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Abstract 

Ankyrin repeats (ARs) are polypeptide motifs identified in thousands of 

proteins. Many AR proteins play a function as scaffolds in protein-protein interactions 

which may require specific mechanical properties. Also, a number of AR proteins have 

been proposed to mediate mechanotransduction in a variety of different functional 

settings. The folding and stability of a number of AR proteins have been studied in 

detail by chemical and temperature denaturation experiments, yet the mechanic of AR 

proteins remain largely unknown. In this dissertation, we have researched the 

mechanical properties of AR proteins by using protein engineering and a combination of 

atomic force microscopy (AFM)-based single-molecule force spectroscopy and steered 

molecular dynamics (SMD) simulations. Three kinds of AR proteins were investigated: 

NI6C (synthetic AR protein), D34 (of ankyrin-R) and gankyrin (oncoprotein). While the 

main focus of this research was to characterize the response of AR proteins to 

mechanical forces, our results extended beyond the protein nanomechanics to the 

understanding of protein folding mechanisms. 

In Chapter 3, we present the nanomechanics of a synthetic AR protein, NI6C. 

NI6C is composed of consensus ARs that have the same amino acid sequence. We found 

that NI6C subjected to external forces unfolds sequentially from the C- to the N-

terminus repeats. Also when relaxed under mechanical control, the mechanical refolding 

process of NI6C generated robust refolding forces. By combining the results of AFM 

measurements and SMD simulations, we fully reconstructed the folding pathway of 
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NI6C. Additionally, because the mechanically controlled folding process occurs under 

one-dimensional geometrical constraints similar to those that are present during co-

translational folding of nascent polypeptide chains, our studies of NI6C shed light on 

the mechanism of protein folding in ribosome complex in vivo.   

In Chapter 4, we present nanomechanics of the native AR protein D34, which is 

the C-terminus fragment of the membrane binding domain of ankyrin-R. It is plausible 

that the tension in the red blood cell (RBC) membrane and the membrane skeleton is 

transmitted to various parts of ankyrin-R in a fairly complex manner, subjecting 

different parts of ankyrin-R to various stretching/compression forces acting in various 

directions. Our AFM and SMD study revealed an unusual mechanical anisotropy of ARs 

in D34 that manifests itself by different mechanical stabilities of the protein when its 

mechanical unfolding or refolding is forced to propagate directionally from the N- to the 

C-terminus or vice versa. This mechanical anisotropy is presumed to be caused by the 

anisotropy of the helical bundles in D34, which may be exploited in evolution to 

produce an intricate mechanical design of ankyrin-R. This finding can be extrapolated to 

the mechanical behavior of ankyrin-R in vivo, and also can provide the designing 

principles of AR proteins for biomaterial applications.  

In Chapter 5, we present a mutation effect on the mechanical property of ARs. 

One of the documented mutations in hereditary spherocytosis, the life-threatening 

human anemia in which RBCs become spherical and very fragile, is the histidine-to-

arginine (H-R) in TPLH motif in repeat #11 of ankyrin-R. Using the model NI6C system, 
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we observed that mechanical unfolding and refolding forces of the mutant decreased 

about 30% as compared with the wild type. Also, the MD simulation revealed that the 

characteristic curvature of NI6C was altered (flattened) by the H-R mutations.  Our 

observation suggests that the H-R mutation possibly reduces the mechanical or elastic 

property of ARs of ankyrin-R, and may ultimately influence the mechanical force 

response of RBCs. 

In chapter 6, we characterize the nanomechanics of gankyrin (an oncoprotein 

composed of 7 ARs) using AFM and SMD simulations. Our results reveal multiple 

distinct non-cooperative unfolding pathways of gankyrin with long-lived intermediates. 

We compare the mechanical unfolding behavior of ARs in Gankyrin and in NI3C 

(similar to NI6C with 3 internal repeats), and we discuss the possible physical origins of 

the differences observed. 

In addition to the protein mechanics, we investigated the mechanical property of 

polysaccharides.  Therefore, in chapter 7, we examine the mechanical properties and the 

epimerization effect of alginates by means of AFM and ab initio quantum chemical 

calculations. Alginates are linear polysaccharides composed of β-D-mannuronic acid (M) 

and its C-5 epimer, α-L-guluronic acid (G). The M:G ratio is an important characteristic 

of alginates known to control alginate stiffness. We found that the mechanical 

fingerprints of three different M:G contents showed unique force plateau features in 

their force-extension curves. These unique force spectrograms can be used for the M:G 

contents identification.  
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Chapter 1. Introduction 

Proteins are biopolymers composed of amino acids and folded into stable 3-

dimensional structures.  The biological functions of proteins are closely related to their 

uniquely folded tertiary structures. Some proteins have structural or mechanical 

functions, frequently involve specific interactions with other molecules, or subjected to 

various mechanical forces. For example, the muscle protein titin plays important roles in 

muscle contraction or relaxation by serving as an entropic spring. Under extreme stress 

conditions, titin modules may unfold and provide the necessary extension to protect 

muscles (Erickson 1994; Rief et al. 1997; Li et al. 2002). Fibronectin and tenascin are 

elastic components of the extracellular matrix (ECM) which is extremely important in 

many cellular processes. The fibronectin of ECM is known to bind with the 

transmembrane receptor proteins of cells, and it is subjected to mechanical force upon 

cells migration. Similarly, tenascin is believed to be subjected to mechanical forces while 

mediating the attachment and rolling of cells in shear flow (Oberhauser et al. 1998). 

Cadherins are calcium-dependent transmembrane proteins which play an important 

role in cell-cell adhesion, thus they are subjected to mechanical forces. They are 

proposed to participate in mechanosensing in hair cells of vertebrate ears; a mechanical 

stimulus is converted into an electrical signal for hearing function (Imamura et al. 1999; 

Huber and Weis 2001; Sotomayor et al. 2005). Hence, the mechanical properties and the 

force response of these kinds of proteins must be characterized to understand their 

mechanical behaviors in vivo and to uncover their biological processes. 
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The development of atomic force microscopy (AFM) and steered molecular 

dynamics (SMD) simulations allow the study of the mechanical response of proteins at a 

single molecular level. In these experimental and computational measurements, single 

biomolecules were subjected to tensile forces; molecules were stretched or relaxed in 

precise force [pN] or extension [nm] control. The unfolding processes of proteins 

generate characteristic unfolding force peaks in force-extension curves. Often, the 

patterns of unfolding peaks, so called fingerprints, are informative to provide their 

mechanical stability or their unfolding pathways. For example, the unfolding event of an 

I27 domain, a β-sandwich composed of seven β-sheets, produces ~200 pN force peak 

with ~28 nm contour length increment (corresponding to the fully stretched length of 89 

amino acids). The SMD simulations reveal that the unfolding force peak is generated 

when two β-strands, interacting with 7 hydrogen bonds, are stretched in shear topology 

(Fig. 6A). When the stretched protein is relaxed, the polypeptide chain attempts to 

recover their original tertiary structures at various rates, from micro-seconds to seconds. 

When proteins refold fast, the AFM-based force spectroscopy measurements with slow 

scan speed (~5 nm/ms) can capture the refolding process. For example, repeat proteins 

such as Clathrin,  β-catenin and ankyrin-B showed pronounced refolding force peaks in 

the relaxing traces (Lee et al. 2006; Kim et al. 2010), unlike the fibronectin or titin 

modules, which refold in the order of ~seconds and generates hysteresis between the 

unfolding and refolding force-extension traces without any refolding force peaks. In 

addition to these intrinsic mechanical properties of proteins, the unfolding and refolding 
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experiments have also been employed to examine the mechanical stability affected by 

residue mutations, protein-protein interactions, or ligand bindings. For instance, recent 

AFM experiments of calmodulin captured the conformational equilibrium fluctuation 

where the kinetics depended on calcium-ions (Junker et al. 2009). 

Most of the AFM-based mechanical unfolding or refolding studies in the last 15 

years were focused on globular proteins, but repeat proteins are only recently started for 

the mechanical property characterizations. In this research, nanomechanics of ankyrin 

repeat (AR) proteins are investigated using a combination of AFM-based single-

molecule force spectroscopy and SMD simulations. An AR is a 33 amino acid motif 

composed of anti-parallel α-helices separated by loops (Fig. 1A). ARs stack on top of 

each other in a roughly linear fashion to produce elongated, super-helical architectures 

that suggest interesting mechanical properties. AR proteins are ubiquitously expressed 

intracellular proteins identified in thousands of proteins; nearly 20% of the encoded 

human genome contains ARs. Many AR proteins serve as scaffolds in protein-protein 

interactions which may require specific mechanical properties. For example, the primary 

function of ankyrin-R in human erythrocytes is to link the anion exchanger to the 

spectrin/actin network (Bennett and Baines 2001; Michaely et al. 2002); the membrane-

binding domain of ankyrin-R is composed of 24 ARs which provide a binding surface 

for several proteins (Fig. 1C and Fig. 2). It has been recognized that deficiencies and / or 

mutations in ankyrin-R cause inherited human diseases including hereditary 

spherocytosis, which is a hemolytic  anemia where red blood cells (RBCs) become 
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spherical and very fragile (Eber and Lux 2004; Bennett and Healy 2008). Therefore, 

mechanical failure of ankyrin-R may adversely affect the integrity of the RBC 

membrane. Also, a number of AR proteins have been proposed to mediate 

mechanotransduction in a variety of different functional settings (Corey et al. 2004; 

Nicolson 2005; Sotomayor and Schulten 2007). For example, AR domains are proposed 

to act as an elastic element allowing the opening and closing of ion channels in response 

to stimuli (Howard and Bechstedt 2004). In this dissertation, three kinds of AR proteins 

were investigated: NI6C (a synthetic AR protein), D34 (in the membrane binding 

domain of ankyrin-R, and Gankyrin (oncoprotein) (Fig. 1 B-D).  

In Chapter 3, we presented nanomechanics of the consensus AR protein NI6C 

which is composed of 8 repeats, as the internal six repeats have the identical amino acid 

sequence. Through the AFM and SMD simulations results, we fully reconstructed the 

folding pathway of consensus ankyrin repeats of NI6C. We find that consensus ankyrin 

repeats subjected to external forces unfold sequentially from the C-terminus repeat to 

the N-terminus repeat. When relaxed, the unfolded repeats refold sequentially in the 

opposite direction as generating pronounced refolding forces. The fully stretched and 

then relaxed NI6C starts folding by the formation of local secondary structures, followed 

by the nucleation of three N-terminal repeats. This rate-limiting step is then followed by 

the vectorial and sequential folding of the remaining repeats. Since the mechanically 

controlled folding process occurs under one dimensional geometrical constraints similar 

to those that are present during co-translational folding of nascent polypeptide chains, 
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Figure 1: Ribbon diagrams of AR proteins. 

 (A) Ribbon diagrams of two repeats; top, side and bottom views. An ankyrin repeat 
(composed of 33 amino acids) forms two anti-parallel α-helices and a loop-hairpin structure. 
Helices (H1 and H2) of each repeat stack in a linear fashion and form elongated structures. (B) 
A ribbon diagram of NI6C. The structure is extrapolated from the crystal structure of NI3C 
(PDB: 1QYM). (C) A ribbon diagram of D34 (PDB: 1N11).  (D) A ribbon diagram of Gankyrin 
(PDB: 1TR4). 
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our studies of NI6C shed light on the mechanism of protein folding in vivo.  

In Chapter 4, we present the nanomechanics of the native AR protein D34 of 

ankyrin-R. D34 is the C-terminus fragment of the membrane binding domain composed 

of total 12 repeats with an additional beginning fragment of the spectrin binding domain 

(30 amino acids). The primary function of ankyrin-R in human erythrocytes is to link the 

anion exchanger to the spectrin/actin network (Bennett and Baines 2001; Michaely et al. 

2002). Previously, the mechanical unfolding of spectrin in RBCs was captured under 

physiological stress (Johnson et al. 2007). Ankyrin-R may be subjected to as much 

mechanical force as spectrin; we hypothesized that ankyrin-R unfolds under the 

repeated deformation forces during RBC circulations. Yet, the response to the 

mechanical forces and unfolding pathways may depend on the pulling direction 

presumably due to the super-helical curvature of the AR stack in ankyrin-R and the 

various binding sites with other molecules along ARs. Thus, the analysis of the 

mechanical behavior of ankyrin-R needs to involve forces that will be applied to 

different parts of the protein in different directions. Our AFM and SMD study revealed 

an unusual mechanical anisotropy of ARs which manifest itself by different mechanical 

stabilities of the protein when its mechanical unfolding or refolding is forced to 

propagate directionally from the N- terminus to the C-terminus side repeats or in the 

opposite. This finding can possibly be extrapolated to the understanding of the ankyrin-

R response to the subjected force in vivo; also, can be applied in the ankyrin-based 

springy material design.  
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In Chapter 5, we presented a histidine-to-arginine mutation effect on the 

mechanical property of ARs. One of the documented mutations in hereditary 

spherocytosis, the life-threatening human anemia, is the histidine to arginine in TPLH 

motif in AR #11 in ankyrin-R. Interestingly, the tetrapeptide TPLH motif is a conserved 

motif of ankyrin repeats, and it is suggested that TPLH plays an important role in AR 

conformational stability and target binding property. Since NI6C is a great model AR 

system and its mechanics were studied successfully (Chapter 3), we mutated the NI6C 

system and compared their mechanical unfolding and refolding behaviors with wild-

type NI6C. Our study directly measured the mechanical property changes, and revealed 

that the mechanical unfolding and refolding force of the H-R mutant was decreased 

about 30% when compared with the wild-type. Also, the molecular dynamics simulation 

reveals that the characteristic curvature of the NI6C was altered (flattened) by the 

histidine-arginine mutations. Our observation suggests that the histidine-to-arginine 

mutation in a TPLH motif possibly reduces the mechanical or elastic property of ARs of 

ankyrin-R, and may ultimately influence the mechanical force response of the RBC. 

Also, we speculate these altered mechanical properties of ARs may directly be related 

with the hereditary spherocytosis. 

In chapter 6, we characterized the nanomechanics of gankyrin, composed of 7 

ARs, using AFM and molecular dynamics simulations. Gankyrin is a recently identified  
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Figure 2: Schematic diagrams of the ankyrin-R interactions in red blood cell. 

(A) A simplified model of the RBC membrane skeleton. The spectrin network is linked to the 
membrane by ankyrin, which binds to both spectrin and the abundant transmembrane 
proteins. Adapted from (Bennett and Baines 2001).  (B) A proposed model for the molecular 
organization of ankyrin-R and its binding partners at the membrane. Ankyrin repeats of 
ankyrin-R (blue ribons) wraps around an ion transporter (green) protruding from the 
cytoplasmic surface of the membrane (light blue). Ankyrin repeats interact with the L1 cell 
adhesion molecule (red) and clathrin heavy chain (orange). The spectrin-binding domain of 
ankyrin-R (a purple sphere) interacts with Spectrin (white). Adapted from (Michaely et al. 
2002). (C) Electron micrograph of a normal biconcave erythrocyte (top) and a spherocyte 
(bottom). The spherocyte is smaller, round, and lacks concavities. Adapted from (Bessis 1977) 
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oncoprotein involved in multiple protein-protein interactions and a negative regulator 

of two principal tumor suppressors p53 and pRB (Dawson et al. 2006). Our results reveal 

multiple distinct non-cooperative unfolding pathways of gankyrin with long-lived 

intermediates. ARs of Gankyrin peeled away half, one or more repeats at a time at low 

force non- cooperatively, unlike the sequential unfolding events of repeats in NI6C. 

Also, intermediates are populated in some traces which unfold only at high force. 

Finally, the unfolded individual AR is shown to generate a refolding force in the 

relaxing trace, and we discuss the possible structural basis for this phenomenon. We 

compare the behavior of AR protein unfolding under force inputs, and the mechanical 

properties of gankyrin versus NI3C (similar to NI6C but three internal repeats), and we 

discuss the possible physical origins of the differences observed. 

In addition to the protein mechanics, we investigated the mechanical property of 

polysaccharide, another biopolymer composed of sugar rings through glycosidic bonds.  

In chapter 7, we examined the mechanical properties of Alginates and their 

epimerization effect by means of atomic force microscopy and ab initio quantum 

chemical calculations. Alginates are linear polysaccharides containing β-D-mannuronic 

acid (M) and its C-5 epimer, α-L-guluronic acid (G). The M:G ratio is an important 

characteristic of alginates known to control alginate stiffness. We captured the different 

mechanics of alginates with 0%, 40% and 70% contents of G residues. Under action of 

applied forces, the G-unit whose equilibrated conformation is the inverted-chair, flips its 

sugar ring to regular chair conformation, which provide an increased separation of 
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glycosidic oxygen atoms. The mechanical fingerprints of three different M:G contents 

showed unique deviations of their force-extension curves from the models of simple 

entropic elasticity, and these unique force spectrograms can be used for the M:G 

contents identification. We added the characteristic force-extension curves of alginates to 

the mechanical fingerprints library of polysaccharide.  

In Chapter 8, we pursued to understand few protein folding questions by 

reexamining our mechanical study results of AR proteins. Specifically, we attempt to 

answer following questions:   

1) Mechanical unfolding behavior  

- What is the relationship between the mechanical unfolding pathways and the 

unfolding forces (Mechanical unfolding anisotropy)?  

- What is the mechanical role of the SBD fragment in D34? 

- How much mechanical loads ARs can endure as compared with previously 

characterized proteins?  

- Are the mechanical stabilities of AR proteins consistent with the chemical stabilities?  

2) Mechanical refolding behavior  

- What is the relationship between the mechanical refolding pathways and refolding 

forces (Mechanical refolding anisotropy)?  

- What is the mechanism of the transient events?  

- Which protein folding model do AR proteins follow?  

3) Vectorial folding in vivo –  
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- How ARs fold after translated from RNA in a ribosome complex. 

4) Human disease related mutation effect on the mechanical stability  

- Do the histidine/arginine mutations in TPLH motifs, one of the hereditary 

spherocytosis related mutations, alter the mechanical stability of ARs? 
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Chapter 2. Research Methods 

In this research, the folding mechanism and mechanical properties of Ankyrin 

repeat proteins are investigated by using a home-built single axis AFM-force 

spectrometer (AFS) and molecular dynamics (MD) simulations. To obtain the intrinsic 

elasticity of each Ankyrin repeat proteins without substrate or cantilever interactions, 

and to be able to identify single-molecule recordings, we flanked six or seven I27 

modules of muscle protein titin by using a standard protein engineering approach. In 

this section, we introduced the basics of AFM-based force spectroscopy, MD simulations 

and relevant molecular biology methods. 

 

2.1 Atomic Force Microscopy based Force Spectroscopy 

AFM (atomic force microscope)-based force spectroscopy is one of the best force 

sensing techniques in single molecular biosciences. Compared to other force 

spectroscopy techniques, such as optical tweezers, AFM can stretch relatively shorter 

molecules (10 ~ 300 nm) to relatively higher forces (well over 1000 pN) while still 

retaining high force and length resolutions (~ 5 pN , < 1 nm)(Bustamante et al. 2000; 

Bustamante et al. 2000). Because of these reasons, both static and dynamic states of 

biological molecules have been examined by this tool.  

Since atomic force microscopy (AFM) was introduced in the 1980s (Binnig et al. 

1986) for imaging, it has become one of the foremost nanoscale tools in various fields, 
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from biology to materials science, mainly because of its ability to investigate a variety of  

materials (nonconductive, magnetic, and biological) under a variety of environmental 

conditions (air, liquid at different temperatures). Besides imaging, AFM is an excellent 

spectrometer to measure the mechanical properties of single molecules. The AFM-based 

force spectroscopy determines the force-extension relationship while stretching or 

relaxing a biomolecules. The force-extension relationship can provide insight on the 

mechanical unfolding stabilities and the elastic properties of biopolymers; it can give 

perceptive understanding of the complex nature of the biomolecules (Fisher et al. 2000). 

The most studied proteins in the last two decades using AFM are the  

Relatively long modular proteins composed of independently folded globular 

domains such as Fibronectin III modules or tenascin of extracellular matrix protein 

Fibronectin (Krammer et al. 1999; Rief et al. 2000; Erickson 2002; Gao et al. 2002; 

Oberhauser et al. 2002; Cao and Li 2006),  I27 modules of the muscle protein titin (Rief et 

al. 1997; Marszalek et al. 2000; Rief et al. 2000; Gao et al. 2001; Oberhauser et al. 2001; 

Best et al. 2003; Li et al. 2006; Linke and Grutzner 2008; Botello et al. 2009), or synthetic 

poly proteins (Lv et al. 2010). 

2.1.1 Atomic Force Spectrometer  

The main components of AFS are: 1) Piezoelectric scanner which moves the 

substrate in the z-direction stretching the attached molecule with sub-nm step size; 2) 

Soft cantilever which bends sensitively corresponding to the reaction force when the 

attached molecule is stretched; 3) Laser whose beam has small spot size to be deflected 
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from the cantilever without scattering the laser intensity; 4) Photodiode which detects 

the vertical deflection of the cantilever based on the movement of the reflected laser 

beam. The schematic diagram of these four components is shown in Fig. 3B. 

In this study, the single-molecule force spectroscopy measurements were carried 

out on home-made instruments. Fig. 3A shows the image of our AFM and the principles 

of force spectroscopy measurements This design is published (Rabbi and Marszalek 

2008). Our home-built AFM force spectrometer is built with a multimode AFM head 

detector (Veeco) and the high-resolution piezoelectric stages. Our tool has increased 

sensitivity of the extension and force measurements over the commercial spectrometer; 

the used Z-axis piezoelectric stage actuator (A P-735.11C LISA Linear PZT, Physik 

Instrumente) provides < 0.05 nm resolution. Also, our AFM has a high resolution XY- 

 
 

Figure 3: Home-built z-axis force spectrometer  

(A) The AFM tool used for the force spectroscopy experiments. (B) The schematic diagram of 
the AFM components. 
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piezoelectric stage (P-733.2Cl XY Piezo Flexure Stage, Physik Instrumente), this stage 

offers the substrate movement in XY direction with < 0.3 nm in closed loop.   

To measure the elastic properties, a biopolymer immobilized on substrate is 

picked up by a cantilever which is approached to the substrate, and it is mechanically 

stretched and relaxed. The entropic tension developed in the polymer chain (F) causes 

the AFM cantilever to bend down, with the amount of the bending (∆Zc) proportional to 

the tension (F=Kc ∆Zc) (the AFM cantilever is elastic and behaves like a hookean spring, 

with the spring constant, Kc). Cantilever bending is monitored by the laser beam 

projected on its top side, reflected off of it and projected by means of a small mirror onto 

a split (quadrant) photodiode. The photodiode current is sampled and computer- 

synchronized with the voltage applied to the piezoelectric actuator that moves the 

sample. After calibration of both signals, i.e. converting the photodiode current into pN, 

and the voltage applied to the piezoelectric actuator into nm, both signals are sampled, 

stored and displayed as a force (F/pN) versus extension (x/nm) curve, which constitutes 

the molecule’s force spectrogram.  

2.1.2 Calibration methods of AFM cantilever Spring Constant 

The images of a microlever (triangular shape) and a biolever (rectangular shape) 

are shown in Fig. 4. In order to achieve reliable and accurate measurements of force-

extension curves, it is important to calibrate the cantilever spring constant correctly. The 

nominal value of the spring constant quoted by the manufacturer is commonly based on 
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the cantilever dimensions and material property. The actual value is often deviated from 

the nominal value since the dimensions changes from one production line to another. 

Therefore, each cantilever needs to be calibrated before the experiments. Several 

methods of cantilever calibration have been described in the literatures including the 

Cleveland method, the Sader method and the thermal excitation method.(Butt and 

Jaschke 1995; Florin et al. 1995; Butt et al. 2005). The Cleveland and Sader methods 

employ the resonant frequency changes resulted by picking-up additional object (M) by 

a cantilever (the effective mass of a cantilever: M*); ω = 2πf = (k / (M*+M)1/2). In this 

study, we calibrate each cantilever in solution by using the thermal excitation method 

mainly because of its simplicity. The thermal excitation method employs the Energy 

equipartition theorem. In thermal equilibrium, each independent quadratic term in the 

Hamiltonian of a system has a mean value of (1/2)kBT, where kB is the Boltzmann 

constant and T is the absolute temperature [Kelvin]. The micrometer size cantilever 

 

 

Figure 4: Cantilevers used for the force spectroscopy experiments. 

Images are adapted from Veeco Probe catalogs. 
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system is treated as an ideal system; the elastic potential energy is related to the thermal 

energy as 
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2.1.3 Force-extension spectra analysis: Worm-like chain model 

Proteins are polymers composed of amino acids. In native state, polypeptide 

chains fold into their specific tertiary structure to perform their biological functions 

while their elasticity is quite rigid. Extending a polypeptide chain in solution (by 

separating its ends, as in AFM force spectroscopy measurements) forces amino acids to 

align with the stretching direction and this process inevitably reduces the chain entropy. 

Stretching of the chain requires some work input by an external force. As a result the 

polypeptide chain develops entropic tension that counterbalances the applied force. The 

elasticity of proteins are commonly modeled within the framework of the Worm-Like-

Chain (WLC) model of polymer elasticity (Flory 1988).  

2.1.4 Protein structures and fingerprints of force-extension curves 

The polypeptide chains translated from mRNA in the ribosome complex are in 1-

dimensional unfolded states (called the primary structure). Amino acids in the linear 

chain develop interactions with each other and ultimately fold into a well-defined 3- 

dimensional structure (called the tertiary structure). Anfinsen’s dogma said that the 

 

 

Figure 5: Polymer elasticity: Worm-like chain model. 

