bacterium might switch between the low (P3) and high force 

catch (P1/P2) adhesion modes based on post-translational modifications or environmental 

factors, for example fiber substrate composition or intraluminal pH of human colon [277,278], 

allowing the bacterium to respond to environment change. Our research demonstrates an 

entirely new degree of complexity by which bacteria regulate adhesion strength through 

molecular mechanisms such as dual-binding modes, mechanical allostery, and catch bonding. 

 

2.4 Follow up study: Candida auris agglutinin-like sequence (ALS) 

adhesins 

 In addition to the maintenance of extracellular networks, adhesion proteins are involved 

in many other biological processes, an important one of which is pathogen-host interactions. 

Pathogens use cell-surface adhesins to specifically recognize and bind the receptors on the host 

cell surface to invade the host cells. The pathogen adhesins typically form highly mechanostable 

complexes with their ligands to resist shear stress and adhere tightly to the host cells. 

https://paperpile.com/c/VbGZjS/hHDUT+EHAa0
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Understanding the mechanisms of mechanostable pathogen adhesins helps developing new 

approaches to preventing and treating infections. 

 One of the adhesins used by pathogenic fungi is the agglutinin-like sequence (ALS) 

adhesins found in Candida yeasts. The ALS 9-2 of C. albicans was found to bind the C-terminus 

of human fibrinogen ɣ chain (Fgɣ) [279]. The ALS 9-2 is highly homologous to the other ALS 

adhesins found in C. albicans. 

 Another pathogenic Candida species, C. auris, was first identified in 2009, and has 

become a major threat to public health worldwide [280,281]. Using BLAST 

(https://blast.ncbi.nlm.nih.gov/), we aligned the sequence of C. albicans ALS 9-2 against the 

currently available C. auris genome and proteome sequences and identified three potential C. 

auris ALS homologous sequences. The sequences of C. albicans ALS 9-2 and the potential C. 

auris ALS homologous sequences are: 

>Candida albicans ALS 9-2 

RKTITGVFNSFDSLTWTRSVEYVYKGPETPTWNAVLGWSLNSTTADPGDTFTLILPCV

FKFITTQTSVDLTADGVSYATCDFNAGEEFTTFSSLSCTVNSVSVSYARVSGTVKLPIT

FNVGGTGSSVDLADSKCFTAGKNTVTFMDGDTKISTTVDFDASPVSPSGYITSSRIIPS

LNKLSSLFVVPQCENGYTSGIMGFVASNGATIDCSNVNIGISKGLNDWNFPVSSESFSY

TKTCTSTSITVEFQNVPAGYRPFVDAYISAENIDKYTLTYANEYTCENGNTVVDPFTL

TWWGYKNSEADSDGDVIVV 

>QEL63120.1 Hypothetical Candida auris ALS 1 (Identity: 32%, homology: 50%) 

AKLQSGVFNGIKSITPSDNRRPEQPSWHATVSWEIKPAMGVQEGDTFTLHMPYVYKF

TSSSNTLQLTAGGQVVANCNLYSGENIVGYSEVQCTATAAAANAGTFTGDVTFPFTF

NAGSTSDEVNLEAAGVWKSGQNTVTWSDGDKTFSTTVDFNPGASSIIQGSPENGVYG

LRKMVSLNINQHYLMGPSCPYDGQYGRLEISNPSPGVGFDCSSLAGAITDQVNDWYF

PKTAEKIGVNIDSCSSYQATVSFSNLPAGFRPYININAAIPNVASFRSSNTYSYNFVCGG

RQLGQSSIAWVMYNNGNTGSGGDFKPV 

>QEO23751.1 Hypothetical Candida auris ALS 2 (Identity: 33%, homology: 49%) 

ASVKEGIFDKILSITPPEDSLPETPSWSATVEWSFDEKNGVKAGDTFVLHMPYVYKFT

SGTRAVDLVADSVTFANCDLFSGDNVVAYSELKCTATSACEKVNSAKGTVEFPFTFN

AGSSSDKATLEASTVWHAGSNVVKWTDGSKELHSEVYFDEGNPYLFSGSVEHGVY

https://paperpile.com/c/VbGZjS/kVls
https://paperpile.com/c/VbGZjS/Gtgz+766K
https://blast.ncbi.nlm.nih.gov/
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WLRKAVMRNTNQHLVLGPSCDCDGMSGYIEIQNPDYGVELDCSSVVGTITKQINDFY

FPESAESCSVHVDECCATRIRVSFDNIPSGFRPYINVDSAIPHYDFNSRNQYSYGFSCG

GIELCDSLWTNWYMYKDGETGGDGEFNSI 

>PSK75301.1 Hypothetical Candida auris ALS 3 (Identity: 28%, homology: 46%) 

AAPQTGVFTSIDSLAPFDVAWPMMPGWDATVSWHINSSMGMKDGDTFFLRIPFVIEF

NTDESSIQMSDGANTLANCVLTPGENLVPYSEVKCTATTQVEAVQSSSGTITFPIVFN

AGFSAQESDLEAANHWSTGSNTLEWTDGSNTLTHPITFVGGTMSAFNGRPKRGILDQ

RSFVSTNTIRQFLMGPLCQSSDMSGELSIENLSEEAPFDCDSITMAMSNQINAWYFPQT

ADEAEATIVSCSAAGVNVAFSNLPAGFRPYINIDATKKIAVSEIDNIYHYNFTCNGAEL

SDSIFAAWDQFFSDDTEEDDTLTQV 

 All of the three hypothetical C. auris ALS adhesin sequences have ~30% identity and 

~50% homology with the C. albicans ALS 9-2. We speculate that the hypothetical C. auris 

ALS adhesins and C. albicans ALS 9-2 have similar behavior: they are promiscuous binders 

targeting Fgɣ peptide. 

The C. auris ALS sequences and C. albicans ALS 9-2 were cloned to bacterial and yeast 

expression vectors. Both the C. albicans ALS 9-2 and the hypothetical C. auris ALS protein 1 

could be expressed using both E. coli shuffle strain and Pichia pastoris cells in soluble form, 

but bulk experiments on size-exclusion column (SEC) did not detect formation of ALS 

adhesin:Fgɣ peptide complex. This result is inconsistent with previously reported results where 

C. albicans ALS 9-2 was shown to form complex with Fgɣ peptide [279]. Possible reasons 

leading to this inconsistency include: the affinity between ALS and Fgɣ is below the detection 

limit of SEC; the binding pocket of ALS adhesin was blocked by other binders due to the 

promiscuous nature of ALS; or the expressed ALS adhesins were not active. 

Future troubleshooting will first concentrate on the C. albicans ALS 9-2 and identify 

the reason why the expressed adhesin did not bind the reported ligand Fgɣ. After solving this 

problem, the next steps will be to identify the natural ligand of  hypothetical C. auris ALS 

adhesins and study the mechanisms of ALS adhesin-ligand interactions using bulk and single-

molecule experiments. 

 

https://paperpile.com/c/VbGZjS/kVls


Chapter 2 Mechanics of bacterial adhesion complexes in the human gut 

56 

 

2.5 Methods 

All reagents were at least of analytical purity grade and were purchased from Sigma-Aldrich 

(St. Louis, MO, USA), Thermo Fisher Scientific (Waltham, MA, USA), GE Healthcare 

(Chicago, IL, USA), New England Biolabs (Ipswich, MA, USA) or ABCR GmbH (Karlsruhe, 

Germany). 

Synthetic genes were purchased from Thermo Fisher Scientific. 

Primers for cloning were purchased from Microsynth AG (Balgach, Switzerland). 

All buffers were filtered through a 0.2 μm polyethersulfone membrane filter (Sarstedt, 

Nuembrecht, Germany) prior to use. The pH of all buffers was adjusted at room temperature. 

2.5.1 Homology modeling and molecular dynamics simulations 

To the best of our knowledge, the structure of the XMod-Doc domain from Scaffoldin 

B of Ruminococcus champanellensis and its binding partner, the CohE domain from the same 

bacterium, has not been solved by experimental means. Using homologous structures available 

in the Protein Data Bank (www.pdb.org), we employed Modeller 9.22 [261] to obtain a 

homology model of the two R. champanellensis cellulosomal domains. Modeller works by 

setting spatial restriction to the atomic positions of the model protein, based on 3D-template 

structures. Using the Rc XMod-Doc:Coh protein sequences we performed a protein BLAST 

[282], finding one satisfactory homologue template for the Rc XMod-Doc domain, and two for 

the Rc Coh domain. For all the templates, the sequence identity was observed to be low: 20% 

identity between Rc XMod-Doc and the R. flavefaciens XMod-Doc (PDB 4IU3) template; 15% 

identity between Rc Coh domain and the Rf Coh E (PDB 4IU3) template; 18% identity between 

Rc Coh domain and the Rf Coh G (PDB 4WKZ) template. Likewise, the sequence similarities 

were also found to be small, with 35%, 28%, and 34% respectively. Regarding the templates, 

both the 4WKZ [262] and the 4IUI3 [165] structures were solved by means of x-ray 

crystallography, with a resolution of 1.79Å and 1.97Å, respectively. 

Using Modeller, we generated 10 structural models for the Rc XMod-Doc domain based 

on its template, and 20 structural models for the Rc Coh domain based on its two templates (10 

models for each template). Using VMD [263], the structure of the Rf XMod-Doc:Coh complex 

was used as a guide to fit all 200 possible combinations of the R. champanellensis model 

https://paperpile.com/c/VbGZjS/tS4Yh
https://paperpile.com/c/VbGZjS/m3rUr
https://paperpile.com/c/VbGZjS/0gadK
https://paperpile.com/c/VbGZjS/y28XP
https://paperpile.com/c/VbGZjS/v8mAC
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structures into binding mode A. For the binding mode B, first an inverted Rf XMod-Doc:Coh 

binding was created by superimposing Doc helix 1 with helix 3, and helix 3 with helix 1, 

creating a 180o rotated Coh structure. VMD was then used again to fit all the possible 200 

models of R. champanellensis to this inverted R. flavefaciens structure. Typically the best 

structural model could be selected by employing tools like PROCHECK [283] and ERRAT 

server [284], however, due to the low sequence identity and similarity, we adopted a strategy 

of using molecular dynamics (MD) to thoroughly test all the homology models. 

Employing QwikMD[270], all 400 model structures were subjected to 5 ns of 

equilibrium MD to ensure conformational stability. Although after a visual inspection we could 

see that many of the structural models were not stable following MD simulation, we chose to 

use a more systematic metric to select the best structural models, namely, selecting, for each of 

the binding modes, the 5 most stable models under load. For that we performed 20 ns of steered 

molecular dynamics (SMD) for each of the 400 model structures, pulling the complex apart. 

The simulations revealed that the complexes would rupture at a wide-range of forces, and the 5 

models with highest rupture forces for each binding mode were selected as the best models. 

To investigate the stability of the best structural models, we performed another set of 

SMD simulations using the 5 best models as initial structures in what we call an in silico force-

spectroscopy approach [161]. Using a wide-sampling strategy, 200 steered molecular dynamics 

(SMD) replicas were carried out for a total of 8 μs for each binding mode, using the 5 different 

initial structures. All SMD simulations [237] were performed with a constant velocity protocol 

using 5.0 Å/ns as the pulling speed. In all simulations, SMD was employed by restraining the 

position of the N-terminal of XMod-Doc domain, while pulling on the C-terminus of the Coh 

domain. 

To reproduce the scenario where the XMod had unfolded, we performed another set of 

SMD simulations where the XMod was removed using QwikMD. Using a wide-sampling 

strategy, 20 steered molecular dynamics (SMD) replicas were carried out for a total of 800 ns. 

This new set of SMD was performed by restraining the position of the N-terminal of Doc 

domain, while pulling on the C-terminus of the Coh domain. 

In our study, all MD and SMD simulations were performed employing the NAMD 

molecular dynamics package [268,269]. The CHARMM36 force field [285] was employed to 

describe all simulations, using an explicit TIP3 water model [286]. Simulations were performed 

https://paperpile.com/c/VbGZjS/bV8eS
https://paperpile.com/c/VbGZjS/BBnxD
https://paperpile.com/c/VbGZjS/nvfCv
https://paperpile.com/c/VbGZjS/wpkkj
https://paperpile.com/c/VbGZjS/KcyRx
https://paperpile.com/c/VbGZjS/A1lPp+fxbGU
https://paperpile.com/c/VbGZjS/wuB9U
https://paperpile.com/c/VbGZjS/yymiG
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at the NpT ensemble, in periodic boundary conditions. Temperature was kept at 300K using 

Langevin dynamics for temperature coupling, while a Langevin piston was employed to hold 

pressure at 1 bar. A distance cut-off of 14.0 Å was applied to short-range, non-bonded 

interactions, whereas the particle-mesh Ewald (PME) method was employed for long-range 

electrostatic interactions. The equations of motion were integrated using a 2 fs time step for all 

simulations performed. All simulations were analyzed using VMD [263] and its plugins. 

Surface contact areas of interacting residues/domains were studied using PyContact [287]. 

2.5.2 Cloning 

The constructs for AFM measurements were ybbr-ELP-ddFLN4-XMod-Doc-HIS and 

Coh-ddFLN4-ELP-HIS-ybbr. A ddFLN4 domain was inserted into a pET28a vector containing 

ybbr-HIS-ELP (for XMod-Doc) or ELP-HIS-ybbr (for Coh) so that the ELP linker was located 

between the ddFLN4 and the ybbr tag. The XMod-Doc synthetic gene was inserted to the C 

terminus of ddFLN4 using Gibson assembly and the Coh synthetic gene was inserted to the N 

terminus of ddFLN4 using restriction digestion cloning (NdeI and BamHI sites). The sequences 

of the inserted genes were confirmed by Sanger sequencing (Microsynth AG). The His-tag on 

the XMod-Doc constructs were then moved to the C terminus of the construct. 

Protein samples for ITC measurement were prepared by removing ELP and ddFLN4 

domains from the AFM measurement constructs. 

The Coh smFRET construct was prepared by adding an Avi-tag to the N terminus of the 

ITC construct and introducing E154C mutation to Coh. 

The WT XMod-Doc smFRET construct was prepared by replacing the serine at position 

199 with an Amber codon (TCC→TGA). The smFRET constructs of the XMod-Doc binding 

mode mutants were prepared by adding the same mutations as the corresponding AFM 

constructs to the WT XMod-Doc smFRET construct. 

2.5.3 Protein expression and purification 

All protein samples used for AFM and ITC as well as Coh used in smFRET were 

expressed in NiCo21 (DE3) cells (New England Biolabs). Cells were cultured in TB (terrific 

broth) medium containing 50 μg/mL kanamycin until OD600 reached ~0.6. Protein expression 

was induced by adding 0.5 mM IPTG to the culture, followed by incubating at 20 °C overnight. 

https://paperpile.com/c/VbGZjS/v8mAC
https://paperpile.com/c/VbGZjS/7VEyT
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Cells were harvested and lysed using sonication. The cell lysate was pelleted and the 

supernatant was loaded onto a His-tap FF 5 mL column (GE Healthcare) and washed with TBS 

buffer supplemented with calcium (TBS-Ca, 25mM Tris, 72mM NaCl, 1 mM CaCl2, pH 7.2). 

Bound protein was eluted using TBS-Ca buffer containing 500 mM imidazole. Eluted protein 

was further purified using size-exclusion column (GE Healthcare). Protein solutions for long 

term storage were concentrated using a Vivaspin 6 centrifugal filter (GE Healthcare) and stored 

in 35 % (v/v) glycerol at -20 °C. The concentration of the protein stocks were determined to be 

~40 µM using UV absorption spectrophotometry. 

2.5.4 Amber suppression 

The Doc smFRET constructs were expressed in BL21Star (DE3) cells using amber 

codon suppression[275]. The pET28a vector carrying the Doc smFRET construct was co-

transformed with plasmid pEVOL-pAzF (a gift from Peter Schultz, Addgene plasmid # 31186). 

Cells were grown in LB medium containing 50 μg/mL kanamycin and 25 μg/mL 

chloramphenicol until OD600 reached ~0.8. Cells were then pelleted, washed with M9 minimal 

medium and resuspended in M9 medium containing 50 μg/mL kanamycin, 25 μg/mL 

chloramphenicol, 0.2 mg/ml p-azido-l-phenylalanine (pAzF) and 0.02% arabinose. The culture 

was incubated at 37 °C for 1 h and then 1 mM IPTG was added to the culture, followed by 

incubating at 16 °C overnight. The expressed protein was extracted and purified using the same 

protocol as for the AFM constructs. 

2.5.5 AFM sample preparation 

The preparations of AFM measurement samples were conducted according to 

previously published protocols[271]. Biolever mini AFM cantilevers (Bruker, Billerica, MA, 

USA) and cover glasses were cleaned by UV-ozone treatment (cantilevers) or piranha solution 

(cover glasses), and silanized using (3-aminopropyl)-dimethyl-ethoxysilane (APDMES) to 

introduce amine groups on the surface. The silanized cantilevers and cover glasses were 

subsequently incubated with 10 mg/mL sulfosuccinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC) solution for 30 min at room 

temperature in order to introduce maleimide groups on the surface. After incubating with sulfo-

SMCC, the cantilevers and glasses were cleaned with ddH2O and immediately incubated with 

20 mM coenzyme A (CoA) solution for 2 h at room temperature and then cleaned with ddH2O. 

CoA-coated cantilevers and cover glasses were incubated with Coh-ddFLN4-ELP-ybbR and 

https://paperpile.com/c/VbGZjS/wAxJ9
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ybbR-ELP-ddFLN4-XMod-Doc fusion proteins, respectively, in the presence of ~5 μM Sfp 

(phosphopantetheinyl transferase) enzyme and 10 mM MgCl2 for 2 h at room temperature. After 

incubation, cantilevers and glass surfaces were intensively rinsed with TBS-Ca buffer and 

stored under TBS-Ca before measurement. 

2.5.6 AFM-SMFS measurements 

SMFS measurements were performed on a Force Robot AFM (JPK instruments, Berlin, 

Germany). Cantilever spring constants (ranging from 0.07 N/m to 0.1 N/m) were calibrated 

using the contact-free method. A control experiment was done showing that the contact-free 

calibration method gave the same result as contact-based method. The cantilever was brought 

into contact with the surface and withdrawn at constant speed ranging from 100 nm/s to 6400 

nm/s. In a typical measurement around 5,000-10,000 force-extension curves were obtained with 

a single cantilever in an experimental run of 10-20 h. The majority of the data were unusable 

curves due to lack of interactions, multiple interactions or nonspecific adhesion of molecules 

to the cantilever tip. However, ~10% of the curves showed single-molecule interactions. We 

filtered the data by searching for the two-step unfolding patterns and the 64 nm contour length 

increment of two ddFLN4 fingerprint domains. 

2.5.7 AFM data analysis 

AFM data were analyzed using a combination of Python scripts, R scripts (R foundation, 

available at https://www.r-project.org/, utilizing packages readr and ggplot2 and user interface 

R Studio, available at https://www.rstudio.com/), and Origin 2018 (OriginLab). 

Force-extension curves were transformed into contour length space using freely rotating 

chain (FRC) model, which assumes bonds of length b are connected by a fixed angle ϒ. The 

force-extension curves were transformed to contour length L using Eq. 1.17 [143]. 

The force-extension curves were screened using the ~64 nm contour length increment 

of two ddFLN4 fingerprint domains. 

The most probable rupture force of the complex and unfolding force of XMod was fitted 

linearly against the logarithm of loading rate (rf) to extract the zero-force off rate k0 and the 

distance to the energy barrier Δx‡ using Eq. 1.5, as explained by the Bell-Evans model 

[123,124]. 

https://www.r-project.org/
https://www.rstudio.com/
https://paperpile.com/c/VbGZjS/HViuX
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The stochastic nature of complex rupture and domain unfolding leads to biasing 

effect[60], where the XMod unfolding event cannot be observed after the complex rupture. 

Therefore the fitted parameters of the XMod unfolding were corrected by simulation of the 

forced pulling process. With fixed energy barrier parameters for the complex, k0 and Δx‡  for 

XMod unfolding were adjusted using least square fitting method to yield the closest ratio of 

curves showing the XMod unfolding referred to the experimental observations at different 

pulling speeds. 