Adapted from (Rabbi and Marszalek 2008). 
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tertiary structure is determined by the amino acid sequence; yet the protein folding 

mechanisms are very complex, and it is very difficult to predict the tertiary structure 

from the protein sequence. Proteins stabilize their structure to serve their biological 

functions; thus, the folded structures of proteins are investigated widely by various 

tools. 

Previous force spectroscopy measurements demonstrated that simple AFM 

mechanical manipulations of individual proteins are very informative in terms of 

connecting their elasticity and mechanical stability to structures. This approach registers 

the molecular fingerprint of mechanical unfolding or refolding of proteins, or offers the 

possibility of identifying individual protein’s native or denatured states. In Fig. 4, we 

present three exemplary force spectra of proteins that we examined by AFM. The most 

studied protein is I27 domain of the muscle protein Titin as shown in Fig. 4A. I27 is an 

immunoglobulin domain composed of the seven β-strands forming anti-parallel β-sheets 

(89 amino acids). The force-extension curve of the poly(I27) construct shows the saw-

tooth pattern force peaks at a force of ~200 pN and the contour length increment of ~28 

nm. The refolding rate was measured by a double-pulse protocols, it takes 1~5 seconds 

to refold the unfolded I27 domains (Oberhauser et al. 1998). The mechanical unfolding 

of an I27 domain is simulated by using Steered Molecular Dynamics (SMD) simulations. 

The simulation revealed that the force peak was generated when the first and the last 

strands (A’ and G strands which contain 6 hydrogen bonds) are deformed in shear 

mode. In Fig. 4 B and C, two exemplary force-extension traces of proteins composed of  
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Figure 6: Single molecular force-extension curves obtained from different proteins 

(A) The ribbon diagram (left) of the I27 module of titin (Sotomayor and Schulten 2007), and 
the saw-tooth pattern force-extension curves of poly-I27 constructs, adapted from (Oberhauser 
et al. 1998). The double-pulse unfolding and refolding measurements of poly-I27 revealed that 
the time dependence of refolding of I27 modules. On the right is a plot of the proportion 
refolded (Nrefolded/Ntotal) versus time interval (∆t) where the black line is a fit of the data and the 
red circles are from a Monte Carlo simulation of a two state folding/unfolding kinetic model. 
(B) The ribbon diagram of Spectrin R17 unit (top). The unfolding trace (bottom) of the 
spectrin-I27 construct (I27-R17- I27-R17- I27-R17- I27-R17) displayed the ~20 pN force peaks 
corresponding to the unfolding events of individual spectrin repeats, followed by ~130 pN 
force peaks corresponding to the I27 unfolding. (C) The structure (left) and the unfolding and 
refolding traces (right) of Myosin coiled coil protein, adapted from (Schwaiger et al. 2002). 
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α-helices are shown. The mechanics of spectrin repeats (Fig. 4B) showed that the 

spectrin repeats unfold at low force regime of ~ 30 pN, and refold within 1 second; yet 

the refolding force peaks were not observed. While the coiled coil structure of Myosin 

showed a long force plateau at a force of ~25 pN; interestingly, the refolding traces 

showed almost no hysteresis and followed the unfolding traces exactly.  

 

2.2 Molecular Dynamics simulations 

Steered molecular dynamics (SMD) methods are ideal to simulate AFM 

stretching measurements of polymer systems which may be immersed in an implicit or 

even explicit solvent (water). The details of SMD simulations of proteins can be found in 

several excellent reviews on this subject from the K. Schulten group (Lu et al. 1999; Lu 

and Schulten 1999; Isralewitz et al. 2001; Gao et al. 2002). In the SMD approach to 

modeling AFM measurements, a terminal atom or a group of atoms of the polypeptide 

chain is fixed and the other terminal atom (a group of atoms) is subjected to a harmonic 

potential. The center of this potential is moving at a constant speed in the stretching 

direction, simulating the action of the AFM cantilever pulling on the molecule in a force 

spectroscopy measurement. There are several molecular dynamics (MD) simulation 

packages that could be used to execute calculations aimed at modeling AFM stretching 

of biomolecules. In this section, we introduced the program NAMD developed by the 

Klaus Schulten group at the University of Illinois Urbana-Champaign (Kale et al. 1999) 
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and the Go-like model of the Coarse-grained MD developed by the Onuchic group at the 

University of California, San Diego (Clementi et al. 2000).  

2.2.1 NAMD (Nanoscale Atomic Molecular Dynamics)  

The NAMD program is a widely used scalable molecular dynamics simulation 

program developed by Klaus Schulten’s group at the University of Illinois Urbana-

Champaign (Kale et al. 1999). NAMD is a particularly user-friendly program easily used 

by experimentalists with a lesser background in computer programming and the inner 

working of the molecular dynamics code. One exemplary SMD code used for D34 

stretching is shown in Appendix A.  

MD simulations handle the movement of all atoms by solving Newton’s equation 

of motion (classical mechanics),  

U
dt

trd
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i
ii −∇==

2
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)(  

The NAMD program incorporates Langevin dynamics to the Newton’s equation 

to control the kinetic energy (depends on temperature/pressure) of the system by adding 

a frictional damping term (γ) and random noise force (Ri(t)):  
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Thus, the derivative of the potential energy of each atom relates directly to the atom 

positions at time t. The potential Energy is calculated systematically by 
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The first three terms are bonded interactions; the 1st term describes a bonding energy 

between two atoms, the 2nd term describes the angle bending energy between two 

neighboring bonds, the 3rd term represents the torsional rotation energy of two bonds 

around a central bond. The force field parameters define the energy and the magnitude 

of all forces; these parameters are written in the Force Field such as CHARMM (Brooks 

et al. 1983) or AMBER (Pearlman et al. 1995).  

In SMD simulations, the SMD atom (or atoms) is dragged in the designated 

direction with respect to the fixed atom (or atoms) with harmonic restraints. The 

harmonic potential energy term,  

( )[ ]2
2

1
nrrvtkU oharmonic ⋅−−=

 

 is added to the potential energy calculation, where k  is the spring constant, v is the 

pulling velocity, t is the simulation time, 0r is the initial position of the SMD atom 

and n is the pulling direction. 
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In our study, the crystal structures of ankyrin proteins (D34: PDB 1N11 and 

NI3C: PDB 2QYJ) in water box were stretched by using NAMD/SMD. For example, the 

D34 fragment is composed of 6156 atoms (including hydrogen atoms), the D34 within a 

30 nm water box (+ 150 mM NaCl) increase the system size to 111130 atoms. The 30 nm 

water box allow unfolding only ~ two repeats ((10 nm folded D34 length) + (2 repeat x 11 

nm unfolded)). We stretched D34 for 30 nm, used the stretching speed of 1 - 5 nm / ns, 

thus the simulation time of each simulation was 6 ~ 30 ns. A 10 ns SMD simulation of 

this size takes about a month in our computer cluster. The pulling speed of SMD is 

about 106 faster than the AFM pulling speed (5 ~ 100 nm/ms); this pulling speed gap 

changes the loading rate (df/dt). Thus the resulting SMD force-extension curves do not 

match exactly with AFM force-extension curves. For example, force peaks of the 

NAMD/SMD force-extension curve of the D34 fragment are at the force of ~ 300 pN, 

while force peaks of AFM traces are at ~60 pN. Yet, the trajectory files and spacing of the 

force peaks help us to interpret the unfolding pathways of D34.  

2.2.2 Go-Like Model (Structure-based course-grain MD) 

Although attempts have been made to study AR proteins with all-atom details 

by Sotomayor et al.(Sotomayor et al. 2005) and by us, the sampling convergence in all-

atom simulations remains a major concern when it is used to describe large-amplitude 

protein motions. Various approaches have been developed to model proteins at a 

coarse-grained (CG) level in order to efficiently deal with the large-amplitude motions in 

protein folding(Go 1983; Liwo et al. 1997; Clementi et al. 2000; Izvekov and Voth 2005; 
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Marrink et al. 2007). We adapted a  24 CG model developed by Clementi et al.(Clementi 

et al. 2000) to simulate the AFM-controlled protein unfolding and refolding. In this CG 

model each amino acid was represented by the Cα atom only, so called a pseudo-atom. 

And the interactions between non-neighboring residues were based on native and non-

native contacts where the cut-off distances (or radius) between residues are preset. The 

energy function of the CG model is: 
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The first three summations are over bonds, bond angles, and dihedral angles; the 

last summation includes the non-local native interactions and the repulsive non-native 

contacts. The subscript “0” denotes the properties from the native crystal structure; Γ 

represents the current structure; Kr is the harmonic constant for the bonds; r is the bond 

length between two Cα atoms; Kθ is the harmonic constant for the bond angles; θ is the 

angle formed by three consecutive Cα atoms; 
( )nK
φ is the harmonic constant for dihedral 

angles with multiplicity of n; ϕ is the dihedral angle formed by four consecutive Cα 

atoms; ε(i, j) and ε2(i, j) are the energetic parameters for native and non-native contacts, 

respectively; rij is the distance between residue i and j. Based on this force field, we 

performed SMD(Isralewitz et al. 2001) simulation using the GROMACS package(Hess et 
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al. 2008). In this study, D34 (PDB: 1N11) and NI6C (derived from NI3C – PDB: 1QYM) 

were simulated by using Onuchic’s Go-Like Model CG-SMD. One exemplary CG-SMD 

code used for D34 stretching is shown in Appendix B.  

 

2.3 Protein Engineering  

The folded lengths of ankyrin repeat proteins we studied are 5 nm ~ 10 nm 

(measured from the crystal structures). In the AFM force microscopy, we use soft 

microscale cantilevers as shown in Fig. 4. The nominal tip diameter is between 4 nm and 

50 nm. This size is comparable or much bigger than the length of folded proteins. This 

sized cantilever may crash proteins and denature their tertiary structures while 

contacting the substrate to pick up a molecule for stretch-relax experiments. Also, we 

cannot verify the measured force spectra obtained whether by a single molecule or many 

molecules simultaneously. For these reasons, we typically flank the ankyrin repeat 

proteins by I27 modules of titin whose mechanics were extensively studied as shown in 

Fig. 6A. 

The DNA sequence of NI6C, D34, mutated NI6C and Gankyrin was inserted into 

the Poly-I27 pRSETa vector which contains 8 I27 sequences; this vector was a kind gift 

from Jane Clark(Steward et al. 2002). The DNA sequence of the fourth I27 module was 

replaced by the sequence of AR proteins by using the KpnI and NheI restriction 

enzymes. The STOP codon was added before the MluI restriction site which is located 
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between the sequence of 7th and 8th I27 modules. This scheme allows us to have the final 

protein product as (I27)-(I27)-(I27)-(AR protein)-(I27)-(I27)-(I27). 

In detail, the gene of each AR proteins was amplified by polymerase chain 

reaction (PCR) with the KpnI and NheI restriction sites. Then the PCR product was 

substitute the fourth I27 module of poly-I27-pRSETa through digestion and ligation 

processes. The plasmids with sequence confirmed were transformed into the Escherichia 

coli strain BL21 or C41 (DE3). The transformed cells were cultured in LB (Luria-Bertani) 

media at 37 oC. When the growth of the culture reached OD-600nm value of 0.5~0.8, 

protein expression was induced by 1~2 mM of IPTG (IsoPropyl-b-Thio-Galacto-

pyranoside) for 5 hours at 28 oC. The harvested cells were then centrifuged at 4K rpm at 

4oC for 30 minutes. The cell pellet was stored -80 oC for a few hours. Then the pellet was 

chemically lysed, and centrifuged at higher speed of 35K rpm at 4 oC for 1 hour. The 

proteins in the supernatant were purified by Ni-NTA column (GE Healthcare, #17-5268-

02). Then, the collected protein was dialyzed against HPLC (high performance liquid 

chromatography) running buffer (100 mM NaCl, 10 mM PB pH7.4, 1mM EDTA, 1mM 

DTT and 1mM NaH3). The purified proteins were characterized by running SDS-PAGE 

gel electrophoresis and CD (circular dichroism) spectroscopy. 
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Chapter 3. Consensus Ankyrin repeat protein NI6C: Full 
Reconstruction of a Vectorial Protein Folding Pathway1  

In this chapter, we investigated the nanomechanics of the consensus AR protein 

NI6C. NI6C is a designed synthetic protein which is composed of the N- and C-capping 

repeats and the same sequenced six internal ARs, which allowed us to understand the 

mechanical properties of AR much simpler than native AR proteins. In Chapter 5, these 

NI6C results were compared with the mechanical property of a mutated protein.  

 

3.1 Introduction 

Significant progress has been made toward understanding the protein folding 

problem(Kim and Baldwin 1990; Bryngelson et al. 1995; Baldwin 2007; Englander et al. 

2007; Dill et al. 2008), through in vitro experiments on individual proteins (Fernandez 

and Li 2004; Cecconi et al. 2005; Kessler et al. 2006; Sharma et al. 2007; Walther et al. 

2007; Borgia et al. 2008; Dougan et al. 2008; Dougan et al. 2008; Schuler and Eaton 2008; 

Garcia-Manyes et al. 2009; Garcia-Manyes et al. 2009; Huang et al. 2009; Movileanu 2009; 

Puchner and Gaub 2009; Berkovich et al. 2010; Shank et al. 2010), their ensembles(Mayor 

et al. 2003; Werbeck and Itzhaki 2007; Cellmer et al. 2008) and through computer 

simulations(Gao et al. 2001; Best et al. 2003; Best and Hummer 2005; Ferreiro et al. 2005; 

                                                      

1 Xiancheng Zeng performed SMD simulations.  This work is published in: Lee, W., X. Zeng, H.-
X. Zhou, V. Bennett, W. Yang and P. E. Marszalek (2010). "Full Reconstruction of a Vectorial 
Protein Folding Pathway by Atomic Force Microscopy and Molecular Dynamics Simulations." 
Journal of Biological Chemistry 285(49): 38167-38172.. 
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Sotomayor et al. 2005; Hyeon et al. 2006; Li et al. 2006; Mickler et al. 2007; Sotomayor and 

Schulten 2007; Schaeffer et al. 2008; Berezhkovskii et al. 2009; Freddolino and Schulten 

2009). However, less is known about in vivo folding (Clark 2004; Hartl and Hayer-Hartl 

2009; Komar 2009). Following protein synthesis, the nascent polypeptide chain (NPC) is 

extruded through the long (~80 Å) and narrow (10-20 Å) ribosome exit tunnel in which 

the NPC starts its folding process (Cabrita et al. 2010). This co-translational folding has a 

strong vectorial character (Clark 2004; Cabrita et al. 2009). Recent studies using single-

molecule techniques and NMR spectroscopy have captured interesting structural 

features in NPC synthesis and folding on the ribosome (Woolhead et al. 2004; Wang et 

al. 2007; Wen et al. 2008; Cabrita et al. 2009; Tinoco and Wen 2009; Bhushan et al. 2010; 

Cabrita et al. 2010; Uemura et al. 2010). As recently suggested by Cabrita et al. (Cabrita 

et al. 2009), the vectorial character of co-translational folding, is in a way mimicked by 

force-induced unfolding experiments. Such mechanical experiments can be carried out 

for example in an atomic force microscope (AFM) (Rief et al. 1997; Oberhauser et al. 

1998; Marszalek et al. 1999; Li et al. 2002; Oberhauser and Carrión-Vázquez 2008; Junker 

et al. 2009; Lv et al. 2010), with optical tweezers(Cecconi et al. 2005; Shank et al. 2010) or 

by translocating proteins through a pore (Movileanu et al. 2005; Oukhaled et al. 2007; 

Mohammad et al. 2008). These processes have been extensively modeled in computer 

simulations (Gao et al. 2001; Best et al. 2003; Kirmizialtin et al. 2004; Sotomayor et al. 

2005; Tian and Andricioaei 2005; Hyeon et al. 2006; Li et al. 2006; West et al. 2006; 

Mickler et al. 2007; Sotomayor and Schulten 2007; Makarov 2008; Ammenti et al. 2009). 
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During mechanical unfolding and refolding in AFM, the N- and C-termini of the 

polypeptide chain are constrained to the pulling axis, which limits the conformational 

space of the chain in a vectorial fashion. In this study, we used a combination of AFM-

based single-molecule force spectroscopy (Rief et al. 1997; Oberhauser et al. 1998; 

Marszalek et al. 1999; Li et al. 2002; Oberhauser and Carrión-Vázquez 2008; Junker et al. 

2009; Lv et al. 2010) and steered molecular dynamics (SMD)(Lu and Schulten 1999; Lu 

and Schulten 2000; Isralewitz et al. 2001) simulations to examine in detail the folding of 

NI6C, a consensus ankyrin repeat (AR) protein, under such vectorial constraints. 

NI6C, composed of 253 amino acids, is organized into six identical internal 

repeats and two capping repeats (Wetzel et al. 2008). It was chosen as our model system 

because of i) ARs are very common and have been identified in over 4,700 

proteins(Ferreiro et al. 2005) ii) its extended "vectorial" structure; iii) its composition 

consisting of tandem repeats of nearly identical sequences, which should simplify the 

analysis of force spectroscopy data; and iv) its extreme thermodynamic stability(Wetzel 

et al. 2008) that makes mechanical stretching and relaxing as the only practical 

experimental approach to induce and follow the repeats' unfolding and refolding.  

 

3.2 Methods 

3.2.1 Protein design and expression  

Our chimeric polyprotein NI6C-I27 construct consisted of NI6C, a consensus 

Ankyrin repeat (AR) protein, and three I27 domains each flanking the N- and C-termini 



 

31 

 

[i.e., (I27)3-NI6C-(I27)3] as shown in Fig. 9A. The sequences of the capping and internal 

repeats of NI6C were adapted from(Wetzel et al. 2008), and the whole sequence of NI6C 

is listed in Fig. 8C. The gene of NI6C was synthesized by Genescript (Piscataway, NJ). 

The NI6C gene was inserted into the Poly-I27 pRSETa vector [a kind gift from Jane 

Clark(Steward et al. 2002)] using KpnI and NheI restriction sites, and the STOP codon 

was added before the MluI restriction site. The engineered plasmids were transformed 

into E. coli C41 (DE3) (Lucigen, #89027), and the NI6C-I27 protein was expressed for 10 

hours using IPTG induction. The harvested cells were lysed and purified by using a 

nickel affinity column (GE Healthcare, #17-5268-02) followed by size exclusion HPLC. 

Purified protein was checked by SDS-PAGE gel electrophoresis and CD spectroscopy.  

3.2.2 AFM-based single molecule force spectroscopy  

Purified NI6C-I27 protein was dialyzed in a buffer with 150 mM NaCl, 2 mM 

TCEP (Thermo Scientific, #77720), and 20 mM Tris (pH 8.0). 50 µl of a diluted protein 

solution (1-5 µg/ml) was incubated on a substrate for 20 minutes, rinsed once to remove 

protein molecules that did not adhere to the substrate surface. Both nickel-NTA 

functionalized glass substrates (Schmid et al. 1997; Schmitt et al. 2000; Lee et al. 2006) 

and clean glass substrates were used for AFM experiments. All force-extension 

measurements were performed using Biolever cantilevers (OBL from Veeco, kc ≈ 6 

pN/nm) at pulling speeds between 5 and 100 nm/s, at room temperature. The force 

peaks in the force-extension curves were fitted to the Worm-like-chain (WLC) 

model(Bustamante et al. 1994). 
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3.2.3 SMD simulations using a coarse-grained model  

The consensus AR protein NIC6 contains an N-terminal, a C-terminal, and 6 

internal repeats, and is composed of 253 amino acids. In the AFM experiments, the AR 

protein was flanked by I27 modules. To reduce the system size and focus the modeling 

on NIC6, we used only 6 additional glycine residues as the flanking sequence on each 

side. We adapted a CG model developed by Clementi et al.(Clementi et al. 2000). In this 

CG model each amino acid was represented by the Cα atoms only, and the interactions 

between non-neighboring residues were based on native and non-native contacts. We 

performed SMD(Isralewitz et al. 2001) simulation using the GROMACS package(Hess et 

al. 2008). 

3.2.3.1 Building the structure of NI6C from NI3C (PDB: 2QYJ) 

The largest consensus AR protein with determined crystal structure was NI3C. 

To carry out SMD simulations of the NI6C protein used in the AFM measurements, we 

needed to extrapolate the structure of NI6C from NI3C. Since our CG model employed a 

structure-based energy function, building an accurate initial structure was critical. Based 

on the X-ray crystallography of NI3C (PDB code: 2QYJ)(Merz et al. 2008), we used a root 

mean square displacement (RMSD) fitting procedure to build the structure of NI6C. In 

the fitting procedure, we divided the protein NI3C into 5 domains as listed in Fig. 7A 

and performed the fitting to minimize the RMSD of the backbone atoms (Cα, C, O, N) 

among repeats 1, 2, and 3. A step-by-step description of the procedure is shown in Fig. 

7B legend and the final structure built through the RMSD fitting is shown in Fig. 7B with  
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Figure 7: Building the structure of NI6C from NI3C 

(A) (top) The ribbon diagram of the X-ray structure of NI3C (PDB code: 2QYJ)(Merz et al. 
2008). (bottom) Protein NI3C is divided into 5 domains as listed in this table. (B) (top) The 
ribbon diagram of the built NI6C structure. We built the structure by using RMSD fitting:  

1) Duplicate the original PDB structure with 4 copies: red, yellow, green, and blue.  

2) Align the internal repeat-1, 2 in the yellow copy with the repeat-2, 3 in the red copy.  

3) Align the repeat-1, 2 in the green copy with the repeat-2, 3 in the yellow copy.  

4) Align the repeat-1, 2 in the blue copy with the repeat-2, 3 in the green copy.  

5) Record the structure from: i) N-terminal, repeat-1, 2, 3 in the red copy, ii) repeat-2 in the 
yellow copy, iii) repeat-2 in the green copy, iv) repeat-2, 3 and C-terminal repeat in the blue 
copy.  

6) Adding coils composed by six glycine residues as the handles on both ends of the protein.  

7) Re-order the residue numbers from 1 to 265 (from N to C) to finish the structure of NI6C. 
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overlaps in different colors. 

3.2.3.2 Expected length of a fully stretched Ankyrin repeat.  

The expected length of a fully stretched internal repeat (33 amino acids) is 12 nm 

(33 × 0.365 nm per amino acid)(Dietz and Rief 2004). The expected contour length of 

NI6C (253 amino acids) is 92 nm (253 × 0.365 nm per amino acid), while the length of 

folded NI6C is ~8 nm. Therefore, the increment or contraction of the contour length due 

to unfolding or refolding of one repeat in AFM force traces is expected to be around 11 

nm (12 nm – 1 nm) when the force peaks are fitted to the WLC model. We should point 

out that the contour length in the CG model of NI6C is shorter than that in all-atom 

models or in the AFM measurements. A fully stretched polypeptide chain in the all-

atom representation has the dihedral angles N-C-C-N near 180° to accommodate the 

tension in the backbone; however, the equilibrium distance between two neighboring C 

atoms is defined by the crystal structure, and subjected to the harmonic bond restraint 

2
0( )rK r r− when stretched.  

 

3.3 Results 

3.3.1 Mechanical folding of NI6C under 1-D constraints 

Our approach is illustrated in Fig. 9A. The NI6C protein was flanked on each 

side by three I27 domains of titin serving as pulling handles and as a force spectroscopy 

reference for identifying single-molecule recordings(Rief et al. 1997; Carrion-Vazquez et 
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al. 1999; Marszalek et al. 1999; Li et al. 2000; Steward et al. 2002; Williams et al. 2003; 

Dietz and Rief 2004; Perez-Jimenez et al. 2006; Serquera et al.). We first stretched the 

chimeric protein to unfold the NI6C portion, either fully or partially, and then allowed it 

to relax and refold while measuring the extension and tension. To verify the 

convergence of the SMD simulations, we compared the force extension curves obtained 

at different pulling speeds within the range of 0.1 nm/ns and 10 nm/ns. Furthermore, we 

also performed multiple simulations with the same SMD speed (v=0.1 nm/ns) but 

different initial particle velocities. The multiple simulations generated almost identical 

 

 

Figure 8: Consensus ankyrin structure  

(top) NI6C is composed of total eight repeats, the N-terminal capping repeat, six consensus 
internal repeats and the C-terminal capping repeat. The amino acid sequence of each repeats 
are aligned. (bottom) Schematic drawing of a folded and unfolded Ankyrin repeat; the 
expected contour length increment, ∆Lc of single Ankyrin repeat would be ~11nm.  
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force-extension curves, suggesting that the conformational samplings in the SMD 

simulations converged very well. Fig. 9B shows a typical AFM force-extension trace of 

the NI6C-I27 construct obtained at a pulling speed of 100 nm/s. Evenly spaced by 10.5 

nm, small unfolding force peaks at protein extensions below 100 nm strongly suggest 

that they correspond to the stepwise unfolding of individual NI6C repeats(Lee et al. 

2006; Li et al. 2006). These small force peaks are then followed by the characteristic saw- 

 

 

Figure 9: Structure and force-extension curve of the NI6C-I27 construct.  

(A) The ribbon diagram of the chimeric polyprotein designed for the AFM experiments; (I27)3-
NI6C-(I27)3. (B) A representative unfolding trace of NI6C-I27 obtained at a stretching speed of 
100 nm/s. The AFM data is fitted to two families of WLC curves, one with a contour length 
increment ∆L = 10.5 nm and a persistence length p = 0.78 nm (gray dash lines) and the other 
with ∆L = 28 nm and p = 0.36 nm (orange dash lines). These values of ∆L are consistent with 
the fully stretched lengths of one AR and one I27 domain, respectively; hence the two families 
of peaks correspond to the unfolding of individual ARs of NI6C and of I27 domains, 
respectively.  
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tooth pattern of large force peaks corresponding to the mechanical unfolding of five out 

of six I27 domains, providing direct evidence that the whole measurement was obtained 

on a single molecule containing all eight ARs. We used this recording as the reference 

force spectrogram to identify unfolding events of ARs in other measurements.  

In Fig. 11, we compare the results of AFM measurements and SMD simulations. 

The unfolding and refolding force-extension traces obtained by SMD matched the AFM 

data remarkably well. This indicates that the computer simulations indeed reproduced 

the main events occurring in NI6C under the AFM control. Moderate differences 

between AFM and SMD data were observed primarily at small extensions (~10 nm), due 

to the absence of I27 domains in the simulations. The presence of I27 domains in AFM 

measurements results in the initial length (and extension) of the construct to be greater 

than that of NI6C alone, used in the simulations. It also affects the slope of force- 

extension curves especially in low extension regions. This effect in high extension 

regions is less significant, because the long unraveled polypeptide chain dominates the 

overall elasticity. 

3.3.2 Folding pathway and time evolution of native contacts of NI6C  

In order to analyze the entire unfolding and refolding trajectories of NI6C, we 

built its native contact map, and monitored its time evolution (Fig. 12 and Fig. 13). It can 

be seen that the refolding process followed the reverse order, C- to the N-terminus, and 

folding to achieve maximal speed. The analysis of native contacts at both termini 

indicates that the structure of NI6C is slightly asymmetric. As shown in Table 1, helices  
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Figure 10: Examples of transient events frequently recorded when NI6C is stretched and 
relaxed at 30 nm/s. 

(A) A transient event that captured the transition: folded state → unfolded state → folded state 
is shown (black arrow). (B) A transient event that captured (a different molecule) the 
transition: unfolded state → folded state → unfolded state black is shown (black arrow). (C) 
The contour length increment (∆L) and the unfolding force histograms determined from the 
recordings obtained at the pulling speed of 30 nm/s are shown. (D) The contour length 
contraction (∆L) and the refolding force histograms determined from the recordings obtained 
at the pulling speed of 30 nm/s are shown. The refolding active force is measured by 
subtracting Flow from Fhigh as shown in (B).  
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H1 and H2 in the N-terminal repeats are longer than those in the internal repeats, and 

the corresponding helices in the C-terminal repeat are the shortest. This asymmetry 

means that the N-terminal repeat has more stabilizing interactions than the C-terminal 

repeat; correspondingly the latter consistently unfolded first. Unfolding is unlikely to 

start from an internal repeat, since that would require breaking roughly twice as many 

native contacts with neighboring repeats when comparing to starting from a terminal 

repeat. The unfolding of some native AR proteins was found to proceed in the opposite 

direction to that of NI6C (Tang et al. 2003; Werbeck et al. 2008). It would be interesting 

to see whether that unfolding order can be similarly explained by an analysis of native 

contacts. 

3.3.3 Nucleation of N-terminal α–helices, the rate-limiting step for 
folding 

It is worth noting that the unfolding of the last repeat was followed by a plateau 

in the SMD force-extension trace (Fig. 11B). Based on the contacts labeled in gray in Fig. 

13C (t = 512-680 ns), we ascertained that the plateau corresponded to the unwinding of 

the helical structures that remained folded until this stage. Similar plateaus were 

observed in the refolding traces, where they preceded the occurrence of the refolding 

force peaks (Fig. 11B). According to the contact map in Fig. 13D, the folding of NI6C 

started with the formation of local α-helices (H1 and H2) within t = 150-472 ns. No 

tertiary structures were formed until t = 472 ns, at which point three repeats at the N-

terminus (Asp13 to Gly103) folded simultaneously within 5 ns (t = 472-477 ns). This 
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happened after several failed attempts to create a folded nucleation core in different 

regions of the fluctuating polypeptide chain. This observation indicates the importance 

of nucleation in the folding of AR proteins under 1-D constraints, and is consistent with 

the prediction that the main folding barrier corresponds to the simultaneous folding of 

2-3 consecutive repeats (Ferreiro et al. 2005; Ferreiro and Wolynes 2008). A similar  

 

 

Figure 11: The complete mechanical unfolding and refolding traces obtained by AFM and 
SMD. 

(A) The measured unfolding (red) and refolding (blue) force-extension traces of NI6C at 30 
nm/s, fitted to a family of WLC curves (grey dash lines) with ∆L = 10.5 nm and p = 0.86 nm. 
Note that following the complete unfolding of all ARs, the first refolding force peak appears 
only after the molecule was partially relaxed (star). (B) The simulated unfolding (green) and 
refolding (pink) force-extension traces of NI6C. Similar to the AFM data, the first SMD 
refolding force peak occurs only after the molecule has been significantly relaxed (star). (C) A 
comparison of the unfolding force-extension traces by SMD (green) and AFM (red). The SMD 
trace is shifted to the right by 20 nm to compensate for the initial length of I27 modules that 
contribute to the extension in the AFM measurements but are absent in the SMD simulations. 
(D) A comparison of the refolding force-extension traces by SMD (pink) and AFM (blue) 
following the unfolding of NI6C. The same 20 nm shift is applied to the SMD trace.  
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nucleation process was proposed by Wetzel et al.(Wetzel et al. 2008) in the chemical and 

thermal folding of consensus AR proteins, but it has never before been observed 

directly. Once the nucleation event occurred and a stable folded stack was formed, the 

rest of the polypeptide chain folded in a vectorial fashion, repeat-by-repeat using the 

stack as the folding template.  

3.3.4 Refolding of NI6C from partially unraveled structures  

To examine in detail the late stage of AR folding, which may occur in the 

presence of folded N terminal repeats, we designed AFM experiments and 

corresponding SMD simulations, in which only part of NI6C was unraveled and then 

allowed to relax and refold. This was achieved by limiting the extension of the chimeric 

protein below the contour length of NI6C (less than 90 nm). This procedure allowed us 

to specify the number of repeats that unfolded or remained folded at the end of the 

stretching phase. During the subsequent relaxation phase, the refolding behavior of the 

repeats that already unraveled was followed. These short-extension measurements 

could be performed at significantly lower pulling speeds, affording better force 

resolution. The force-extension data obtained at the stretching speed of 5 nm/s are 

shown in Fig. 15B and compared to the data obtained at 30 nm/s. Even though the 

spacing between major unfolding force peaks measured at low and high pulling speeds 

are comparable, the force traces obtained at slower stretching speeds resolve finer details 

of the unfolding and refolding processes. For example, at the pulling speed of 5 nm/s, 

the major peaks are  
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Figure 12: The contact map of the consensus AR NI6C protein and the corresponding 
structures 

For each contact, a varying size of dot is used. The size, S, of a dot is proportional to the change 
in the distance between the residues of an original native contact within a certain time-span, 
i.e., S=c[r(t2)-r(t1)], where r(t) is the residual distance at time t, and c is a scaling constant. This 
change in contact distance clearly shows that the breakup of native contacts during the 
mechanical unfolding proceeded from the C- to N-terminus. The red, yellow and green dots on 
the map represent the internal native contacts within the last repeat at the C-terminus as 
shown in the inset. The dots in cyan and magenta are the inter-repeat contacts between the last 
two repeats at the C-terminus (shown in the inset). 



 

43 

 

 

 

Figure 13: Unfolding and refolding sequences of NI6C 

(A) The simulated complete unfolding force-extension traces of NI6C with timestamps marked 
between each major force peaks, indicating the breaking of a tertiary structure. (B) The 
simulated complete refolding force-extension traces of NI6C, with timestamps. (C) Changes of 
the distance between native contacts during the complete unfolding process, with color code 
from red to gray representing different time-spans defined in (A). The gray regions represent 
the unfolding of local α-helices (H1 and H2), corresponding to the plateau between 512 ns to 
680 ns in (A). (D) Changes of native contact distance during the complete refolding process, 
with color coded time-spans. From t = 150 ns to 472 ns, local structures were formed (shown by 
the gray regions), which were followed by the simultaneous folding of three repeats at the N-
terminus. folding sequence that starts at the N-terminus, as revealed here by the SMD 
simulations, would allow co-translational unfolding process occurred in a vectorial fashion 
from the This nucleation event produced the first force peak that appeared between t = 472 ns 
to 512 ns in (B).  
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split into pairs of smaller sub-peaks with ∆L ≈ 3-5 nm as shown in Fig. 16B, suggesting  

that individual repeats unfold in two or more steps. The relaxation traces obtained on a 

partially unfolded NI6C protein exhibit robust, well-separated refolding force peaks that 

coincide with the unfolding force peaks. This suggests that upon relaxation, the 

polypeptide chain contracts in a stepwise manner while refolding the unraveled repeats. 

As shown in Fig. 10 A-B, transient unfolding and refolding events were also frequently 

observed at low stretching speeds, indicating that these transitions occur at near 

equilibrium(Junker et al. 2009). To gain insight into the events captured by AFM during 

partial unfolding and refolding, we performed SMD simulations in which three out of 

the eight repeats were unraveled and then relaxed under mechanical control. In Fig. 16 

B-D, we show the SMD results and their comparison with the AFM data. As before, the 

agreement between the experiment and simulation is very satisfactory. 

 

 

Figure 14: The snapshots of NI6C before and after the nucleation event 

Three N-terminal repeats folded within 5 ns and formed a nucleation core, which facilitated 
the folding of the rest of the polypeptide chain. The snapshots of the NI6C structures before (t 
= 472 ns) and after (t = 477 ns) the nucleation event. The zoomed inset shows the 
conformational change of the nucleation region (in shadow). 
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Figure 15: Comparison of the unfolding force extension traces of the NI6C-I27 construct at 
three different pulling speeds. 

(A) A comparison of the unfolding traces of NI6C obtained at pulling speed of 100 nm/s (gray, 
the same curve shown in Fig. 9B) and at 30 nm/s (blue, the same curve shown in Fig. 11A). (B) 
A comparison of the unfolding traces of NI6C obtained at pulling speed of 5 nm/s (red, the 
same curve shown in Fig. 16A) and at 30 nm/s (blue).  

 

In Fig. 16E-F, we show two series of snapshots from the SMD trajectories; each 

snapshot corresponds to a numbered peak in Fig. 16 C or D. The snapshots illustrate the 

vectorial unfolding and refolding of the C-terminal three repeats. In the unfolding trace, 

successive unfolding events of the three repeats are captured by conformational changes 

in snapshots 2-4, 5-7, and 8-10. During the unfolding process, the hairpin loops tended to 

remain folded after the detachment of the two α-helices, H1 and H2, from the stack. 

Loop unfolding produced small sub-peaks in the force-extension trace labeled as 3, 6,  
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Figure 16: Partial unfolding followed by refolding of NI6C. 

(A) Force-extension curves corresponding to partial unfolding (red) and refolding (blue) of 
NI6C at the pulling velocity of 5 nm/s. Dashed curves show the WLC fits with p = 0.9 nm. (B) 
The partial unfolding (green) and refolding (pink) force extension traces obtained from the 
SMD simulation. Black arrows indicate small unfolding force peaks separated by major 
unfolding force peaks. (C) A comparison of SMD (green) and AFM (red) unfolding force-
extension traces. (D) A comparison of SMD (pink) and AFM (blue) refolding traces. (E) A 
series of snapshots along the SMD partial-unfolding trajectory. Numbers correspond to the 
peaks in (C). Three repeats unfolded sequentially, from the C- to the N-terminus; five N-
terminal repeats remained intact (see snapshot 10). (F) A series of snapshots in the SMD 
refolding trajectory. Numbers correspond to the peaks in (D). The refolding process followed 
the reverse order of the unfolding process. 
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and 9 in Fig. 16C. Accordingly, the unfolding of one repeat consisted of two steps: the 

detachment and straightening of the α-helices H1 and H2 (peaks 2, 5, or 8), followed by 

the opening of the hairpin loop (sub-peaks 3, 6, or 9). The refolding of these repeats ook 

a similar pathway but in the reverse direction; however, the H1, H2 helices and the loop 

in one repeat typically folded in a single step.  

 

3.4 Discussion and Conclusions 

We used AFM-based single-molecule force spectroscopy to unravel the 

polypeptide chain and to follow its relaxation under 1-D geometrical constraints. We 

also simulated these stretch/relax processes by structure-based coarse-grained SMD 

calculations. The remarkable, hitherto unattained accuracy, with which SMD 

simulations recreated the experimental force spectrograms allowed us to confidently 

reconstruct the vectorial folding pathway of NI6C. Thus, this combination of AFM 

measurements with structure-based computer simulations presents a powerful tool for  

 

Table 1: Count the native contacts in the α-helical domains (H1 and H2) in the N-terminus, C- 
terminus, and internal repeats of NI6C. 

Domain Sequence* 
# of 

residues 
# of all 

contacts† 
# of inter-repeat 

contacts† 
N-terminal Asp7 - Gln30 24 85 49 
C-terminal Thr241 - Gln259 19 70 45 

Internal Thr109 - Ala129 21 129 101 
 
*NI6C was built using the X-ray structure of NI3C (PDB code 2QYJ). †The differences in 
the numbers of native and inter-repeat contacts lead to significant differences in stability 
between the repeats, as indicated by the energy function.  
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advancing our understanding of protein folding under geometrical constraints. First, our 

results indicate that the folding of NI6C under geometrical constraints is hierarchical 

and does not follow a simple two-state process indicated in bulk folding 

measurements(Mello and Barrick 2004). The folding of NI6C starts with the formation of 

local α-helices. The formation of these local secondary structures greatly reduces the 

dimension of the conformational space and accelerates the formation of tertiary 

structure elements. A similar hierarchy has also been observed in other systems(Zhu et 

al. 2003; Weikl et al. 2004; Woolhead et al. 2004; Du and Gai 2006; Hyeon et al. 2006; 

Mukherjee et al. 2008; Bhushan et al.). 

Second, the results from multiple SMD simulations clearly demonstrate that the 

rate-limiting step in the vectorial folding process of the entire NI6C protein involves the 

nucleation of three N terminal repeats. These observations together strongly suggest that 

the co-translational folding of ARs may proceed by forming α-helical segments still in 

the ribosomal exit tunnel(Bhushan et al. 2010) and after extruding their length 

corresponding to at least three repeats, they nucleate. Further folding may involve a 

simple rapid addition of the remaining C-terminal repeats, without any nucleation step, 

using the existing nucleated structure as the folding template. We hypothesize that such 

a nucleation-free, fast mechanical folding of terminal repeats may be advantageous for 

putative biological functions of repeat proteins in mechanotransduction(Corey and 

Sotomayor 2004; Howard and Bechstedt 2004; Sotomayor et al. 2005), should they be 

challenged with a partial mechanical unfolding. 
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Third, we note that during the co-translational folding the NPC is most likely not 

subjected to significant external mechanical forces, although it may be under some 

tension as a result of the interaction between the extruded part of the NPC with the 

ribosome-bound chaperone trigger factor (TF) that assists the folding(Hartl and Hayer-

Hartl 2009; Kramer et al. 2009). We believe that the application of a small external force 

to a folding polypeptide chain during AFM refolding measurements, which provides a 

practical means to restrain the protein in a vectorial space, by itself does not significantly 

alter the folding pathway of NI6C. The results in this work suggest that the refolding 

processes of NI6C occur spontaneously from the N-terminus to the C-terminus without 

the assistance or hindrance of an external force. The fact that the end of the polypeptide 

chain is still tethered (through the I27 handle) to the AFM tip should have minimal effect 

except perhaps keeping the folding along one direction, which mimics the effect of the 

wall of the ribosome exit tunnel. 

Therefore, we propose that the vectorial folding pathway reconstructed here for 

NI6C may be representative of the co-translational folding of thousands of AR domains 

and other repeat proteins that form similar extended structures composed of stacked α-

helical repeats. This conclusion is supported by our recent observation that native ARs 

of ankyrin-R, armadillo repeats of beta catenin, and HEAT repeats of clathrin all unfold 

and refold under 1-D constraints in a stepwise manner similar to that displayed by the 

consensus ARs of NI6C(Kim et al. 2010). 
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Chapter 4. D34 fragment of Ankyrin-R: Mechanical 
Anisotropy of Ankyrin repeats1 

 

4.1 Introduction 

Red blood cells (RBCs) undergo repeated stress and deformation while flowing 

through the capillaries and narrow slits of the spleen (Görög and Kovács 1980; Schrier 

2001). Therefore, an elastic response of the membrane and associated cytoskeletal 

proteins to the applied forces is essential for maintenance of the RBCs integrity and to 

enable recovery. Spectrin and ankyrin-R are among the key components of the 

erythrocyte membrane cytoskeleton network (Bennett and Baines 2001) and their elastic 

properties are vital for the maintenance of RBC mechanics. Alpha and beta spectrin units 

are composed of anti-parallel triple helices, and the mechanical properties of wild-type 

spectrin have been investigated in vitro by AFM-based single molecule force 

spectroscopy and by molecular dynamics simulations (Rief et al. 1999; Law et al. 2003; 

Ortiz et al. 2005; Scott et al. 2006; Randles et al. 2007). Discher and colleagues studied 

mechanical properties of spectrin repeats also in vivo using protein labeling and 

                                                      

1 Xiancheng Zeng performed SMD simulations and helped the SMD result analysis. Christina 
Rotolo performed some D34-I27 AFM experiments. Ming Yang expressed and purified D34 
monomers for the AFM experiments. The manuscript of these results is ready to submit. 
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fluorescence microscopy and they captured force-induced spectrin unfolding in live 

RBCs under physiological stress (Johnson et al. 2007).  

In contrast to spectrin, nothing is known at present about the mechanical 

properties of ankyrin-R, although it is expected that similar to spectrin, also ankyrin-R is 

subjected to significant mechanical forces in vivo. The primary function of ankyrin-R in 

human erythrocytes is to link the anion exchanger to the spectrin/actin network (Bennett 

and Baines 2001; Michaely et al. 2002). The membrane-binding domain of ankyrin-R is 

composed of 24 ankyrin repeats (ARs) which provide a binding surface for several 

proteins (Fig. 17B). Like spectrin repeats, ARs are also composed of alpha helices, but 

their assembly into a tertiary structure is very different from spectrin. Generally, ARs, 

which are composed of 33 residues that form two anti-parallel alpha helices (H1 and H2) 

and a loop, stack side by side to form elongated super-helical spring-like structures that 

mediate protein-protein interactions. Similar to spectrin repeats, ARs from various 

proteins have been shown to unfold repeat by repeat at forces of 25~100 pN (Lee et al. 

2006; Li et al. 2006; Kim et al. 2010; Lee et al. 2010; Serquera et al. 2010). However, unlike 

spectrin and most globular proteins studied so far, mechanically unfolded ARs have 

been demonstrated to refold rapidly and generate very robust refolding forces(Lee et al. 

2006; Kim et al. 2010; Lee et al. 2010; Serquera et al. 2010).  

In this study we examine the mechanical properties of the C-terminal portion of 

the membrane binding domain of ankyrin-R, containing repeat 13 through 24, termed  
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Figure 17: Schematic structure and binding interactions of D34. 

(A) The ribbon diagram of D34 of Ankyrin R (R13-R24, PDB 1N11 (Michaely et al. 2002)). The 
beginning fragment of SBD (purple) interacts with R20-R24. (B) Schematic diagram of the 
Ankyrin-R. Ankyrin-R is composed of the membrane binding domain, the spectrin binding 
domain (SBD), death domain (DD), and C-terminal domain. The membrane binding domain 
contains 24 ARs, and is segmented into D1, D2, D3 and D4. Ankyrin-R interactions with 
various other molecules in specific locations; R1-R18 interact with the Ion-transporter, R18-R19 
interact with L1, R19-R24 interact with Clathrin heavy chain, and SBD interact with Spectrin. 
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D34 followed by a 30 amino acid fragment of spectrin-binding domain (SBD). We chose 

this fragment because it is the longest ankyrin-R fragment crystallized so far (Michaely 

et al. 2002), and it is the center of intermolecular interactions with other components of 

the RBC membrane skeleton. In addition, the unfolding behavior of this fragment has 

been characterized thoroughly in chemical and thermal denaturation studies (Werbeck 

and Itzhaki 2007; Werbeck et al. 2008). Importantly, recent studies imply that the 

response of proteins to the mechanical forces is often different from their response to 

chemical denaturants or to the increased temperature. This is because the applied forces 

perturb the protein structure along their pulling direction while chemical denaturants 

and heat act globally (Li et al. 2006; Serquera et al. 2010). Moreover, the response to the 

mechanical forces and unfolding pathways may depend on the pulling direction in a 

relatively complicated manner (Dietz et al. 2006; Mickler et al. 2007; Bertz and Rief 2009; 

Junker and Rief 2009). Several proteins interact with D34 at specific and different AR 

regions in vivo (Fig. 17B). Thus, D34 may be subjected to forces acting in various 

directions. Therefore, the analysis of the mechanical behavior of D34 needs to involve 

forces that will be applied to different part of the protein and will act in different 

directions. In this work, we report studies on the mechanical behavior of D34 under such 

conditions using steered molecular dynamics (SMD) simulations. The results of these 

simulations are then compared with direct atomic force microscopy (AFM) stretching 

and relaxing measurements of D34. A similar combination of the experiment and theory 
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already has proved to be a powerful tool to characterize mechanical behavior of the I27 

domain of titin (Marszalek et al. 1999), ubiquitin (Carrion-Vazquez et al. 2003), GFP 

(Mickler et al. 2007) and consensus ARs (Lee et al. 2010).  

Our study reveals a complex mechanics of D34. ARs in D34 display unusual 

mechanical anisotropy, which manifests itself by a different mechanical stability when 

their unfolding is forced to propagate from the N-terminus towards the C-terminus as 

compared to the unfolding in the opposite direction. The mechanics of D34 is strongly 

affected by the curvature of the stack and by the SBD segment. The N-terminal repeats 

appear to be on average mechanically weaker as compared to the C-terminal repeats. 

The anisotropy of ARs also affects the refolding behavior of D34 that seems to strongly 

depend on the residual structure of the mechanically unraveled polypeptide chain. 

Finally, we discuss how these complex mechanical properties of D34 may affect its 

behavior in vivo. 

 

4.2 Methods 

4.2.1 DNA cloning and protein expression 

The gene of D34 (residues 402-827) was inserted into pET-28a plasmid which 

contains His-tag. The engineered plasmids were transformed into E. coli BL21 or 

C41(DE3), and expressed using IPTG induction. The expressed proteins were purified 

by using a Ni-NTA affinity column followed by size exclusion chromatography. 



 

55 

4.2.2 AFM-based single molecule force spectroscopy.  

Proteins were diluted to 1-5 ug/ml in 10 mM Tris buffer, 150 mM NaCl and 3 mM 

TCEP (Thermo Scientific, # 77720). 50 ul of the diluted sample was deposited on clean 

glass or Ni-NTA functionalized glass for 20 min at room temperature, and then gently 

washed with 100 ul fresh buffer to remove non-immobilized proteins. All AFM 

stretching measurements were carried out on custom-built AFM instruments 

(Oberhauser et al. 1998; Lee et al. 2006). The spring constant (kc) of each cantilever was 

calibrated in solution using the energy equipartition theorem (Florin et al. 1995). 

Biolevers (OBL, Veeco, kc ≈ 6 pN/nm) or microlevers (MSNL, Veeco, kc ≈ 20 pN/nm) 

were used. The force peaks in the force-extension curves were fitted to the Worm-like-

chain (WLC) model (Bustamante et al. 1994).  

4.2.3 Data selection criteria 

Obtained force-extension curves may result in stretching a single D34 molecule 

or several molecules simultaneously. Even if a single D34 molecule is stretched, different 

regions of D34 may be stretched in distinct pulling geometries. The unfolding events of 

D34 generate distinct force peak patterns, and therefore, it may not easy to find the 

fingerprint of the unfolding force-extension curve of all the repeats of D34 (12 ARs) in 

monomer AFM experiments. In this study, to verify the characteristic unfolding force 

peaks of ARs in D34, we employed the following steps. First, in order to not pick-up 

more than two molecules, we used a low concentration of proteins (1~5 ug/ml) for 
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sample preparations on glass substrate. Second, we used an up-mode procedure (an 

AFM tip approaches the substrate in order to pick-up a D34 molecule), and changed to a 

down-mode procedure, if a molecule is attached to a cantilever, for the cyclic force-

extension measurements. Third, we compared the obtained force-extension traces with 

extensions higher than 70 nm corresponding to the fully stretched length of the half of 

D34 (~6 ARs).  The unfolding events generated more than six unfolding peaks (6 ARs 

out of 12 ARs) as D34 stretched more than 70 nm.  

We compared the series of unfolding force peaks (more than 6 peaks), which 

allowed us to recognize the force-peak pattern. Over many AFM experiments and with 

many samples, we obtained the most probable unfolding patterns as shown in Fig. 19 A-

B. These curves were used as templates for data selection. If an unfolding trace with 

more than three force peaks matched reasonably well with the force peaks of the 

templates, all resolved unfolding peaks in the unfolding force-extension traces were 

fitted with WLC curves. Then, the contour length increments and the maximum force of 

each peak relative to the force baseline were measured and collected for histogram 

analysis.  