The rupture force of the complex and unfolding force of XMod were plotted into 

histograms, transformed into force-dependent off rate values and fitted using the Dudko-

Hummer-Szabo model [128,129], as explained below. 

Histograms were plotted using equal bin width ΔF = 40 pN. For one histogram 

containing N bins, starting from F0 and ending at FN = F0 + NΔF. The kth bin can be directly 

transformed into the force-dependent rate constant value using Eq. 1.10. 

Based on Kramers theory, the force-dependence of koff(F) can be written as Eq. 1.6. 

Smooth rupture force histograms (kernel density estimation) were transformed into 

force-dependent off rate using Eq. 1.9, which is the continuous form of Eq. 1.6. 

 

2.5.8 Single-molecule FRET sample and chamber preparation 

The Coh smFRET construct was reduced by adding 5 mM TCEP (tris(2-

carboxyethyl)phosphine) and incubating at room temperature for 30 min. The reduced protein 

was mixed with 20-fold excess of maleimide-Cy3b (GE Healthcare) and incubated at room 

temperature for 1 h followed by incubation at 4 °C overnight. The XMod-Doc smFRET 

constructs incorporated with p-azido-phenylalanine were labeled by mixing with 5-fold excess 

of DBCO-AF647 (Jena Bioscience, Jena, Germany) and incubating at room temperature for 1 

h, followed by incubation at 4 °C overnight. The labeled Coh and XMod-Doc constructs were 

purified using a desalting column followed by size-exclusion column. 

smFRET experiments were carried out in Lab Tek chambers (Lab-Tek II chambered 

coverglass system, Thermo Fisher Scientific). Prior to the measurement, chambers were 

passivated with 1 mg/ml BSA (PAA Laboratories GmbH, Germany) for at least 1 hour. BSA 

https://paperpile.com/c/VbGZjS/n6s1k
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solution was removed only before the measurement and the chamber was washed twice with 

PBS and once with measurement buffer (50 mM Tris pH 8, 100 mM NaCl, 1 mM CaCl2, 2 mM 

Trolox/Trolox quinone and 1% glucose). 

2.5.9 Single-molecule FRET measurements 

Solution smFRET experiments were performed on a PIE-based[288] home built 

confocal microscope based on an Olympus IX-71 inverted microscope. Two pulsed lasers (639 

nm, 80 MHz, LDH-D-C-640; 532 nm, 80 MHz, LDH-P-FA-530B, both from PicoQuant 

GmbH) were altered on the nanosecond timescale by a multichannel picosecond diode laser 

driver (PDL 828 “Sepia II”, PicoQuant GmbH, Berlin, Germany) with an oscillator module 

(SOM 828, PicoQuant GmbH). The lasers were coupled into a single mode fiber (P3-488PM-

FC, Thorlabs GmbH, Dachau, Germany) to obtain a Gaussian beam profile. Circular polarized 

light was obtained by a linear polarizer (LPVISE100-A, Thorlabs GmbH) and a quarter-wave 

plate (AQWP05M- 600, Thorlabs GmbH, Dachau, Germany). The light was focused by an oil-

immersion objective (UPLSAPO100XO, NA 1.40, Olympus Deutschland GmbH) onto the 

sample. The sample was moved by a piezo stage (P-517.3CD, Physik Instrumente (PI) GmbH 

& Co. KG, Karlsruhe, Germany) controlled by a E-727.3CDA piezo controller (Physik 

Instrumente (PI) GmbH & Co. KG, Karlsruhe, Germany). The emission was separated from the 

excitation beam by a dichroic beam splitter (z532/633, AHF analysentechnik AG) and focused 

onto a 50 μm pinhole (Thorlabs GmbH). The emission light was split by a dichroic beam splitter 

(640DCXR, AHF analysentechnik AG) into a green (Brightline HC582/75, AHF 

analysentechnik AG; RazorEdge LP 532, Laser 2000 GmbH) and red (Shortpass 750, AHF 

Analysentechnik AG; RazorEdge LP 647, Laser 2000 GmbH) detection channel. Emission was 

focused onto avalanche photodiodes (SPCM-AQRH-14-TR, Excelitas Technoligies GmbH & 

Co. KG) and signals were registered by a time-correlated single photon counting (TCSPC)-unit 

(HydraHarp400, PicoQuant GmbH, Berlin, Germany). The setup was controlled by a 

commercial software package (SymPhoTime64, Picoquant GmbH, Berlin, Germany). 

Excitation powers of 36 µW and 25 µW were used for donor and acceptor lasers (as measured 

in front of the entrance of the microscope). 

Labeled Coh and XMod-Doc samples were mixed in a molar ratio of 1:1 at a 

concentration of 1 µM, incubated for 1 minute, and finally diluted in the chamber to a 

concentration of 200 pM. 

https://paperpile.com/c/VbGZjS/jZmL5
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2.5.10 Single-molecule FRET data analysis 

smFRET burst selection was performed using a sliding time window burst search 

algorithm, with a time window of 500 µs and a minimum of 4 photons per time window. A 

threshold for burst detection of 40 photons was used[289]. In order to sort out photobleaching 

and blinking events, ALEX-2CDE [290] and ׀TDX-TAA ׀ filters [291] were used. Doubly-

labeled XMod-Doc:Coh complexes were further selected by keeping the stoichiometry 

parameter between 0.2 and 0.8. Accurate FRET efficiencies [256,292]  were calculated from 

fluorescence intensities as: 

𝐸 =
𝐼𝐷𝐴−𝛼𝐼𝐷𝐷−𝛿𝐼𝐴𝐴

𝛾𝐼𝐷𝐷+𝐼𝐷𝐴−𝛼𝐼𝐷𝐷−𝛿𝐼𝐴𝐴
                             Eq. 2.1 

where IDA, IAA and IDD are the background-corrected photon counts in the acceptor channel after 

donor excitation, the acceptor channel after acceptor excitation, and the donor channel after 

donor excitation. The α and δ correction parameters are calculated from donor only and acceptor 

only subpopulations and accounts for spectral cross talk and direct excitation of the donor dye. 

The different detection efficiencies and quantum yields of fluorophores are corrected with the 

γ correction factor [256,292]. 

2.5.11 ITC measurement 

The titration was carried out at 25 °C using a VP-ITC instrument[293]. The analyte was 

16.1 µM Coh (lacking ELP linker and ddFLN4 domains) and the injectant was 126 µM XMod-

Doc protein (lacking ELP linker and ddFLN4 domains). Both protein samples were in the TBS-

Ca buffer. The titration was carried out by injecting XMod-Doc dropwise into the analyte. Each 

drop contained 10 µL XMod-Doc solution and there was 5 min retention time between two 

consecutive drops so that the system could equilibrate after injecting a drop. The power required 

to maintain equal temperature between the sample cell and the reference cell (filled with water) 

was recorded. The titration was terminated after 27 injections, when the analyte (Coh) was fully 

saturated by the injectant (XMod-Doc). 

https://paperpile.com/c/VbGZjS/arQbn
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2.5.12 Monte Carlo simulation 

A Monte Carlo approach based on Kramers theory was used to validate the multi-state 

kinetic model. The receptor-ligand dissociation in combination with fingerprint domain 

unfolding was simulated in a constant pulling speed protocol. Briefly, the XMod-Doc:Coh 

complex was randomly assigned a binding mode to be either binding mode A (80% possibility) 

or binding mode B (20% possibility). The corresponding kinetic parameters (k0 and Δx‡, see 

Table 1) extracted from AFM-SMFS were used for the simulation. A series of force values F(ti) 

was generated on an evenly distributed extension axis X(ti) using a worm-like chain (WLC) 

model [141]. Due to the fact that the constant pulling speed protocol is achieved by the constant 

speed pulling of the AFM head instead of the AFM tip, a bending correction was done by 

converting the molecular extension X(ti) to the AFM head height H(ti) using Eq. 2.2: 

𝐻(𝑡𝑖) = 𝑋(𝑡𝑖) +
𝐹(𝑡𝑖)

𝑘
                            Eq. 2.2 

where k is the spring constant of the AFM cantilever. Then the time series could be generated 

based on the pulling speed V: 

𝑡𝑖+1 = 𝑡𝑖 + 
𝐻(𝑡𝑖+1)−𝐻(𝑡𝑖)

𝑉
                             Eq. 2.3 

During each time slice(∆𝑡 = 𝑡𝑖+1 − 𝑡𝑖), the probability of XMod-Doc:Coh rupture or protein 

domain unfolding was calculated using the following equation: 

𝑃(𝐹) = 1 − 𝑒−𝑘𝑜𝑓𝑓(𝐹)∆𝑡                              Eq. 2.4 

where koff(F) can be drawn from Eq. 1.2 following the Bell-Evans model. 

The dissociation probability is compared to a random number between zero and unity. If the 

random number is smaller than P(F) the rupture or unfolding event occurs and the 

corresponding force is recorded as the rupture or unfolding force. For each pulling speed, 1000 

curves were generated and a histogram was drawn for the complex rupture force as well as the 

XMod unfolding force (Figure 2.S14 and 2.S15). For simulation under force clamp conditions, 

a constant force was used and 1000 curves were generated to calculate the lifetime of the 

complex under each applied force (Figure 2.S16). 
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2.6 Supplementary information 

2.6.1 Supplementary figures 

 

Figure 2.S1 Amino acid sequence and secondary structure elements of dockerin. The residues 

involved in calcium binding are shown in yellow, the residues mutated to knock out the binding mode 

A are shown in red and the residues mutated to knock out the binding mode B are shown in grey. 

 

 

Figure 2.S2 Model of binding interface between dockerin and cohesin in both binding modes. In 

both binding modes, the dockerin and cohesin residues at the binding interface have complementary 

physical properties, forming a hydrophobic core surrounded by hydrophilic residues. Red: negatively 

charged residues; blue: positive charged residues; white: non-polar residues and green: polar residues. 



Chapter 2 Mechanics of bacterial adhesion complexes in the human gut 

66 

 

 

 

Figure 2.S3 Example force-extension curves obtained in AFM-SMFS measurements. Examples of 

pathways 1 (left column, red), 2 (middle column, blue) and 3 (right column, grey) force-extension curves 

obtained in AFM-SMFS measurements of WT XMod-Doc:Coh complex. Some force curves showed 

unassigned unfolding events between ddFLN4 unfolding and complex rupture or XMod unfolding. 

These unfolding events broadened the contour length histogram and can be attributed to partial unfolding 

of Coh or Doc domains.    
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Figure 2.S4 SMD simulations of Doc:Coh complex lacking the XMod. a: Structural model showing 

the Doc:Coh complex in binding mode A. The XMod was deleted from the Doc to mimic the complex 

in pathway 2. The pulling directions are marked with black arrows. b: The rupture force of Doc:Coh 

complex in binding mode A was measured by performing 20 SMD replicas at 5.0 Å/ns pulling speed 

(same as Fig. 1 bc) and plotted in a histogram. The histogram was fitted with a Gaussian distribution, 

giving the most probable rupture force of 692 pN. 

 

 

Figure 2.S5 Rupture force vs. loading rate plot from in vitro and in silico measurements. The most 

probable rupture forces measured with AFM-SMFS (in vitro) and SMD simulations (in silico) were 

plotted against the loading rate and fitted using the Dudko-Hummer-Szabo model (see supplementary 

note 3.3) for pathways 1 (red), 2 (blue) and 3 (grey). The SMD simulation results (open circles) were 

included in the fit (a) or excluded from the fit (b). In both cases, the fitted curve showed the same trend 

and the SMD data was in good agreement with the experimental data. 
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Figure 2.S6 Measuring unbiased XMod unfolding force using SdrG:Fgβ complex. a: Force 

loading geometries of XMod-Doc. In the native pulling geometry, the force is loaded to the 

XMod.Doc:Coh complex from the C-terminus of Coh (A) and N-terminus of XMod-Doc (B). In the 

SdrG:Fgβ-XMod-Doc construct, the force is loaded to the N- and C- termini of XMod-Doc (B and C). 

b: Different force loading geometries gave rise to different XMod unfolding forces. The measured 

unfolding force is around 550 pN in the native force loading geometry (A-B), but the change of 

pulling geometry (C-B) significantly decreased the unfolding force of XMod to around 300 pN. 
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Figure 2.S7 Correction of XMod unfolding force taking biasing effect into account. XMod 

unfolding forces measured in pathway 2 under four different pulling speeds were plotted as histograms 

and fitted with Gaussian distributions (purple). The XMod unfolding force distributions were corrected 

using iterative fitting which takes the biasing effect[60] into account (green).  

https://paperpile.com/c/VbGZjS/n6s1k
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Figure 2.S8 XMod-Doc:Coh complex rupture force histograms at different pulling speeds. The 

three different pathways are plotted in different colors: High rupture force (P1, red); XMod unfolded, 

low rupture force (P2, blue); and XMod folded, low rupture force (P3, grey). Each histogram was fitted 

with a Gaussian distribution. Loss of the P2 population at higher pulling speeds drives catch bond 

behavior in the force ramp scenario.    
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Figure 2.S9 Fitting the force-dependent off rate data with υ=2/3. The force-dependent off-rate from 

Figure 2.2f was fitted to the analytical expression (Eq. 2.5) with υ=2/3. Error bars represent the standard 

deviation of off-rate. The fitted Δx‡, ΔG‡ and k0 values are listed in Table 2.1.  
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Figure 2.S10 Combined rupture force histograms of pathways 1 and 2 and calculation of force-

dependent off rate. a-d: Combined rupture force histograms of pathways 1 and 2 at different pulling 

speeds smoothed with kernel density estimation P(F). e: Force-dependent off rate calculated from the 

kernel density estimation of combined histograms using Eq. 2.6 (solid line), overlaid with the off rate 

calculated using Eq. 2.3 (dots). The two equations are essentially the same, where Eq. 2.3 is the discrete 

form and Eq. 2.6 is the continuous form. 
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Figure 2.S11 Rupture force histograms of binding mode mutants. a: The rupture force histogram 

measured using BMA-KO mutant, showing a decreased percentage of pathways 1 and 2 curves. b: The 

rupture force histogram measured using BMB-KO mutant, showing a decreased percentage (nearly total 

loss) of pathway 3 curves.  
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Figure 2.S12 AFM measurements with I27 fingerprint domain. a: AFM setup using the I27 biasing 

effect to demonstrate two binding modes. b: Example force-extension curves showing unfolding of 2x 

ddFLN4 (in orange) and I27 (in blue) in all three pathways. c: Rupture force histogram of force curves 

filtered with both ddFLN4 and I27 fingerprint domains shows that complexes capable of unfolding I27 

rarely (3%) dissociated along pathway 3. d: Rupture force histogram of force curves filtered with only 

ddFLN4 showed that pathway 3 was prevalent in the dataset to the same degree as for WT (~18%), but 

these curves lacked I27 unfolding events.    
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Figure 2.S13 AFM measurement of AF647 labeled BMA-KO. Given the significant molecular weight 

of the FRET acceptor dye DBCO-AF647 (~1100 grams/mol) and its proximity to the binding interface 

in binding mode A, we sought to further understand the influence of dye labeling on binding. We used 

AFM-SMFS to measure the rupture forces between unlabeled wild-type Coh and BMA-KO labeled with 

AF647 at 400 nm/s pulling speed. Binding mode A (P1 + P2) consists of 61% of the force curves, which 

is lower than the unlabeled BMA-KO mutant (69%), indicating a decrease in the on-rate of the complex 

in binding mode A. In addition, the most probable rupture force of P1 was found to be 434 pN for the 

fluorophore labeled BMA-KO complex, which is significantly lower than the P1 rupture force measured 

using unlabeled BMA-KO (Figure 2.S10a, 508 pN). The decrease of rupture force in binding mode A 

for the dye-labeled construct indicated an increase in the intrinsic off-rate of binding mode A as 

compared with the unlabeled construct. Therefore, we concluded that the AF647 fluorophore at the C-

terminus of XMod-Doc slightly destabilized the complex in binding mode A and decreased the binding 

affinity in this binding mode. However, fluorophore labeling did not have a significant influence on the 

rupture force of P3, which corresponds to binding mode B. As a consequence, the binding mode A 

population was less prevalent than binding mode B in the smFRET measurement. The observed ratios 

of the two binding modes probed by smFRET reflect the equilibrium scenario, whereas binding mode 

ratios probed by AFM are governed by differences in on-rates only.  
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Figure 2.S14 Monte-Carlo simulation results of complex rupture forces. The complex rupture forces 

were simulated at different pulling speeds and plotted as histograms. The histograms were fitted with 

Gaussian distributions (solid lines). The corresponding experimental rupture force distributions are 

shown as dashed lines.  
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Figure 2.S15 Monte-Carlo simulation results on XMod unfolding force. The XMod unfolding forces 

in pathway 2 were extracted from Monte Carlo simulations at different pulling speeds and plotted into 

histograms. The histograms were fitted with Gaussian distributions (solid lines). The corresponding 

experimental unfolding force distribution is shown as a dashed line. 
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Figure 2.S16 Force clamp Monte-Carlo simulation. The force-dependent lifetime of the complex was 

simulated in force clamp mode (red: pathway 1, blue: pathway 2, grey: pathway 3). The average lifetime 

(black line) does not exhibit catch bond behavior for the system probed in force clamp mode. 
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2.6.2 Supplementary table 

Table 2.S1 Kinetic parameters extracted from Monte-Carlo simulations 

Pathway Event 

k0 [s
-1] 

(Bell-Evans) 

Δx‡ 

(Bell-Evans) 

1 High force rupture (XMod intact) 1.05×10-6 0.162 

2 

Unfolding of XMod (measured) 2.81×10-6 0.161 

Low force rupture after XMod unfold 1.34×10-4 0.371 

3 Low force rupture (XMod intact) 5.95×10-5 0.366 

 

2.6.3 Supplementary notes 

Supplementary note 2.1 Amino acid sequences 

Color codes: ybbr-tag, his-tag, ddFLN4, I27, ELP linker, XMod, Doc, Coh, Avi-tag, inter-

domain linker, mutations (AzF = p-azido-phenylalanine). 

 

Addgene #153439: pET28a-ybbr-ELP-ddFLN4-XMod-Doc-HIS (wild type) 

GTDSLEFIASKLAWGSGHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGEGVPGEGVPGWPSGSADPEKSYAEGPGLDGGECFQPSKFKIHAVDP

DGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDN

VNGFPKTVTVKPAPGSGSGSGSSGSETTTETSVSQSFSFTEPTRVCYWSHDNRPFDLE

GLKVILQETIFIIHEDGTVVEAEEQPAAVDITEQCMTIFCNDKQVATPEDTYETQIYKY

MLEFAYEGNPDVIVGTHQVLIGVKGDTNLSGDVTVADAVEILMYRADMMANPNNP
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TYVFNEDPDLHKLGYFLGNVDCIKEGDDLNVADAVNILMFRAEVLANGSATWEQIV

GYDLIDPSDESTFRTIEKLGSHHHHHH 

 

Addgene #153440 pET28a-ybbr-ELP-ddFLN4-XMod-Doc-HIS (BMA-KO) 

GTDSLEFIASKLAWGSGHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGEGVPGEGVPGWPSGSADPEKSYAEGPGLDGGECFQPSKFKIHAVDP

DGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDN

VNGFPKTVTVKPAPGSGSGSGSSGSETTTETSVSQSFSFTEPTRVCYWSHDNRPFDLE

GLKVILQETIFIIHEDGTVVEAEEQPAAVDITEQCMTIFCNDKQVATPEDTYETQIYKY

MLEFAYEGNPDVIVGTHQVLIGVKGDTNLSGDVTVADAVEILMYRADMMANPNNP

TYVFNEDPDLHKLGYFLGNVDCIKEGDDLNVADAVNILMFAAEVEANGSATWEQIV

GYDLIDPSDESTFRTIEKLLGSHHHHHH 

 

Addgene #153441 pET28a-ybbr-ELP-ddFLN4-XMod-Doc-HIS (BMB-KO) 

GTDSLEFIASKLAWGSGHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGEGVPGEGVPGWPSGSADPEKSYAEGPGLDGGECFQPSKFKIHAVDP

DGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDN

VNGFPKTVTVKPAPGSGSGSGSSGSETTTETSVSQSFSFTEPTRVCYWSHDNRPFDLE

GLKVILQETIFIIHEDGTVVEAEEQPAAVDITEQCMTIFCNDKQVATPEDTYETQIYKY

MLEFAYEGNPDVIVGTHQVLIGVKGDTNLSGDVTVADAVEILMYAADMEANPNNPT

YVFNEDPDLHKLGYFLGNVDCIKEGDDLNVADAVNILMFRAEVLANGSATWEQIVG

YDLIDPSDESTFRTIEKLGSHHHHHH 
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Addgene #153442 pET28a-ybbr-HIS -ELP-ddFLN4-I27-XMod-Doc (wild type) 

GTDSLEFIASKLAHHHHHHWGSGHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGEGVPGEGVPGWPSGSADPEKSYAEGPGLDGGECFQPSKF

KIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVIN

LTLDGDNVNGFPKTVTVKPAPLIEVEKPLYGVEVFVGETAHFEIELSEPDVHGQWKL

KGQPLAASPDCEIIEDGKKHILILHNCQLGMTGEVSFQAANTKSAANLKVKELGSGSG

SGSSGSETTTETSVSQSFSFTEPTRVCYWSHDNRPFDLEGLKVILQETIFIIHEDGTVVE

AEEQPAAVDITEQCMTIFCNDKQVATPEDTYETQIYKYMLEFAYEGNPDVIVGTHQV

LIGVKGDTNLSGDVTVADAVEILMYRADMMANPNNPTYVFNEDPDLHKLGYFLGN

VDCIKEGDDLNVADAVNILMFRAEVLANGSATWEQIVGYDLIDPSDESTFRTIEKL 

 

Addgene #153443 pET28a-ybbr-XMod-Doc (WT, S199AzF)-HIS 

GTDSLEFIASKLAGSSGSETTTETSVSQSFSFTEPTRVCYWSHDNRPFDLEGLKVILQE

TIFIIHEDGTVVEAEEQPAAVDITEQCMTIFCNDKQVATPEDTYETQIYKYMLEFAYEG

NPDVIVGTHQVLIGVKGDTNLSGDVTVADAVEILMYRADMMANPNNPTYVFNEDPD

LHKLGYFLGNVDCIKEGDDLNVADAVNILMFRAEVLANGAzFATWEQIVGYDLIDPS

DESTFRTIEKLGSHHHHHH 

 

Addgene #153444 pET28a-ybbr-XMod-Doc (BMA-KO, S199AzF)-HIS 

GTDSLEFIASKLAGSSGSETTTETSVSQSFSFTEPTRVCYWSHDNRPFDLEGLKVILQE

TIFIIHEDGTVVEAEEQPAAVDITEQCMTIFCNDKQVATPEDTYETQIYKYMLEFAYEG

NPDVIVGTHQVLIGVKGDTNLSGDVTVADAVEILMYRADMMANPNNPTYVFNEDPD

LHKLGYFLGNVDCIKEGDDLNVADAVNILMFAAEVEANGAzFATWEQIVGYDLIDPS

DESTFRTIEKLLGSHHHHHH 
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Addgene #153445 pET28a-ybbr-XMod-Doc (BMB-KO, S199AzF)-HIS 

GTDSLEFIASKLAGSSGSETTTETSVSQSFSFTEPTRVCYWSHDNRPFDLEGLKVILQE

TIFIIHEDGTVVEAEEQPAAVDITEQCMTIFCNDKQVATPEDTYETQIYKYMLEFAYEG

NPDVIVGTHQVLIGVKGDTNLSGDVTVADAVEILMYRADMMANPNNPTYVFNEDPD

LHKLGYFLGNVDCIKEGDDLNVADAVNILMFRAEVLANGAzFATWEQIVGYDLIDPS

DESTFRTIEKLGSHHHHHH 

 

Addgene #153446 pET28a-Coh-ddFLN4-ELP-HIS-ybbr 

ADGAAKLSMDQKFAEPGETVEIALNLENFDASWTGLEFLVNYDPKLEVALDGAGDI

DYSYGDAIGAMGKKISVGGAISKDLTADGLKGFAFAWGTATAISGNGQLGVFKFTVP

ADAQPGDEFPVNLTVNVGSFIDANKENIPFETVNGWIKIKEEGSGSGSGSADPEKSYA

EGPGLDGGECFQPSKFKIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGT

YDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKPAPGSGSGSHGVGVPGMGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGWRGHHHHH

HGSDSLEFIASKLA 

 

Addgene #153447 pET28a-Avi-Coh (E154C)-HIS 

GLNDIFEAQKIEWHEGSGSADGAAKLSMDQKFAEPGETVEIALNLENFDASWTGLEF

LVNYDPKLEVALDGAGDIDYSYGDAIGAMGKKISVGGAISKDLTADGLKGFAFAWG

TATAISGNGQLGVFKFTVPADAQPGDEFPVNLTVNVGSFIDANKENIPFETVNGWIKI

KCEGSHHHHHH 

 

Supplementary note 2.2 Quantifying dual-binding mode behavior using fingerprint 

domain biasing effect 

As shown in Figure 2.S12a, a titin I27 domain, which under our conditions has an unfolding 

force around ~200 pN[14,63], was inserted between ddFLN4 and WT XMod-Doc as an 

additional fingerprint domain. The interaction between XMod-Doc and Coh was then probed 

https://paperpile.com/c/VbGZjS/qVwp+G6KVo
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using AFM-SMFS in the presence of two ddFLN4 and one I27 fingerprint domain. Unfolding 

of I27 was identified by its unfolding force of ~200 pN and the contour length increment of ~28 

nm, as shown in Figure 2.S12b. Force-extension curves were screened based on the contour 

length increments given by two ddFLN4 domains and one I27 domain and then sorted into the 

aforementioned three pathways based on the rupture force of the complex and the folding state 

of XMod. The rupture force of each pathway was plotted in a rupture force histogram (Figure 

2.S12c). In binding mode A, the complex was able to resist an external force up to ~500 pN 

prior to rupture, which was larger than the force required to unfold I27. Therefore, pathways 1 

and 2 were not biased by the additional I27 domain and were still observable in the dataset. 

However, binding mode B has relatively low mechanical stability and ruptures prior to I27 

unfolding. Therefore, the frequency of pathway 3 was significantly decreased to only 3% when 

using I27 as an additional fingerprint domain for curve selection. However, when screening the 

force curves only based on the two ddFLN4 domains regardless of whether the curves contained 

I27 unfolding or not, the frequency of different pathways in the screened curves (Figure 

2.S12d) was the same as the construct lacking I27 (Figure 2.S7b). This observation further 

demonstrated that pathways 1 and 2 (high force curves) belong to a different discrete binding 

mode than pathway 3 (low force curves). The two binding modes have different mechanical 

stabilities and cannot be converted to the other one on the timescale of the AFM-SMFS curve 

(~1 second). 

 

Supplementary note 2.3 Dudko-Hummer-Szabo model describing the loading rate 

dependency of rupture forces 

The rupture force-loading rate plot in Figure 2.S5 was fitted using the following equation 

[128]: 

𝐹 =
Δ𝐺‡

υΔ𝑥‡
[1 − (

1

Δ𝐺‡
ln
𝑘0𝑒

−𝛽Δ𝐺‡

Δ𝑥‡𝑙
)υ] 

where k0 is the intrinsic off rate in the absence of force, Δx‡  is the distance to the energy barrier, 

ΔG‡ is the height of the energy barrier in the absence of force, β-1=kBT, and υ = 0.5, assuming 

the shape of the free-energy surface is cusp. 

https://paperpile.com/c/VbGZjS/xXMDJ
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We used single-molecule AFM force spectroscopy (AFM-SMFS) to screen residues 

along the backbone of a non-antibody protein binding scaffold (lipocalin/anticalin), and 

determine the optimal anchor point that maximizes binding strength of the interaction with its 

target (CTLA-4). By incorporating non-canonical amino acids into anticalin, and using click 

chemistry to attach an Fgβ peptide at internal sequence positions, we were able to mechanically 

dissociate anticalin from CTLA-4 by pulling from eight different anchoring residues using an 

AFM cantilever tip. We found that pulling on the anticalin from residue 60 or 87 resulted in 

significantly higher rupture forces and a decrease in koff by 2-3 orders of magnitude over a 

force range of 50-200 pN. Five of the six internal anchor points gave rise to complexes that 

were significantly more stable than N- or C-terminal anchor points, rupturing at up to 250 pN 

at loading rates of 0.1-10 nN sec-1. Anisotropic network modelling and molecular dynamics 

simulations using Gō-MARTINI helped to explain the geometric dependency of 

mechanostability. These results demonstrate that optimization of attachment residue position 

on therapeutic binding scaffolds can provide large improvements in binding strength, allowing 

for mechanical affinity maturation without requiring mutation of binding interface residues. 

 

3.1 Introduction 

Mechanical anisotropy refers to the variety of mechanical responses that manifest when 

force is applied to macromolecules from different directions. A classic example is the 

mechanically induced dissociation of double stranded DNA/RNA double helices and hairpins 
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[175–177]. Depending on the pulling points, DNA can be unzipped at low forces (~30 pN) 

where the base paired hydrogen bonds are broken in series, or sheared apart at high forces (>50 

pN) where the hydrogen bonds are broken in parallel. Since the sequence is identical in both 

scenarios, the hybridization energy is equal and the effect is entirely attributable to an 

anisotropic mechanical response of the double helix. This mechanical property of DNA has 

been used to build force hierarchies, enabling one-by-one assembly of complex molecular 

patterns on surfaces using single-molecule cut-and-paste with the atomic force microscope 

[294].  

Folded protein domains similarly exhibit a heterogeneity of mechanical responses 

depending on the pulling geometry. This was shown for several folded domains including GFP 

[56], ubiquitin [170], E2lip3 [171] and GB1 [173]. A recent study also reported application of 

force from an internal sequence position to transmembrane bacteriorhodopsin to dislodge 

transmembrane helices in a defined order from the membrane and understand intermediate 

folding states in that system [88].   

The force required to dissociate receptor-ligand binding interfaces has also been shown 

by our group and others to strongly depend on whether the receptor is pulled from the N- or C-

terminus, as was shown for cohesin-dockerin and streptavidin-biotin systems [65,70,71]. 

Differences in shear vs. zip geometry have also been reported for protein-based coiled coils 

[295]. For protein-protein interactions, however, to the best of our knowledge all previous 

studies were limited to comparing N- and C-terminal anchor points. 

Structure-based heuristics are already in place for predicting the mechanical stability of 

folded domains stretched between their N- and C-termini [132,296–298]. In general, high alpha 

helix content is associated with low unfolding forces and long unfolding barrier positions, while 

high beta strand content is associated with protein folds that are generally more mechanically 

robust with short unfolding barrier positions. Conserved structural motifs referred to as 

mechanical clamps are also known to impart mechanostability to folded domains 

[161,299,300]. However, these general trends may change when alternative anchor points are 

considered. Furthermore, for protein-protein interactions no such heuristics are available. It 

remains unclear how pulling geometry modulates the binding strength of protein-protein 

complexes. Single-molecule AFM force spectroscopy (AFM-SMFS) provides a powerful tool 

to study the force response of protein-protein complexes. State-of-the-art AFM setups are able 

https://paperpile.com/c/VbGZjS/HhvW+Zve8+dQYf
https://paperpile.com/c/VbGZjS/4yPX
https://paperpile.com/c/VbGZjS/0DYo
https://paperpile.com/c/VbGZjS/e3Ts
https://paperpile.com/c/VbGZjS/cDAu
https://paperpile.com/c/VbGZjS/wYyw
https://paperpile.com/c/VbGZjS/vM3e
https://paperpile.com/c/VbGZjS/w9MQh+juCC+vGvE
https://paperpile.com/c/VbGZjS/tCQe
https://paperpile.com/c/VbGZjS/eon0+u5gm+Mz5x+6Zie
https://paperpile.com/c/VbGZjS/jUiE+wpkkj+1No4
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to precisely control the pulling geometry of receptor-ligand systems and measure a wide range 

of forces [13,301,302].  

For applications in targeted drug delivery using nanoparticles, liposome or engineered 

viruses, the mechanical force that a receptor molecule can withstand while remaining bound to 

its target ligand is a potentially valuable optimization parameter. One current trend in 

biotherapeutics is exploring beyond full length IgG antibodies and into the realm of non-

antibody scaffolds. Compared to conventional monoclonal antibodies, non-antibody scaffolds 

are smaller in size, easier to manufacture and exhibit low immunogenicity [194,303]. Scaffolds 

such as anticalins, DARPins and adnectins can be diversified at the genetic level and evolved 

in vitro to bind many different molecular targets [198]. Anticalins are a class of non-antibody 

scaffolds derived from naturally occurring lipocalins [304]. The anticalins share homologous 

backbone structures (Figure 3.S1), but their ligand binding loops are engineered to specifically 

bind diverse molecular targets, including proteins, peptides and small molecules [199,305,306]. 

One of the targets, cytotoxic T-lymphocyte antigen 4 (CTLA-4), is involved in negative 

regulation of T-cell immune function and maintenance of immune homeostasis [307,308], and 

represents an important target for cancer immunotherapy.  

Here, we used AFM-SMFS to study the response of a non-antibody binding scaffold 

(lipocalin/anticalin) bound to its target (CTLA-4) and mechanically dissociated under a variety 

of pulling geometries. We systematically scanned the anchoring residue on anticalin from the 

N- to the C-terminus, targeting flexible loop regions located between secondary structural 

elements, and quantified the unbinding energy landscape for each anchor point. Our 

experimental approach was combined with molecular dynamics (MD) simulations, which 

showed consistency with the experimental results and helped us gain mechanistic insight into 

the unbinding pathways of the anticalin:CTLA-4 complex under different loading geometries. 

What emerges is a clear picture of geometrically optimal anchor points for protein receptor-

ligands: pulling from central positions results in highly stable cooperative interactions that 

break at high forces, while pulling from the termini results in peeling-like behavior where 

anticalin loses contacts with CTLA-4 and breaks at low forces. These features amount to a 

molecular unbinding mechanism analogous to a suction cup being centrally pulled or 

peripherally peeled off a surface. 

https://paperpile.com/c/VbGZjS/UMhRy+M7egf+yL0Y
https://paperpile.com/c/VbGZjS/r8coL+FMUHk
https://paperpile.com/c/VbGZjS/AXs6H
https://paperpile.com/c/VbGZjS/GPpeq
https://paperpile.com/c/VbGZjS/ajAAK+Pyk91+klBGi
https://paperpile.com/c/VbGZjS/Lk8Qt+TdDqz
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Figure 3.1 Anchor point selection and AFM-SMFS measurement setups. A: Structure of CTLA-4 

in complex with anticalin (PDB code 3BX7). Anchor points on the anticalin are shown as colored 

spheres. The anchor point on CTLA-4 is fixed at the C-terminus, mimicking the natural tethering 

geometry on the cell surface. B: Anticalin has a central β-barrel, consisting of eight anti-parallel β-

strands (S1-S8) connected by short flexible linkers. The anchor points shown as colored dots were 

chosen at the closed end of the β-barrel to avoid interference with the binding interface. C: 

Bioorthogonal conjugation of a fibrinogen β (Fgβ) peptide to the anticalin. The residue at the selected 

anchor point was replaced by p-azido-phenylalanine using amber suppression to introduce an azide 

group. The azide was covalently linked with a synthetic peptide comprising Fgβ-StrepTag and a C-
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terminal DBCO group using click chemistry. D: AFM measurement setup for testing N-terminal and 

internal anchor points with freely diffusing Fgβ-anticalin. Anticalin conjugated with Fgβ was added to 

the measurement buffer to final concentration of 1 μM. SdrG-FLN-ELP-ybbr was immobilized on the 

AFM tip and the ligand (CTLA-4-FLN-ELP-ybbr) was immobilized on the glass surface covalently via 

ybbr tag. E: AFM measurement setup with tethered anticalin for probing C-terminal anticalin anchor 

point. Anticalin-FLN-ELP-ybbr was immobilized on the cantilever and CTLA4-FLN-ELP-ybbr was 

immobilized on the glass surface. 

 

3.2 Results 

3.2.1 Selection of anchor points, protein expression and AFM measurement 

setup 

The anticalin targeting CTLA-4 was derived from human neutrophil gelatinase-

associated lipocalin (NGAL). The structure of anticalin in complex with the extracellular 

domain of CTLA-4 is shown in Figure 3.1A (PDB code 3BX7) [199]. CTLA-4 is a human T 

cell receptor with the C-terminus of the extracellular domain anchored to the cell surface. As 

shown in Figure 3.S1, the structure of anticalin is highly homologous to other previously 

reported lipocalin folds [309–313], comprising a β-barrel formed by eight anti-parallel β-

strands, flanked by helical regions at the N- and C-termini [314,315]. The two ends of the barrel 

are the open end, which is involved in ligand binding, and the closed end. Based on the protein 

structure, we selected eight anchor points on anticalin, scanning the sequence length through 

eight different pulling geometries. These anchor points were the N- and C- termini (residues 1 

and 178), five residues located along flexible linkers connecting the β-strands (residues 21, 60, 

87, 116 and 143), and one located within β-strand S2 (residues 55). All of the internal anchor 

points were located at the closed end of the barrel (Figure 3.1A and B). N- and C- terminal 

anchor points were towards the open end of the barrel closer to the bound CTLA-4 ligand.  

Each anchor point on the anticalin molecule corresponds to a precisely defined pulling 

geometry in the AFM measurements. In order to attach the internal anchor points (residues 21, 

55, 60, 87, 116 and 143) to the AFM tip, we combined non-canonical amino acid (NCAA) 

incorporation, click chemistry and a recently-reported AFM-SMFS setup with freely diffusing 

receptor molecules [13,70]. As shown in Figure 3.1C, the residue at the selected anchor point 

was replaced by a p-azido-L-phenylalanine using amber suppression to introduce an azide 

https://paperpile.com/c/VbGZjS/ajAAK
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https://paperpile.com/c/VbGZjS/juCC+yL0Y
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group [275] during protein translation in E. coli. A synthetic peptide comprising N-terminus 

fibrinogen β (Fgβ) peptide, Strep-tag and C-terminus dibenzocyclooctyne (DBCO) group was 

subsequently conjugated with the azide group on the anticalin using copper-free click chemistry 

[316]. The reaction product was purified with size-exclusion and Strep-trap columns to remove 

excess peptide and unreacted anticalin. Successful conjugation of the peptide increased the 

molecular weight of anticalin by 3 kD, as confirmed by SDS-PAGE and mass spectrometry 

(Figure 3.S2). Each anticalin with Fgβ clicked onto a given residue was expressed and purified, 

and measured in separate AFM experiments.  

The AFM experimental setup with freely diffusing anticalin is shown in Figure 3.1D. 

CTLA-4 was cloned to the N-terminus of a polyprotein, followed by an FLN unfolding 

fingerprint domain [264], an elastin-like peptide (ELP) elastic linker, and a ybbr tag at the C-

terminus. The ybbr tag facilitated site-specific and covalent surface immobilization of the 

polyprotein [100] to the glass surface. The C-terminus of CTLA-4 was tethered to the glass 

surface, mimicking the natural pulling geometry on the cell surface. SD-repeat protein G (SdrG) 

from S. epidermidis which binds Fgβ was cloned into the polyprotein SdrG-FLN-ELP-ybbr and 

immobilized on the AFM tip.  

The anticalin with Fgβ peptide conjugated to the selected anchor point was added to the 

measurement buffer to final concentration of ~1 μM, which saturated immobilized CTLA-4 on 

the surface. SdrG on the cantilever can bind and unbind with Fgβ-anticalin in solution. A 

significant portion of the time, SdrG on the cantilever is free and when it approaches the surface, 

a 3-member complex forms, consisting of cantilever-borne SdrG bound to Fgβ-anticalin, which 

is itself in turn bound to CTLA-4. Alternatively, if SdrG was occupied by an Fgβ-anticalin 

molecule when the cantilever approached and indented the surface, mechanical contact can 

stimulate Fgβ ligand exchange, allowing the same 3-member complex to form. If no such 

exchange occurs, the AFM trace results in no specific interactions being recorded.  