4.2.4 CG-SMD simulations.  

Initial geometries of D34 and NI6C were built based on PDB structure 1N11 and 

2QYJ, respectively. The missing 5 residues between ARs to the SBD in D34 structure 

were added and equilibrated using all-atom force field CHARMM22(Mackerell Jr et al. 
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2004). The crystal structures were coarse-grained to Cα  representation and the proteins 

were simulated using the structure based Go-like force field (Clementi et al. 2000).  

 

4.3 Results and discussion 

Fig. 17A shows the ribbon diagram of the D34 protein based on crystal structure (PDB 

1N11). Ankyrin repeats 13 (R13) to R24 form a characteristic extended spiral domain that 

is followed by the 30 amino acids (AA) fragment of SBD. The SBD fragment folds back 

on the R20-R24 fragment of D34 engaging with it by a set of hydrogen bonds. Fig. 17B 

shows a schematic diagram of ankyrin-R and illustrates its interactions with ion-

transporter, L1, clathrin heavy chain, and spectrin. We speculate that during blood 

circulation, ankyrin-R binding partners, probably in conjugation with other factors, exert 

mechanical forces on ankyrin-R that are manifested at different points in the AR domain 

and stretch the protein in different directions. To characterize the mechanical behavior 

of D34 under various possible pulling geometries, we performed extensive steered 

molecular dynamics (SMD) simulations followed by AFM stretching measurements. Our 

previous study of another ankyrin protein (consensus AR protein NI6C (Lee et al. 2010)) 

demonstrated that AFM measurements can be faithfully reproduced using SMD with a 

structure-based coarse-grained model(Clementi et al. 2000). Here, we follow a similar 

approach and perform a set of SMD simulations on D34 coarse-grained to Cα 

representation with the structure based CG force field(Clementi et al. 2000). 
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Figure 18: CG-SMD simulations of D34 

(A) The pulling geometry of D34-SMD1. Stretching forces are applied to two terminal residues 
(red and blue dot). (B) The simulated unfolding force-extension trace (red) obtained in D34-
SMD1. (C) Unfolding trajectory snapshots of D34-SMD1. Repeats were peeled off from the C-
terminus repeat (R24) to the N-terminus repeat (R13) sequentially (blue arrows, direction II). 
(D) The pulling geometry of D34-SMD2. Terminal residues of two terminal repeats, 403LEU of 
R13 (red dot) and 792GLU of R24 (blue dot) were subjected to stretching forces. (E) The 
simulated unfolding force-extension trace (red) of D34-SMD2. Note the ~60 pN unfolding 
force peaks. (F) Unfolding trajectory snapshots of D34-SMD2. Repeats were peeled off from 
the N-terminus repeat (R13) to the C-terminus repeat (R24) sequentially (red arrows, direction 
I). (G) The pulling geometry of D34-SMD3. The center of mass (COM) of terminal repeats, 
R13-R14 (red circle) and R23-R24 (blue circle) were stretched. (H) The simulated unfolding 
force-extension trace (red) of D34-SMD3.  (I) Unfolding trajectory snapshots of D34-SMD3. 
The stack of R18-R19 broke first, then the D3 fragment unraveled sequentially from R18 to R13 
(blue arrows, direction II). After unraveling the D3 fragment completely, the D4 fragment 
unraveled sequentially from R19 to R22 (red arrows, direction I). 
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4.3.1 SMD simulations of mechanical unfolding of D34 

Three different pulling geometries for D34 were explored, D34-SMD1, D34-

SMD2 and D34-SMD3. They are illustrated in Fig. 18 A, D and G. Each case was 

repeated five times, and the simulations produced converged and consistent results. Fig. 

18 B, E and H summarize the SMD results.  

When forces were applied to terminal residues as shown in Fig. 18A (case D34-

SMD1, forces applied to the N-terminal residue Leu403 (red dot) and the C- terminal 

residue Glu812 (blue dot)), the resulting force-extension curve (Fig. 18B) displayed the 

first force peak of ~35 pN at an extension of ~6 nm followed by two sets of force peaks 

and a plateau followed by a region of high stiffness (extensions greater than 120 nm) 

indicative of a fully stretched polypeptide chain. Surprisingly, larger force peaks (~45 

pN) at extensions of up to 50 nm preceded smaller force peaks (~30 pN) that occurred at 

extensions of 50~90 nm. This result is quite unusual because, typically in force 

spectroscopy of proteins, the order of unfolding force peaks is consistent with increasing 

mechanical stability of domains; and therefore, smaller force peaks precede larger force 

peaks but not vice versa (Li et al. 2000; Oberhauser et al. 2000; Dietz et al. 2006; Ng et al. 

2007). Fig. 18C shows selected snapshots of D34 during the SMD unfolding trajectory. 

When stretched, the SBD fragment was detached first from the AR stack and was 

aligned in the direction of the force. This event produced the first force peak of ~35 pN at 

an extension of ~6 nm. Then, the repeats were peeled off and unfolded sequentially from 



 

60 

the C-terminus side of the stack (Fig. 18 B and C, direction II). The unfolding events 

involving R24 to R21 that belong to D4 domain of D34 produced relatively large force 

peaks of ~45 pN, and each force peak reported unfolding of one repeat. Unfolding of R20 

to R13 produced relatively small force peaks of ~30 pN spaced less regularly compared 

to the unfolding of R21-R24. During these events, repeats did not unfold in an all-or-

none fashion, but unfolded in steps that involve peeling off helices or loop-hairpins. 

In the D34-SMD2 case, forces were applied to the N-terminal residue Leu403 of 

R13 (red dot) and the last residue of R24, Glu792 (blue dot), that precedes the SBD 

fragment as shown in Fig. 18D. With this setup, the D34 was stretched on the ends but 

without too much force exerted on the SBD fragment. The corresponding force-

extension curve (Fig. 18E) displayed a set of even unfolding force peaks of ~60 pN 

spaced by ~3 nm and ~7 nm. Fig. 18F shows a few snapshots of D34 structure during this 

SMD unfolding trajectory. When stretched, the repeats peeled off sequentially from the 

N-terminal side of the stack (Fig. 18F, direction I) while the SBD fragment remained 

folded and attached to the R20-R24 segment. The SBD fragment detached and unfolded 

only after R22 unfolded. During the progression of unfolding in direction I, there are 

two types of force peaks in the force-extension curves. The first region from 0 to 60 nm 

represents the unfolding signals of R13 to R18 (D3) and the following region from 60 to 

110 nm represents the unfolding of R19 to R24 (D4). R13-R18 unfolded in two steps, 

generating a pair of split peaks. When loop-hairpins unfolded, they contributed an 
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extension of ~ 3 nm, and when two α-helices unfolded, they contributed ~7 nm to the 

length of the unfolded polypeptide chain. R19 to R21 of D4 also unfolded in a similar 

two-step fashion producing slightly higher force peaks (~61 pN) as compared with the 

D3 region (~55 pN). Under a large tension, the last repeat R24 underwent large open-

close dynamics, and these motions broadened the R19-R21 force peaks. The ~60 pN force 

peak at the extension of ~90 nm corresponds to the simultaneous unfolding of R22, R23, 

H1 of R24 and SBD (at 84 ns in D34-SMD2). The last force peak of ~40 pN at ~100 nm 

extension corresponds to the unfolding of the last tertiary structure element composed 

of R22 and H1 of R23 (at 92 ns in D34-SMD2). Interestingly in SMD2, unfolding of ARs 

proceeded in the direction that is opposite to the case considered above (D34-SMD1). It 

appears that the application of the force to R24 does not strain the SBD fragment which 

remains firmly attached to R20-R24 protecting mechanically the C-terminal region of 

D34. This in turn forces the unfolding to start at the N-terminus. 

Finally in the D34-SMD3 case, forces were applied to the centers of mass (COM) 

of terminal repeats of D34 (COM1 of R13-R14, red circle, and COM2 of R23-R24, blue 

circle). The resulting force-extension curve (Fig. 18H) displayed a single peak of 65 pN at 

an extension of ~6 nm followed by a set of ~30 pN force peaks at extensions between 20 

to 50 nm, which were then followed by a set of ~60 pN force peaks. The small force 

peaks were spaced less regularly compared to large force peaks that were spaced by ~10 

nm. Fig. 18I shows a few snapshots of D34 structure during this SMD unfolding 
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trajectory. The analysis of this trajectory indicates that the first force peak is associated 

with the stack breaking event that separated D3 from D4 (interface between R18 and 

R19, Fig. 18I first panel). Then, the D3 fragment (R13-R18) unraveled sequentially from 

the C-terminal side (R18) to the N-terminal side (R13) (Fig. 18I, direction II) producing 

small unfolding force peaks of ~30 pN. After unraveling the D3 fragment completely, the 

D4 fragment (R19-R24) unraveled sequentially from the N-terminal side (R19) to the C-

terminal side (R22) (Fig. 18 H and I, direction I) producing large ~60 pN force peaks. It 

appears that when terminal repeats are protected from peeling, the weakest point of the 

protein is located in the center of the stack. As expected from solid mechanics for curved 

elements, the concentration of the stress is the greatest in the center, and this simple 

observation explains why the stack breaks in the center and the unfolding process starts 

there. A similar stack breaking event of D34 was captured in previous all-atom SMD 

simulations of D34 (Sotomayor et al. 2005).  

In summary, these simulations captured an unusual hitherto unrecognized 

mechanical anisotropy of ARs in D34. When the protein or its part is forced to unravel in 

direction II (peeling ARs from the C-terminus side of the stack), the repeats unfold at 

lower forces (R14-R20 ~30 pN, R21-R24~48 pN). However, when the protein or its part is 

forced to unravel in the opposite direction, repeats unfold at almost twice higher forces 

(~60 pN). The unfolding of repeats belonging to D4 part requires higher forces as 

compared to the unfolding of repeats belonging to D3 part of D34 in direction II (~48 pN 
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vs. ~30 pN). This computational result is consistent with the previous experimental 

observation that the D4 repeats of D34 are thermodynamically more stable than D3 

repeats (Werbeck et al. 2008). However, in pulling direction I, the stability of both 

segments was similar (~60 pN)  

4.3.2 AFM Unfolding of D34 

To test whether the two-level unfolding forces of D34 that manifest its mechanical 

anisotropy as observed by SMD are observed experimentally, we carried out AFM single 

molecule force spectroscopy measurements on D34 monomers (Methods). Because in 

this approach, the AFM tip picks up a protein in a random fashion, forces may be 

applied to different parts of the molecule. In Fig. 19A, we show stretching and relaxing 

traces that were observed most frequently in single molecule AFM measurements of 

D34. The stretching trace shown in Fig. 19A is composed of a set of fairly regular 

unfolding force peaks of ~60 pN. Other stretching cycles obtained on the same molecule 

showed similar force peak patterns. The histograms of the unfolding force (Funfold) and 

the contour length increment (∆Lc, determined by WLC fits (Bustamante et al. 1994)) are 

shown in Fig. 19F; the average Funfold, was 57 ± 27 pN and the average ∆Lc was 8.8 ± 4.9 

nm. In addition, we also recorded force-extension curves which contain significantly 

smaller unfolding force peaks of ~30 pN (Fig. 19B). The unfolding traces of Fig. 19 A and 

B are compared in Fig. 19C. It is clear that the large unfolding force peaks at extensions 

greater than 40 nm are similar in both traces suggesting similar unfolding events at these  
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Figure 19: Comparisons of the representative force-extension traces of D34 obtained by AFM 
and SMD. 

(A) The unfolding (red) and refolding (gray solid) traces of D34 obtained by AFM. Unfolding 
force peaks were fitted with WLC curves (grey dashed line, p = 0.7 nm). (B) The unfolding 
(blue) and refolding (gray solid) traces of another D34 molecule obtained by AFM. (C) A 
comparison of the unfolding force-extension traces of (A) and (B). Note that the force peaks at 
the extension > 40 nm match reasonably well. (D) The unfolding trace in (A) is compared with 
the unfolding trace of D34-SMD2 (black/green). (E) The unfolding trace in (B) is compared 
with the unfolding trace of D34-SMD3 (black/green). (F)  Histograms of ∆Lc and Funfold.with 
Gaussian distribution fits. The average ∆Lc of unfolding force peaks was 8.8 ± 4.9 nm, the 
average unfolding force was 57 ± 27 pN (number of observations, n=1123). 
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extensions. In Fig. 19D, we compared the AFM force-extension curve with large 

unfolding force peaks with the D34-SMD2 result which captured the unfolding process 

in direction I (peeling ARs from the N-terminus side of the stack). Both traces are 

strikingly similar suggesting that in the AFM measurement the unfolding occurred in 

the same direction. Fig. 19E compares the AFM force-extension curve with low 

unfolding force peaks (Fig. 19B) with the D34-SMD3 result, in which the stack broke in 

the middle and unfolding proceeded first in direction II (peeling ARs from the C-

terminus side of the stack) and then in the opposite direction. The similarity of AFM and 

SMD traces suggests that the unfolding process under the AFM control occurred in two 

phases in opposite directions.  

We also attempted to stretch D34 in the AFM as in the D34-SMD1 case where forces 

were applied to the terminal residues. To achieve this pulling geometry, we engineered 

a construct in which the D34 fragment was flanked by three I27 modules in each 

terminal side, as in the NI6C-I27 construct. However, our AFM measurements on this 

construct were generally difficult to interpret. We recorded a few unfolding force-

extension traces with large unfolding force peaks followed by smaller unfolding force 

peaks that are consistent with the unfolding pattern produced by the D34-SMD1 

simulation (Fig. 20). However, the majority of single molecule unfolding force curves 

displaying more than three characteristic I27 force peaks failed to capture the full 

unfolding profile of D34 (Fig. 20D), and therefore, these results cannot be compared with  
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Figure 20: Force-extension curves of D34-I27 constructs 

(A) An unfolding force-extension curve; the unfolding force peaks of four I27 domains are 
fitted to families of WLC curves with a contour length increment ∆L = 28 nm (gray dash lines). 
The schematic diagram of the D34-I27 construct is shown in inset. (B) Another unfolding trace 
obtained from another molecule (blue) is compared with the recording shown in (A). (C) The 
unfolding trace in (B) is compared with the SMD1 unfolding trace of D34. (D)Another 
unfolding trace obtained from another D34-I27 construct. Six I27 force peaks were observed, 
yet D34 was not thoroughly unfolded prior to the I27 unfolding events (confirmed by the WLC 
fits). 
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SMD simulations. We hypothesize that these problems are related to the interactions 

between D34 and I27 modules. In order to obtain consistent AFM measurements with 

this pulling geometry, either other handles or additional linkers separating D34 from I27 

domains will need to be used. 

In summary, AFM measurements captured two unfolding force patterns of D34 

with predominantly large unfolding force peaks of ~ 60 pN and low unfolding force 

peaks of ~30 pN. These experimental observations support the computational results 

that captured the mechanical anisotropy of ARs in D34.  

4.3.3 The analysis of native contacts within helical bundles and pulling 
angles of helices during unfolding 

To investigate the origin of the mechanical anisotropy of ARs in D34, we 

analyzed in detail the number of native contacts in helical bundles of the coarse-grained 

D34 structure mainly due to the fact that the pronounced unfolding force peaks (in both 

direction I and II) were produced when the helices detached from the folded stack. An 

AR is composed of two antiparallel helices, H1 and H2, and a long loop. A helical 

bundle is composed of four helices of two neighboring repeats, N-H1, N-H2, C-H1, C-

H2, and a connecting structure composed of a long loop and a β-hairpin that contains 

three amino acids from one repeat and three amino acids from the next repeat  (Fig. 21D) 

(Michaely et al. 2002). Fig. 21C shows an example of a helical bundle formed by R16 and 

R17 with the number of native contacts between N-H1, N-H2, C-H1, C-H2 and the loop-  
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Figure 21: A schematic of native contacts and attack angles in helical bundles of D34 for 
unfolding pathways in direction I and II. 
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Figure 21 (continued) 

(A) A ribbon diagram of ARs when an AR is peeling off in direction I (N����C). H1 (red coil) 
unfolds prior to H2 of the same repeat (yellow coil). (B) A ribbon diagram of ARs when an AR 
is peeling off in direction II (C����N). H2 (blue coil) unfolds prior to H1 of the same repeat 
(yellow coil). (C) A ribbon diagram of R16-R17 with the number of native contacts between N-
H1, N-H2, C-H1, C-H2, and the loop-hairpin structure connecting the repeats. N and C stand 
for the N-terminal and C-terminal side of the bundle, respectively. (D) The number of contacts 
between N-H1, N-H2, loop-hairpin, C-H1, and C-H2. Two colored arrows connect two 
interacting partners which form native contacts (number of contacts displayed by the arrow). 
The 45 contacts of N-H1 is the sum of 12+11+11+11 in (C) (contacts with loop-hairpin, C-H1, C-
H2 and N-H2, respectively). The 37 contacts of C-H1 is the sum of 3+11+11+12 (contacts with 
loop-hairpin, C-H1, C-H2 and N-H2, respectively.) (E) (top) In SMD2, the angle between two 
vectors: SMD vector (residue 1 and 388, gray arrow) and the vector of H1 of R14 (red arrow) is 
55 degree. (bottom) In SMD1, the angle between SMD vector (residue 1 and 408, gray arrow) 
and the vector of H2 of R23 (blue arrow) is 39 degree. The red arrow of the R14-H1 vector is 
superimposed. (F) Similar native contact analyses and the angle analysis were conducted for 
all helical bundles in both direction I and II. In direction I, N-H1 detaches ~45 contacts from 
the C-terminal side residues. In direction II, C-H2 detaches ~38 contacts from the N-terminal 
side residues. 

 

hairpin structure. Note that the loop-hairpin structure interacts primarily with N-H1 

and C-H1. Also, N-H2 does not interact with C-H1 (Fig. 21C).  

When an AR unfolds from the N-terminus of the stack, N-H1 must be detached 

first from the C-terminus side of the stack as shown in Fig. 21A (direction I). For 

example, to peel off N-H1 of repeat R16 from the stack, 45 native contacts (12+11+11+11) 

must be ruptured (Fig. 21 D and F, direction I). When the C-terminal side repeats detach 

and unfold from the stack, C-H2 must be detached first as shown in Fig. 21B (peeling 

direction II). For instance, 37 contacts (11+11+3+12) must be ruptured to peel off helix C-

H2 of repeat R17 (Fig. 21 D and F, direction II). Similar analyses were conducted for all 

helical bundles in D34 (Fig. 21F, table). The table shows that greater numbers of contacts 
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need to be ruptured to unravel ARs in direction I (peeling ARs from the N-terminus side 

of the stack, 41~47 contacts) than in the opposite direction II (35~41 contacts).  

In SMD1, the unfolding forces of R24–R21 were higher than the unfolding forces 

of R20-R13(~45 pN vs. 30 pN). These different levels of unfolding forces can be partially 

accounted for by the different number of contacts in both segments (Fig. 21F).  In 

addition, to fully explain these differences, we need to consider the stack geometry and 

its changes during unfolding. Because of the stack curvature, different repeats are 

attacked at different angles by the external forces, and this angle varies with the 

progression of the unfolding. For example, right before the detachment, H2 of R23 is 

attacked at an angle of 39 degrees which is significantly smaller than the optimal angle 

of 90 degrees.  

However, after unfolding of three repeats (R22-R24), the C-H2 of R21 was 

attacked at a significantly greater angle of 60 degrees, and required less force for 

unfolding. To reflect this effect along with the number of contacts, we tabulated sine of 

the attack angle and showed in Fig. 21F. It is interesting that in pulling direction I, the 

attack angle was constant, around 60 degrees, throughout the unfolding process. We 

estimate that on the angle effect contributes ~20% to the difference of the unfolding 

forces of D34 in pulling direction II (sin(theta=45) / sin(theta=60) = 0.82).  

In summary, the contact number distributions provide an explanation for the 

two-level unfolding forces of each AR strongly depend on the peeling-off direction 
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observed in SMD and AFM experiments.AR proteins seem to be mechanically weaker 

when conditions are created to force their unfolding to progress in direction II (peeling 

ARs from the C-terminus side of the stack). When conditions are created to force their 

unfolding in the opposite direction they appear to be significantly stronger. 

4.3.4 SMD simulations of mechanical refolding of D34 

To investigate whether this mechanical anisotropy affects the refolding behavior 

of D34 as well, we carried out SMD simulations of the relaxing process in which the 

starting configuration of the polypeptide chain corresponded to the final confirmation of 

the stretching SMD simulations SMD1, SMD2 and SMD3 as illustrated in Fig. 18. As 

before, each simulation was repeated five times, and the simulations produced 

converged and consistent results.  

Fig. 22A-C show the force-extension curves obtained from the reverse SMD1, 

SMD2 and SMD3 (rSMD1, rSMD2, and rSMD3) simulations (blue traces) superimposed 

with the unfolding force-extension curves (gray traces). Fig. 22 D-F show each three 

snapshots of D34 structure captured during the SMD1, SMD2 and SMD3 refolding 

trajectories. In each of these cases, the initial relaxing process involves the secondary 

structure (helices) formation that produces the characteristic force plateau of ~30 pN. 

The initial force plateau is then followed by a decreasing force. After the relaxation 

during this phase, the nucleation steps have occurred at the first force peak in 

rSMD1and rSMD2. Four ARs, R17-R20 nucleated within 4 ns (588-592 ns) in rSMD1, and  
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Figure 22: CG-SMD simulations of D34 refolding. 
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Figure 22 (continued) 

(A) The simulated refolding force-extension trace (blue) obtained in D34-SMD1 (Fig. 18 A-C). 
Note the ~13 pN (red dashed line) and ~20 pN (green dotted line) refolding force peaks. (B) 
The simulated refolding force-extension trace (blue) obtained in D34-SMD2 (Fig. 18 D-F). Note 
the ~13 pN refolding force peaks (red dashed line). (C) The simulated refolding force-
extension trace (blue) obtained in D34-SMD3 (Fig. 18 G-I). Note the ~20 pN refolding force 
peaks (green dotted line). (D) Refolding trajectory snapshots of D34-SMD1. The middle four 
repeats, R17-R20, nucleated first, then the D4 fragment refolded sequentially from R21 to R24 
(blue arrows, direction IV). After refolding the D34fragment completely, the D3 fragment 
refolded sequentially from R19 to R22 (red arrows, direction III). (E) Refolding trajectory 
snapshots of D34-SMD2. The R23-R24 nucleated first, then repeats refolded sequentially from 
the C-terminus side (R22) to the N-terminus repeat (R13) sequentially (red arrows, direction 
III). (F) Refolding trajectory snapshots of D34-SMD3. The partially folded R13 worked as a 
folding template, and unfolded repeats refolded sequentially from the N-terminus side 
repeats (blue arrows, direction IV). 

 

 

in rSMD2, two C-terminal repeats, R23-R24, nucleated within 33 ns (615-648 ns) and the 

SBD fragment immediately reattached to the folded repeats. In rSMD1, the growth of the 

nucleated structure proceeded toward the C-terminus first, and after all repeats on the 

C-terminus side (R21-R24) were folded, the N-terminal side repeats (R16-R13) folded 

sequentially. The first process produced robust refolding force peaks that reached ~20 

pN (this force level is marked as a green dotted line), and the second process produced 

smaller force peaks of ~13 pN (a red dashed line). Finally, the reattachment of SBD to the 

AR stack produced a pronounced force peak of ~25 pN, which overlaps with the force 

peak in the unfolding force curve that captured the unbinding of SBD from the stack. In 

rSMD2, the growth of the nucleated structure proceeded uniformly toward the N-

terminus with repeats refolding one by one. This process produced a set of regular 
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refolding force peaks of ~13 pN (Fig. 22 B and E, reattaching ARs at the C-terminus of 

the stack, direction III). 

Because rSMD3 started with the terminal repeat(s) partially folded (R13 in the N-

terminus and R23-R24 in the C-terminus as shown in the first snapshot in Fig. 22F), the 

nucleation step did not occur. Interestingly, a single repeat R13, rather than the stably 

folded tandem R23-R24, served as a folding template (foldon). Repeats R14-R22 refolded 

and attached to R13 sequentially as shown in Fig. 22F (direction IV). The large ~50 pN 

refolding force peak at an extension of ~8 nm captured the creation of the interface 

between folded AR stacks of R23-R24 and R13-R22, which completed the refolding 

process of D34. This refolding force peak is similar to the first unfolding force peak that 

captured the initial breaking of the stack. This event is consistent with the expected large 

decrease in the free energy associated with creation of a new interface between two 

stable helical bundles that occurs in a single step over a short distance (Mello and 

Barrick 2004). 

In summary, these refolding SMD simulations captured complex refolding 

behaviors of D34. When an unfolded AR reattach to the C-terminal side of the stack 

(direction IV, Fig. 22F), refolding events produce large force peaks of ~20 pN. However, 

when refolding proceeds in the opposite direction (Fig. 22E, reattaching ARs to the N-

terminal side of the stack), these events produce relatively small force peaks of ~13 pN. 

The folding direction is dictated by the location of the nucleation step in the polypeptide 
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structure. These observations suggest that mechanical anisotropy of ARs in D34 indeed 

influences its mechanical folding behavior of D34.  

4.3.5 AFM refolding of D34 

Mechanically unfolded D34 monomers were relaxed to capture the refolding 

behavior of D34. We observed two types of refolding force-extension curves. The 

majority of recordings showed pronounced refolding force peaks of 28 ± 10 pN (as 

measured from the force baseline). We analyzed the refolding force spectra using the  

 

 

Figure 23: Mechanical refolding traces of D34. 