Despite the rapid on/off exchange of SdrG:Fgβ complexes at equilibrium, when placed 

under tension these complexes are extremely mechanically stable and can withstand forces as 

high as 2 nN [4]. When retracting the cantilever the significantly weaker anticalin:CTLA-4 

complex was therefore the first to break, leaving the Fgβ conjugated anticalin on the cantilever. 

Since the affinity between SdrG and Fgβ is mediocre (Kd ~400 nM) [69], the anticalin on the 

cantilever quickly exchanged with the freely diffusing anticalin molecules in the solution, 

preventing the AFM tip from clogging [70]. Tens of thousands of approach-retract cycles could 

https://paperpile.com/c/VbGZjS/wAxJ9
https://paperpile.com/c/VbGZjS/LvOlD
https://paperpile.com/c/VbGZjS/J7nFZ
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be performed in this format repeatedly using a range of constant pulling speeds from 100 nm s-

1 to 800 nm s-1 to build up large statistics. In this measurement format, it is important to note 

that the cantilever and surface molecules are always freshly probed, so the refoldability of the 

cantilever-borne molecules does not play a role.  

For the N-terminal anchor point, anticalin was cloned and expressed with the Fgβ 

peptide at its N-terminus and measured using the freely diffusing setup. However, since the 

SdrG:Fgβ complex is itself directionally dependent, it was not possible to use Fgβ as a C-

terminal anchor point. To anchor the anticalin from the C-terminus, we used an AFM setup 

with tethered anticalin, where a polyprotein containing anticalin at the N-terminus (anticalin-

FLN-ELP-ybbr) was directly immobilized on the cantilever, as shown in Figure 3.1E. The 

protocol for AFM cantilever approaching, dwelling and retracting was kept the same as for the 

setup with freely diffusing anticalin. 
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Figure 3.2 Dependency of anticalin:CTLA-4 complex stability on anticalin anchor position. A: 

Example AFM force-extension traces measured with eight different pulling geometries. Each trace 

shows unfolding of 2 FLN fingerprint domains and rupture of the anticalin:CTLA-4 complex for a given 

anchor residue on anticalin. B: Most probable rupture forces of the anticalin:CTLA-4 complex at various 

pulling speeds were plotted against the anchor residue number on anticalin. Error bars represent standard 

deviation of rupture forces measured at 100 nm s-1 (minus) and 800 nm s-1 (plus) pulling speeds. C: 

Most probable rupture forces measured at different pulling speeds were plotted against the logarithm of 

average loading rate and fitted linearly to extract the zero-force off rate k0 and distance to the transition 

state Δx‡. Error bars represent the standard deviation of rupture forces and loading rates. D: Force-

dependent off rate of anticalin:CTLA-4 complex was plotted against force and fitted using Eq. 6 to 

extract k0, Δx‡ and ΔG‡. Error bars represent the standard deviation of off rates measured at four different 

pulling speeds. 
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3.2.2 Different pulling geometries gave rise to diverse unbinding energy 

profiles 

In a typical AFM measurement (~12 h), around 10,000 force-extension curves were 

recorded and transformed into contour length space using a freely rotating chain (FRC) 

elasticity model [143]. The curves were filtered based on the two-step unfolding pattern and 32 

nm contour length increment of two FLN fingerprint domains [264]. In both AFM setups with 

freely diffusing or tethered anticalin, one FLN was on the cantilever and another was on the 

cover glass. We only analyzed the curves containing two FLN unfolding events to rule out 

nonspecific interactions and multiple parallel interactions between the tip and glass surface. 

Example force-extension curves of different pulling geometries are shown in Figure 3.2A and 

3.S3. Intermediate unfolding events were observed in ~9% of selected force curves, including 

all eight pulling geometries (Figure 3.S3). We aligned the contour length histograms of all the 

selected curves using cross-correlation analysis. The resulting superposition histogram (Figure 

3.S4) [134,271] showed contour length increments corresponding to the two FLN domains, 

which together added 64 nm of additional contour length to the system.  

Rupture forces of the anticalin:CTLA-4 complex for each Fgβ anchoring residue 

number were measured in separate AFM data collection runs at four different pulling speeds 

ranging from 100 to 800 nm s-1. The forces required to dissociate anticalin from CTLA-4 were 

plotted as histograms, as shown in Figure 3.S5. The histograms were fitted to extract the most 

probable rupture forces, which were plotted against the anchor residue number on anticalin 

(Figure 3.2B). It is clear from the plot that the mechanical stability of the anticalin:CTLA-4 

complex is highly dependent on the anticalin anchor residue number. N- and C-terminal pulling 

points were among the lowest in stability, rupturing at 100-125 pN. The stability significantly 

rose for anchor points located near the middle of the protein sequence, for example at residues 

60 and 87. Peak stability (~225 pN) was achieved when anticalin was anchored at residue 60, 

between β-strands S2 and S3.  

We used Bell-Evans (BE) [123,317] and Dudko-Hummer-Szabo (DHS) [128,129] 

models to extract the unbinding energy profile parameters for each pulling geometry. As shown 

in Figure 3.2C, the rupture forces measured at each pulling speed were plotted against the 

logarithm of loading rate, and the most probable rupture forces were linearly fitted against the 

https://paperpile.com/c/VbGZjS/HViuX
https://paperpile.com/c/VbGZjS/J7nFZ
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average loading rate at a given pulling speed to extract the zero force off-rate (k0) and the 

distance to the energy barrier (Δx‡) using the BE model. We next used the DHS model (Figure 

3.2D) to transform the rupture force histograms into force-dependent off-rates (Eq. 4), and fitted 

the resulting plot using Eq. 6 to obtain the k0, Δx‡ and the height of the energy barrier (ΔG‡). The 

k0, Δx‡ and ΔG‡ values obtained using both models are listed in Table 3.1.  

It is clear from Figure 3.2 and Table 3.1 that the complex crossed unbinding energy 

barriers with significantly different heights and shapes when pulled from different anchor 

points. Depending on the anchor residue number, the kinetic off-rate koff at a given force can 

vary by 2-3 orders of magnitude (Figure 3.2D, 100 pN). Both DHS and BE models extracted 

short Δx‡ values for anchor residue 60 (DHS: 0.25 ± 0.02 nm; BE 0.30 ± 0.01 nm) indicating a 

short steep energy barrier when tension was applied through the middle of the beta barrel on 

anticalin. 

 

3.2.3 Analysis with anisotropic network model 

To help interpret our experimental observations, we applied an anisotropic network 

model (ANM) to calculate the effective spring constant between different pairs of residues 

[318,319] in the protein complex. The ANM has been previously applied to several isolated 

protein domains including α-amylase inhibitor, green fluorescence protein (GFP), human 

ubiquitin and E. coli pyruvate dehydrogenase (PDH) E2lip3 domain, and the results were 

compared with MD simulations and experimental data [172,320]. Here we applied the ANM to 

the anticalin:CTLA-4 complex and derived effective spring constants between pairs of residues 

located on separate chains within the crystal structure. One residue was held fixed at the C-

terminus of CTLA-4 while the other was scanned through all the residues on anticalin (Figure 

3.S6). To compare the predicted force constants from the ANM with the rupture forces and 

energy landscape parameters, we focused on the eight anchor residues on anticalin which were 

experimentally measured by AFM-SMFS (Table 3.S1). As shown in Figure 3.S7, the 

correlation between the experimentally measured rupture forces and the effective spring 

constant is not significant (p = 0.42). However, the k0 parameter derived using the DHS model, 

along with the Δx‡ value derived from the BE model were both statistically correlated (p < 0.05) 

with the effective spring constants between pairs of residues predicted by the ANM. The ΔG‡ 

parameter derived from the DHS model was weakly correlated (p = 0.07). Both ΔG‡ (DHS) and 

https://paperpile.com/c/VbGZjS/KHF6x+a0EtH
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Δx‡ (BE and DHS) increased with increasing effective force constant, while k0 (DHS model) 

decreased with increasing effective force constant. The k0 calculated using the BE model, 

however, had negligible correlation with the effective force constant. We note that the 

unbinding energy profile measured for anticalin anchored from residue 55 was considered an 

outlier and excluded from the aforementioned correlation analysis. Residue 55 is the only 

anchor point located in a rigid region (β-strand) of anticalin. All other anchor residues are 

located at termini or within flexible loops. Due to its comparatively high structural rigidity, 

position 55 gave rise to the highest effective spring constant predicted by ANM, and resulted 

in a unique unbinding energy profile with a medium to low energy barrier and short Δx‡. 

Excluding residue 55, several of the experimentally determined energy landscape parameters 

were statistically correlated with the effective spring constant determined by the ANM 

approach. These findings provide evidence that ANM can be used to predict the anisotropic 

mechanical properties of protein-protein complex binding interfaces (Figure 3.S6 and 3.S7).  

 

Table 3.1 Unbinding energy landscape parameters of the anticalin:CTLA-4 complex under 

different pulling geometries.  

Anchor 

point on 

anticalin 

log(k0) 

(DHS) 

log(k0) 

(BE) 

Δx‡ [nm] (DHS) Δx‡  [nm] (BE) ΔG‡  [kBT] (DHS) 

1 -3.0±0.2 -3.1±0.3 0.50±0.05 0.40±0.03 16.8±0.6 

21 -4.2±0.5 -4±3 0.63±0.09 0.4±0.2 18±1 

55 -2.0±0.3 -2.4±0.3 0.27±0.04 0.26±0.02 13.9±0.9 

60 -2.7±0.2 -4.7±0.2 0.25±0.02 0.30±0.01 17±1 

87 -3.7±0.3 -6.0±0.6 0.38±0.03 0.41±0.03 17.8±0.4 

116 -4.0±0.1 -5±1 0.57±0.02 0.44±0.07 17.2±0.2 

143 -4.4±0.6 -3±1 1.0±0.1 0.6±0.1 18±1 

178 -3.8±0.6 -1.6±0.4 0.8±0.1 0.36±0.04 17±1 
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3.2.4 Utilizing experimental data to improve hybrid all-atom and Gō-

MARTINI descriptions of protein binding interfaces 

Next we analyzed the anticalin:CTLA-4 system using a structure-based coarse grained 

model that combined the MARTINI force field [321,322] with a Gō-like description of all 

native contacts that maintain secondary and tertiary structures in the protein. The latter model 

has been used in previous studies on mechanical stability of single protein domains [323–325] 

and protein aggregates [326–328]. Combined Gō-MARTINI now allows analysis of large 

conformational changes in proteins, and the characterization of protein mechanical properties 

[329,330]. Gō-MARTINI simulations of anticalin:CTLA-4 dissociation under different pulling 

geometries at first failed to reproduce the rupture force profile as a function of residue position 

as obtained by SMFS (Figure 3.S8). This indicated an incomplete representation of the 

energetics at the interface, a known issue in MARTINI force fields [331]. Hence, an additional 

set of native contacts (NCs) obtained from the crystal structure (PDB code 3BX7) were included 

in the Gō-MARTINI model to better describe the binding interface between anticalin and 

CTLA-4 (Figure 3.S8A) using Gō contact map determination 

(http://pomalab.ippt.pan.pl/GoContactMap/). However, this minimal description of contacts 

was again insufficient to capture the experimental SMFS profiles (Figure 3.S8B). To provide 

qualitative agreement with experiments and remain consistent with a minimal representation of 

the binding interface dictated by structure, an additional native contact was introduced. This 

contact was chosen through a systematic process considering contacts established within a 

cutoff distance equal to 0.9 nm between any pair of Cα-atoms laying at the interface. Then, we 

performed pulling simulations for each of them to identify the one which improved the rupture 

profile. Thus, an additional contact between PRO102 (CTLA-4) and VAL66 (anticalin) was 

included in the contact map (CM). The updated CM improved the energetic description of the 

protein-protein interface and could be tuned to achieve simulations that reproduced the 

experimental rupture force profiles (Figure 3.S8B). In order to map the energetics of the all-

atom MD simulation for the interface, the energy of the additional contact was tuned to 

reproduce atomistic energy in equilibrium. This step corrects the energy scale of the protein-

protein interface via an energy parameter (εcore). Note that the standard native contact energy 

(εGō-MARTINI) is equal to 9.414 kJ mol-1 in the Gō-MARTINI model. The εcore parameter was 

incrementally increased, and the system was evaluated via pulling simulations at different 

residue positions until the rupture force profile reached a qualitative agreement with the 

https://paperpile.com/c/VbGZjS/ifp35+auqk8
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experiments (SMFS data from Figure 3.2B). The corresponding value of εcore that allowed this 

reconciliation was achieved at εcore = 100 kJ mol-1 (see Figure 3.S8B). This result was validated 

in an ensemble (n=100) of different pulling simulations (see Figure 3.S9) for each anchor point. 

Although the optimal εcore value is an order of magnitude larger than εGō-MARTINI , its value is 

bounded by the typical energy scales we found in all-atom MD simulation. The energetic 

decomposition for the anticalin:CTLA-4 complex allows us to verify the improvement given 

by the Gō-MARTINI description. Table 3.S2 shows the energy values for each protein chain 

and the protein-protein interface, which was defined by amino acid residues that form contacts 

between CTLA-4 and anticalin in the native structure. On average the energy at the interface in 

all-atom MD corresponded to 4% of total energy. The same decomposition for the Gō-

MARTINI model assigned an average value of about 6% of the total energy. Note that our 

model retains the energy ratio for CTLA-4 and anticalin in good agreement with all-atom MD. 

The stability of the anticalin:CTLA-4 complex is mediated by the stability of the interface. The 

number of NCs was 189, 275 and 33 NCs for CTLA-4, anticalin and the protein-protein 

interface during 100 ns MD simulation.  
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Figure 3.3 Molecular characterization of Gō-MARTINI trajectory for anticalin:CTLA-4 complex 

at different pulling geometries. A: The translation of anticalin COM for anchor residue 1 under a force 

applied along the z direction. The CTLA-4 was used as a reference system to define the normal plane. 

Blue circle denotes the starting anticalin COM position and the red one its translation along -y direction 

at Fmax. B and C: The relative translation of the anticalin COM with respect to CTLA-4 molecule for 

two anticalin anchor residues 1 (B) and 60 (C) at F = 0 and F = Fmax. Color bars indicate the probability 

of finding the COM in a given position along the X-Y plane which is perpendicular to the z direction of 

symmetry of the complex. D: The beta-sheet structure of the anticalin and its color representation. E 

and F: The intrachain native contact (NC) evolution for anticalin computed for each beta-sheet during 

the pulling process. Severe loss of contacts affects the anticalin for the pulling residue 1 (E), whereas 

almost no loss of NC is reported for anchor residue 60 (F). Color line is in agreement with the panel D.   
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3.2.5 Calibrated Gō-MARTINI model provides molecular insights into 

deformation pathways 

With the calibrated model established, we next analyzed the trajectories to help explain 

the observed differences in binding strength as a function of anchor point. The first analysis we 

carried out was to monitor the position of the center-of-mass (COM) of anticalin during the 

pulling simulations (see Figure 3.3A). Figure 3.3B and C compares the COM position of 

anticalin at zero force and at the maximal force observed in the simulation (Fmax) for anticalin 

anchor residues 1 (low stability) and 60 (high stability). For anchor residue 1, at Fmax the COM 

of anticalin was clearly shifted in the negative y-direction by ~0.75 nm and in the negative x-

direction by ~0.2 nm. However, when pulling anticalin from residue 60, the anticalin COM 

stayed close to its original position, translating slightly in the positive y-direction (~0.1 nm) and 

negative x-direction (~0.2 nm). These differences suggest a scenario where pulling from the N-

terminus results in a peeling-like behavior of anticalin off of CTLA-4, while pulling from 

position 60 results in a well-aligned system that cooperatively breaks without translating. 

Analysis of the xy translation of anticalin COM was carried out for each anchor residue under 

pulling simulations (Figure 3.S10). These plots show that COM translation behavior is distinct 

for each anchor point. The lowest stability anchor point tested experimentally (residue #143) 

also shows a broad distribution of translation values for anticalin COMs at Fmax suggesting 

significant deformation of the complex and rearrangement under tension.  

The second MD analysis we carried out was to analyze the number of NCs (Figure 3.3E 

and F and Figure 3.S11) lost in different regions of anticalin when it was pulled from different 

directions. When pulling from residue 1, NCs were steadily lost in N-terminal beta strands S1, 

S2, S3 as well as S6 prior to rupture. However, when pulling from residue 60, few to no 

intramolecular NCs were lost in the anticalin (Figure 3.3F). The anticalin COM shift is more 

pronounced when several anticalin beta-sheets lose some of the stabilizing NCs (Figure 3.S11). 

Our analysis of the intrachain NCs suggest that breaking NCs in the beta strands makes the 

anticalin more flexible and its COM samples new positions through different pathways. 

Furthermore, pathways involving partial unfolding processes and severe loss of NCs were 

observed for anchor residues 1 and 21 (Figure 3.S11). The NCs on the binding interface also 

behave differently depending on the pulling geometry (Table 3.S3 and Figure 3.S12). The 

interface NCs were lost at different rates with different pulling geometries and the number of 
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remaining interface NCs at Fmax (immediately prior to rupture) varies across the simulations 

and shows positive correlation (p<0.05) with the rupture force measured both in vitro and in 

silico (Figure 3.S13). In addition, a few non-native contacts (about five, see Figure 3.S12) are 

established after the rupture. However, the new protein-protein interactions established during 

the dissociation pathway are not strong enough to maintain the mechanical stability of 

anticalin:CTLA-4 complex. Based on the simulation analyses, we conclude that the persistence 

of the original set of interface NCs, the translation of the anticalin COM and the loss of beta 

strand structure explain the geometric dependency of the mechanical properties of the complex. 

 

 

Figure 3.4 Depictions of anticalin:CTLA-4 complex unbinding energy landscape as a function of 

molecular pulling geometry. A: Energy landscape depiction where anchor point residues are 

represented as cardinal and ordinal directions of a compass. Under a constrained pulling geometry, the 

complex is forced to traverse different unbinding pathways across the energy landscape. These different 
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paths give rise to energy barriers with diverse heights and shapes. B: 1D depiction of unbinding energy 

barrier heights and positions calculated using the DHS model for each pulling geometry (see Table 3.1). 

C: Anchor points on the anticalin colored based on mechanical stability of the complex pulled through 

that position. The most and least mechanostable anchor points on the anticalin are residues 60 (red) and 

143 (dark blue), respectively.  

 

3.3 Discussion and outlook 

Here, we reported a novel AFM-SMFS experimental method to covalently click a 

mechanostable peptide handle to internal residues of the non-antibody scaffold 

anticalin/lipocalin and to measure the rupture forces of anticalin:CTLA-4 complexes using an 

AFM setup with freely diffusing molecules. Using this method, we observed how the 

anticalin:CTLA-4 complex responds to external forces applied from different directions and 

found that the mechanical stability of the complex is highly dependent on the pulling geometry. 

When pulling from anticalin residue 60, the complex could withstand a high force up to 200 

pN, which is ~100% higher than the least mechanically stable pulling geometry (residue 143). 

To confirm that the different constructs have similar equilibrium affinity, we measured the 

dissociation constant between CTLA-4 and three anticlain mutants using microscale 

thermophoresis (MST). As shown in Table 3.S4, although the anticalin E60AzF and E143AzF 

mutants have distinct responses to forces when pulled from different geometries, they have 

similar affinity towards CTLA-4 at equilibrium. The exception is the I55AzF mutant, which 

has a slightly lower affinity with CTLA-4. The anticalin mutants were conjugated with a bulky 

molecule using DBCO-azide reaction in both SMFS (with Fgβ peptide) and MST (with AF647 

dye) measurements. Since residue 55 is on a β-strand, which is a part of the anticalin β-barrel 

structure, the mutation to pAzF and conjugation of peptide or fluorescent dye may have slightly 

destabilized the anticalin:CTLA-4 complex. Therefore, the I55AzF mutant gave rise to a lower 

energy barrier in SMFS measurement (see Table 3.1 and Figure 3.S7) as well as lower 

equilibrium affinity in bulk experiments compared to other anticalin constructs. 

Figure 3.4A and B illustrates the complex dissociation energy landscape. In the 

absence of force, the complex has the same free energy in different pulling geometry scenarios. 

When external force is applied to the complex from different anchor points, the complex 

unbinds through different pathways. These pathways correspond to unbinding energy barriers 
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with different shapes and heights, giving rise to distinct responses to forces. It is worth noting 

that the energy barrier of the most mechanostable pulling geometry (anchor residue 60) is not 

the highest, but its exceptionally short Δx‡ contributed to the high resistance to external force. 

On the contrary, although the pulling geometry with anchor residue 143 has the highest energy 

barrier, the long Δx‡ made it the least mechanostable pulling geometry. Another interesting 

pulling geometry, anchor residue 55, has a unique energy landscape with the lowest energy 

barrier and a short Δx‡, giving rise to a mediocre rupture force among all pulling geometries. 

Therefore, the mechanical stability of the complex is determined by an interplay between the 

height and the shape of unbinding energy barriers. 

We further used the anisotropic network model (ANM) to calculate the force constant 

between the eight anchor residues on the anticalin and the C-terminal anchor point of CTLA-4. 

While the effective force constant has very weak correlation with the rupture force, it is 

correlated with many of the energy profile parameters calculated using both Bell-Evans and 

Dudko-Hummer-Szabo models. However, residue 55 of anticalin, which is located on a rigid β 

strand while all the other anticalin anchor points are at the termini or in flexible loops, is an 

outlier in all of these correlations. This indicates that the AMN approach has certain limitations 

and additional factors, for example secondary structure, should be accounted for when applying 

this method. 

The computational approach for investigating the nanomechanical stability of the 

anticalin:CTLA-4 complex under different pulling directions was parametrized by tuning the 

interface energy. This rendered the Gō-MARTINI approach a very predictable model for the 

study of large conformational changes of protein complexes at much cheaper computational 

cost than in regular SMD simulation allowing larger sampling of pathways. This model not 

only allowed the reproduction of the phenomenological one-to-one experimental SMFS profile 

for anticalin:CTLA-4 complex, but also unveiled microscopic pathways and mechanistic 

explanations of the higher mechanical stability observed when pulling anticalin at residue 60. 

Our computational study explained this stability in terms of translations of anticalin COM, and 

loss of NCs in anticalin. The simulations show that certain pulling directions can partially 

unfold the anticalin and destabilize the interface while other positions maintain the close contact 

of the proteins at the interface. 

The anticalin against CTLA-4 shares very high structural similarity with other 

previously reported engineered anticalins (Figure 3.S1). In the future, it will be interesting to 
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see if the mechanically optimal pulling point (residue 60) is generalizable to other 

anticalin:ligand complexes. Our research demonstrated that the mechanical stability of protein-

ligand systems can be tuned by precisely controlling the loading geometry, without changing 

equilibrium binding properties. This suggests a new paradigm for affinity maturation of non-

antibody scaffolds by correctly choosing the anchor points. Such an approach could be 

particularly beneficial for targeting therapeutic nanoparticles or imaging probes which can exert 

shear forces onto binding interfaces. 

 

3.4 Follow-up study: anticalin targeting CD98hc 

 As discussed in section 3.3, it would be interesting to study the mechanically anisotropic 

behaviors of other anticalins to generalize the conclusions of this study. Another anticalin, 

namely anticalin P3D11, targets human cell receptor CD98 heavy chain (CD98hc) [310]. 

Overexpression of CD98 is observed in several cancers [332–334]. Therefore, CD98 is 

considered as a tumor marker and a potential target for tumor diagnosis and drug delivery. Like 

the CTLA-4 anticlain, the anticalin targeting CD98hc was also based on the human lipocalin 

LCN2 [310]. These two anticalins have highly homologous structures and exactly the same 

number of amino acids (178 amino acids) and share 81% amino acid sequence identity. The 

structures of anticalins in complex with CTLA-4 and CD98hc are shown in Figure 3.S14AB 

and the sequence alignment between the two anticalins is shown in Figure 3.S14C, showing 

that the non-conservative regions are mostly on the open end of the anticalin β-barrel. 

 The rupture force of the anticalin:CD98hc complex was measured at four different 

pulling speeds (100, 200, 400 and 800 nm s-1) using the same AFM setup shown in Figure 

3.1D, with Fgβ inserted at the N-terminus of anticalin and expressed as a fusion protein. The 

CD98hc was expressed with a SpyTag at the N-terminus (SpyTag-CD98hc) and covalently 

conjugated with ybbr-His-ELP-FLN-SpyCatcher protein using the spontaneous isopeptide 

bond between the SpyTag and SpyCatcher (see Figure 3.S15A). The conjugated protein was 

immobilized on the glass surface via the ybbr tag. This configuration pulls the CD98hc from 

its N-terminus, precisely mimicking the pulling geometry in vivo. 

 The rupture force between anticalin and CD98hc (pulling from N-terminus of anticalin) 

was plotted against the loading rate and fitted linearly to extract the distance to the transition 

https://paperpile.com/c/VbGZjS/iuOeL
https://paperpile.com/c/VbGZjS/u3zz+jl29+19ti
https://paperpile.com/c/VbGZjS/iuOeL
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state Δx‡ and zero-force off rate k0, as described by Eq. 1.5. The rupture force-loading rate plot 

is shown in Figure 3.S15B. In addition to the BE model, the DHS model was also used to 

analyze the data. The rupture force histograms (Figure 3.S15C) were transformed to force-

dependent off rate (Eq. 1.10 and Eq. 1.11) and plotted against the force (Figure 3.S15D). Eq. 

1.6 was used to fit the off rate-force plot to extract  Δx‡, ΔG‡ and k0, which are listed in Table 

3.S5. 

 Table 3.S5 provides a comparison between the energy profile parameters of two 

different anticalins in complex with their target, CD98hc and CTLA-4, respectively. The 

parameters were measured with the same anchor point on the anticalin side (N-terminus) and 

calculated using both BE and DHS models. While the BE model gives distinct k0 values 

between these two anticalin:ligand complexes, the Δx‡ values given by the BE model and the 

parameters given by the DHS model are very similar. In addition, the rupture force of these two 

complexes are also very similar (136.6 pN for anticalin:CD98hc and 113.8 pN for 

anticalin:CTLA-4 at 100 nm s-1). These results indicate that the mechanical properties of these 

anticalin:ligand complexes is primarily decided by the anticalin, since the two ligands (CD98hc 

and CTLA-4) have significantly different structures (see Figure 3.S14A) and the binding 

interface residues are different in these two complexes. 

 These two anticalins have exactly the same residue number and highly similar 

structures, making it very easy to design parallel experiments and compare the results. The next 

steps would be to dissociate anticalin from CD98hc by pulling from other residues on the 

anticalin, including the same positions as the anticalin:CTLA-4 complex (residue numbers 21, 

55, 60, 87, 116, 143 and 178) and other residues to expand the study to other structural elements 

(helices and other β-strands). The difficulty is that the anticalin against CD98hc has very low 

expression yield compared to the anticalin targeting CTLA-4. As a result, the expression failed 

when replacing the anchor residues of CD98hc anticalin with AzF using amber suppression, 

which further decreased the yield. One approach to enhancing protein expression yield is to 

express the target protein fused with another well-folded domain (also known as carrier protein) 

to increase the solubility and expression yield of the target protein. The fusion domain (carrier 

protein) can be subsequently cleaved using protease, if a protease cleavage tag is added between 

these two domains. One of the successful carrier proteins is xylanase, which has been used in 

the expression of dockerins [335]. A xylanase-anticalin construct was designed and cloned (see 

Supplementary note 3.2), but it did not enhance the yield sufficiently to produce anticalin 

https://paperpile.com/c/VbGZjS/zLxq
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mutants using amber suppression. Other fusion domains could be used in the future to enhance 

the expression yield, for example maltose-binding protein (MBP) [336]. 

 

3.5 Methods 

3.5.1 Expression and purification of Fgβ-anticalin and anticalin-ddFLN4-

ELP-ybbr 

The constructs were cloned in a pET28a vector, which was used to transform 

NiCo21(DE3) competent cells (New England Biolabs, Ipswich, MA, USA). The cells were 

grown in terrific broth (TB) medium containing 50 μg mL-1 kanamycin at 37 °C until OD 

reached ~ 0.6. The protein expression was induced by adding isopropyl β-D-1-

thiogalactopyranoside (IPTG) to a final concentration of 0.5 mM and incubating at 20 °C 

overnight. The cells were subsequently pelleted and lysed using sonication. The cell lysate was 

loaded to a His-trap column (GE Healthcare, IL, USA), washed with phosphate buffered saline 

(PBS, 137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 2 mM KH2PO4, pH = 7.4) with 20 

mM imidazole and eluted with PBS buffer supplemented with 500 mM imidazole. The eluate 

was further purified with Superdex Increase 200 10/300 GL size-exclusion column (GE 

Healthcare). 

 

3.5.2 Expression and purification of CTLA-4-ddFLN4-ELP-ybbr 

CTLA-4 contains two disulfide bonds and therefore we used a system to facilitate 

cytoplasmic disulfide bond formation in E.coli (CyDisCo) to express the CTLA-4-ddFLN4-

ELP-ybbr fusion protein. We co-transformed NiCo21(DE3) competent cells with pET28a 

vector carrying CTLA-4-ddFLN4-ELP-ybbr and pMJS205 vector carrying sulfhydryl oxidase 

Erv1p and disulfide bond isomerase PDI[337]. The transformed cells were grown in TB 

medium containing 50 μg mL-1 kanamycin and 34 μg mL-1 chloramphenicol at 37 °C until OD 

reached ~ 0.8. The expression of Erv1p, PDI and CTLA-4-ddFLN4-ELP-ybbr was induced by 

adding 0.5 mM IPTG, followed by incubating at 20 °C overnight. The CTLA-4-ddFLN4-ELP-

ybbr protein was purified using the same procedure as the Fgβ-anticalin construct. 

 

https://paperpile.com/c/VbGZjS/pQgv
https://paperpile.com/c/VbGZjS/CdI2Q
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3.5.3 Amber suppression 

Anticalin constructs with internal anchor points were expressed using an amber 

suppression system. The wild-type anticalin was cloned to a pET28a vector and the codon 

encoding the amino acid at the selected anchor point was mutated to an amber codon (TAG). 

NiCo21(DE3) competent cells were co-transformed using the expression vector and plasmid 

pEVOL-pAzF (addgene #31186). Cells were grown in 500 mL LB medium supplemented with 

50 μg mL-1 kanamycin and 25 μg mL-1 chloramphenicol at 37 °C until OD reached 0.8, washed 

with 500 mL M9 minimal medium and transferred to 250 mL M9 medium supplemented with 

50 μg mL-1 kanamycin, 25 μg mL-1 chloramphenicol, 0.2 mg ml-1 p-azido-l-phenylalanine 

(pAzF) and 0.02% arabinose. The culture was incubated at 37 °C for 1 h and was supplemented 

with 1 mM IPTG, followed by incubation at 20 °C overnight. The cells were lysed and the 

protein was purified using the same procedure as the wild-type Fgβ-anticalin construct. 

 

3.5.4 Conjugation of Fgβ peptide and anticalin 

5x molar excess of Fgβ-StrepTag-DBCO peptide (JPT Peptide Technologies GmbH, 

Berlin, Germany) was added to AzF-incorporated anticalin. The mixture was incubated at room 

temperature with shaking for 1 h, followed by incubation at 4 °C overnight. The reaction 

mixture was purified with size-exclusion column (SEC) to remove the excess peptide. The 

protein purified with SEC was loaded to a Strep-Trap column (GE Healthcare) and eluted using 

PBS buffer with 2.5 mM desthiobiotin to remove unreacted anticalin. 

 

3.5.5 Microscale thermophoresis measurements 

The anticalin I55AzF, E60AzF and E143AzF mutants were labeled with AF647 

fluorescent dye (Jena Bioscience, Jena, Germany) by mixing the protein with 5x molar excess 

of DBCO-AF647, incubating at room temperature for 1 h, and incubating at 4 °C overnight. 

The labeled proteins were separated from unreacted free dye molecules using size-exclusion 

column. 

The titration samples were prepared by mixing 10 nM labeled anticalin with a series of 

unlabeled CTLA-4 with different concentrations ranging from 110 pM to 3.6 μM. The 
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microscale thermophoresis (MST) traces of each titration sample were measured using a 

Nanotemper Monolith NT.115 (NanoTemper Technologies GmbH, Munich, Germany). The 

temperature-related fluorescence intensity change was recorded for each sample and plotted 

against the concentration of CTLA-4 to derive the dissociation constant between anticalin and 

CTLA-4. 

 

3.5.6 Surface chemistry for AFM measurements 

Cover glasses and Biolever mini (Olympus) AFM cantilevers were amino-silanized 

with (3-aminopropyl)-dimethyl-ethoxysilane (APDMES, ABCR GmbH, Karlsruhe, Germany). 

The silanized surfaces were incubated in 10 mg/mL sulfosuccinimidyl 4-(N-

maleimidomethyl)cyclohexane-1-carboxylate (sulfo-SMCC, Thermo Fisher Scientific, 

Waltham, MA, USA) at room temperature for 30 min, followed by incubation in 200 μM 

coenzyme A (CoA, Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 2 h. The 

cover glasses and cantilevers were extensively washed with ddH2O after each incubation step. 

The CoA-coated cover classes and cantilevers were incubated in CoA-ybbr reaction mixture, 

consisting of ~40 μM ybbr-tagged protein, 5 μM Sfp (phosphopantetheinyl transferase) enzyme 

and 20 mM MgCl2, at room temperature for 2 h and subsequently washed with PBS buffer and 

stored in PBS until further use. 

 

3.5.7 AFM measurements 

AFM-SMFS measurements were performed on a Force Robot AFM (Bruker, Billerica, 

MA, USA). The contact-free method was used to calibrate the cantilever spring constants 

(ranging from 0.02 N m-1 to 0.14 N m-1) and detector sensitivity. The cantilever and cover glass 

were submerged in PBS buffer. In the measurements using freely diffusing anticalin, ~ 1 μM 

Fgβ-conjugated anticalin was added to the measurement buffer. The cantilever was approached 

to the glass surface, dwelled for 200 ms and retracted at a constant speed ranging from 100 nm 

s-1 to 800 nm s-1 (100 nm s-1, 200 nm s-1, 400 nm s-1 and 800 nm s-1). The x-y position of the 

stage was moved by 100 nm after each approach-retraction cycle to probe a new molecule on 

the surface. 
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3.5.8 AFM data analysis 

The recorded force-extension curves were transformed to contour length using the freely 

rotating chain (FRC) model. This model assumes that the polymer chain consists of bonds with 

length b and fixed angle ϒ, as described by Eq. 1.17 [143]. 

The force-extension curves were subsequently filtered based on the 64 nm contour 

length increment from the unfolding two FLN fingerprint domains. The final rupture forces and 

force loading rates were extracted from the selected force-extension curves. The rupture forces 

measured at different pulling speeds were plotted in histograms and the rupture force 

distribution p(F) was fitted with Bell-Evans model (Eq. 1.4) [317] to extract the most probable 

rupture force. 

The rupture force was plotted against the logarithm of loading rate and the most 

probable rupture force at each pulling speed was fitted against the average loading rate using a 

linear model to extract k0 and Δx‡, as described by the Bell-Evans model (Eq. 1.5) [123,317]. 

In addition to the Bell-Evans model, we used the Dudko-Hummer-Szabo model to 

calculate the energy barrier parameters [128,129]. All rupture force histograms were plotted 

with equal binwidth ΔF = 20 pN. Each bin of the rupture force histogram was transformed into 

force-dependent off rate using Eq. 1.10. The calculated force-dependent koff(F) was plotted 

against force and fitted using Eq. 1.6. 

 

3.5.9 Calculation of effective spring constant using anisotropic network 

model 

The effective spring constants were calculated using the MechStiff function of the 

ProDy Python package [172,338]. The Python code (see Supplementary Note 3.3) was 

adapted from the mechanical stiffness calculations tutorial of ProDy, available at 

http://prody.csb.pitt.edu/tutorials/mech_stiff/sm.html. The first five residues of anticalin are 

missing in the protein structure. Therefore the residue 6 of anticalin was considered as the N- 

terminus when calculating the force constant between the C- terminus of CTLA-4 and the 

anticalin residues. 

 

https://paperpile.com/c/VbGZjS/HViuX
https://paperpile.com/c/VbGZjS/kwige
https://paperpile.com/c/VbGZjS/d2fnS+kwige
https://paperpile.com/c/VbGZjS/xXMDJ+sB3z5
https://paperpile.com/c/VbGZjS/GcAbH+jdH14
http://prody.csb.pitt.edu/tutorials/mech_stiff/sm.html
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3.5.10 Computational modelling 

The crystallographic structure of the anticalin:CTLA-4 complex was taken from the 

deposited structure (PDB code 3BX7). Several missing residues were reconstructed using 

MODELLER [261] and UCSF Chimera [339]. In order to obtain a well-defined native contact 

map for the Gō-MARTINI simulation we employed an all-atom MD description in explicit 

water of the anticalin:CTLA-4 complex. The system was simulated by the CHARMM36c force 

field in GROMACS software [340]. The long-range electrostatic interactions were evaluated 

using the particle mesh Ewald (PME) method [341] with a grid size of less than 0.12 nm. A 

time step equal to 2 fs was used for integration of the potential function. The system was 

solvated with TIP3P water molecules and Na+ and Cl- ions were added to achieve the 

concentration of 150 mM and neutralize the whole system. Pre-equilibration steps were 

employed by first running an energy minimization step followed by equilibration in NVT 

ensemble at 300 K and final equilibration step was done in NPT ensemble. The temperature 

and the pressure of the system were set to 300 K and 1 bar using V-Rescale thermostat[342] 

and Berendsen barostat coupling methods. The production run was carried out at the same 

thermodynamics parameters of temperature and pressure using V-Rescale and Parrinello-

Rahman algorithms respectively for 100 ns. The molecular trajectory was used to calculate the 

native contact map. In total we got 1000 maps based on the rCSU+OV contact map 

determination protocol. Only contacts with high frequencies (i.e. larger than 0.9) were 

considered. The set of contacts chosen avoid placing contact in flexible loops or other highly 

flexible regions in each protein chain. 

The atomistic system was mapped onto a coarse-grained resolution via the MARTINI 

approach [321] and the secondary and tertiary structure were retained by the Gō-MARTINI 

interactions [329] with an effective depth (ε) of Lennard-Jones (LJ) potential equal to 9.414 kJ 

mol-1 and the corresponding σij of the LJ potential is determined by the following relationship, 

σij = d/21/6, with d being the Cα–Cα distance between a pair of residues that form a native 

contact. The set of native contacts or Gō-MARTINI interactions were determined through our 

local server (http://pomalab.ippt.pan.pl/GoContactMap/). From the all-atom simulation in 

equilibrium we obtained the following set of contacts for each protein region 189, 275 and 33 

for CTLA-4, anticalin, and anticalin:CTLA-4 interface, respectively. The coarse-grained model 

was pre-equilibrated similarly to the all-atom MD model. 

https://paperpile.com/c/VbGZjS/tS4Yh
https://paperpile.com/c/VbGZjS/Eez4l
https://paperpile.com/c/VbGZjS/QGKlY
https://paperpile.com/c/VbGZjS/et0l2
https://paperpile.com/c/VbGZjS/Tujym
https://paperpile.com/c/VbGZjS/ifp35
https://paperpile.com/c/VbGZjS/Dfp2a
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3.5.11 Characterization of the mechanical stability and unbinding process of 

proteins by Gō-MARTINI 

The nanomechanics of the protein complexes were investigated through a Gō-

MARTINI approach that is based on the combination of the MARTINI model [321] and the 

Gō-like model [323,325,328]. As a result the Gō-MARTINI model has been used to sample 

large conformational changes in proteins and their aggregates [329]. The former method offers 

high computational efficiency, while the latter gives an accurate (as much as all-atom MD) 

energetic description of the process as long as an accurate native contact map is determined. In 

order to quantify the differences in mechanical stability for the anticalin:CTLA-4 complex, we 

performed stretching simulations. The pulling direction was chosen along the end-to-end vector 

connecting the Cα-atom of the CTLA-4 C-terminus and an anchor point in anticalin that was 

pulled along this vector. Moreover, additional beads have to be attached to those Cα-atoms with 

the spring constant being 37.6 kJ mol-1 nm-2, which is a reasonable value of the AFM cantilever 

stiffness in protein stretching studies. The typical time scale in the pulling simulations was on 

the order of 60 ns with a velocity of 5×107 nm s-1, with rupture of the complex generally 

occurring at an earlier stage. Although this value is still far from the experimental values of 

cantilever velocities (100-800 nm s-1), it represents a significant computational improvement 

compared to all-atom SMD whose typical pulling speed is about an order of magnitude larger. 