(A) The unfolding (gray) and refolding (black) traces of D34 obtained by AFM (the same traces 
shown in Fig. 19A).  Note the pronounced refolding force peaks. (B) The unfolding (blue) and 
refolding (red) traces of another D34 molecule obtained by AFM. The unfolding trace is 
similar to the unfolding trace in (A) (the superimposed gray trace). Note that there is no 
discernable refolding force peaks.  (C) A comparison of the refolding AFM trace of (A) and the 
SMD3 refolding trace (Fig. 22C). (D) A comparison of the refolding AFM trace of (B) and the 
SMD2 refolding trace (Fig. 22B). 
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WLC model, and the histogram of ∆Lc was fitted with three Gaussian curves centered at 

8.5 nm, 16.5 nm and 24 nm, which correspond to refolding of one, two and three ARs, 

respectively. The minority of recordings showed no pronounced refolding force peaks as 

illustrated in Fig. 23B (red trace). In Fig. 23 C-D, we compared these two types of AFM 

refolding force-extension curves with the refolding force spectrograms obtained from 

simulations rSMD1 and rSMD2, respectively. Clearly, SMD and AFM traces agree 

reasonably well in Fig. 23C. Although, the overall shape of force-extension curves 

obtained by rSMD2 and AFM in Fig. 23D is similar, the small refolding force peak 

captured by simulation is at the limit of our force resolution. We note that the AFM did 

not capture the final refolding force peaks produced by rSMD1 and rSMD2. This 

discrepancy is likely caused by a difference between SMD and AFM experiments. While 

in rSMD simulations, the proteins are fully relaxed, in AFM refolding measurements, we 

prevent the AFM tip from contacting the sample to avoid undesired interactions with 

the substrate. Thus proteins are not fully relaxed, but are subjected to some residual 

tensions in the polypeptide chain that likely prevents these final refolding events that 

occur when the protein is fully relaxed. In summary, AFM refolding measurements 

support our SMD simulations. 
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4.3.6 The analysis of native contacts during refolding 

To understand the origin of the mechanical anisotropy of ARs in D34 displayed 

during mechanical refolding, we carefully examined the D34 trajectories corresponding 

to rSMD1, rSMD2 and rSMD3 and determined the dynamics of contact formation.  

Fig. 24A shows three snapshots of rSMD2 simulation (Fig. 22B) displaying main steps 

leading to the refolding of R16. In rSMD2, ARs refolded by reattaching to the folding 

nucleus that formed at the C-terminus (direction III). The same refolding direction was 

also observed during the late phase of rSMD1 (Fig. 22A) after the C-terminal part of the 

protein folded completely. Interestingly, the refolding process in rSMD2 was 

accompanied by spontaneous formation and opening of locally folded structures (such 

as hairpins or anti-parallel helices (H1-H2)) in the unfolded polypeptide chain on the N-

terminal side of the stack (Fig. 24A middle panel arrows). For example, when the 

polypeptide chain was relaxed during the time window from 973 ns to 1010 ns in 

rSMD2, two loop-hairpins of R14 and R15 (green region) and a pair of anti-parallel 

helices (H1-H2) of R13 formed spontaneously one by one (Fig. 24A). Then within, 2 ns, 

R16 reattached to the stack (blue oval shape in Fig. 24A bottom panel) reforming 83 

native contacts while the transiently folded structures opened with a loss of 22 contacts. 

While the refolding of one repeat is expected to contract the polypeptide chain by ~11 

nm, the observed net contraction during the 1010 ns to 1012 ns step was only 0.3 nm, 

because of the opening of the transiently folded structures in R13-R14. Because of this  
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Figure 24: A schematic of native contacts in a helical bundle for refolding pathways in 
direction III and IV. 
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Figure 24 (continued) 

(A) Snapshots of the refolding trajectory in rSMD2 at t= 973 ns (top), 1010 ns (middle) and 1012 
ns (bottom). Each snapshot shows the R13-R19 region of the D34 fragment. In this refolding 
process, R16 refolds toward the C-terminus side stack (direction III (C����N)). H1 (red coil), H2 
(yellow coil) of R16 and the loop of R15 refold simultaneously and reconstruct 64 contacts. At 
t=1010 ns, two loop-hairpins (of R14 and R15) and one H1-H2 pair (of R13) are formed. At the 
refolding event of the R16 loop, R17- H1/H2 (t=1012 ns), the locally folded structures in R13-
R14 straighten. Note the resulted refolding force peaks were relatively weak (16 pN). 

(B) Snapshots of the refolding trajectory in rSMD3 at t= 337 ns, 363 ns, 397 ns and 1012 ns. Each 
snapshot shows the R13-R18 region of the D34 fragment. In this refolding process, R16 refolds 
toward the N-terminus side stack (direction IV (N����C)). At t=363 ns, the H1of R16 refolded and 
reconstructed 35 contacts. At t=397~399 ns, the R16-H2 and loop refolded and reconstructed 72 
contacts. Note the resulted refolding force peaks were relatively high (23 pN). 

(C) The force-time curve of the direction III refolding process shown in (A). 

(D) The force-time curve of the direction IV refolding process shown in (B). 

(E) Two curves in (C) and (D) are superimposed. 

 

very small net contraction length accompanying refolding of R16, the increase in the 

tension of D34 was modest and generated a relatively small refolding force peak of ~16 

pN.  

A detailed analysis of the refolding process in direction III reveals that 

differences in the number of contacts that could form in a given refolding step at the 

stack / chain interface compared to the number of possible contacts that could form 

transiently elsewhere determine whether this refolding step occurs or not.  For example, 

11 contacts are formed when a transient pair of antiparallel helices is formed, and also 11 

contacts are formed when a transient loop-hairpin structure is created. Both processes 
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shorten the polypeptide chain by 2 nm each and the structures are inherently unstable 

and can easily open due to thermal fluctuations. If H2 of R16 (marked by yellow in Fig. 

24A) had refolded to the stack, it would have formed only 12 contacts, but would have 

shortened the chain by 3 nm. This number of contacts is comparable to the number of 

possible native contacts formed in a pair of antiparallel helices or a loop-hairpin 

structure elsewhere along the chain. The refolding at the stack interface competes with 

refolding elsewhere when the polypeptide chain relaxes, but neither is stable enough to 

resist the thermal fluctuations. During that time window between 973 and 1010 ns, the 

transient structures formed one by one, prohibiting the H2 of R16 from refolding 

because the transient structures required less contraction length than R16-H2 (2 nm vs. 3 

nm). Between 1010 and 1012 ns, two transient structures in R13-R14 opened 

simultaneously providing an opportunity for the entire R16 (H1, H2 and the loop-

hairpin) to refold in a single step forming a very large number of contacts (Fig. 24A). 

In Fig. 24B we show snapshots of the R16 refolding process in direction IV 

extracted from the rSMD3 trajectory. In contrast to rSMD2, in rSMD3, ARs refolded by 

reattaching to the folding nucleus that formed at the N-terminus (direction IV). This 

refolding direction also corresponds to the initial phase of refolding simulation rSMD1 

(Fig. 22A). We begin our analysis immediately after H2 and loop-hairpin structure of 

R15 refolded at 347 ns. At 363 ns, H1 of R16 refolded forming 35 contacts. The stacking 

of R16-H1 to the R13-R15 bundle reforms many more contacts as compared to the 
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number of contacts formed in transient antiparallel helices or loop-hairpin structures 

(with ~11 contacts only). Therefore, these transient structures did not occur because they 

could not compete with the folding of R16-H1 that remained folded during the further 

relaxation process until the tension in D34 reached its minimum at 397 ns. Then within 2 

ns (397-399 ns), H2 and the loop-hairpin structure of R16 refolded reforming 72 native 

contacts. This step, which generated a significant refolding force peak of 22 pN, 

completes the refolding of R16. In contrast to the refolding process in direction III (Fig. 

24A), the refolding process in direction IV occurred without any transient structure 

formation elsewhere in the polypeptide chain, which in direction III served as 

contraction buffers. As a result, the tension in D34 during the entire refolding process 

was greater than the tension during the refolding in direction III (Fig. 24E).  

In summary, the main difference between the refolding processes in direction III 

and IV is the presence or absence of the transient structures, which influence the D34  

tension during refolding. In direction IV, ARs refold against a significantly greater 

tension and produce larger refolding forces as compared to direction III. If folding 

nucleation is forced to occur in the C-terminus, conditions are created for refolding of 

ARs in direction III, which produce relatively smaller refolding forces. When conditions 

are created for ARs to refold in the opposite direction, refolding events produce 

significantly stronger refolding forces.  When both folding directions are available, 

refolding direction IV starts first because it is driven by greater folding forces.  



 

82 

4.3.7 Mechanical behavior of D34 in vivo 

D34 is a C-terminal part of ankyrin-R membrane binding domain which interacts 

with several cytoskeletal and membrane proteins. For example, the cytoplasmic domain 

of the anion exchanger interacts with R1-R15, L1 with R18-R19, and clathrin heavy chain 

with R20-R24 (Fig. 17B). Therefore, it is plausible that the tension in the RBC membrane 

and the membrane skeleton is transmitted to various parts of ankyrin-R, including its 

D34 fragment in a fairly complex manner, subjecting different parts of ankyrin-R and 

D34 to various stretching/compression forces acting in various directions. The analysis 

of the mechanical behavior of D34 performed above captured hitherto unrecognized 

intrinsic mechanical anisotropy of ARs. We speculate that this anisotropy of the helical 

bundle has been exploited in evolution to produce an intricate mechanical design of 

ankyrin-R. In light of this anisotropy one of the roles of the spectrin binding domain 

could be to reinforce mechanically the C-terminal part of the protein, thus preventing 

peeling off ARs from that side. Then, the threshold of ~60 pN for the unfolding ARs 

from the N-terminus side of the stack or breaking the stack in the middle may be high 

enough to allow D34 to endure the physiological stress during blood circulation without 

mechanical breakdown and unfolding of ARs. However, if the mechanical breakdown of 

D34 did occur under severe deformation, the unfolding of some ARs could provide the 

necessary length to decrease the tension in order to preserve the intermolecular 

interactions of D34. Thus, mechanical unfolding of a few ARs could work as a safety 
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switch. ARs refolding could then be exploited to tightly regulate the length and tension 

of D34 to desired levels in a fashion that would be closely related to the details of the 

underlying unfolding process. 

4.4 Conclusions 

We used coarse-grained SMD simulations and AFM-based single-molecule force 

spectroscopy to investigate the mechanical unfolding pathways of the D34 fragment of 

ankyrin-R. Our results indicate that the ARs of D34 have anisotropic mechanical 

properties. ARs unfold at low forces (~30 pN) when they are peeled off from the C-

terminus side of the stack, and ARs unfold at high forces (~60 pN) when they are peeled 

off in the opposite direction. Also, ARs refolding shows a similar anisotropy. High 

refolding forces (~20 pN) occur when unfolded ARs reattach at the C-terminus side of 

the stack, and low refolding forces are measured when ARs refolding in the opposite 

direction. The SBD fragment influences the pulling geometry and seems to mechanically 

protect the C-terminal side, thus blocking the low-force unfolding pathway. We 

speculate that AR proteins exploit this anisotropy, which allows them to adjust their 

mechanical stability and elastic property to the levels required to perform their 

biological functions in mediating protein-protein interactions and possibly 

mechanotransduction (Corey et al. 2004; Howard and Bechstedt 2004; Sotomayor et al. 

2005).  
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Chapter 5. Substitutions of conserved histidines to 
arginines alter the tertiary structure and mechanical 
properties of consensus ankyrin repeats1 

5.1 Introduction 

An ankyrin repeat (AR) is one of the most common structural domains of repeat 

proteins (Bennett and Baines 2001; Michaely et al. 2002). AR folds into a nearly identical 

helix-helix-loop structure with a high degree of amino acid sequence homology between 

repeats. ARs stack to form elongated super-helical domains that frequently mediate 

protein-protein interactions (Bennett and Baines 2001). For example, the membrane 

binding domain of ankyrin-R is composed of as many as 24 ARs and forms an 

impressive spiral structure that links the anionic exchanger with the red blood cell (RBC) 

skeleton (Michaely et al. 2002). Ankyrin-R mechanics seems to be very important for 

RBC integrity. 

It has been suggested that the conserved TPLH tetrapeptide motif of ARs play 

important structural roles in stabilizing AR scaffold (Michaely et al. 2002). Recent 

studies using X-ray crystallography, NMR and chemical denaturant experiments of 

ankyrin repeat proteins such as gankyrin and P16 have captured the structural role of 

the TPLH motif (Yuan et al. 2004; Interlandi et al. 2008; Guo et al. 2010). Some mutations 

in the TPLH motif were found to significantly affect the conformational stability of 

                                                      

1 The manuscript of these results is ready to submit. 
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gankyrin and P16 (Guo et al. 2010). However, the role of the TPLH motif in the 

mechanical stability of ARs has not been studied. Importantly, the missense mutation 

H277R in ankyrin-R has been associated with a life-threatening hereditary human 

anemia, spherocytosis (HS).In HS, RBCs become spherical and very fragile (Eber and 

Lux 2004; Bennett and Healy 2008). The histidines in the TPLH motifs are located at the 

beginning of helix 1, and its side chain is involved in intra- and inter- repeat interactions 

with the tyrosines in the TPLH motifs as depicted in Fig. 25A. The goal of this work is to 

test the hypothesis that the H→R substitutions in the TPLH motif disrupt these 

interactions and compromises the mechanical properties of ARs. Previously, single 

molecule force spectroscopy experiments of a few AR proteins revealed that 

mechanically unfolded ARs refold rapidly and generate very robust refolding forces 

(Lee et al. 2006; Kim et al. 2010; Lee et al. 2010; Serquera et al. 2010). Very recently we 

examined the mechanical properties of a model synthetic AR protein NI6C (Lee et al. 

2010) in detail. NI6C is composed of six identical internal ARs based on the consensus 

sequence and two capping repeats (Wetzel et al. 2008). Our atomic force microscopy 

manipulations on NI6C presented very interesting mechanical properties. We found that 

NI6C unfolds stepwise, repeat by repeat, and individual unfolding events produce 

regular well-resolved force peaks of ~25 pN. In addition, relaxing traces of NI6C 

captured robust refolding force peaks revealing no elastic hysteresis or fatigue, 

suggesting superior elastic properties of this protein (Lee et al. 2010). For these reasons, 
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we decided to carry out our initial studies of the mechanical effect of H→R substitution 

in the TPLH motif in this excellent model AR system. To amplify the possible effect of 

the H-R mutation, we substituted TPLH histidines in four internal ARs. We found that 

mechanical unfolding and refolding forces of the mutant decreased about 30% as 

compared to the wild-type NI6C, suggesting that H-R substitutions indeed alter the 

mechanical properties of ARs. These observations suggest an approach to investigate the 

mechanical aftermath of the spherocytosis-related H277R mutation in ankyrin-R. 

 

5.2 Methods 

DNA cloning and protein expression  

The gene of mutated NI6C (NI(IH7R)4IC) was synthesized by Genescript 

(Piscataway, NJ). In the mutant protein, four internal consensus ARs (repeat # 2, 3, 4, 5) 

were modified by substituting the histidines at position 7 with arginines (Fig. 25B). 

Please note that in Fig. 25B, the TPLH histidines are in position 9. However, this position 

corresponds to position 7 within AR sequence according to the residue-numbering 

scheme of ARs introduced by Michaely (Michaely et al. 2002). The NI(IH7R)4IC gene was 

inserted into the Poly-I27 pRSETa vector [a kind gift from Jane Clark(Steward et al. 

2002)] using KpnI and NheI restriction sites, and the STOP codon was added before the 

MluI restriction site. The engineered plasmids were transformed into E.coli C41 (DE3) 
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and expressed using IPTG induction. The expressed proteins were purified by using a 

nickel affinity column followed by size exclusion HPLC. 

AFM-based single molecule force spectroscopy  

All AFM stretching measurements were carried out on custom-built AFM 

instruments (Oberhauser et al. 1998). The spring constant (kc) of each cantilever was 

calibrated in solution using the energy equipartition theorem(Florin et al. 1995). All 

force-extension measurements were performed in solution using Bio-lever AFM 

cantilevers (Veeco, kc ≈ 6 pN/nm) at pulling speeds between 30 and 100 nm/s at room 

temperature. The unfolding force peaks in the force-extension curves were fitted to the 

Worm-like-chain (WLC) model(Bustamante et al. 1994).  

MD simulations  

Initial geometry of NI6C was built based on the PDB structure 2QYJ 

corresponding to NI3C consensus AR protein (Wetzel et al. 2008). The histidines of 4 

internal repeats were mutated to arginines with the program VMD (Humphrey et al. 

1996). The NI6C and the NI(IH7R)4IC structures were equilibrated for 20 ns using all-atom 

force field CHARMM22(Mackerell Jr et al. 2004). 
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5.3 Results and Discussion 

5.3.1 Equilibrated structure of NI(IH7R)4IC 

Fig. 25A shows the ribbon diagram of the TPLH region in the wild-type NI3C (PDB: 

2QYJ). The TPLH motifs are located between the hydrophobic helical bundles and the 

solvent-exposed loop regions. Histidines at position 7 and tyrosines at position 4 in  

TPLH motifs form a hydrogen-bond network as marked by dotted lines in Fig. 25A. 

Each TPLH histidine forms three hydrogen bonds with TPLH tyrosine within the same 

repeat, and one hydrogen bond with TPLH tyrosine of the next repeat. The intra-repeat 

hydrogen bonds are T4HN-H7Nδ1, T4Oγ1-H7HN and T4H γ1-H7N δ1. The inter-repeat 

hydrogen bond is between H7Hε2 and T4O of the next repeat (marked by a green star in 

Fig. 25A). Because of these extensive interactions, the conserved TPLH motif is vital to 

the protein structure and its stability, and is also involved in the  binding of AR proteins 

to other proteins (Guo et al. 2010). For these reasons, histidine- to-arginine substitutions 

in the TPLH motif will likely affect both, the stability of AR polypeptides and their 

interactions with other proteins. 

We employed molecular dynamics simulations to test whether the structure of 

NI6C changes over the histidine-to-arginin mutations. Four internal consensus ARs 

(repeat # 2, 3, 4 and 5) of the wide-type NI6C (Lee et al. 2010) were modified in the 

mutant NI(IH7R)4IC by mutating histidines at position 7 to arginines (Fig. 25C). We 

immersed the NI6C and NI(IH7R)4IC structures into periodic water boxes and 
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Figure 25: Schematic structure of NI6C of wild-type and mutant. 

(A) Putative hydrogen bonds of histidines in TPLH motifs in NI3C. The program MolProbity 
was used to add hydrogen atoms to NI3C (PDB: 2QYJ) with the Asn/Gln/His flip option on 
(Word et al. 1999; Word et al. 1999; Davis et al. 2007). Intra-repeat hydrogen bonds between 
histidine and tyrosine are depicted in dotted lines while a single inter-repeat bond is marked 
by the green star. (B) The amino acid sequence of NI6C mutant (NI(IH7R)4IC). The histidines of 
4 internal repeats were mutated to arginines with the program VMD (Humphrey et al. 1996).  
(C) The ribbon diagram of the equilibrated NI6C is shown; NI6C was equilibrated for 20 ns by 
using CHARM22 force field (Mackerell Jr et al. 2004). Water molecules near 4 Å of the four 
histidines of TPLH motifs are shown. (D) The ribbon diagram of the equilibrated NI(IH7R)4IC 
is shown; NI(IH7R)4IC was equilibrated for 20 ns. Water molecules near 4 Å of the four  
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Figure 25 (continued) 

arginines of TPLR motifs are shown. Note that the equilibrated NI(IH7R)4IC lost its 
characteristic super-spiral curvature and the arginines in TPLR motifs are more exposed to 
water molecules. 

 

overall structure of NI(IH7R)4IC was significantly altered as compared to the wild-type 

protein. The effect of the mutations is the most pronounced in the change of the 

curvature of the AR stack. While the wild-type NI6C maintained its curvature after a 20 

ns MD equilibration, the mutant straightened its super-spiral shape as shown in Fig. 

25D. The side chains of arginines, longer than those of histidines, stretched out from the 

ankyrin groove and became exposed to water molecules. The water molecules near (< 3.5 

Å) to the histidine and arginine residues of TPLH motifs are shown in Fig. 25 B and D. 

These MD results suggest that the histidine-to-arginine mutations in TPLH motifs 

significantly alter the tertiary structure of ARs.  

5.3.2 Mechanical unfolding of NI(IH7R)4IC 

To ease single molecule force spectroscopy measurements and their 

interpretation, the mutant (NI(IH7R)4IC) protein, similar to NI6C protein (Lee et al. 

2010), was flanked on each side by three I27 domains of titin, serving as pulling handles 

equilibrated those structures using all-atom force field CHARMM22 (Mackerell Jr et al. 

2004) for 20 ns. Fig. 25 C and D show the equilibrated structures of NI6C and 

NI(IH7R)4IC, respectively. Even though the effect of each substitution is fairly local, the 
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Figure 26: representative unfolding force-extension traces 

The schematic diagrams (inset) and representative unfolding traces of NI6C-I27 and 
NI(IH7R)4IC-I27 chimeric poly-proteins. The unfolding force peaks are fitted to two families of 
WLC curves, one with a contour length increment ∆L = 10.5 nm (blue dash lines) and 28 nm 
(gray dash lines) corresponding to the unfolding of individual ARs and of I27 domains, 
respectively. 

 

and as a force spectroscopy reference for identifying single-molecule recordings (Rief et 

al. 1997; Carrion-Vazquez et al. 1999; Marszalek et al. 1999; Li et al. 2000; Steward et al. 

2002; Williams et al. 2003; Dietz and Rief 2004; Perez-Jimenez et al. 2006; Serquera et al.). 

Fig. 26-inset show the schematic ribbon diagrams of the chimeric proteins, (I27)3-NI6C-

(I27)3 and (I27)3-NI(IH7R)4IC-(I27)3, which were examined by AFM.  Since we studied 

the mechanical property of the wild-type NI6C previously (Lee et al. 2010), we 

compared the AFM results of NI(IH7R)4IC to the force spectra of NI6C. In Fig. 26, we 

show the representative unfolding force-extension traces that were observed in single 

molecule AFM measurements of NI6C-I27 and NI(IH7R)4IC -I27 constructs. The five I27  
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Figure 27: Unfolding force-extension traces of the NI(IH7R)4IC mutant. 

(A) The unfolding trace of NI(IH7R)4IC (green); the extensions of 40 ~ 100 nm of Fig. 26 is 
zoomed in. (B) (C) (D) Another unfolding trace of NI(IH7R)4IC obtained from different 
molecules (black or blue) are compared with the recording shown in (A). (E) (F) (G) (H) The 
unfolding trace in (A), (B), (C), and (D) were compared with the unfolding trace of NI6C, 
respectively. Our previous NI6C study revealed that ARs unfold in a repeat-by repeat fashion 
from the C-terminus to the N-terminus. Therefore, the force peaks marked by a blue bar 
correspond to the unfolding events of the middle repeats # 2-5, and the last peak(s), marked by 
a red bar likely correspond to the unfolding events of N-terminal repeats. (I) The histogram of  
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Figure 27 (continued) 

unfolding forces selected from the middle force peaks, Funf, middle. The histogram is fitted with a 
Gaussian distribution (blue solid line). The average Funf, middle was 15 ± 3 pN (number of 
observations, n=267). The average Funf of NI6C was 22 ± 5 pN [4]; marked as black lines in each 
histogram. (J) The histogram of unfolding forces of the last peak(s), Funf, last. The histogram is 
fitted with a Gaussian distribution (red solid line). The average Funf, last was 19 ± 2 pN (number 
of observations, n=71). The average Funf of NI6C was 22 ± 5 pN [4]; marked as black lines in each 
histogram. The histogram of the Funf of NI6C is shown in Fig. 10C. 

 

unfolding force peaks at extensions above 100 nm provide direct evidence that the 

whole measurement was obtained on a single molecule containing all eight ARs. Small 

unfolding force peaks at protein extensions below 100 nm suggest that they correspond 

to the unfolding of NI6C and NI(IH7R)4IC. We used this recording as the reference force 

spectrum to identify unfolding events of ARs in other measurements. In Fig. 27A-D, we 

show four different high resolution AFM recordings of NI(IH7R)4IC mutant. In Fig. 27 

E-H, we compare them with a typical unfolding force-extension curve of the wild type 

NI6C (Lee et al. 2010). It is clear that the force-extension curves of the mutant overlap 

reasonably well with the force-extension curve of wild-type NI6C at the beginning and 

at the end; however, at the intermediate extensions, unfolding forces of the mutant are 

significantly lower as compared with the unfolding forces of the wild-type. We 

measured these unfolding force peaks, and their distribution is shown in Fig. 27I. 

Separately, we measured the last unfolding force peaks of mutants; the histogram of 

peaks is shown in Fig. 27J. It is significant that the average value of the last unfolding 

force peak coincides with the average unfolding force of the wild-type NI6C (Lee et al. 
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2010). However, the average value of the unfolding force peak preceding the last peak of 

the mutant (15 ± 3 pN) is approximately 30% lower as compared with the average value 

of unfolding forces of wild-type NI6C. These observations are consistent with the design  

 

 

Figure 28: A comparison of refolding traces of the wild type NI6C and of NI(IH7R)4IC mutant. 

(A) The unfolding (orange) and refolding (pink) traces of NI(IH7R)4IC. (B) Another set of 
unfolding (orange) and refolding (pink) traces of NI(IH7R)4IC. (C)The unfolding (red) and 
refolding (blue) traces of NI6C fitted to a family of WLC curves (grey dash lines) with the 
contour length increment, ΔLc = 10.5 nm and the persistence length, p = 0.78 nm. (D) A 
comparison of the refolding traces of NI(IH7R)4IC and NI6C. Fref is defined as the maximum 
force generated upon refolding event, relative to the force baseline (green arrow). (E) The 
histogram of refolding forces of NI(IH7R)4IC with a Gaussian distribution fitted to the data. The 
average Fref, middle was 10 ± 3 pN (number of observations, n=375). The average Fref of NI6C was 
15 pN [4]; marked as a black line.  
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of the mutant NI6C in which only the four internal repeats were mutated. In summary, 

the mechanical unfolding forces of the mutated ARs are significantly lower than those of 

the wild-type ARs.  These observations confirm our expectations that the H-R mutations 

in TPLH motifs may reduce the mechanical stability of ARs. 

5.3.3 Mechanical refolding of NI(IH7R)4IC 

To examine the mechanical refolding behavior of NI(IH7R)4IC mutant, we performed 

cyclic stretch-relax measurements on NI(IH7R)4IC-I27 molecules. During these 

measurements the stretching distance was limited to unfold most of the ARs of the 

NI(IH7R)4IC insert, without unfolding of any of the I27 domains. Since the I27 domains 

remained folded they did not interfere with the folding of ARs during the relaxation 

step. In Fig. 28A, a typical stretching force extension curve of the mutant NI(IH7R)4IC 

protein obtained under such partial unfolding conditions is superimposed with the 

corresponding refolding force extension trace. In contrast to large and sharp refolding 

force peaks of the wild type NI6C protein (blue trace in Fig. 28B, ref. (Lee et al. 2010)), 

refolding force peaks of the mutant are smaller and somewhat smeared. The refolding 

traces of the wild type and the mutant are superimposed in Fig. 28C with the bars 

marking the respective levels of average refolding forces. The distribution of refolding 

forces of the mutant is shown in Fig. 28D. The average refolding force, Fref, of the mutant 

was 10 ± 3 pN, 30% less than the average refolding force of the wild type protein (15 pN, 

ref. (Lee et al. 2010)). During repetitive stretch-relax measurements on the mutant the 
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refolding force peaks diminished further indicating some refolding “fatigue”, which was 

not observed for the wild type protein (Fig. 29). In summary, H→ R substitution in the 

TPLH motif seem to quite significantly affect the mechanical unfolding and refolding 

behavior of consensus ankyrin repeats. 

 

 
Figure 29: Cyclic stretch-relax experiment on NI(IH7R)4IC.  

The unfolding (blue) and refolding (pink) traces of (A) cycle #4, (B) cycle #7 and (C) cycle #9. 
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5.4 Conclusions 

We investigated the effect of histidine to arginine mutations on the tertiary 

structure, the mechanical stability and the mechanical unfolding and refolding behavior 

of the consensus ankyrin repeat protein, NI6C. NI6C is a synthetic AR protein whose 

consensus amino acid sequence is representative of over 4000 AR proteins. The MD and 

AFM results of NI(IH7R)4IC were compared with those of the wild-type NI6C. First, we 

observed that the histidine-arginine substitutions in TPLH motifs widen the ankyrin 

groove area, and decrease the curvature of the super-helical stack of ARs. Second, the 

AFM force spectra of NI(IH7R)4IC showed that the mechanical unfolding and refolding 

forces of the mutant NI(IH7R)4IC decreased by about 30% as compared to those of the 

wild type NI6C protein. Furthermore, cyclic stretch-relax measurements of NI(IH7R)4IC 

revealed that the mutant displays refolding fatigue not typical of the wild type. These 

AFM measurements indicate that the mutated repeats in NI(IH7R)4IC unfold easily and 

refold in a less springy manner as compared to the wild type protein.  

Based on these observations, we speculate that the H-R mutation in Ankyrin-R 

may cause Hereditary Spherocytosis by altering the mechanical stability of the stack 

and/or by affecting the mechanical unfolding and refolding behavior of ankyrin repeats. 

Repetitive deformations of ankyrin-R during circulation of RBCs may induce the HS 

mutant to progressively lose its springy properties, and ultimately, to fail to recover its 

structure and this in turn could perturb the protein network mediated by ankyrin-R.  
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Chapter 6. Nanomechanics of gankyrin1 

 

6.1 Introduction 

Repeat proteins comprise tandem arrays of small structural motifs (30-50 

residues) that pack in a roughly linear fashion to produce elongated, often super-helical 

architectures. They are composed of short-range interactions between residues either 

within a repeat or in adjacent repeats and in this way they contrast with globular 

proteins which are stabilized by many sequence-distant interactions frequently resulting 

in complex topologies. Each ankyrin repeat (AR) forms a β-turn followed by two anti-

parallel α-helices and a loop. The folding and stability of a number of AR proteins have 

been studied in detail and they have been found to possess certain features that 

distinguish them from the more commonly studied globular proteins and which arise 

from the symmetry inherent in their structures and the absence of long-range 

interactions (Barrick et al. 2008). In particular, it is relatively easy to dissect their 

biophysical properties and consequently they are highly amenable to redesign of their 

thermodynamic stability, their folding mechanisms and their molecular recognition 

(Binz et al. 2003; Mello and Barrick 2004; Lower et al. 2007). The mechanics of AR 

                                                      

1 David Serquera designed the protein constructs, expressed proteins and performed MD simulations. This 
work is published: Serquera, D., W. Lee, G. Settanni, P. E. Marszalek, E. Paci and L. S. Itzhaki 
(2010). "Mechanical Unfolding of an Ankyrin Repeat Protein." Biophysical Journal 98(7): 1294-
1301. 
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proteins remains largely unknown, in contrast to globular proteins whose mechanical 

properties have been examined quite well through single-molecule force spectroscopy 

measurements and steered molecular dynamics (Rief et al. 1997; Lu et al. 1998; 

Marszalek et al. 1999; Brockwell et al. 2003; Williams et al. 2003; Peng and Li 2008).  

A number of AR proteins have been proposed to mediate mechanotransduction 

in a variety of different functional settings (Corey et al. 2004; Nicolson 2005; Sotomayor 

and Schulten 2007). For example, AR domains may act as an elastic element allowing the 

opening and closing of ion channels in response to stimuli (Howard and Bechstedt 

2004). Many AR proteins function as scaffolds in protein-protein interaction which 

might require other specific mechanical properties. In an effort to understand the 

molecular basis of these putative mechanical functions we investigate here the behavior 

of small AR proteins, the folding and stability of which we have already studied in 

solution. We have characterized the mechanical unfolding of the 7-AR protein gankyrin 

using atomic force microscopy (AFM) and molecular dynamics (MD) simulations. 

Gankyrin is a recently identified oncoprotein involved in multiple protein-protein 

interactions and a negative regulator of two principal tumor suppressors p53 and pRB 

(Dawson et al. 2006). MD simulations reveal multiple distinct unfolding pathways of 

gankyrin, all of which are non-cooperative and proceed via partly folded intermediate 

species in some cases stabilized by non-native interactions. The intermediates are long-

lived and resistant to high forces. This broad landscape of extension pathways observed 
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for gankyrin is distinct from the more homogeneous unfolding of the consensus-

designed 5-AR protein NI3C. The AFM data are consistent with the high resolution 

picture obtained from the simulations: gankyrin unfolds non-cooperatively with repeats 

peeling away half, one or more repeats at a time at low force, and intermediates are 

populated in some traces which unfold only at high force. Finally, the unfolding of the 

individual ARs is shown to generate a refolding force and we discuss the possible 

structural basis for this phenomenon. We compare the behavior of AR protein unfolding 

under force and in solution, and the mechanical properties of natural versus consensus-

designed AR proteins, and we discuss the possible physical origins of the differences 

observed.  

 
 

6.2 Methods 

6.2.1 Protein design and expression  

Our construct, I27GKN, was made using multiple copies of the I27 domain of 

titin as a scaffold. The I27 polyprotein vector was a kind gift from J. Clarke (University 

of Cambridge, UK) (Steward et al. 2002). I27GKN consists of one gankyrin flanked by 

three and four I27 domains at the N- and C-terminus, respectively. The gankyrin 

construct was a kind gift from A. Wilkinson (University of York, UK). Protein expression 

and purification was performed as described (Steward et al. 2002) except that a gel 

filtration step was added. Protein was flash-frozen in liquid nitrogen and stored at -80 
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ºC. Analytical gel filtration and SDS PAGE were regularly used before and after freezing 

to confirm the absence of proteolysis and aggregation.  

Fluorescence-monitored urea denaturation curves were performed and the free 

energy of unfolding of gankyrin was determined to be 11.6±0.3 kcal mol-1. This values is 

similar to the value of 10.8±0.2 kcal mol-1 for the gankyrin monomer (R.D. Hutton, A.R. 

Lowe & L.S. Itzhaki, unpublished results), indicating that the covalent linkage of I27 

domains does not affect the thermodynamic stability of gankyrin. 

6.2.2 AFM-based single molecule force spectroscopy  

Immobilization of protein molecules was performed using several different 

methods. AFM measurements were made using custom-built AFM instruments 

equipped with an AFM detector head (Veeco Metrology group) and high-resolution 

piezoelectric stages (Physik Instrumente) equipped with position sensors (a vertical 

resolution of 0.1 nm). The spring constant of each MLCT-AUHW micro-cantilever or 

Biolever-cantilever (Veeco) was calibrated by using the energy equipartition theorem. 

Force-extension measurements were performed at pulling speed of 50 nm/s at room 

temperature and in solution using different buffers (50 mM PBS, pH 7.5; 50 mM Tris-

HCl pH 8, 1 M NaCl; 50 mM Tris-HCl pH 8, 150 mM NaCl; 50 mM Tris-HCl pH 8, 700 

mM NaCl, 200 mM imidazole, 1 mM DTT, pH 8; 50 mM HEPES pH 8). All of the buffers 

produced the same kinds of traces. Traces were fitted to a worm-like chain (WLC) model 

of polymer elasticity to obtain the contour length and the persistence length.  
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6.2.3 SMD simulations 

MD simulations were performed using the CHARMM program (Brooks et al. 

1983). Simulations were performed using two different implicit solvent models, EEF1 

(Lazaridis and Karplus 1999) and FACTS(Haberthür and Caflisch 2008). Implicit 

solvents were preferred to explicit ones, because an atomistic representation of even a 

single hydration layer of an extended protein conformation would require an immense 

computational effort; moreover, implicit solvents relax instantaneously, which reduces 

artifacts when the protein is pulled fast. 

Great care was taken to assess potential artifacts of the simulations and the 

robustness of the results obtained. For this reason the constructs were unfolded both by 

elongating springs attached to both ends at constant velocity or by applying a constant 

force. An equal force was applied to the N-terminal mainchain nitrogen and to the C-

terminal carbonyl carbon, along the vector joining the atoms and in the direction of 

increasing distances. 

For the constant velocity experiments, pulling speeds of 0.5, 0.2, 0.1, 0.05 Å/ps 

and elastic constants of 10, 20 and 100 pN/Å were used. For the constant force 

simulations, the forces used were 40, 50, 80, 90, 100, 125, 200, 300, 400, 500 and 600 pN. 

We screened a range of different forces, speeds and elastic constants in order to find the 

regime closest to the experimental conditions where we could obtain a detailed picture 

of the unfolding process and on a reasonable timescale. At forces above 300 pN the 
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protein unfolded without showing any distinct step and below 125 pN we did not 

observe complete unfolding. Simulations were performed for between 30 and 100 ns, 

depending on how long it took for the protein to unfold fully. The number of constant 

force simulations performed on gankyrin monomer was 40 using EEF1 and 21 using 

FACTS, of which 17 and 8, respectively, were performed at the optimal force of 125 pN. 

The number of constant velocity simulations performed on gankyrin monomer was 5 

using EEF1 and 2 using FACTS. 20 constant velocity simulations (using EEF1 only) were 

performed on the I27GKN polyprotein. 

Initial conformations were generated using the crystal structures 1QYM for 

Gankyrin, 2QYJ for the consensus ankyrin NI3C and 1TIT for I27. The polyprotein 

I27GKN was built from the coordinates of the individual proteins using Swiss-PDB 

Viewer (Guex et al. 1999) and Chimera software (Morris et al. 2007). Langevin dynamics 

at 300 K with a friction coefficient of 1 ps and an integration time-step of 2 fs was used.  

 

6.3 RESULTS 

6.3.1 MD simulations of mechanical unfolding of gankyrin 

We simulated the mechanical unfolding of three proteins: the crystal structure of 

gankyrin (1QYM (Krzywda et al. 2004)), the crystal structure of the consensus ankyrin 

NI3C (2QYJ (Merz et al. 2008)) and the I27GKN polyprotein formed by seven I27 

domains and one gankyrin protein. Two different implicit solvent approaches were used 
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for the simulations of the gankyrin monomer (see Methods) and they produced the same 

overall picture. Gankyrin monomer was found to reach a stable conformation after 2 ns 

of equilibration using either solvent model; the Cα RMSD from the crystal structure was 

always below 2 Å. The equilibrated protein differed slightly from the crystal structure in 

the partial straightening of the curvature of the repeat stack and in the weakening of the 

packing between repeats. The terminal repeats also changed their orientation slightly 

relative to the internal repeats when compared with the crystal structure.  

Below we present the results obtained using FACTS implicit solvent, for which a 

larger number of simulations were performed, and under constant force only. Our 

conclusions on mechanisms and differences between the species studied here apply to 

both force fields and pulling method employed, and thus underline the robust 

properties of the constructs.  

6.3.2 Constant-force simulations of the gankyrin monomer 

Constant force is fairly difficult to impose in single-molecule force microscopy 

experiments but it is straightforward in simulations (Paci and Karplus 1999). 20 

simulations of gankyrin 1QYM and the consensus ankyrin 2QYJ were performed using a 

125 pN constant force. At this force, unfolding was non-cooperative, displaying multiple 

phases and without an initial lag phase. The phases differed from one another both in 

end-to-end distance and lifetime, and they were also different in the different 

simulations. Unfolding started at the C-terminus in 19 of the 20 simulations and 



 

105 

progressed to the N-terminus. In those simulations in which an intermediate was 

populated, the unfolding started at the C-terminus, progressed from C- to N- up to the 

repeat that underwent rearrangement, after which unfolding of the most N-terminal 

repeat occurred and then progressed from N- to C-. The most frequently observed 

intermediates resulted from the unfolding of either one or three C-terminal ARs together 

with the reorientation of the remaining helices. Analysis of the trajectories showed that 

in order for the helices to unfold, they had first to align with the axis of the pulling 

vector; the secondary structure timeline analysis indicated that early disruption of the 

hydrogen bonds in the β-turns at the bases of the long loops connecting adjacent ARs 

allowed a greater degree of freedom for the helices to explore non-native contacts, 

including the formation of β-sheet structures (Fig. 30B). 7 of the 20 simulations showed 

long-lived intermediates (remaining at a constant length for more than one third of the 

total simulation time). 

Gankyrin underwent partial unfolding at low forces involving the extension of 

the inter-repeat packing and the unfolding of a terminal repeat, most frequently the C-

terminal one. This behavior contrasts with that of mechanically resistant proteins, such 

as I27, protein L and ubiquitin, which typically unfold in an all-or-none fashion or via a 

single intermediate only.  

The distribution of extension lengths for gankyrin was different from that for the 

consensus ankyrin protein NI3C (Fig. 31). For NI3C the most frequent extensions (10 
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Figure 30: Constant force simulations of the mechanical unfolding of gankyrin (1QYM) at 125 
pN using FACTS implicit solvent. 

(A) Plot of extension versus time for a number of representative simulations. Unfolding occurs 
in a non-cooperative manner with multiple phases each lasting for different times. In some of 
the runs, the protein is trapped in a force-resistant intermediate state (red, blue, violet traces) 
and does not reach the unfolding state within the duration of the simulation (black trace) (58 
ns). Some other traces (in yellow and green) unfold very quickly without any long-lived 
intermediate state. (B) Left. Structure of the intermediate formed in the blue trajectory in (A). 
The intermediate results from the unfolding of the most C-terminal repeat and part of the 
adjacent repeat. There is some disruption of the native packing in the structured regions and 
non-native contacts begin to form. (right) Structure of the long-lived intermediate formed in 
the black trajectory in (A). The intermediate results from the unfolding of the three C-terminal 
ARs and is stabilized by the formation of a non-native parallel β-sheet formed between the 
long loops connecting two adjacent repeats (in yellow). 
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nm, 20 nm and 30 nm) were consistent with the unfolding of individual ARs (10 nm 

each). In contrast, for gankyrin the distribution of extensions was much broader than the 

consensus, and this means that gankyrin unfolds through less clearly-defined steps 

which for the consensus ankyrin correspond to the cooperative unfolding of individual 

repeats. 

To investigate further the unfolding mechanism of the two different AR proteins, 

we analyzed the traces of the extension versus time and assumed that a well-defined 

metastable state was populated if the extension was constant (within 5 Å fluctuations) 

for at least 0.6 ns. In Fig. 31 we plot the distribution of the extension increments (ΔLc) 

between consecutive metastable states: it showed that the most probable increments 

corresponded to the unfolding of half of one repeat (~5 nm) and of one repeat (~10 nm) 

for both NI3C and gankyrin. However gankyrin showed frequent extensions ranging 

from 15 nm (1.5 repeats) to 37 nm (3.5 repeats), and these were much less frequent for 

NI3C. 

6.3.3 AFM of I27GKN 

We have used our polyprotein I27GKN (gankyrin flanked by three I27 domains 

at its N-terminus and four I27 domains at its C-terminus) as a reference in order to 

subsequently identify the mechanical unfolding behavior of gankyrin monomers and to 

obtain a distribution of the increments in contour length upon stretching (Fig. 32). 

Measurements were made using a number of different buffers and different 
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immobilization methods (either at the N- or the C-terminus of the polyprotein) in order 

to rule out artifacts associated with these variables. All conditions produced similar 

results. A buffer containing a high concentration of 

 

 

Figure 31: Representation of the distribution of extension lengths in the constant-force 
simulations. 

The upper panel shows the consensus AR NI3C, and the bottom panel shows gankyrin. Bars 
indicate the spacing corresponding to the length of one unfolded AR, and arrows indicate 
intermediates in which an integer number of domains is fully extended. Although they are 
rarer, conformations in which half a repeat is extended also exist. For gankyrin, the peaks are 
broad and their periodicity is not clearly related to the extension of individual domains. 
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Figure 32: Histograms of the extension length increments (ΔLc) between consecutive 
metastable states for gankyrin (left panel) and NI3C (right panel). 

Both proteins show two major increments, corresponding to 5-7.5 nm (half of an AR) and 10-
12.5 nm (one AR). However, gankyrin shows other high frequency increments ranging from 
~12.5 nm to ~36 nm. 

 
 

imidazole was also tested to check whether the high force peaks observed in some traces 

were due to interactions of the histidine residues in the gankyrin protein interacting 

with the NTA-functionalized glass surface. The presence of imidazole did not affect the 

traces obtained, ruling out this possibility but not excluding a non-specific interaction 

with the surface. These traces were discarded for the quantitative analysis. 
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We analyzed only those force-extension curves that clearly captured the 

mechanical fingerprint of the unfolding of four or more I27 domains of the I27GKN 

polyprotein with an initial extension length corresponding to the stretching of gankyrin 

(~82 nm) plus the whole folded construct (n x 4.5nm; n= number of I27 modules picked 

up by the AFM tip), and discarded those traces with changes in the persistence length 

betweens force peaks (previous constant velocity simulations showed that gankyrin 

unfolded first followed by the I27 domains). This allowed us to unequivocally identify 

the recordings that were obtained on single molecules as compared to recordings 

obtained on multi-molecular structures (only 1% of the traces recorded were used to 

build the extension histogram in Fig. 32). We observed that upon stretching, the whole 

of gankyrin or parts of it had unfolded before any I27 domains unfolded. In these traces 

force peaks ranging from 40 pN to 150 pN were recorded during the initial phase of 

stretching (Fig. 33 A-C), and we attribute them to the unfolding of gankyrin. These force 

peaks were followed by regular force peaks at approximately 200 pN, spaced by ~27-29 

nm as determined by the worm-like chain fits (WLC) (Carrion-Vazquez et al. 1999), that 

we attribute to the unfolding of I27 domains. Fittings of these unfolding peaks with a 

WLC model of polymer elasticity provided the distribution of the increments in contour 

length (Fig. 33D). In this histogram we observe that the most probable increments in 

contour length correspond to the unfolding of half or one AR. However the unfolding of 

two repeats or more at a time was also frequently 
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Figure 33: Unfolding force-extension curves of I27GKN polyproteins 
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Figure 33 (continued) 

Histogram of the extension length increments (∆Lc) of the unfolding peaks of gankyrin in the 
polyprotein I27GKN measured by AFM. Forty-two force-extension curves, containing a total of 
170 unfolding peaks of the gankyrin portion of the construct, were fitted to a WLC model of 
polymer elasticity and the ∆Lc values were extracted. (A) Force-extension plot containing the 
unfolding of five I27 domains and gankyrin. The unfolding traces were fitted to a WLC model 
of polymer elasticity and the ∆Lc values were extracted. The fittings for the I27 domains are 
represented by dotted lines. The fittings for gankyrin are represented by dashed lines. (B) A 
different trace containing the unfolding of five I27 domains and gankyrin. (C) 
Superimposition of traces (A) and (B), showing a very accurate matching. (D) Histogram for 
the ∆Lc values. The most probable events correspond to the unfolding of one or a half AR. 
However, extensions corresponding to the unfolding of two or more repeats are also highly 
represented.  

 

observed. A small subset of traces did not produce detectable force peaks and were 

plotted as extensions of ~80 nm which might correspond to gankyrin being already 

unfolded before stretching. 

6.3.4 AFM of the gankyrin monomer 

We performed experiments using gankyrin monomer in order to capture the 

refolding of gankyrin, which would be complicated to do in a long polypeptide chain 

like the construct I27GKN. The molecules were adsorbed, at a low surface density, to a 

clean glass substrate and picked up by the AFM tip. We limited the stretching distance 

below the contour length of the fully unfolded gankyrin monomer to avoid its 

detachment from the AFM tip. In this way we were able to perform multiple stretch-

and-relax cycles on the same molecule and to examine its refolding behavior. Successive 

force-extension curves are shown in Fig. 34. The force peaks obtained in the second 
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stretching cycle overlap with the original unfolding force peaks. Of note, in the third 

stretching cycle there was a single ~200 pN unfolding force peak, and in the fourth 

stretching cycle the force peaks were similar to the original force peaks. In all four cycles 

refolding was found to generate a force of approximately 15 pN (measured as the 

amplitude from the baseline to the unfolding peak). Similar refolding force peaks have 

been observed previously for 12- and 24-AR proteins (Lee et al. 2006). 

 

6.4 Discussion and Conclusion 

6.4.1 Mechanical unfolding of gankyrin occurs via multiple distinct 
pathways and intermediate species  

AFM experiments using 24- and 12-repeat fragments of ankyrin-B showed that 

the ARs can unfold one or two at a time under low forces of less than 50 pN (Lee et al. 

2006). This range of forces is similar to that observed by Fernandez and co-workers who 

found that a consensus-designed 8-AR protein unfolded in a fully stepwise manner one 

repeat at a time (Li et al. 2006). Simulations of 12- and 24-ARs also showed the unfolding 

and refolding of individual repeats following the stretching of the super-helical stack 

(Sotomayor et al. 2005). Our study, which combines experiment and simulation, reveals 

a number of new details about the mechanical unfolding of AR proteins, in particular 

concerning the structures of intermediate species. The results point to multiple  
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Figure 34: Examples of unfolding and refolding force-extension relationships measured by 
AFM on the same gankyrin molecule in cyclic measurements. 

(A) The first unfolding cycle (green) and refolding (blue) captured three clear ~60-80pN 
unfolding peaks at ~5,20 and 40 nm of the extension, and a ~15 pN refolding peak (black star). 
(B) The molecule was lifted by 5 nm away from the substrate and stretched and relaxed again. 
The two unfolding force peaks (shown in red) overlap with the original unfolding force peaks 
(shown in green) while the relaxing trace (blue) captured one refolding force-peak (black star). 
(C) The next stretching cycle (red) captured a single ~200 pN unfolding force-peak and the 
relaxing trace captured a small refolding event (black star). (D) A subsequent pulling cycle 
revealed ~50 pN unfolding force-peaks similar to those measured during the first unfolding 
cycle (in panel (A). (E) Superimposition of force-extension curves of the Gankyrin monomer 
and the I27GNK construct. Of note gankyrin is shifted to the right to account for the extension 
of the folded poly-protein showing a very accurate matching. 
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pathways of mechanical unfolding of gankyrin and suggest a rugged and complex 

energy landscape. The protein does not unfold in a single cooperative step under force, 

and neither does it always unfold in a fully stepwise manner one repeat at a time. 

Instead, gankyrin proceeds through different intermediate species resulting from the 

unfolding of halve, one or more repeats at lowforce. Some of the long-lived and force-

resistant intermediates observed are stabilized by non-native interactions. Of note, a 

high force unfolding peak of 200 pN was observed in the third stretching cycle of the 

gankyrin monomer which could be rationalized by the long-lived intermediates 

observed in the simulations of forced unfolding of gankyrin. Alternatively it could 

correspond to the unfolding of a misfolded (non-natively folded) species formed in the 

previous relaxation cycle. However, since some of the unfolding intermediates observed 

in the simulations are stabilized by non-native interactions, it is possible that refolding 

and unfolding intermediates are similar in nature. 