In practice, the Gō-MARTINI model allows characterization of the process occurring in the 

SMFS experiment at almost the same resolution as conventional all-atom MD.  

In AFM-SMFS, multiple proteins or protein complexes can exhibit several peaks in the 

force-distance profile, which signal the partial unfolding of one protein domain or component. 

Because of the limitations on time resolution and cantilever sensitivity, intermediate unfolding 

states are often missed in the experimental datasets. However, in the case of our computational 

model we can observe these intermediate states with a better resolution and assign to each of 

them a force peak. The largest of these force peaks, Fmax, defines the characteristic largest 

rupture force in the system before dissociation or rupture of the protein-protein interface. Also, 

we can carry out an analysis of the presence of native contact at the rupture force. A contact 

will be present if the native distance, d, between two Cα atoms is less than 1.5 σij.The analysis 

of the mechanical stability required a set of 100 independent trajectories. To fine-tune our data 

https://paperpile.com/c/VbGZjS/ifp35
https://paperpile.com/c/VbGZjS/vF91a+EDKrE+Hfpnh
https://paperpile.com/c/VbGZjS/Dfp2a
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and reproduce the experimental AFM-SMFS rupture profile (see Figure 3.2B),  the strength of 

the contact between residues VAL66 and PRO102 in anticalin and CTLA-4 was increased. The 

energy scale (εcore) that optimized the agreement with the SMFS experiment was in the range 

of  100 kJ mol-1 and was bounded by protein-protein interface energy. The determination of 

non-native contacts in Gō-MARTINI simulations was constructed based on the overlaps of the 

enlarged VdW radii centered on Cα atoms. VdW parameters were taken according to our 

previous work[323]. If the distance of a pair of Cα atoms is smaller than the sum of their 

enlarged VdW radius, then we count the pair as a non-native contact. In order to characterize 

the unbinding process in Gō-MARTINI simulations we devised a reference system using the 

CTLA-4 as no large fluctuations were observed for that molecule. Then, anticalin was aligned 

with respect to CTLA-4. This allowed us to calculate the main axis of symmetry along the 

pulling z-direction and define the plane perpendicular to it in the x-y coordinates. For each 

snapshot in the molecular trajectory the center-of-mass of the anticalin was monitored and its 

changes were projected onto this plane (see Figure 3.S10).  

 

https://paperpile.com/c/VbGZjS/vF91a
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3.6 Supplementary information 

3.6.1 Supplementary figures 

 

Figure 3.S1 Structure and sequence alignments between anticalin targeting CTLA-4 and other 

lipocalin folds. A and B: The structure of anticalin targeting human CTLA-4 (PDB 3BX7) was aligned 

with neutrophil gelatinase-associated lipocalin (NGAL, PDB 1L6M), human tear lipocalin (PDB 3EYC) 

and an anticalin binding fluorescein (PDB 1N0S). The alignment is shown in top view (panel A, from 

the closed end) and side view (panel B). Lipocalins share the same β-barrel structure formed by eight β-

strands. C: Sequence alignment of lipocalins. The anti-(CTLA-4) anticalin was derived from NGAL 

and has a very high sequence homology (84% identity) with NGAL. The different residues are mainly 

on the open end, which was engineered to bind CTLA-4. The human tear lipocalin and fluorescein 

anticalin, which was derived from bilin-binding protein (BBP), have very low sequence homology but 

high structure homology with CTLA-4 anticalin and NGAL. 
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Figure 3.S2 Successful conjugation of Fgβ to anticalin demonstrated by SDS-PAGE and MS. A: 

SDS-PAGE analysis of anticalin S87AzF mutant protein (lane 1) and the product of the conjugation 

reaction with Fgβ-StrepTag-DBCO peptide before (lane 2) and after (lane 3) Strep-Trap column 

purification. Successful conjugation of the peptide increased the protein molecular weight by ~3 kD. 

Unreacted S87AzF protein was mostly removed by the Strep-Trap column. B: Mass spectrometry 

measurements on anticalin S87AzF mutant before and after conjugation with Fgβ-StrepTag-DBCO. The 

theoretical molecular weight of S87AzF mutant is 21,659 Da. After conjugation with the Fgβ peptide, 

the molecular weight increased by 3,305 Da, exactly matching the molecular weight of the synthetic 

Fgβ-StrepTag-DBCO peptide. 
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Figure 3.S3 Example force-extension curves with intermediate unfolding steps. Around 9% of the observed 

curves have intermediate unfolding events prior to complex rupture. Intermediate unfolding events were observed 

in all the eight pulling geometries suggesting the unfolding is attributable to partial unfolding of CTLA-4. 

 

 

Figure 3.S4 Combined contour length histograms measured at different pulling geometries. All 

histograms show the unfolding of two FLN fingerprint domains, giving rise to 64 nm in total contour 

length prior to dissociation of the anticalin:CTLA-4 complex.  
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Figure 3.S5 Rupture force histograms of the anticalin:CTLA-4 complex under different pulling 

geometries. The histograms were fitted with the closed form expression of the Bell-Evans model to 

extract the most probable rupture force.  
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Figure 3.S6 Effective force constant between the C-terminus of CTLA-4 and all anticalin residues. 

A: The effective force constant is plotted against the anticalin residue number and mapped to the 

secondary structure. Rigid regions (β-strands and helices) have higher force constants and the flexible 

regions have lower force constants. B: Heat map of the CTLA-4:anticalin structure (PDB 3BX7) 

showing the effective force constant between anticalin residues and the CTLA-4 C-terminus. The eight 

anchor residues on anticalin are highlighted.  
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Figure 3.S7 Correlations between rupture force or unbinding energy profile and effective spring 

constant between anchor points. A: the rupture force does not significantly correlate with the effective 

spring constant. B-D: the ΔG‡ (B) and Δx‡ (D) calculated using DHS model are positively correlated 

with the effective spring constant while the k0 (C) is negatively correlated with the effective spring 

constant. E and F: the k0 calculated using BE model (E) does not have significant correlation with 

effective spring constant while the Δx‡ (F) is positively correlated. 



Chapter 3 Mapping mechanostable pulling geometries of a therapeutic anticalin/CTLA-4 protein complex 

117 

 

 

Figure 3.S8 Molecular dynamics (MD) simulations and in silico force spectroscopy. A: 

Crystallographic structure of the anticalin:CTLA-4 complex (PDB code 3BX7) with CTLA-4 shown in 

blue and anticalin in red. High frequency native contacts (εGō-MARTINI = 9.414 kJ mol-1 and εcore = 100 kJ 

mol-1) determined in all-atom MD simulation that describe the protein-protein binding interface are 

shown as green and purple solid lines. B: Force-residue profile with εcore equal to 0.0 (blue), 40.0 

(brown), 80.0 (yellow) and 100.0 (red) kJ mol-1 with standard deviation as the error bars shown for εcore= 

0 and εcore= 100. C: Different conformations of the complex are captured by coarse-grained simulations 

at the rupture force. The most relevant native contacts with εGō-MARTINI and εcore that contribute to the 

stability of the pulling geometry at the interface of the complex are highlighted as green and purple solid 

lines respectively. Number below the arrow indicates the anchor residue number. 
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Figure 3.S9 Example force-extension curves and rupture force histograms of anticalin:CTLA-4 

complex at different pulling geometries in Gō-MARTINI simulation.  The pulling studies were 

carried out at 5×107 nm s-1. Each histogram was obtained based on an ensemble of 100 trajectories, with 

four of the trajectories shown here as examples. 
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Figure 3.S10 Relative motion of the anticalin COM during Gō-MARTINI stretching simulations 

of the anticalin:CTLA-4 complex. Data is presented for each pulling geometry at zero applied force 

(left side) and at Fmax (right side). Color bars indicate the probability to find the COM at a given position 

on the X-Y plane which is perpendicular to the z direction of symmetry of the complex. Numbers at the 

top left corner represent the anchor residue number.  
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Figure 3.S11 Evolution of the anticalin intrachain native contacts (NC) during Gō-MARTINI 

stretching simulations of anticalin:CTLA-4 complex. Each color line represents the set of NC for 

each beta-sheet of the anticalin. Large deviations from the original set involve partial unfolding and a 

gain in flexibility of the anticalin. Vertical black lines show the position of breaking of the interface 

contacts at rupture force. Numbers at the top represent the anchor residue number.  
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Figure 3.S12 Profile of native (open circles) and non-native (solid line) interface contacts during 

Gō-MARTINI stretching simulations of anticalin:CTLA-4 complex.  The vertical black line shows 

the position of the native contacts at rupture force. Native contacts and non-native contacts are calculated 

in the ensemble of pulling trajectories (n=100). Error bars are given by the size of the symbol. Number 

next to native contact profile represents the anchor residue number.  
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Figure 3.S13 Rupture forces vs. number of remaining NC at complex rupture. The rupture forces 

measured both in vitro and in silico are positively correlated (p<0.05) with the number of remaining NC 

at complex rupture. 
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Figure 3.S14 Structure and sequence comparison between anticalins targeting CD98hc and 

CTLA-4. A: Anticalin (red) in complex with CD98hc (blue) (PDB code 6S8V). B: Anticalin (red) in 

complex with CTLA-4 (blue) (PDB code 3BX7). C: Sequence alignment between the two anticalins. 

The sequence identity is 81% with the non-conservative regions mostly on the open end of the anticalin 

structure. 
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Figure 3.S15 AFM-SMFS measurement of anticalin:CD98hc complex. A: Experimental setup with 

freely diffusing anticalin expressed with N-terminal Fgβ and CD98hc conjugated with SpyCatcher-ELP-

His-ybbr via N-terminal SpyTag. The CD98hc was subsequently immobilized on the glass surface via 

the ybbr tag. B: Rupture force-loading rate plot. The most probable rupture force was linearly fitted 

against the average of logarithm loading rate measured at four different pulling speeds. Error bars show 

the standard deviation of rupture force and loading rate. C: Rupture force histograms of 

anticalin:CD98hc measured at four pulling speeds. The histograms were fitted using Bell-Evans model 

(Eq.1.4). D: The rupture force histograms in panel C were transformed to force-dependent off rate using 

Eq. 1.10 and Eq. 1.11. The off rates were plotted against force and fitted using Eq. 1.6 to extract the 

energy landscape parameters Δx‡, ΔG‡ and k0. 
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3.6.2 Supplementary tables 

Table 3.S1 Effective spring constant between the C terminus of CTLA-4 and different anchor 

points on anticalin. 

Anchor residue # 1 21 55 60 87 116 143 178 

Effective spring 

constant [a.u] 

4.10 6.43 7.44 4.46 5.76 6.48 7.00 5.37 

 

Table 3.S2 Non-bonded (VdW and coulomb interactions) energy contribution for each protein 

chain in the anticalin:CTLA-4 complex and protein-protein interface at different levels of 

representation. Energy value is given in kJ/mol and next to it in parenthesis as a percentage of 

the total energy nonbonded energy in the system. 

Level of description CTLA-4 Interface Anticalin 

All-atom MD -2672.90 (37%) -259.60 (4%) -4255.20 (59%) 

Gō-MARTINI  -3996.00 (36%) -629.10 (6%) -6410.70 (58%) 

 

Table 3.S3 Statistics of the total number of native contacts (NC) present in each protein 

component of anticalin:CTLA-4 complex at different pulling geometries. Average values of 

NC and the standard deviations are calculated in the ensemble of 100 pulling simulations at the 

rupture force. 

Anchor point on 

anticalin 

CTLA-4

  

Interface

  

Anticalin 

1 185.0±2.2 14.2±11.5 200.2±30.1 

21 185.0±2.3 13.3±8.5 228.0±25.3 

55 184.0±3.1 14.0±7.2 240.2±13.0 
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60 179.1±6.0 27.4±3.0 265.1±3.4 

87 181.0±5.0 24.4±4.4 241.0±18.0 

116 184.3±2.4 11.2±7.0 250.1±10.0 

143 184.3±2.4 6.4±5.0 231.0±22.0 

178 185.0±2.1 16.0±4.0 252.0±5.0 

 

Table 3.S4 Dissociation constants between CTLA-4 and anticalin mutants 

Anticalin mutant I55AzF E60AzF E143AzF 

Dissociation constant 

[nM] 

140±68 82±50 59±31 

 

Table 3.S5 Comparison of energy landscape parameters between two anticalins in complex 

with CD98hc and CTLA-4. 

Target k0 [s
-1] (DHS) k0 [s

-1] (BE) Δx‡  [nm] 

(DHS) 

Δx‡  [nm] 

(BE) 

ΔG‡  [kBT] 

(DHS) 

CD98hc (7.2±0.4)×10-4 (1±1)×10-7 0.45±0.02 0.62±0.05 14.1±0.5 

CTLA-4 (1.0±0.5)×10-3 (8±5)×10-4 0.50±0.05 0.40±0.03 16.8±0.6 

 

 

3.6.3 Supplementary notes 

Supplementary Note 3.1 Amino acid sequences and Addgene accession codes for 

anticalin:CTLA-4 system 

Color code: anticalin, CTLA-4, FLN, ELP, His-tag, ybbr tag, Fgβ, Streptag, SdrG 
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CTLA4-FLN-ELP-His-ybbr (Addgene accession code 168038) 

HVAQPAVVLASSRGIASFVCEYASPGKATEVRVTVLRQADSQVTEVCAATYMMGNE

LTFLDDSICTGTSSGNQVNLTIQGLRAMDTGLYICKVELMYPPPYYLGIGNGTQIYVID

PEPGSGSGSGSADPEKSYAEGPGLDGGESFQPSKFKIHAVDPDGVHRTDGGDGFVVTI

EGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKPAPGS

GSGSHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGVP

GEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGV

PGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEG

VPGEGVPGWRGHHHHHHGSDSLEFIASKLA 

 

 

Anticalin-FLN-ELP-His-ybbr (Addgene accession code 168039) 

QDSTSDLIPAPPLSKVPLQQNFQDNQFHGKWYVVGLAGNRILRDDQHPMNMYATIY

ELKEDKSYNVTSVISSHKKCEYTIATFVPGSQPGEFTLGNIKSYGDKTSYLVRVVSTD

YNQYAVVFFKLAEDNAEFFAITIYGRTKELASELKENFIRFSKSLGLPENHIVFPVPIDQ

CIDGGSGSGSGSADPEKSYAEGPGLDGGESFQPSKFKIHAVDPDGVHRTDGGDGFVV

TIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKPAP

GSGSGSHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEG

VPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGE

GVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPG

EGVPGEGVPGWRGHHHHHHGSDSLEFIASKLA 

 

Fgβ-anticalin-His-ybbr (Addgene accession code 168040) 

FFSARGHRPLDGSGSQDSTSDLIPAPPLSKVPLQQNFQDNQFHGKWYVVGLAGNRIL

RDDQHPMNMYATIYELKEDKSYNVTSVISSHKKCEYTIATFVPGSQPGEFTLGNIKSY

GDKTSYLVRVVSTDYNQYAVVFFKLAEDNAEFFAITIYGRTKELASELKENFIRFSKS

LGLPENHIVFPVPIDQCIDGGSGSGSHHHHHHGSDSLEFIASKLA 
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Fgβ-StrepTag-DBCO peptide 

NEEGFFSARGHRPLDGSWSHPQFEKGSGSC-DBCO 

 

Anticalin mutant-His (Addgene accession codes 168041-168046) 

                                                 21                                                                                          55        60 

QDSTSDLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGLREDKDPGKMFATIYELKED        

                                                             87                                                                       116 

KSYNVTSVISSHKKCEYTIATFVPGSQPGEFTLGNIKSYGDKTSYLVRVVSTDYNQYAVVFFK 

                                          143 

LAEDNAEFFAITIYGRTKELASELKENFIRFSKSLGLPENHIVFPVPIDQCIDGGSGSGSHHHHH

H 

Mutants for internal anchor point measurements (residues 21, 55, 60, 87, 116 or 143) were made 

by replacing the amino acid at the corresponding position with p-azido-L-phenylalanine (AzF) 

using amber suppression (see Methods-amber suppression section). 

 

SdrG-FLN-ELP-His-ybbr (Addgene accession code 168047) 

EQGSNVNHLIKVTDQSITEGYDDSDGIIKAHDAENLIYDVTFEVDDKVKSGDTMTVNI

DKNTVPSDLTDSFAIPKIKDNSGEIIATGTYDNTNKQITYTFTDYVDKYENIKAHLKLT

SYIDKSKVPNNNTKLDVEYKTALSSVNKTITVEYQKPNENRTANLQSMFTNIDTKNH

TVEQTIYINPLRYSAKETNVNISGNGDEGSTIIDDSTIIKVYKVGDNQNLPDSNRIYDYS

EYEDVTNDDYAQLGNNNDVNINFGNIDSPYIIKVISKYDPNKDDYTTIQQTVTMQTTI

NEYTGEFRTASYDNTIAFSTSSGQGQGDLPPEGSGSGSGSADPEKSYAEGPGLDGGES

FQPSKFKIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEA

GDYVINLTLDGDNVNGFPKTVTVKPAPGSGSGSHGVGVPGMGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGWRGHHHHHHGSDSLEFIAS

KLA 

 

Supplementary Note 3.2 Amino acid sequences and Addgene accession codes for 

anticalin:CD98hc system 
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Color code: anticalin, CD98hc, FLN, ELP, His-tag, ybbr tag, Fgβ, SpyTag/SpyCatcher, 

Xylanase 

 

Fgβ-anticalin-His 

FFSARGHRPLDGSGSQDSTSDLIPAPPLSKVPLQQNFQDNQFHGKWYVVGRAGNTGL

REDKDPGKMFATIYELKEDKSYNVTYVWFGQKKCMYSIGTFVPGSQPGEFTLGNIKS

APGRTSWLVRVVSTNYNQHAMVFFKSVTQNREGFAITLYGRTKELTSELKENFIRFS

KSLGLPENHIVFPVPIDQCIDGGSGSGSHHHHHH 

 

SpyTag-CD98-His 

AHIVMVDAYKPTKGSGSASWSHPQFEKGAELPAQKWWHTGALYRIGDLQAFQGHG

AGNLAGLKGRLDYLSSLKVKGLVLGPIHKNQKDDVAQTDLLQIDPNFGSKEDFDSLL

QSAKKKSIRVILDLTPNYRGENSWFSTQVDTVATKVKDALEFWLQAGVDGFQVRDIE

NLKDASSFLAEWQNITKGFSEDRLLIAGTNSSDLQQILSLLESNKDLLLTSSYLSDSGS

TGEHTKSLVTQYLNATGNRWCSWSLSQARLLTSFLPAQLLRLYQLMLFTLPGTPVFS

YGDEIGLDAAALPGQPMEAPVMLWDESSFPDIPGAVSANMTVKGQSEDPGSLLSLFR

RLSDQRSKERSLLHGDFHAFSAGPGLFSYIRHWDQNERFLVVLNFGDVGLSAGLQAS

DLPASASLPAKADLLLSTQPGREEGSPLELERLKLEPHEGLLLRFPYAAGSGSHHHHH

H 

 

ybbr-His-ELP-FLN-SpyCatcher 

DSLEFIASKLAHHHHHHWGSGHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPGV

GVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGVPG

VGVPGVGVPGVGVPGEGVPGEGVPGWPSGSADPEKSYAEGPGLDGGESFQPSKFKIH

AVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVINLTL

DGDNVNGFPKTVTVKPAPGSGSGSGSVDTLSGLSSEQGQSGDMTIEEDSATHIKFSKR

DEDGKELAGATMELRDSSGKTISTWISDGQVKDFYLYPGKYTFVETAAPDGYEVAT

AITFTVNEQGQVTVNGKATKGDAHI 
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Xylanase-anticalin-His 