6.4.2 Mechanical versus solution unfolding mechanisms of ankyrin 
repeat proteins 

 
We can compare the mechanical unfolding of gankyrin with the results of 

numerous solution unfolding studies of AR proteins. Myotrophin (Lower et al. 2007), 

gankyrin (R.D. Hutton, A.R. Lowe & LSI, unpublished results) and D34 (Werbeck and 

Itzhaki 2007) unfold in solution via multiple pathways under kinetic conditions; only a 

single pathway could be detected for p16 (Tang et al. 2003) and for Notch ankyrin 
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domain (Bradley and Barrick 2006). The rate-limiting transition states for all of these 

reactions, with the exception of Notch, have polarized structures with either N-terminal 

or C-terminal repeats folded. For consensus-designed ARs equilibrium and kinetic 

intermediates are observed comprising a subset of folded repeats and following an 

Ising-like folding model, and the formation of a single repeat was indicated as the rate-

limiting step in the folding reactions (Wetzel et al. 2008). Whereas smaller natural AR 

proteins (comprising 3 or 4 repeats) (Tang et al. 1999; Devi et al. 2004; Lowe and Itzhaki 

2007) do not accumulate intermediates upon solution unfolding under kinetic 

conditions, larger AR proteins do (Mello et al. 2005; Löw et al. 2007; Löw et al. 2008; 

Werbeck et al. 2008) and gankyrin unfolds via a high energy intermediate that can only 

be detected indirectly. However, unlike the force-induced unfolding intermediates, there 

is no evidence for substantial non-native structure in any of these intermediates or in the 

unfolding transition states (within the limits of the protein engineering approach used).  

In mechanical unfolding the force is applied in a single direction and usually to 

the ends of the molecule whereas chemical denaturants act on the protein globally; 

therefore the resulting distortion of the native structure might be expected to be 

different in the two reactions. A number of comparative studies have indeed shown that, 

as for gankyrin, the chemical- and force-induced unfolding pathways are different (Best 

et al. 2001; Forman et al. 2005; Forman and Clarke 2007). Further, the consensus 8-AR 

protein unfolded under force by peeling away one repeat at a time (Li et al. 2006), 
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compared with the more cooperative kinetic unfolding mechanism that was observed in 

solution involving only one or two intermediate species (Wetzel et al. 2008). The other 

difference between chemical denaturant and force is that, when the force is applied and 

regions of the protein unfold, partly folded intermediates can become populated 

because the applied force is transiently reduced as it is dissipated by those regions that 

are unfolded and stretched. This type of behavior was observed for I27 whereby one 

strand unfolded before the rest of the protein (Marszalek et al. 1999). Thus force-induced 

unfolding will be more likely than chemical-induced unfolding to reveal partly folded 

species. 

One property that does appear to be common to both the force- and chemical-

induced unfolding reactions of gankyrin is the accessibility of more than one pathway. 

In different simulations the mechanical unfolding proceeds via different types of 

intermediate species; in the AFM experiments we likewise see a number of different 

types of traces.  

Refolding of ARs generates a force. This has been observed previously (Lee et al. 

2006) and can be rationalized as follows: repeat proteins appear to have the tendency to 

unfold under force in a stepwise manner. As a consequence of this autonomy of the 

individual repeats, the energy barrier for refolding may be lowered in two ways. The 

first is by a templating effect of the already-folded repeats. Second, the local nature of 

the contacts within a repeat and the short contraction distance involved will result in a 
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lower entropic cost of folding repeats compared with globular proteins. The lower 

contact order does not appear to give rise to faster folding rates in solution, but this may 

reflect the different folding mechanism in solution versus that in an AFM experiment. In 

contrast to repeat proteins, partly structured species are much less stable in globular 

proteins and therefore many long-range interactions involving the whole polypeptide 

chain, including those of the tethered termini in an AFM experiment, have to be made in 

order to refold.  

Finally, it is possible that natural and consensus-designed AR proteins respond 

somewhat differently to force. The latter proteins have a much more extensive and 

regular hydrogen bonding network in the β-turns adjacent to the long loops (Kohl et al. 

2003) and consequently a much higher thermodynamic stability (Wetzel et al. 2008). This 

feature could explain the more brittle and homogeneous behavior of the designed AR 

protein under force characterized by a very regular saw-tooth pattern in the AFM traces 

(Li et al. 2006) and a narrow population of unfolding contour length units (ΔLc) 

compared to gankyrin. We speculate that the weaker hydrogen bonding in the loops and 

the longer loop lengths of natural AR proteins (particularly the TRP channels that may 

have a mechanical function) might also facilitate the formation of non-native 

interactions. In summary, we find first that gankyrin is weak in that one or more repeats 

can unfold at low forces. However, the non-native intermediates observed in the 

simulations are resistant to high force and these could act as an important safety 
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mechanism against complete unfolding despite the lack of specific force-bearing native 

interactions. Second, gankyrin mechanically unfolds following multiple extension 

pathways, having more low-energy unfolding pathways than the consensus ankyrins. 

Interestingly, unfolding started at the C-terminal repeat in 95 % of the simulations. 

Third, the unfolding of gankyrin, like that of ankyrin B, can generate a refolding force 

that might be common to all ankyrins and relevant for functions in the cell when an 

elastic component is required. 

The behavior of gankyrin contrasts with that of I27 and other mechanically 

strong proteins in which a specific subset of native interactions are clearly responsible 

for their stability; and as a consequence of both the non-native interactions in the 

intermediates and also the accessibility of multiple unfolding pathways, the mechanical 

resistance of gankyrin is likely not related to specific interactions and thus may be 

relatively insensitive to single-site mutations. Instead, the presence of regularized 

interactions across the entire repeat array may be critical for mechanical resistance of a 

repeat protein, and therefore, multiple mutations that affect this regularity (as, for 

example, is achieved by consensus design) will be required to change its mechanical 

resistance. 
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Chapter 7. Nanomechanics of alginates1 

In addition to studying protein nanomechanics, we also investigated 

nanomechanical behavior of an interesting polysaccharide whose gel-forming properties 

found very useful in scaffold matrix biomaterial in tissue engineering. In this Chapter 

we present the mechanical property of alginates which were investigated by means of 

AFM-based single-molecule force spectroscopy and quantum mechanical ab initio 

calculations.  

 

7.1 Introduction to Polysaccharides elasticity 

Polysaccharides are the fundamental polymeric elements in many biological 

structures, such as the cell wall of plants and bacteria. In higher organisms they have 

many functions; for example, they are used for energy storage, serve as lubricants and 

provide support to cellular elements of tissues and also mediate numerous molecular 

recognition and adhesive interactions between cells (Rao et al. 1998). Most 

polysaccharides are homo- or hetero- polymers of sugar monomers, such as glucose and 

its epimers (e.g. mannose, galactose), which differ from glucose by the orientation of a 

specific hydroxyl (OH) group and by various substituents on the pyranose ring. The 

                                                      

1 This work is submitted and accepted: Lee, W., X. Zeng, W. Yang and P. E. Marszalek (2011). 
Probing Polysaccharide Mechanics by Atomic Force Microscopy and Computer Simulations.  In 
“Molecular Manipulation with Atomic Force Microscopy.” (editors Anne-Sophie Duwez, Nicolas 
Willet). CRC Press ISBN 978-1439809662., CRC Press. 
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pyranose ring itself, is composed of five carbon atoms and one oxygen atom with side 

groups made of oxygens and hydrogens. When the sugar unit is β-D-glucose and the 

glycosidic linkage connects carbon atom #1 on one ring to carbon atom #4 on the next 

ring, the homo-polysaccharide formed is cellulose (Fig. 40E). However, when α-D-

glucose sugars are connected in a linear polymer by 1→4 linkages, the homo-

polysaccharide formed is amylose (Fig. 40A). The slight difference between α- and β-D-

glucose involves a different orientation of the C1-O1 bond. It is in the plane of the 

glucopyrnaose ring (equatorial orientation) in β-D-glucose but perpendicular to the ring 

in α-D-glucose (axial orientation). Interestingly cellulose is the fundamental structural 

element of plants, while amylose, amylopectin and glycogen (branched amylose-like 

 

Table 2: Composition of various polysaccharides and the corresponding conformational 
transitions. 

polysaccharide Pyranoside Linkage 
Conformational transitions 

under stretching 

Cellulose β-D-Glucose 1�4 none 

Amylose α-D-Glucose 1�4 4C1 � B3,O and B2,5 

Galactan β-D-Galactose 1�4 4C1 �3,OB and 2,5B 

Pectin α-D-Galacturonate 1�4 4C1 � 1C4 

Pustulan β-D-Glucose 1�6 gt, gg� tg 

Dextran α-D-Glucose 1�6 4C1 + gt, gg� B2,5 + tg 

Alginate 
α-L-Guluronate 

1�4 
1C4 � 4C1 

β-D-Mannuronate none 
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polysaccharides) store energy in plants and animals (e.g. corn and potato are full 

ofstarches, while the liver stores glycogen) and these polysaccharides do not play any 

structural roles. In light of a small chemical difference between α- and β-D glucose, a 

question arises as to why cellulose and not amylose was evolutionary selected to 

support plants’ structures. It is well known that the anomeric configuration of the 

glycosidic bond of β-D-glucose (equatorial) promotes the type of crystallization that 

allows the formation of cellulose fibers. To address this and similar questions one needs 

to examine the fundamental relationships between the chemistry, structure and 

mechanics of polysaccharides. Mechanical properties of polysaccharides are important 

not only from the structural point of view, but also when these polysaccharides are 

subjected to mechanical stresses because of their interactions with other molecules, e.g. 

during adhesive interactions between cells or during enzymatic processes. For example, 

the lysozyme that kills bacteria by destroying their cell wall, forces sugar rings of the cell 

wall into a highly strained conformation before the cleavage of the glycosidic linkage 

can occur (Vocadlo et al. 2001). Thus, to fully understand such enzymatic reactions and 

other types of sugar-proteins interactions we need to understand the mechanics of the 

sugar ring. However, these mechanics are quite complex because the ring is built of 

extremely rigid elements (covalent bonds) connected into a flexible structure that is 

prone to conformational instabilities. 
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Relatively simple mechanical manipulations can be very informative in probing 

molecular conformations in solution (Fisher et al. 2000). For example, by mechanically 

stretching single polysaccharide molecules with the Atomic Force Microscope (AFM), it 

became possible to force all the constituent sugar rings and their glycosidic linkages in a 

polysaccharide chain into high energy conformations (Rief et al. 1997; Marszalek et al. 

1998; Marszalek et al. 1999; Marszalek et al. 2001; Marszalek et al. 2001; Marszalek et al. 

2002; Lee et al. 2004; Lee et al. 2004; Lee et al. 2004; Zhang et al. 2005; Zhang and 

Marszalek 2006; Zhang and Marszalek 2006). Thus, force spectroscopy makes it possible 

to investigate ring conformations and bond torsions, which normally are not accessible 

to other structural methods because these methods can only study molecules which are 

in or near equilibrium. These studies identified atomic “cranks and levers” that control 

sugar ring conformations under applied forces (Zhang et al. 2005) and used the elastic 

fingerprints of these force-induced conformations for identifying polysaccharides in 

their mixture (Marszalek et al. 2001).  

In this chapter, we investigated the molecular elasticity of alginates. Alginates 

are unique among polysaccharides in that after polymerization, they are subjected to 

many chemical modifications (Hagner-McWhirter et al. 2000). One of them is the 

epimerization reaction (Allard et al. 2001) at C-5 position of the pyranose ring that shifts 

the carboxy group across the plane of the ring, dramatically changing its conformation, 

converting β-D-mannuronic acid (M) to α-L-guluronic acid (G). Alginates constitute a 
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group of linear polysaccharides produced by brown seaweeds and by bacteria 

Azotobacter and Pseudomonas. Because of many biomedical applications of alginates 

(e.g. in tissue engineering) their bulk properties, including the mechanical properties of 

alginate gels, have been studied extensively (Taylor et al. 2005). However, the elasticity 

of individual alginate chains has not yet been characterized. We used AFM-based single-

molecule force spectroscopy to stretch, in solution, individual molecules of precursor, 

poly(M), and compare its elasticity with the elasticity of two different epimerized 

polysaccharides, poly(GM), one with the G content of 40%, and the second with 70%. We 

found that three alginate samples with different M:G contents, each sample showed 

unique force spectrograms resulted from the force-induced conformational transitions of 

G units.  

 

7.2 Methods 

7.2.1 Polysaccharides and their preparation for AFM measurements 

For AFM measurements a drop of a polysaccharide solution (concentrations 

varying from as low as 0.001% to as high as 10% weight/volume) is spread on a clean 

glass surface incubated for 30 minutes to a few hours and typically is allowed to dry. 

Then, the extensive rinsing removes most of the molecules, which are loosely bound 

from the surface, leaving on the surface only the molecules that are strongly adsorbed. 

These can be picked up by the AFM tip for stretching measurements in solution. In 
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order to pickup polysaccharide molecules in solution, an AFM tip is pressed down onto 

the sample surface for 1–10 seconds at contact forces of 1–40 nN (1 nN = 10-9 N) and 

then lifted so the molecule that has been attached to the glass surface and to the AFM tip 

can be stretched in solution. 

7.2.2 Freely jointed chain model 

Polysaccharides, like many polymers, are entropic springs. In solution while at 

equilibrium, they maximize their configurational entropy with a random coil-like shape. 

Extending a polysaccharide chain in solution (by separating its ends, as in AFM force 

spectroscopy measurements), forces polysaccharide units to align with the stretching 

direction and this process inevitably reduces the chain entropy and increases its Gibbs 

free energy. Obviously, stretching of the chain requires some work input by an external 

force. As a result the polysaccharide chain develops (entropic) tension that 

counterbalances the applied force. The elasticity of polysaccharide chains can be 

modeled within the framework of the freely-jointed- chain (FJC)(Flory 1953) or the 

Worm-Like-Chain (WLC) model of polymer elasticity (Flory 1988) (Eq. 1 in Fig. 35). In 

reality, polysaccharides (as most polymers) do not accurately obey these purely entropic 

models. Even at fairly small stretching forces the additional extensibility of the chain 

related to bending of covalent bond angles and some elongation of covalent bonds 

themselves is observed and has to be accounted for. In the simplest case this is 

accomplished by “overstretching” the initial contour length of the polymer, Lcon, by 
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including in the force-extension equation the term with the so called segment elasticity, 

ksegment that lumps together all non entropic (enthalpic) contributions to the extension 

(Eq. 2 in Fig. 35)(Smith et al. 1996; Rief et al. 1997). This is because at higher forces curves 

modeled by the “extended FJC” model is less as compared to the purely entropic case 

(the extensibility is greater). As we will see this effect is measurable by AFM. Even, 

when the segment elasticity of real polysaccharide chains is included, only in a few cases 

can their elasticity be accurately described by entropic models (FJC, WLC) 

polysaccharides typically undergo a range of structural rearrangements (reversible or 

irreversible) that reveal themselves as distinct deviations of force-extension curves from 

the FJC/WLC models. These deviations are typically in the form of force plateau(s) at 

which the polysaccharide extension increases abruptly at almost a constant force. Since 

force spectrometers based on the AFM platform use fairly rigid force transducers 

(cantilevers) they can, in contrast to other single-molecule methods such as optical traps, 

 

 

Figure 35: Freely jointed chain (FJC) model. 
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apply large stretching forces. Therefore, these methods can accurately examine the 

elasticity of polysaccharides in a large range of forces corresponding to elastic and also 

“plastic” deformations. This creates a unique opportunity to examine conformational 

behavior of polysaccharides and their components under conditions that are away from 

thermodynamical equilibrium. Thus, AFM manipulations of individual polysaccharide 

chains allow probing their high energy conformations that may be relevant biologically, 

when sugars are subjected to forces, but which cannot be studied by NMR or X-ray 

crystallography (Fisher et al. 2000). 

7.2.3 Normalization of polysaccharides extension 

Natural polysaccharides are highly polydisperse in terms of their molecular 

weight and contour length. AFM measurements typically reflect these variations and 

force extension curves reveal a wide range of molecular lengths. In addition, the AFM 

tip picks up molecules randomly along their length therefore a given pulling 

measurement can be performed on a short fragment of a nominally very long chain. 

Assuming that a given polysaccharide is chemically homogenous, this is typically not a 

problem because its mechanical properties should also be homogenous. Since in a 

typical AFM measurement, fragments composed of at least 100 sugar units are stretched, 

their properties should be representative of the whole chain. However, to compare 

various recordings, the molecules’ extensions need to be normalized. This is done with 

the use of the FJC model (Fig. 35). In the FJC model polymer extension, x, at a force, F, is 
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proportionally related to its contour length, Lcon. Therefore, when x, is divided by the 

extension x0 (F0) determined at a certain (arbitrary) force, F0, the relationship between x 

and F is found, which is independent of Lcon (see Eq. 1 in Fig. 35). The extension at other 

forces then becomes a fraction of the extension generated by F0, with x0 corresponding t 

a normalized extension value of 1 after this normalization. By choosing F0 value that is 

common to a number of recordings, and normalizing each recording, the family of such 

recordings can be plotted on one graph and directly compared. Using this approach, 

recordings not only obtained on the same type of polysaccharide but also on different 

types can be plotted together and compared. Typically, normalized recordings for the 

same type of polysaccharide overlap well, regardless of its length. The small deviations 

between normalized recordings (if any) may be related to calibration errors of the 

cantilever spring constant. When normalizing and comparing recordings for such 

polysaccharides, it is important to choose a common force, F0, as high as possible for a 

given set of experimental force-extension curves. This is because at a high F0 all force-

induced conformational transitions within these molecules are complete. The higher 

F0,the greater the possibility that the chain is “conformationally homogenous” having all 

units in the same conformational state. If a lower force F0 were chosen, some rings at this 

force could be in a high energy (extended) conformations and some still in the low-

energy (short) conformation. Then, the results of extension normalization could be 

inconsistent and could depend on the choice of F0. 
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7.2.4 Quantum mechanics-based methods for analyzing strained sugars 
conformations. 

The mechanical behavior of individual sugar monomers can be predicted and 

examined by quantum mechanics based methods. For example, a single glucopyranose 

contains only 24 atoms and its geometry in various conformations can be optimized by 

energy minimization using Hartree-Fock (Marszalek et al. 1998) or DFT-based methods 

(Marszalek et al. 1999; Lee et al. 2004; Lee et al. 2004; Zhang and Marszalek 2006). Using 

these approaches it is possible to find sugar conformations that provide a greater 

separation of glycosidic oxygen atoms at higher ring energy, and therefore these 

conformations may likely occur when a polysaccharide chain is stretched. Also, ab initio 

geometry optimization may be carried out with some constraints that are imposed, for 

example, on the separation of the glycosidic oxygen atoms. Then by stepwise increasing 

the separation between these oxygen atoms, while optimizing the energy of the sugar 

ring at each step, produces an energy profile. This profile joins the conformation 

corresponding to the ground state of the ring with the conformation corresponding to its 

high energy, extended/deformed state. This approach allows estimation of the energy 

difference between the relaxed and extended conformations and also the height of the 

energy barrier separating these states. This computational data can be correlated with 

the information extracted from force-extension profiles of polysaccharide chains (Zhang 

and Marszalek 2006). Simplified quantum mechanical approaches can also be used in 

conjunction with the molecular dynamics simulations of polysaccharides containing 
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about 10 sugar rings (Lu et al. 2004). These types of computational approaches to 

modeling polysaccharide mechanics will be described in detail in the second part of this 

chapter. 

 

7.3 Elasticity of alginates 

Alginates are linear copolymers containing hexuronic acids, β-D-mannuronic 

acid (M) that is 1→4-linked to its C-5 epimer, and α-L-guluronic acid (G) (Fig. 36). 

Alginate precursors are initially synthesized in the form of polymannuronic acid, 

polyM, and then D-mannuronic acid C5-epimerase catalyse the inversion of the C-6 

carboxyl groups of some of M residues to produce α-L-guluronic acid residues, G (Fig. 

36B)(Franklin et al. 1994; Ertesvag and Valla 1999; Valla et al. 2001; Hartmann et al. 2002; 

Hartmann et al. 2002; Samuel and Tanner 2002; Gimmestad et al. 2003; BJERKAN et al. 

2004; Campa et al. 2004; Douthit et al. 2005). M residues in alginate exist in the 4C1 chair 

conformation, while G residues are believed to assume the inverted chair conformation, 

1C4 (Fig. 36 C-D)(Valla et al. 2001). This conformational transition has significant effects 

on polymer structure. In contrast to fairly flexible segments of M residues, blocks of G 

units are quite rigid and extended, thanks to the hindered rotation around their diaxial 

linkages(Valla et al. 2001) and are responsible for the ability of alginates to form 

gels(Hartmann et al. 2002). The M:G ratio and composition sequence (MMGG or 

MGMG) are important characteristics of alginates and they are known to control  
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Figure 36: Alginate structure and C-5 epimerization of mannuronic acid. 

(A) A schematic diagram of alginate structure: α-L-guluronic acid (G) and β-D-mannuronic 
acid (M) connected by a 1-4 linkage. (B) A simplified description of C-5 epimerization. (C) Ab 
initio optimized inverted-chair structure of G monomer. (D) Ab initio optimized chair 
structure of M monomer.  

 

alginate stiffness. For example, alginate extracted from the softer part of algae contains. 

More M-blocks while those extracted from the stem contain more G-blocks than M-

blocks. The mechanism of epimerization, which has been studied by biochemical 

approaches(Franklin et al. 1994; Ertesvag and Valla 1999; Hagner-McWhirter et al. 2000; 

Allard et al. 2001; Li et al. 2001; Valla et al. 2001; Hartmann et al. 2002; BJERKAN et al. 
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2004; Campa et al. 2004; Douthit et al. 2005) is still not fully understood (Campbell et al. 

1994; Li et al. 1997; Hagner-McWhirter et al. 2000; Li et al. 2001) 

Because glycosidic and aglycone bonds of M residues are in the equatorial 

(cellulosic) orientation, they already provide a maximum separation between the 

consecutive glycosidic oxygen atoms and they are not anticipated to change their 

conformation under a stretching force(Marszalek et al. 1999). However, if G residues are 

indeed in the inverted chair conformation, the axial orientation of C1-O1 and C4-O4 is 

expected to significantly reduce the distance between O1 and O4. Under a stretching 

force, these axial bonds are expected to act as atomic levers that flip the ring to a regular 

chair conformation to restore maximum separation of the glycosidic oxygen atoms in 

their equatorial position.  

Here, we present new AFM data and new computational results on alginates 

with various contents of epimerized monomers (G) in the range from 0 to 70% (0% 

corresponds to an alginates precursor, polymannuronic acid (polyM) that has not been 

epimerized). We used AFM-based single-molecule force spectroscopy to stretch, in 

solution, individual molecules of precursor, poly(M), and compare its elasticity with the 

elasticity of two different epimerized polysaccharides, poly(GM), one with the G content 

of 40%, and the second with the G content of 70%. The biological source of Poly(GM) 

with 40% G content is P. aeruginosa strain FRD1, which generates no consecutive G 

blocks (these alginates have the following structure --GMGMGMMGM--, etc.). Poly(GM)  
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Figure 37: Force-extension curves of alginate molecules with different contents of G 
monomers. 

A collection of force-extension curves of poly(M) (A), poly(GM) with 40% G content (B), and 
poly(GM) with 70% G content(C). The normalized curves are superimposed and shown in (D), 
(E), and (F), respectively. 
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with 70% G content is elaborated by Laminaria Hyperborea. This alginate contains 17% 

MM blocks, 26% GM blocks, and 57% GG blocks.  

The results of AFM force spectroscopy measurements on these alginates are 

shown in Fig. 37 and Fig. 38. The force-extension curves of poly(M) are indicative of a 

simple entropic elasticity that is consistent with its equatorial glycosidic linkages and its 

cellulose-like structure. However, the force-extension curves of poly(GM) with 40% and 

70% G content display force plateau features at around 250 pN (70% G) and around 500 

pN (40% G). As determined by local fits of the FJC model, these transitions overstretch 

alginates by 15% and 8%, respectively. 

 

Figure 38: A high resolution graph of normalized force-extension curves of alginates. 

Poly (M) (pink trace) has purely entropic elasticity. Poly(GM)- 40% G / 60%M (blue trace) 
displays a ~500pN force plateau, and Poly(GM)- 70% G / 30%M (green trace) displays a ~270pN 
force plateau.  
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Quantum mechanics calculations 

To gain insight into the conformational behavior of M and G rings subjected to 

tensile forces, we carried out quantum mechanical ab initio optimization of the geometry 

of strained rings (Fig. 39). Relaxed alginate monomers (G and M), were optimized with 

the semi-empirical method AM1 and then fully optimized with the DFT (B3LYP -6-

311++G** basis set) method. To simulate AFM stretching of these pyranose rings, the 

distance between the glycosidic oxygen atoms O1 and O4 was constrained and increased 

in steps of 0.05 Å, while the geometry of the rings was optimized at each step at the 

same level of theory. The optimized relaxed M and G monomer were found to be in the 

regular chair conformation and in the inverted chair conformation, respectively. The O1-

O4 distance was found to be 5.5 Å for M and 4.6 Å for G units (Fig. 34 C-D). Note that 

these distances are similar to the O1-O4 distances in cellulose (two equatorial 

bonds/ring) and pectin (two axial bonds/ring), respectively. As seen in Fig. 39A, the 

energy profile of the strained M ring is a monotonous function of the O1-O4 distance, 

and no conformational transitions were identified during stretching. However, the 

energy profile of the G ring is not smooth but shows two peaks at 5.6 and 5.9 Å. These 

peaks correspond to forced conformational transitions, first to a skew boat structure and 

then to the regular 4C1 chair conformation. It is interesting that after these two 

transitions, the energy profile of G ring overlaps with that of M ring and the energy 

function at greater O1-O4 distances is smooth and steep, indicating small deformations 
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Figure 39: Modeling of alginate stretching with a quantum mechanical method. 