KNADSYAKKPHISALNAPQLDQRYKNEFTIGAAVEPYQLQNEKDVQMLKRHFNSIV

AENVMKPISIQPEEGKFNFEQADRIVKFAKANGMDIRFHTLVWHSQVPQWFFLDKEG

KPMVNECDPVKREQNKQLLLKRLETHIKTIVERYKDDIKYWDVVNEVVGDDGKLRN

SPWYQIAGIDYIKVAFQAARKYGGDNIKLYMNDYNTEVEPKRTALYNLVKQLKEEG

VPIDGIGHQSHIQIGWPSEAEIEKTINMFAALGLDNQITELDVSMYGWPPRAYPTYDAI

PKQKFLDQAARYDRLFKLYEKLSDKISNVTFWGIADNHTWLDSRADVYYDANGNV

VVDPNAPYAKVEKGKGKDAPFVFGPDYKVKPAYWAIIDHKGSQDSTSDLIPAPPLSK

VPLQQNFQDNQFHGKWYVVGRAGNTGLREDKDPGKMFATIYELKEDKSYNVTYV

WFGQKKCMYSIGTFVPGSQPGEFTLGNIKSAPGRTSWLVRVVSTNYNQHAMVFFKS

VTQNREGFAITLYGRTKELTSELKENFIRFSKSLGLPENHIVFPVPIDQCIDGGSGSGSH

HHHHH 

 

Supplementary Note 3.3 Python code used to calculate the effective force constants 

#Python version 3.8.2 

#Code adapted from http://prody.csb.pitt.edu/tutorials/mech_stiff/sm.html  

from prody import * 

from pylab import * 

ion() 

anticalin, header = parsePDB('3bx7', header=True) 

calphas = anticalin.ca 

anm = ANM('CTLA4_anticalin ANM analysis') 

anm.buildHessian(calphas, cutoff=13.0)  #cutoff in Å  

anm.calcModes(n_modes='all') 

stiffness = calcMechStiff(anm, calphas) 

calcStiffnessRange(stiffness) 

writeVMDstiffness(stiffness, anticalin, [122], [1,20], filename='Forceconstants') 

http://prody.csb.pitt.edu/tutorials/mech_stiff/sm.html
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Chapter 4 The catch bond behavior of human gut bacterial 

adhesion protein is dependent on anchor geometry 

This chapter is in preparation for publication 

 

 A number of biomolecules exhibit mechanical anisotropy, meaning that they behave 

differently under external forces applied from different directions. Previous studies showed that 

the force loading geometry has significant impact on the mechanostabilities of nucleic acids, 

single protein domains and protein-ligand complexes. Here, we used AFM single-molecule 

force spectroscopy (AFM-SMFS) in combination of click chemistry to dissociate a high-force 

bacterial adhesion protein complex found in human gut bacterium Ruminococcus 

champanellensis, dockerin G:cohesin E (Doc:Coh) complex from five different anchor 

geometries. At the native anchor geometry (C-terminus of Coh and N-terminus of Doc), the 

complex dissociates in two pathways with different rupture forces. The anchor geometry affects 

the rupture forces of the two pathways as well as the rate of entering each pathway. When 

anchored at residue 13 of Coh and the N-terminus of Doc, the complex exhibits a catch bond 

behavior, which is not present at the native anchor geometry or other non-native anchor 

geometries. 

 

4.1 Introduction 

 Catch bonding is a unique behavior found in a limited number of protein-ligand 

complexes, mostly cell adhesion proteins, including FimH [343], selectin [29], cadherin-

catenin-actin complex [152], and cohesin:dockerin complex [168]. In contrast to conventional 

slip bonds, the bond lifetime of catch bonds increases with external pulling forces in a certain 

range [149,156]. This counterintuitive behavior allows cells to adhere tightly under high shear 

stress and dissociate to move freely under low shear stress. Single-molecule force spectroscopy 

(SMFS) is a powerful tool to study catch bonds and provide mechanistic information. The force 

clamp mode of SMFS directly measures the lifetime of protein-ligand complexes under 

different forces, and the measured lifetime of catch bonds typically increases with force when 

the clamping force is in the catch regime [152,344,345]. When probed using the force ramp or 

https://paperpile.com/c/VbGZjS/CewF
https://paperpile.com/c/VbGZjS/NLARL
https://paperpile.com/c/VbGZjS/bofXU
https://paperpile.com/c/VbGZjS/vLMK
https://paperpile.com/c/VbGZjS/ajTjd+MEf5o
https://paperpile.com/c/VbGZjS/bofXU+VLbn+dnoP
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constant speed mode of SMFS, the rupture force of catch bonds exhibits a bimodal distribution 

and the prevalence of each population is dependent on the loading rate [168,346]. The 

distribution mainly populates the low rupture force population at low loading rates and moves 

to the high rupture force population when loading rate increases. It is important to distinguish 

this behavior from the loading rate dependency of rupture forces in slip bonds, as described by 

the Bell-Evans model [123,124]. The most probable rupture force of slip bonds increases 

continuously with loading rate, but the switch from the low force population to the high force 

population in catch bonds is discrete and takes place on a much broader range of forces. 

 Anisotropic response to external forces has been shown in other systems including 

single protein domains [56,170,173] and protein-ligand complexes [65,70,71,347], where the 

different force loading geometries give rise to new unfolding pathways and distinct mechanical 

stabilities. However, the concept of mechanical anisotropy has never been explored together 

with catch bonding. Here, we showed an anchor geometry-dependent catch bond for the first 

time, where a Ruminococcus champanellensis (Rc.) dockerin:cohesin (Doc:Coh) complex 

exhibits catch bond behavior only at a specific anchor geometry, but not the other anchor 

geometries measured.  

 Doc:Coh complexes are high-force cell adhesion systems found in the extracellular 

cellulosomal networks of fiber-digesting bacteria. Certain Doc:Coh complexes are known to 

exhibit catch bond behavior. Steered molecular dynamics (SMD) showed the binding interface 

area of a XModule (XMod)-Doc:Coh complex from Ruminococcus flavefaciens (Rf.) increases 

under load, suggesting a catch bond mechanism [6]. Another XMod-Doc:Coh complex from 

Rc. exhibits catch bond behavior when probed using constant pulling speed mode [168]. In the 

latter case, the allosteric regulation of the XMod at the N-terminus of the Doc gives rise to a 

high force and a low force unbinding pathway, and inhibits the low force pathway under high 

loading rate, which is crucial to the catch bond behavior. Here, we used atomic force 

microscope (AFM)-SMFS to dissociate another Rc. Doc:Coh complex (DocG:CohE), which 

does not have an XMod, and showed that the complex dissociates in two pathways with 

different mechanical stabilities without being regulated by an XMod. A newly developed 

approach combining AFM-SMFS and click chemistry [347] was used to dissociate the complex 

at different well-controlled anchor geometries and demonstrated that the rupture force of each 

pathway, as well as the rate of entering each pathway, is dependent on the anchor geometry. 

https://paperpile.com/c/VbGZjS/z8tD+vLMK
https://paperpile.com/c/VbGZjS/d2fnS+7dbGw
https://paperpile.com/c/VbGZjS/e3Ts+0DYo+wYyw
https://paperpile.com/c/VbGZjS/w9MQh+juCC+vGvE+qARp
https://paperpile.com/c/VbGZjS/sBsj
https://paperpile.com/c/VbGZjS/vLMK
https://paperpile.com/c/VbGZjS/qARp
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The complex exhibits a catch bond behavior at one specific anchor geometry, whereas the other 

anchor geometries, including the native anchor geometry, exhibit slip bond behavior. 

 The mechanical anisotropy of biomolecules provided a novel approach to molecular 

engineering. By systematically screening anchor points, the unbinding and unfolding pathways 

of biomolecules could be altered, giving rise to new mechanical properties such as catch 

bonding, and distinct mechanical stabilities at different anchor points. This approach potentially 

has significant impact on the behavior of biomolecules under external forces, while requiring 

only minimal changes to the amino acid sequences of proteins. 

 

4.2 Results 

 



Chapter 4 The catch bond behavior of human gut bacterial adhesion protein is dependent on anchor geometry 

134 

 

Figure 4.1 Structural model and AFM measurements of Doc:Coh complex at native pulling 

geometry. A: Structural model of Rc. DocG:CohE complex. The DocG model was built with the 

SWISS-MODEL server. The DocG structural model was aligned with the structural model of Rc. XMod-

DocB:CohE to build a structure of DocG:CohE complex. B: AFM measurement setup for native pulling 

geometry. The Coh-FLN-ELP-ybbr construct was immobilized on the AFM tip and the ybbr-ELP-FLN-

Doc construct was immobilized on the glass surface. AFM tip was approached to the glass surface and 

retracted to dissociate the Doc:Coh complex at the native pulling geometry. C: Example force-extension 

curves. Most of the curves ramped up to sufficient force to unfold both FLN domains, giving rise to 64 

nm contour length increment (top panel). Less than 5% of the curves contain zero or one FLN unfolding 

events due to the Doc:Coh complex rupturing prior to the unfolding of one or two FLNs. D: Combined 

contour length histogram of all force-extension curves measured at 400 nm s-1 pulling speed. E: Rupture 

force histograms of Doc:Coh complex measured at native pulling geometry and four different pulling 

speeds. Each histogram was fitted with two gaussian peaks to calculate the most probable rupture force 

of each population. F: Force-loading rate plot. The most probable rupture forces of each unbinding 

pathway (high force: red, low force: blue) were plotted and linearly fitted against the logarithm of 

loading rate to extract energy landscape parameters (k0 and Δx‡). Error bars show the standard deviation 

of loading rates and forces. 

 

4.2.1 The Rc. Doc:Coh complex dissociates in two pathways at native pulling 

geometry 

 There is no structural information on the Rc. DocG:CohE complex and therefore we 

used homologous modelling approaches to build structural models. The structural model of 

DocG was built using SWISS-MODEL server (template: PDB 4WKZ) [348–352], and the 

DocG structure was aligned with a previously reported Rc. XMod-DocB:CohE structural model 

[168] to build a structural model for the DocG:CohE complex, as shown in Figure 4.1A. 

The force is loaded to the N-terminus of Doc and the C-terminus of Coh in vivo. To 

mimic the native force loading geometry on AFM, the Rc. Doc and Coh were cloned to bacterial 

expression vectors as fusion proteins: ybbr-ELP-FLN-Doc and Coh-FLN-ELP-ybbr, and 

expressed in E. coli. The elastin-like peptide (ELP) is an intrinsically disordered protein and is 

used here as an elastic linker to separate the proteins from the surfaces [62]. The filamin (FLN) 

domain serves as a fingerprint domain to help identify single-molecule interactions [264]. The 

ybbr tag was used to covalently immobilize the Doc and Coh constructs on the glass surface 

https://paperpile.com/c/VbGZjS/llMt+zNxS+aAT7+3SYf+sMsU
https://paperpile.com/c/VbGZjS/vLMK
https://paperpile.com/c/VbGZjS/P2qNx
https://paperpile.com/c/VbGZjS/J7nFZ
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and AFM tip, respectively [100], as shown in Figure 4.1B. The AFM cantilever was 

approached to the surface and dwelled for 200 ms to form a Doc:Coh complex between the tip 

and the glass surface. The cantilever was then retracted with a constant speed, ranging between 

100 nm s-1 and 3200 nm s-1, to apply pulling force to the Doc:Coh complex from the N-terminus 

of Doc and the C-terminus of Coh, precisely mimicking the native pulling geometry. A force-

extension curve was recorded in each approach-retraction cycle. Over 10,000 curves are 

typically recorded in a measurement (~12 h). These curves were transformed into a contour 

length space using the freely rotating chain (FRC) elasticity model [143]. Each ELP linker in 

the Doc and Coh constructs is 170 amino acids long, and the total contour length of two ELP 

linkers is 170 × 2 × 0.365 nm/amino acid = 124 nm. The force curves are filtered based on the 

contour length at complex rupture. Only the force curves showing fully stretched ELP linkers, 

i.e. the contour length at final rupture is longer than 124 nm, are taken into further analysis, to 

exclude non-specific interactions between the tip and the surface. A majority of the filtered 

force curves show the unfolding events of two FLNs, as shown in Figure 4.1C (top). Each FLN 

unfolds in two steps and adds ~32 nm of contour length to the system when fully unfolded. 

Unfolding of two FLNs gave rise to ~64 nm of contour length increment, which is shown in the 

combined contour length histogram of all filtered curves (Figure 4.1D) [134,271]. A small 

fraction of the force curves (<5%) did not ramp up to sufficient force to unfold one or both of 

the FLNs (see Figure 4.1C, middle and bottom). 

 The rupture forces of the Doc:Coh complex at native pulling geometry were measured 

at four different pulling speeds (100, 400, 800 and 3200 nm s-1) and plotted in histograms 

(Figure 4.1E). The histograms show a bimodal distribution, suggesting two different unbinding 

pathways with different rupture forces. The rupture force histograms were fitted with two 

gaussian distributions to extract the most probable rupture forces of each pathway. The most 

probable rupture forces were fitted linearly against the logarithm of loading rate to extract the 

energy landscape parameters, the zero-force off rate k0 and the distance to the transition state 

Δx‡, as described by Eq. 1.5 [123,124]. The calculated parameters are shown in Table 4.1. 

 

https://paperpile.com/c/VbGZjS/qJANN
https://paperpile.com/c/VbGZjS/HViuX
https://paperpile.com/c/VbGZjS/nSoWV+KSVLQ
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Figure 4.2 Single-molecule FRET shows single binding mode. A: The FRET donor (Cy3b) was 

conjugated to one of the two labeling sites of Doc (S54 or A77). The FRET acceptor (AF647) 

was conjugated to the residue E154 of Coh. B: smFRET measurements with the donor labeled 

at residue S54 or A77 of Doc showed a unimodal FRET efficiency distribution, meaning that 

the complex populates one binding conformation at equilibrium. 

 

4.2.2 Single-molecule FRET demonstrates a single binding mode of Doc:Coh 

complex 

 A limited number of Doc:Coh complexes are known to exhibit a dual-binding mode 

behavior. The complex can be formed in two distinct conformations, where the Doc is rotated 

by 180° on the binding interface [249], as shown in Figure 4.S1. AFM-SMFS has been used to 

resolve the two binding modes and demonstrated that the different binding conformations of 

certain Doc:Cohs have different mechanical stabilities [148,168]. Therefore, the Doc:Coh 

complex has two potential binding conformations, but it is not clear if it populates both of them 

or only one of them. To test if the two unbinding pathways of the Rc. Doc:Coh complex 

https://paperpile.com/c/VbGZjS/5ojT6
https://paperpile.com/c/VbGZjS/C9hcV+vLMK
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observed here originated from one or two binding modes, we used single-molecule FRET 

(smFRET) to obtain conformational information on the Doc:Coh system. smFRET has been 

used to detect dual-binding modes in other Doc:Coh systems [168,353]. Here, we labeled the 

Coh with the FRET acceptor, AF647, and the Doc with the FRET donor, Cy3b. The Coh was 

labeled at the C-terminus (residue E154) and the Doc was labeled at the helix 2 (residue S54) 

and the C-terminus (residue A77), respectively (Figure 4.2A). The labeled Coh and Doc were 

mixed at picomolar concentration and the FRET efficiencies of single Doc:Coh complexes were 

measured on a confocal microscope. The measured FRET efficiencies were plotted in 

histograms, as shown in Figure 4.2B. The FRET efficiencies measured with FRET donor 

labeled at S54 and A77 of Doc both showed a unimodal distribution. The smFRET 

measurements demonstrated that the Doc:Coh complex does not exhibit dual-binding mode 

behavior, i.e. the complex populates only one of the two potential binding conformations. 

However, it remains to be seen which binding conformation is populated by the complex. 

smFRET has the potential of providing structural information of the complex and solving this 

question. As shown in Figure 4.S1, the two putative binding conformations can be 

discriminated by comparing the distances between the C-terminus of Coh (the FRET acceptor 

labeling site) and the C-terminus and helix 2 of Doc (the FRET donor labeling sites). However, 

the smFRET measurement using Doc labeled at S54 gave relatively low yield and broad FRET 

efficiency distribution due to low sample quality. Repeating the measurement using newly 

prepared samples would potentially provide more reliable results. 

 

https://paperpile.com/c/VbGZjS/nWtz+vLMK
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Figure 4.3 Catch bond behavior at non-native pulling geometry. A: Non-native anchor points 

selected on the Doc (C-terminus) and Coh (N-terminus, residue F13 and residue K87). B: For internal 

anchor points on the Coh, the selected anchor residue was replaced with azidophenylalanine using amber 

suppression. Fgβ was covalently conjugated with Coh at the anchor point via the click reaction between 

the azide and DBCO groups. C: AFM measurement setup for internal anchor points. Coh conjugated 

with Fgβ was added to the AFM measurement buffer and bound with the SdrG immobilized on the AFM 

tip. Doc was immobilized on the glass surface with the native anchor geometry (from N-terminus). The 

AFM cantilever was approached to the glass surface to form a 3-member SdrG:Coh:Doc complex. The 

AFM cantilever was subsequently retracted at a constant speed to dissociate the Doc:Coh complex at 

the selected pulling geometry. The rupture force SdrG:Fgβ is ~20 fold higher than Doc:Coh and 
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therefore the final rupture events on force-extension curves are contributed to Doc:Coh rupture. D: 

Force-loading rate plot of non-native pulling geometries. The rupture forces measured at different non-

native pulling geometries were plotted against loading rate. The rupture forces exhibited unimodal (Coh 

N-terminus anchor point) or bimodal (all other pulling geometries) distributions and the most probable 

rupture force of each population was fitted against loading rate with Eq. 1.5 to extract k0 and Δx‡ (solid 

line: high force population, dashed line: low force population). E: Percentage of high rupture force 

population measured at different anchor points and different pulling speeds. Among all the native and 

non-native pulling geometries, pulling from F13 of Coh is the only one exhibiting a catch bond behavior, 

where the prevalence of high rupture force population increases with loading rate. The error bars 

represent the standard deviation of the high force population percentage. 

 

4.2.3 Change of pulling geometry gives rise to a catch bond behavior 

 To understand how the Doc:Coh complexes responses to external forces loaded from 

different directions, we measured the rupture force distributions as well as the loading rate 

dependency of the Doc:Coh at non-native pulling geometries by changing the anchor point on 

the Doc or the Coh. The measured non-native anchor points include the C-terminus of Doc, the 

N-terminus of Coh, and internal residues F13 and K87 of Coh. In these cases, the binding 

partners were anchored at the native anchor points (N-terminus of Doc or C-terminus of Coh). 

 To dissociate the Doc:Coh complex by pulling the Doc at the C-terminus, or pulling the 

Coh at the N-terminus, Doc-FLN-ELP-ybbr and ybbr-ELP-FLN-Coh constructs were cloned 

into bacterial expression vectors and expressed using E. coli. The Doc-FLN-ELP-ybbr and 

ybbr-ELP-FLN-Coh proteins were immobilized on the same AFM setups as the native pulling 

geometry measurement (Figure 4.1B). For the C-terminus anchor geometry of Doc, Doc-FLN-

ELP-ybbr was immobilized on the glass surface and Coh-FLN-ELP-ybbr was immobilized on 

the AFM tip. For the N-terminus anchor geometry of Coh, ybbr-ELP-FLN-Coh was 

immobilized on the AFM tip and ybbr-ELP-FLN-Doc was immobilized on the glass surface. 

Similar to the native pulling geometry, the AFM cantilever was approached to the surface and 

dwelled for 200 ms to form a Doc:Coh complex and retracted at a constant speed (ranging from 

100 nm s-1 to 3200 nm s-1) to dissociate the complex at the selected pulling geometry and 

measure the force-extension curves. 
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The internal residues of Coh (F13 and K87) were anchored to the AFM tip using an 

AFM experimental setup combined with click chemistry (Figure 4.3A and B) [347]. The 

anchor residue on the Coh was replaced by a noncanonical amino acid, azidophenylalanine, 

using amber suppression. The azide at the selected anchor point was covalently conjugated with 

a Fgβ-StrepTag-DBCO peptide using the click reaction between the azide and 

dibenzocyclooctyne (DBCO) groups. Fgβ is the N-terminus peptide of the human fibrinogen β 

chain, which binds SdrG, a bacterial adhesin from Staphylococcus epidermidis. SdrG-FLN-

ELP-ybbr protein was immobilized on the AFM cantilever and ybbr-ELP-FLN-Doc was 

immobilized on the glass surface. The Coh conjugated with Fgβ was purified using size-

exclusion and StrepTrap columns to remove the excess peptide and unreacted Coh, and 

subsequently added to the AFM measurement buffer (TBS Ca) to a final concentration of ~100 

nM. A 3-member complex was formed as the AFM cantilever approached the surface and 

dwelled for 200 ms, consisting of SdrG, Fgβ-StrepTag-Coh and Doc. The cantilever was 

subsequently retracted at a constant speed (100-3200 nm s-1) to apply tension to the Doc:Coh 

complex from the N-terminus of Doc and the selected internal residue of Coh (F13 or K87) 

until the Doc:Coh ruptured. The rupture force of Fgβ:SdrG complex is around 2 nN [4], which 

is ~20 fold higher than the Doc:Coh rupture force. Therefore the final rupture event recorded 

on the force-extension curves always came from the Doc:Coh complex, as the system could not 

ramp up to sufficiently high forces to rupture the Fgβ:SdrG complex. 

The collected force-extension curves were filtered using the same criterion as the native 

pulling geometry measurement, i.e. all the selected force curves contain the stretching of a 

single pair of ELP linkers. The rupture forces of Doc:Coh complex at different non-native 

pulling geometries were plotted against loading rate (Figure 4.3C). All the non-native pulling 

geometry measured, except pulling from the C-terminus of Coh, show a bimodal distribution 

of rupture forces (Figure 4.S2). The most probable rupture force of each population was 

linearly fitted against the logarithm of loading rate to extract k0 and Δx‡ using Eq. 1.5 (see Table 

4.1) [123,124]. 

The pulling geometry affects the rupture forces as well as the prevalence of rupture force 

populations. Among all the pulling geometries, pulling from residue F13 of Coh gives rise to a 

unique catch bond behavior, where the percentage of high rupture force population increases 

with pulling speed, as shown in Figure 4.3D. The prevalence of high rupture force population 

is independent from the pulling speed at other pulling geometries. Anchoring at the C-terminus 

https://paperpile.com/c/VbGZjS/qARp
https://paperpile.com/c/VbGZjS/inOd
https://paperpile.com/c/VbGZjS/7dbGw+d2fnS
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of Coh gives rise to an unimodal rupture force distribution and therefore the percentage of high 

force population is considered to be 100%. 

The pulling geometry at residue F13 of Coh and the N-terminus of Doc gives rise to two 

unbinding pathways under force. The low rupture force pathway has a higher prevalence at low 

loading rate and the rupture force distribution moves to the high rupture force pathway as 

loading rate increases, with the high force pathway dominant at high loading rates, as shown in 

Figure 4.3D and E. This behavior precisely resembles previously reported catch bonds 

[149,156,168,346], and is unique among all the five measured pulling geometries of the 

Doc:Coh complex. 

 

Table 4.1 Energy landscape parameters of Doc:Coh complex at different pulling 

geometries 

Pulling geometry and 

pathway 

log(k0) Δx‡ [nm] 

Native high force -7±1 0.73±0.09 

Native low force -9±3 1.3±0.4 

Doc C-terminus high force -7±2 1.1±0.2 

Doc C-terminus low force -31±7 10±2 

Coh N-terminus -4.2±0.3 0.65±0.04 

Coh F13 high force -2.5±0.6 0.37±0.06 

Coh F13 low force -0.8±0.2 0.51±0.04 

Coh K87 high force -4.8±0.6 0.58±0.06 

Coh K87 low force -0.7±0.3 0.41±0.05 

 

https://paperpile.com/c/VbGZjS/z8tD+vLMK+ajTjd+MEf5o
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Figure 4.3 Kinetic model of non-catch bond and catch bond pulling geometries. A: The 

complex dissociates in one or two (non-interchangeable) pathways at non-catch pulling 

geometries. The probability of entering each pathway and the energy landscape of each pathway 

are dependent on the pulling geometry. B: At catch pulling geometry (pulling from residue 13 

of Coh), the complex enters a weak state upon binding. It either dissociates from the weak state 

or enters a strong state, which has higher mechanostability than the weak state. The rate of 

entering the strong state from the weak state  is force-dependent. 

 

4.3 Discussions and outlook 

 The anisotropic response of proteins to external forces has been widely discussed for 

single protein domains as well as protein-ligand complexes and previously research 

demonstrated that the shapes and heights of unfolding and unbinding pathways are dependent 

on the pulling geometry, giving rise to distinct unfolding and rupture forces at different pulling 

geometries [56,347]. Here, we used AFM-SMFS to dissociate a Doc:Coh complex from 

different directions. The complex ruptures in two pathways with distinct rupture forces at four 

of the five measured pulling geometries, including the native pulling geometry. The anchor 

geometry affects both the mechanostabilities of different pathways and the probability of 

entering each pathway. Single-molecule FRET measurements demonstrated that the complex 

populates a single binding conformation. 

Among the measured anchor geometries, the residue F13 of Coh gives rise to a unique 

catch bond behavior. At this anchor geometry, the complex dissociates in two pathways when 

probed using constant pulling speed mode. In contrast to other anchor geometries, the 

https://paperpile.com/c/VbGZjS/0DYo+qARp
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prevalence of each pathway is dependent on the force loading rate, where the high force 

pathway becomes more prevalent at high loading rates, precisely resembling a catch bond 

behavior. Kinetic models were developed to describe the behavior of the Doc:Coh complex 

under external forces at non-catch bonding and catch bonding anchor geometries (Figure 4.4). 

 In addition to the constant speed AFM-SMFS measurements reported here, force clamp 

measurement is another approach to demonstrate catch bond behavior. We used the same AFM-

SMFS setup as constant pulling speed measurements (Figure 4.2C) to measure the lifetime of 

the Doc:Coh complex with constant pulling force applied to the complex from the N-terminus 

of Doc and residue F13 of Coh. The clamping force was set to 30, 40, 50, 60, 70 and 80 pN. As 

shown in Figure 4.S3, the measured lifetime has a wide distribution, and the recorded clamping 

force shows a continuous distribution, indicating that the drifting of AFM cantilever made it 

difficult to precisely control the clamping force at the desired values. Therefore a more reliable 

approach is to use Monte Carlo simulations to simulate the force clamp measurements based 

on the constant pulling speed data and the kinetic models (Figure 4.4) 

Combining the experimental results with computer simulations, including steered 

molecular dynamics (SMD) and Monte Carlo simulations, would potentially provide additional 

mechanistic insight into the system, verify the kinetic model, and expand the conclusions to 

scenarios that are difficult to measure experimentally, including force ramp measurements at 

extremely high and low loading rates, and force clamp measurements.  

 

4.4 Methods 

4.4.1 Protein expression and purification 

 The Coh F13AzF and Coh K87AzF mutants, as well as the Coh (F13AzF)-FLN-ELP-

ybbr and Coh (K87AzF)-FLN-ELP-ybbr constructs, were expressed using amber suppression. 

C321.ΔA.exp bacteria (gift from George Church, Addgene bacterial strain # 49018) [354] were 

transformed with pQE80l vector carrying the gene of the mutant, and pEVOL-pAzF plasmid 

(gift from Peter Schultz, Addgene plasmid # 31186) [275]. The transformed cells were grown 

in LB medium at 37 ℃ with ampicillin and chloramphenicol until OD reached ~0.5. Arabinose 

was added to the medium to final concentration of 0.02% and the culture was incubated at 37 ℃ 

for 1 h, followed by addition of isopropyl β-d-1-thiogalactopyranoside (IPTG) to final 

https://paperpile.com/c/VbGZjS/yNSa
https://paperpile.com/c/VbGZjS/wAxJ9
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concentration of 1 mM to induce protein expression. The culture was subsequently incubated 

at 20 ℃ overnight. 

 The other proteins were expressed using NiCo21 (DE3) bacteria. The bacterial cells 

were transformed using pET28a vector carrying the gene of interest and grown in LB medium 

at 37 ℃ in the presence of 50 µg mL-1 kanamycin until OD reached ~0.6. IPTG was added to 

the medium to final concentration of 0.5 mM to induce protein expression. The culture was 

subsequently incubated at 20 ℃ overnight. 

To purify the proteins of interest, the bacterial cells were pelleted, resuspended in TBS 

Ca buffer (25mM Tris, 72mM NaCl, 1 mM CaCl2, pH 7.2), and lysed using sonication. The 

cell lysate was centrifuged at 4 ℃ 18000 g for 30 min. The supernatant was loaded to a His-

trap column and washed using TBS Ca buffer with 20 mM imidazole. The target protein was 

eluted using TBS Ca buffer with 500 mM imidazole. The eluent was subsequently purified 

using a size-exclusion column in TBS Ca buffer. 

 

4.4.2 Structural modelling 

 The structural model of DocG was built using the SWISS-MODEL server, available at 

https://swissmodel.expasy.org/interactive . The template was searched with BLAST against the 

SWISS-MODEL template library and the selected template structure was PDB 4WKZ 

(sequence identity 29.11%, sequence similarity 33%, coverage 94%). The structural model was 

built based on the sequence alignment between the target and the template using ProMod3 

[350]. The structural model of CohE in complex with XMod-DocB was previously reported 

[168]. The structure of DocG:CohE complex was built by aligning the structural model of DocG 

to the CohE:XMod-DocB structure using PyMol. 

 

4.4.3 Constant pulling speed AFM measurement 

 Constant pulling speed AFM measurements were performed on a Force Robot AFM 

(Bruker, Billerica, MA, USA). Biolever mini (Olympus) AFM cantilevers were amino-

silanized with (3-aminopropyl)-dimethyl-ethoxysilane (APDMES, ABCR GmbH, Karlsruhe, 

Germany), incubated in 10 mg/mL sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-

https://swissmodel.expasy.org/interactive
https://paperpile.com/c/VbGZjS/aAT7
https://paperpile.com/c/VbGZjS/vLMK
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carboxylate (sulfo-SMCC, Thermo Fisher Scientific, Waltham, MA, USA) at room temperature 

for 30 min, extensively washed with ddH2O, followed by incubation in 200 μM coenzyme A 

(CoA, Sigma-Aldrich, St. Louis, MO, USA) at room temperature for 2 h. The ybbr-tagged 

protein (Coh or SdrG) was immobilized on the cantilever by incubating the CoA coated 

cantilever with a reaction mixture consisting of ~40 μM ybbr-tagged protein, 5 μM Sfp 

(phosphopantetheinyl transferase) enzyme and 20 mM MgCl2, at room temperature for 2 h. 

 The cover glasses were silanized and coated with CoA using the same protocol as the 

cantilevers. CoA-coated cover glasses were incubated with 500 nM ybbr-tagged Doc in the 

presence of 5 μM Sfp and 20 mM MgCl2 at room temperature for 2 h to immobilize the Doc on 

the cover glasses. 

 The cover glasses and AFM cantilever coated with target proteins were extensively 

washed using TBS Ca buffer and submerged in TBS Ca buffer for AFM measurements. The 

cantilever spring constants (ranging from 0.02 N m-1 to 0.14 N m-1) and detector sensitivity 

were calibrated using the contact-free mode of the Force Robot AFM. In the measurements 

using freely diffusing Coh, ~ 100 nM Fgβ-conjugated Coh was added to the measurement 

buffer. The cantilever was approached to the glass surface, dwelled for 200 ms and retracted at 

a constant speed ranging from 100 nm s-1 to 3200 nm s-1 (100 nm s-1, 400 nm s-1, 800 nm s-1 

and 3200 nm s-1). The x-y position of the sample stage was moved by 100 nm after the 

retraction, so that a new molecule was probed at the next approach. 

 

4.4.4 AFM data analysis 

The recorded force-extension curves were transformed to contour length using the freely 

rotating chain (FRC) mode described by Eq. 1.17 [143] and were subsequently filtered based 

on the stretching of the two ELP linkers on the AFM tip and the glass surface. The final rupture 

forces and force loading rates were calculated for each of the selected curves. The rupture forces 

measured at different pulling speeds were plotted in histograms and fitted using one or two 

Gaussian peaks, depending on the anchor geometry. The most probable rupture force of each 

pathway was plotted against the logarithm of loading rate and fitted using a linear model to 

extract k0 and Δx‡, as described by the Bell-Evans model (Eq. 1.5) [123,317]. 

 

https://paperpile.com/c/VbGZjS/HViuX
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4.5 Supplementary information 

4.5.1 Supplementary figures 

 

Figure 4.S1 Putative binding conformations of the complex. A: Putative binding conformation A, 

where the N- and C-termini of the Doc are closer to the C-terminus of the Coh whereas the helix 2 of 

the Doc is farther away from the C-terminus of Coh. B: Putative binding conformation B, where the 

Doc is rotated by 180 degrees on the binding interface compared to binding conformation B. The helix 

2 of Doc is therefore closer to the C-terminus of Coh than the N- and C-termini of Doc. 
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Figure 4.S2 Rupture force histograms measured at different anchor geometries and different 

pulling speeds. The histograms were fitted with one (Coh N-terminus anchor geometry) or two (other 

anchor geometries) Gaussian peaks. 
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Figure 4.S3 Force clamp measurements of Doc:Coh complex with Doc anchored at the N-

terminus and Coh anchored at residue F13. The clamping force was set at 30, 40, 50, 60, 70 

and 80 pN. 

 

4.5.2 Supplementary tables 

Table 4.S1 Equilibrium affinity of the Doc:Coh complex 

 Wild-type Coh Coh F13AzF-Fgβ Coh K87AzF-Fgβ 

Dissociation constant [nM] 14±4 40±8 19±10 

 

4.5.3 Supplementary notes 

 

Supplementary note 1 Amino acid sequences 

Color code: 

ybbr tag, His tag, ELP linker, FLN, Doc, Coh 
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ybbr-His-ELP-FLN-Doc 

MGTDSLEFIASKLAHHHHHHWGSGHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGEGVPGEGVPGWPSGSADPEKSYAEGPGLDGGESFQPSK

FKIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVI

NLTLDGDNVNGFPKTVTVKPAPGSGSGSGSGVGDSLLRGDVDLDGDVDVADAVAV

LQASAEQMVTGENPLSKDARFGADVNDDSRVDVSDAVLILQYSSMKIANPDADWD

DLLG 

 

Coh-FLN-ELP-His-ybbr 

ADGAAKLSMDQKFAEPGETVEIALNLENFDASWTGLEFLVNYDPKLEVALDGAGDI

DYSYGDAIGAMGKKISVGGAISKDLTADGLKGFAFAWGTATAISGNGQLGVFKFTVP

ADAQPGDEFPVNLTVNVGSFIDANKENIPFETVNGWIKIKEEGSGSGSGSADPEKSYA

EGPGLDGGECFQPSKFKIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGT

YDVEFEPKEAGDYVINLTLDGDNVNGFPKTVTVKPAPGSGSGSHGVGVPGMGVPGV

GVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPG

VGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVP

GVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGWRGHHHHH

HGSDSLEFIASKLA 

 

Doc-FLN-ELP-His-ybbr 

GVGDSLLRGDVDLDGDVDVADAVAVLQASAEQMVTGENPLSKDARFGADVNDDS

RVDVSDAVLILQYSSMKIANPDADWDDLLGGSGSGSADPEKSYAEGPGLDGGECFQP

SKFKIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDY

VINLTLDGDNVNGFPKTVTVKPAPGSGSGSHGVGVPGMGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGVGVPGEGVPGEGVPGWRGHHHHHHGSDSLEFIASKLA 
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ybbr-His-ELP-FLN-Coh 

MGTDSLEFIASKLAHHHHHHWGSGHGVGVPGMGVPGVGVPGVGVPGVGVPGVGVP

GVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVGV

PGVGVPGVGVPGVGVPGEGVPGEGVPGVGVPGMGVPGVGVPGVGVPGVGVPGVG

VPGVGVPGVGVPGVGVPGEGVPGEGVPGWPSGSADPEKSYAEGPGLDGGESFQPSK

FKIHAVDPDGVHRTDGGDGFVVTIEGPAPVDPVMVDNGDGTYDVEFEPKEAGDYVI

NLTLDGDNVNGFPKTVTVKPAPGSGSADGAAKLSMDQKFAEPGETVEIALNLENFD

ASWTGLEFLVNYDPKLEVALDGAGDIDYSYGDAIGAMGKKISVGGAISKDLTADGL

KGFAFAWGTATAISGNGQLGVFKFTVPADAQPGDEFPVNLTVNVGSFIDANKENIPFE

TVNGWIKIKEE 
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Chapter 5 Conclusions and outlook 

 This work used AFM-SMFS, in combination with computer simulations and other 

biophysical and biochemical techniques, to probe and engineer mechanostable protein-ligand 

complexes, with the focus on Doc:Coh systems from the human gut bacterium R. 

champanellensis and non-Ig scaffold anticalin in complex with its target CTLA-4. 

 Doc:Coh complexes are high force cell adhesion proteins found in the extracellular 

cellulosomal networks of fiber-digesting bacteria. AFM-SMFS, SMD and smFRET provided 

comprehensive information on the molecular mechanism of Rc. XMod-DocB:CohE complex. 

This complex can be formed in two binding conformations, and dissociates in three pathways 

with distinct mechanical stabilities under external pulling force. The XMod at the N-terminus 

of the Doc tightens at high loading rates to suppress a low-force pathway, giving rise to a catch 

bond behavior in the high force binding conformation. The bacterial cells use this complex 

mechanism to regulate the cell adhesion strength and maintain high flexibility while achieving 

sufficient mechanical stability to resist shear stress from the environment. This work 

demonstrated the power of AFM-SMFS in understanding the mechanisms of naturally 

occurring high force protein-ligand complexes at their in vivo state, by precisely mimicking the 

native force loading geometry. The anticalin:CTLA-4 complex, on the contrary, is an 

engineered artificial system. Here, we developed a novel experimental method to combine 

AFM-SMFS and click chemistry, which was used to dissociate the anticalin:CTLA-4 complex 

from eight different directions and demonstrate that the unbinding energy landscape is highly 

dependent on the pulling geometry, giving rise to distinct rupture forces at different force 

loading geometries. Conventional AFM-SMFS methods are able to precisely control the anchor 

points on protein-ligand complexes, but the anchor residues are limited to the N- and C-termini. 

The method developed here expanded the measurable anchor points to the internal residues, 

providing a versatile platform to study mechanical anisotropy and optimize the mechanical 

stability of protein-ligand complexes. 

 The work on the Rc. DocG:CohE system represents both the probing (i.e. to mimic the 

native state of the complex) and engineering (i.e. to modify the properties of the molecules) 

aspects. At the native state, the complex forms in one binding mode and dissociates in two 

pathways with different stabilities under force. Using the AFM-SMFS method developed in the 

anticalin:CTLA-4 work, the DocG:CohE complex was dissociated at five different pulling 
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geometries. The change of pulling geometry affects the rates of entering different pathways, as 

well as the unbinding energy landscapes, which determine the off rates of each pathway. The 

complex exhibits catch bond behavior at a specific non-native pulling geometry, meaning that 

new behaviors, for example catch bonding, can be introduced to protein-ligand systems by 

changing the pulling geometry. 

 The results presented here decoded the complex mechanisms of high force cell adhesion 

systems in the human gut, and demonstrated a novel aspect of molecular engineering: force 

loading geometry of protein-ligand complexes. While most of the molecular engineering works 

on protein-ligand systems focus on the binding interface, this work showed that the behavior of 

protein complexes can be modified by precisely controlling the force loading geometry, which 

does not require any change on the binding interface. 
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