(A) The energy profile of monomer G (pink) and monomer M (blue) obtained from ab initio 
calculations. (B) Strained monomer G changes its conformation from an inverted-chair ���� boat 
���� chair. These transitions are marked in the energy profile as (1) and (2). 

 

of otherwise stable structures with equatorial C1-O1 and C4-O4 bonds. Thus, quantum 

mechanical calculations can explain the presence of the plateau feature in alginates with 

G monomers. Naturally, the greater fraction of G residues is expected to produce a 

longer plateau feature. However, the difference in the plateau force measured for 
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poly(GM) with 40% G (450pN) as compared to poly(GM) with 70% G (250 pN) cannot be 

explained solely based on ab initio calculations at the monomer level. We expect that 

these differences may be captured by SMD simulations, in which consecutive G blocks 

or mixed GM segments can be examined.  

We examined the mechanical properties of algintes by means of atomic force 

microscopy and ab initio quantum chemical calculations. Under action of applied forces, 

the G-unit whose equilibrated conformation is the inverted-chair, flips its sugar ring to 

regular chair conformation, which provide an increased separation of glycosidic oxygen 

atoms. The mechanical fingerprints of three different M:G contents showed unique 

deviations of their force-extension curves from the models of simple entropic elasticity, 

and these unique force spectrograms can be used for the M:G contents identification. 

 

7.4 Extended database of the Fingerprinting 
polysaccharides 

Polysaccharides are natural products that are obtained by relatively simple 

methods using cold/hot water or alkali extraction from the organisms that produce them 

followed by various separation/purification procedures. Their identification and 

evaluation of purity is a complex process. The bulk sugar composition is determined by 

various chromatography techniques and the type of glycosidic linkages may be 

identified by nuclear magnetic resonance spectroscopy (Rao et al. 1998; Jol et al. 1999) or 

x-ray diffraction of polysaccharide crystals or fibers (Chandrasekaran 1997). These are 
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tedious bulk methods that average polysaccharide structures/properties over all 

molecules. Previously, it was demonstrated that simple AFM mechanical manipulations 

of individual polysaccharide chains in solution are very informative in terms of 

connecting their molecular elasticity to chemical structure. Those approaches registered 

the molecular fingerprint of force induced conformational transitions within sugar rings 

or their exocyclic group that identify the type of glycosidic and aglycone bonds (axial or 

equatorial) and differentiate between different sugar isomers. This method offers the 

possibility of identifying individual polysaccharide molecules in solution in a 

polysaccharide mixture by simple mechanical means (Marszalek et al. 2001). In Fig. 40, 

we present a collection of force spectrograms for a number of polysaccharides that was 

examined by AFM so far, and we expanded this collection by adding unique force 

spectrogram of alginates. This force spectrogram library is still growing and we continue 

to improve the AFM approach so it becomes a useful single-molecule analytical method 

in carbohydrate research. 
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Figure 40: AFM-measured elasticity fingerprints of polysaccharides. 
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Figure 40 (continued) 
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Figure 40 (continued) 

Normalized force-extension curves (fingerprints) are shown on the left side and schematic 
structures of repeating units and their glycosidic linkages are shown on the right side of each 
column. Panels A-E are adapted from (Marszalek et al. 2001). 
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Chapter 8. Summary and Conclusions 

This dissertation sought to understand the mechanical stability and mechanical 

unfolding/refolding pathways of ankyrin repeat (AR) proteins using AFM-based single-

molecule force spectroscopy and molecular dynamics (MD) simulations. An AR motif 

(33 amino acids) is composed of anti-parallel α-helices and a loop, and it is identified in 

thousands of proteins. ARs stack on top of each other in a roughly linear fashion to 

produce elongated super-helical architectures that suggest interesting mechanical 

properties. Indeed, a number of AR proteins have been proposed to mediate 

mechanotransduction in a variety of different functional settings (Corey et al. 2004; 

Nicolson 2005; Sotomayor and Schulten 2007). To measure the intrinsic mechanical 

properties of AR proteins experimentally, we employed protein engineering methods to 

flank the small AR proteins (the folded length of 5~ 10 nm) by six or seven I27 domains 

because the mechanical fingerprint of I27 domains of muscle protein titin is well-studied 

and serves as a mechanical reference. The monomer AR proteins or engineered protein 

constructs were mechanically stretched or relaxed by AFM-based force spectroscopy, 

whose range and resolution is adequate to measure protein’s force and extension 

relationships (10~1000 pN and 1~500 nm). Also, unlike other globular proteins that fold 

slowly (~s), ARs refold rapidly (~ms) and generate robust refolding force peaks during 

their mechanical refolding process. These observed refolding force peaks are informative 

and can be compared with steered MD simulation results. The simulated force spectra 
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reproduced remarkably well the AFM force spectra, and convincingly allowed us to 

recreate the unfolding and refolding trajectories.  

Based on our mechanical study results of three kinds of AR proteins (synthetic 

NI6C, D34 of ankyrin-R and oncoprotein Gankyrin), we attempted to address a few 

folding and mechanics problems of AR proteins as mentioned in Chapter 1. 

 

1) Mechanical unfolding behavior  

- What is the relationship between the mechanical unfolding pathways and the 

unfolding forces (Mechanical unfolding anisotropy)?  

Go-like model SMD simulation results, which exquisitely reproduced the AFM 

experimental results, convincingly present the anisotropic mechanical properties of ARs 

in D34 and NI6C (the SMD result of the anisotropic mechanical unfolding of NI6C is 

shown in Appendix D). ARs of D34 and NI6C unfold at relatively higher forces (~60 pN) 

when they are peeled off from the N-terminus side of a stack (direction I), and ARs 

unfold at relatively lower forces (~30 pN) when they are peeled off from the C-terminus 

side of the stack (direction II). When both unfolding directions are available, folding 

direction II starts first because it is driven by smaller unfolding forces. We noticed that 

this mechanical anisotropy is closely related to the curvature of AR proteins and is the 

result of the asymmetry of the residue packing in helical bundles. This characteristic 
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seems to be the intrinsic mechanical anisotropy of ARs; we speculate that this anisotropy 

has been evolved to produce an intricate mechanical design of ankyrin-R. 

- What is the mechanical role of the SBD fragment in D34? 

The C-terminal repeat of D34 is followed by the beginning fragment of the 

spectrin binding domain (SBD). This fragment wraps around the C-terminus of D34, and 

interacts with R20-R24 by forming six hydrogen bonds. The analysis of contact numbers 

in a coarse-grained D34 structure reveals that the R20-R24 of D34 have a greater number 

of contacts than other repeats. These SBD interactions seem to protect R24 from peeling 

off at first, and instead force the peeling-off process to start in the N-terminus side repeat 

(R13), generating ~60 pN unfolding force peaks.  We also noticed that R21-R24 unfold at 

slightly higher forces than R13-R20 in both unfolding directions I and II. We speculate 

that AR proteins, especially their C-terminal side of the stack, may have evolved to 

adjust their mechanical stability to the level required to endure the subjected mechanical 

force. 

- How much mechanical loads ARs can endure as compared with previously 

characterized proteins?  

Our mechanical unfolding force extension curves showed that ARs unfold at 

forces of 20~100 pN; ARs of NI6C unfold at a force of ~25 pN, D34 at a force of ~60 pN, 

and gankyrin at a force of 40~150 pN. The unfolding force range is relatively extensive 
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(especially gankyrin), yet all Funfold of ARs are lower than the I27 domains of muscle 

proteins (~200 pN).  

It is worth noting that the AFM study of Spectrin revealed that spectrin repeats, 

composed of antiparallel triple helices, unfold at a force of ~30 pN (Rief et al. 1999; Law 

et al. 2003; Ortiz et al. 2005; Scott et al. 2006; Randles et al. 2007).  Discher and colleagues 

captured the force-induced spectrin unfolding in live red blood cells (RBCs) under 

physiological stress  (Johnson et al. 2007). These results imply that ankyrin-R in RBCs 

may also be subjected to the ~30 pN mechanical force. In light of the mechanical 

anisotropy of ARs, one of the roles of the spectrin binding domain could be to reinforce 

mechanically the C-terminal part of the protein, thus preventing ARs from peeling off 

from that side. Then, the threshold of ~60 pN for the unfolding ARs may be high enough 

to allow D34 to endure the physiological stress during blood circulations without 

mechanical breakdown and unfolding of ARs. Thus, mechanical unfolding of a few ARs 

could work as a safety switch. 

- Are the mechanical stabilities of AR proteins consistent with the chemical 

stabilities?  

NI6C is not denatured at the boiling temperature or at a high urea concentration 

(Wetzel et al. 2008), and the D34 fragment and gankyrin unfold at 50~70 C (Werbeck et 

al. 2008). Yet, the average unfolding forces of D34 and gankyrin are higher than that of 

NI6C. This shows that chemical stability and mechanical stability are different when 
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proteins are measured by thermodynamic experiments or force spectroscopy 

measurements. In mechanical unfolding, the force is applied in a single direction and 

usually to the ends of the molecule whereas chemical denaturants act on the protein 

globally. Therefore the resulting distortion of the native structure might be expected to 

be different in the two reactions. When the force is applied and regions of the protein 

unfold, partially folded intermediates can become populated because the applied force 

is transiently reduced as it is dissipated by those regions that are unfolded and 

stretched.  

 

2) Mechanical refolding behavior  

- What is the relationship between the mechanical refolding pathways and refolding 

forces (Mechanical refolding anisotropy)?  

Similar to the mechanical unfolding anisotropy, our SMD and AFM results of 

D34 showed the mechanical refolding anisotropy of ARs. When an unfolded AR 

reattaches to the C-terminal side of the stack (direction IV), refolding events produce 

large force peaks of ~20 pN. However, relatively small force peaks of ~13 pN are 

generated when refolding proceeds in the opposite direction (direction III). The folding 

direction is dictated by the location of the nucleation step in the polypeptide chain. 

These observations suggest that the mechanical anisotropy of ARs in D34 indeed 

influences the mechanical folding behavior of D34. The main difference between the 
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refolding processes in direction III and IV is the presence or absence of the transient 

structures in the unfolded polypeptide chain, which influence the D34 tension during 

refolding. In direction IV, ARs refold against a significantly greater tension and produce 

larger refolding forces as compared to direction III. If folding nucleation is forced to 

occur in the C-terminus, conditions are created for refolding of ARs in direction III, 

which produce relatively small refolding forces. When conditions are created for ARs to 

refold in the opposite direction, refolding events produce significantly stronger 

refolding forces.  When both folding directions are available, refolding direction IV 

starts first because it is driven by greater folding forces.  

- What is the mechanism of transient events?  

We observed the force and length oscillations (~20 pN, ~10 nm) in the force-

extension curves, indicating that the transition between unfolded and refolded states 

occur at near equilibrium. The observed contour length increment between the folded 

state and unfolded state corresponds to the fully stretched AR (33 AA x 0.365 nm/AA), 

suggesting the fluctuations are produced when one AR unfolds and refolds. These 

events were more frequently observed in AFM measurements of NI6C rather than D34 

or gankyrin. Our SMD simulations showed the characteristic ~30 pN plateau force when 

the helix components were straightened. Also, a previous AFM study of the Myosin 

coiled-coil domain showed a ~20 pN force plateau corresponding to the helix unraveling 

process. Considering that the helix unwinding force level is quite similar to the transient 
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force level (~20 pN), we think that the secondary α-helical structure is still formed 

during the transient events, and the hydrophobic interaction between helices is the main 

driving force of the refolding events.  

- Which protein folding model do AR proteins follow?  

There are four kinds of protein folding models (Sheehan 2000): i) framework 

model - the local / secondary structures form independently; ii) hydrophobic collapse 

model – the unfolded polypeptide chain rapidly collapses around hydrophobic residues 

(so called a molten globule), then the secondary/tertiary structure forms around this; iii) 

nucleation model – secondary structure elements act as nuclei, and iv) nucleation-

condensation model: a weak control nucleus is first formed followed by stabilization 

with sequentially distant residues leading to a larger and more stable nucleus.  

Among these models, based on our SMD and AFM measurements, AR proteins 

are presumed to fit to the combination of i) framework model and iv) nucleation-

condensation model. The unraveled ARs form their helix structures first, and then the 

nucleation step follows. The nucleated repeat location may vary depending on the 

strength of the non-covalent interactions in helical bundle regions (including the 

hydrophobic residue packing interaction). Then the neighboring ARs refold repeat by 

repeat toward the nucleated AR stack 

 

3) Vectorial folding in vivo–  
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- How ARs fold after translated from RNA in the ribosome complex. 

Less is known about protein folding dynamics inside the ribosome complex than 

in vitro protein folding mainly due to the difficulty to capture intermediate structures 

formed by the polypeptide chain before it attains its final 3D fold. It has been recognized 

that, during co-translational folding, the nascent polypeptide chain (NPC) is under 

severe conformational constraints (Cabrita et al. 2010) dictated by the geometry of the 

long (~80 Å) and narrow (10-20 Å) ribosome exit tunnel. And the vectorial folding 

character can be mimicked by means of force spectroscopy techniques rather than the 

constraints-free in vitro folding experiments such as chemical or thermodynamic 

denaturation. Through our AFM and SMD results of the consensus AR protein NI6C 

which is a great model AR system representing thousand AR proteins, we confidently 

reconstructed the vectorial folding pathway of NI6C. We captured that the folding of 

ARs starts with the formation of local α-helices, followed by nucleation step of three N 

terminal repeats. These observations strongly suggest that the co-translational folding of 

ARs may proceed by forming α-helical segments still in the ribosomal exit tunnel and 

after extruding their length corresponding to at least three repeats, they nucleate. 

Further folding may involve a simple rapid addition of the remaining C-terminal 

repeats, without any nucleation step, using the existing nucleated structure as the 

folding template. Though, we note that during the co-translational folding the NPC is 

most likely not subjected to significant external mechanical forces, although it may be 
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under some tension as a result of the interaction between the extruded parts of the NPC 

with the ribosome-bound chaperone trigger factor (TF) that assists the folding. We 

believe that the application of a small external force to a folding polypeptide chain 

during AFM refolding measurements, which provides a practical means to restrain the 

protein in a vectorial space, by itself does not significantly alter the folding pathway of 

NI6C. The results in this work suggest that the refolding processes of NI6C occur 

spontaneously from the N-terminus to the C-terminus without the assistance or 

hindrance of an external force. Therefore, we propose that the vectorial folding pathway 

reconstructed here for NI6C may be representative of the co-translational folding of 

thousands of AR domains and other repeat proteins that form similar extended 

structures composed of stacked α-helical repeats.  

 

4) Human disease related mutation effect on the mechanical stability –  

- Do the histidine/arginine mutations in TPLH motifs, one of the hereditary 

spherocytosis related mutations, alter the mechanical stability of ARs?;  

We tested the histidine to arginine mutation effect on the mechanical property of 

ARs. One of the documented mutations in hereditary spherocytosis, the life-threatening 

human anemia in which RBCs become spherical and very fragile (Eber and Lux 2004; 

Bennett and Healy 2008), is the Histidine (H) to Arginine (A) in ankyrin-R repeat #11. 

Our results indicated that the mutation decrease the mechanical unfolding force (~30%) 
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and the elastic properties of each AR. Also the longer side chain of the arginine as 

compared to the histidine was exposed to water molecules while extending the distance 

between ARs in their ankyrin groove area. We speculate that RBCs with H-R mutations 

in AR’s TPLH motif, which experienced the decrease in the mechanical properties while 

altering the structure of ankyrin-R, and ultimately ARs failed to recover their original 

structure after the repeated RBC deformations. 

 

Future directions 

First, in order to obtain the AFM-based force spectra of D34 with a pulling 

geometry of the end-to-end stretching fashion (as shown in D34-SMD1 in Fig. 18A), we 

must design a construct of a D34 monomer with pulling handles (eg. I27 modules), 

measure its force spectra, and compare those AFM force spectra with SMD data as we’ve 

used and shown in the NI6C project (Chp.3). We tested (I27)3-D34-(I27)3 constructs by 

single molecule force spectroscopy; however we obtained inconsistent AFM data sets of 

the constructs. We presumed that the D34 fragment between I27 modules was not 

independently folded.  To obtain the intrinsic mechanical property of D34 without 

interactions with substrate, cantilever or pulling handles, we should use proper handles 

and should design proper linkers between D34 and pulling handles.   

Second, the mechanical property of the whole segment of ankyrin-R and its HS-

related mutants may be tested both in vitro and in vivo, and AFM and SMD. The intrinsic 
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mechanical property of whole ankyrin-R has not been investigated. To understand the 

mechanical effect on ankyrin-R in RBC, the wild-type and mutants with documented 

point mutations may be investigated. 

Third, perhaps, the mechanical anisotropic properties of AR proteins can be 

applied in the design of ankyrin-springy materials. Our results convincingly present that 

the designs of the capping repeats of AR proteins are important for their elastic 

behaviors. To increase the unfolding threshold force of AR proteins, the C-terminal 

repeats may be protected from peeling-off. And to induce ARs’ rapid and forceful 

refolding behaviors, the N-terminal repeats must be folded to serve as a folding 

template. Protecting terminal repeats may be designed, for example, by introducing di-

sulfide bonds (cys-cys) between two terminal repeats.  

Fourth, the mechanical stability of other repeat proteins, such as ARM repeats or 

Heat repeats, should be investigated since they may also depend on the unfolding 

directions. We propose that these ankyrin, ARM or Heat repeat proteins with 

distinguished tertiary structures of terminal repeats may be different in their mechanical 

properties. We can use synthetic or native ARM or Heat repeat proteins in order to test 

for the mechanical anisotropic property. 
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Appendix 

Appendix A: NAMD/SMD input file 

 
############################################################# 
## ADJUSTABLE PARAMETERS  ## 
############################################################# 
structure  ionized.psf 
coordinates  ionized.pdb 
set outputname  SMD-D34-01 
set inputname EQ-D34-01 
set temperature 300 
 
# Continuing a job 
if (1) { 
# checks to see if the .coor file exists (if the sim finished) 
# if not, sim continues from the restart files 
if [file exists $inputname.coor] { 
bincoordinates $inputname.coor 
binvelocities $inputname.vel ;# remove the "temperature" entry if you use this!  
extendedSystem  $inputname.xsc 
} else { 
bincoordinates $inputname.restart.coor 
binvelocities $inputname.restart.vel ;# remove the "temperature" entry if you use this! 
extendedSystem  $inputname.restart.xsc 
} 
 
############################################################# 
## SIMULATION PARAMETERS  ## 
############################################################# 
# Input 
paraTypeCharmm  on 
parameters par_all22_prot_cmap.inp  
 
# NOTE: Do not set the initial velocity temperature if you have also specified a .vel restart file! 
# Periodic Boundary conditions 
# NOTE: Do not set the periodic cell basis if you have also specified an .xsc restart file! 
if (1) {  
cellBasisVector1 982. 0. 0. 
cellBasisVector2 0. 105. 0. 
cellBasisVector3 0. 0 103. 
cellOrigin 56.6787490845 8.24444484711 2.71840858459 
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} 
wrapWater on 
wrapAll off 
 
# Force-Field Parameters 
exclude scaled1-4 
1-4scaling 1.0 
cutoff 12. 
switching on 
switchdist 10. 
pairlistdist 13.5 
 
# Integrator Parameters 
timestep 1.0 ;# 2fs/step 
#rigidBonds all ;# needed for 2fs steps 
nonbondedFreq 2 
fullElectFrequency 4  
stepspercycle 20 
 
#PME (for full-system periodic electrostatics) 
if (1) { 
PME yes 
PMEGridSizeX 48 ; #2^2*3^3 
PMEGridSizeY 60 ; #3*2^4 
PMEGridSizeZ 320 ;#2^5*5 
PMEPencils  1 
} 
 
# Constant Temperature Control 
if (1) { 
langevin    on ;# do langevin dynamics 
langevinDamping   5 ;# damping coefficient (gamma) of 5/ps 
langevinTemp  $temperature 
langevinHydrogen  no ;# don't couple langevin bath to hydrogens 
} 
 
# Constant Pressure Control (variable volume) 
if (1) { 
useGroupPressure no ;# needed for 2fs steps 
useFlexibleCell no ;# no for water box, yes for membrane 
useConstantArea no ;# no for water box, yes for membrane 
 
langevinPiston on 
langevinPistonTarget 1.01325 ;# in bar -> 1 atm 
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langevinPistonPeriod 200. 
langevinPistonDecay 100. 
langevinPistonTemp $temperature 
} 
 
# Output 
outputName $outputname 
restartname $outputname.restart 
dcdfile  $outputname.dcd 
xstFile  $outputname.xst 
 
if (1) { 
restartfreq 1000 ;# 1000steps = every 1ps 
dcdfreq 1000 
xstFreq 1000 
outputEnergies 100 
outputPressure 100 
} 
 
# Fixed Atoms Constraint (set PDB beta-column to 1) 
if (1) { 
fixedAtoms on 
fixedATomsForces on 
fixedAtomsFile D34smd4.ref 
fixedAtomsCol B 
} 
 
# SMD 
If (1) { 
SMD  on 
SMDFile D34smd4.ref 
SMDk  3.00 
SMDVel 0.00002 ;   # 0.02A/ps = 20A/ns = 2nm/ns , pull 30nm = 15ns = 15000ps 
SMDDir  0.00 0.00 -1.00 
SMDOutputFreq 100 
} 
 
### Additional Performance Options ### 
ldbUnloadZero yes 
ldbUnloadPME yes 
twoAwayX yes 
twoAwayY no 
twoAwayZ no 
numAtomsSelf 75 
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numAtomsPair 150 
 
############################################################# 
## EXECUTION SCRIPT  ## 
############################################################# 
# Minimization 
if (1) { 
minimize 3000 
reinitvels $temperature 
} 
run 15000000 
# 15 000 000 fs = 15 000 ps = 15 ns 
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Appendix B: Go-like model CG/SMD input file 

integrator = sd 
dt = 0.005 
nsteps = 240000000 
nstxout = 240000000 
nstvout = 240000000 
nstlog = 200000 
nstenergy = 200000 
nstxtcout = 200000 
xtc_grps = system 
energygrps = system 
nstlist = 20 
ns_type = simple 
rlist = 3 
rcoulomb = 3 
rvdw = 3 
coulombtype = User 
vdwtype = User 
pbc = no 
table-extension = 100 
tc-grps = system 
tau_t = 1.0 
ref_t = 50 
Pcoupl = no 
gen_vel = yes 
gen_temp = 50 
gen_seed = 29672 
ld_seed = 29672 
bd_fric = 1 
pull = umbrella 
pull_geometry = position 
pull_dim = N N Y 
pull_start = yes 
pull_init1 = 0.0 0.0 0.0 
pull_group0 = r_1 
pull_group1 = r_388 
pull_k1 = 23.65 
pull_rate1 = 0.0001 
pull_vec1 = 0 0 1.0 
pull_nstxout = 200 
pull_nstfout = 200 
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Appendix C: Amino acid sequences of ARs in D34 and 
NI6C 

 

 

 

(A) The ribbon diagram of D34 of Ankyrin R (R13 ~ R24, PDB 1N11, (Michaely et al. 2002)). 
The beginning fragment from SBD (30 AA) interacts with R20-R24. The hydrogen bonds (H-
bonds) are shown in dots. The secondary α-helix forming H-bonds are colored in yellow. The 
rest of H-bonds are colored in green. Overall, R19-24 (D4) region contains twice more H-bonds 
than R13-R18 (D3). (B) The amino acid sequence of D34. (C) The ribbon diagram of NI6C 
(extrapolated from NI3C (PDB 1QYJ), (Lee et al. 2010)).  The secondary α-helix forming H-
bonds are colored in yellow. The rest of H-bonds are colored in green. The loop region of the 
NI6C contains more H-bonds than D3 region of D34. (D) The amino acid sequence of NI6C. 

Kinemage program was used for the non-covalent interaction analysis. (Word et al. 1999; Word 
et al. 1999; Davis et al. 2007).  
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Appendix D: Mechanical anisotropy of ARs in NI6C 

 

 
 

 

(A) The pulling geometry of D34-SMD1. Terminus residues (red and blue dots) were 

stretched. 

(B) The simulated unfolding force-extension trace (blue) of NI6C-SMD1. The AFM unfolding 

trace of NI6C (orange) is superimposed. Note the ~ 30 pN unfolding force peaks. 

(C) Unfolding trajectory snapshots of NI6C-SMD1. Repeats were peeled off from the C-

terminus repeat to the N-terminus repeat sequentially (blue arrow, direction II). 

(D) The pulling geometry of NI6C-SMD2. The center of mass (COM) of the C-terminal 

repeats (blue circle) and the N-terminal residue (red dot) were stretched. 

(E) The simulated unfolding force-extension trace of NI6C-SMD2. Note the unfolding forces 

of ~ 60 pN (red arrow). 

(F) Unfolding trajectory snapshots of NI6C-SMD2. Repeats were peeled off from the N-

terminus repeat to the C-terminus repeat sequentially (red arrow, direction I).  
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