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Abstract
This study is focused on designing and characterizing protein‐based building
blocks in order to construct self‐assembled nano‐structured biomaterials. In detail, this
research aims to: (1) investigate a new class of proteins that possess nanospring
behaviors at a single‐molecule level, and utilize these proteins along with currently
characterized elastomeric proteins as building blocks for nano‐structured biomaterials;
(2) develop a new method to accurately measure intermolecular interactions of self‐
assembling two or more arbitrary (poly)peptides, and select some of them which have
appropriate tensile strength for crosslinking the proteins to construct elastomeric
biomaterials; (3) construct well‐defined protein building blocks which are composed of
elastomeric proteins terminated with self‐oligomerizing crosslinkers, and characterize
self‐assembled structures created by the building blocks to determine whether the
elasticity of proteins at single‐molecule level can be maintained.
Primary experimental methods of this research are (1) atomic force microscope
(AFM) based single‐molecule force spectroscopy (SMFS) that allows us to manipulate
single molecules and to obtain their mechanical properties such as elasticity, unfolding
and refolding properties, and force‐induced conformational changes, (2) AFM imaging
that permits us to identify topology of single molecules and supramolecular structures,
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and (3) protein engineering that allows us to genetically connect elastomeric proteins
and self‐assembling linkers together to construct well‐defined protein building blocks.
Nanospring behavior of α‐helical repeat proteins. We revealed that α‐helical repeat
proteins, composed of tightly packed α‐helical repeats that form spiral‐shaped protein
structures, unfold and refold in near equilibrium, while they are stretched and relaxed
during AFM based SMFS measurements. In addition to minimal energy dissipation by
the equilibrium process, we also found that these proteins can yield high stretch ratios
(>10 times) due to their packed initial forms. Therefore, we, for the first time, recognized
a new class of polypeptides with nanospring behaviors.
Protein‐based force probes for gauging molecular interactions. We developed protein‐
based force probes for simple, robust and general AFM assays to accurately measure
intermolecular forces between self‐oligomerization of two or more arbitrary
polypeptides that potentially can serve as molecular crosslinkers. For demonstration, we
genetically connected the force probe to the Strep‐tag II and mixed it with its molecular
self‐assembling partner, the Strep‐Tactin. Clearly characterized force fingerprints by the
force probe allowed identification of molecular interactions of the single Strep‐tag II and
Strep‐Tactin complex when the complex is stretched by AFM. We found a single energy
barrier exists between Strep‐tag II and Strep‐Tactin in our given loading rates. Based
upon our demonstration, the use of the force probe can be expanded to investigate the
strength of interactions within many protein complexes composed of homo‐ and hetero‐
v

dimers, and even higher oligomeric forms. Obtained information can be used to choose
potential self‐assembling crosslinkers which can connect elastomeric proteins with
appropriate strength in higher‐order structures.
Self‐assembled nano‐structured biomaterials with well‐defined protein‐based building
blocks. We constructed well‐defined protein building blocks with tailored mechanical
properties for self‐assembled nano‐structured materials. We engineered protein
constructs composed of tandem repeats of either a I27‐SNase dimer or a I27 domain
alone and terminated them with a monomeric streptavidin which is known to form
extremely stable tetramers naturally. By using molecular biology and AFM imaging
techniques, we found that these protein building blocks transformed into stable
tetrameric complexes. By using AFM based SMFS, we measured, to our knowledge for
the first time, the mechanical strength of the streptavidin tetramer at a single‐molecule
level and captured its mechanical anisotropy. Using streptavidin tetramers as
crosslinkers offers a unique opportunity to create well‐defined protein based self‐
assembled materials that preserve the molecular properties of their building blocks.
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1. Introduction
1.1 Motivation, Background and Significance of the Research
Over the last decade, numerous bio‐inspired materials have been developed by
interdisciplinary works in the field of traditional and applied sciences, engineering and
medicine (Vo‐Dinh 2007; Biggins, Hiltz et al. 2011). Among organic structural
components to construct these materials, nucleic acids and (poly)peptides have been
proposed as attractive candidates with their unique properties (Um, Lee et al. 2006;
LaBean and Li 2007; Li and Cao 2010; Seeman 2010; Shih and Lin 2010; Stupp 2010; Ulijn
and Woolfson 2010).
Beyond the biological significance of DNA such as storing the genetic
information, many novel nanostructures utilizing DNA as structural building blocks
have been constructed. Two dimensional (2D) or three dimensional (3D) DNA based
supramolecular architectures such as DNA‐based nanoarrays (Park, Pistol et al. 2006),
DNA origami (Rothemund 2006) and DNA polyhedra (Shih, Quispe et al. 2004;
Goodman, Schaap et al. 2005) have been precisely constructed owing to Watson and
Crick base‐pairing (Watson and Crick 1953) and DNA hybridization properties (Seeman
2010; Shih and Lin 2010).
Short and oligomeric peptides are also being used as attractive building blocks
to construct functional biomaterials, owing to their biocompatibility and the variety of
their physicochemical properties such as electric charge, electrical polarity,
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hydrophobicity, hydrophilicity (Zhang, Marini et al. 2002; Gazit 2007). By designing
synthetic short peptide, amphiphiles, well‐defined nanomaterials can be produced.
Hydrophobic tails of amphiphiles interact with one another, and their middle parts are
crosslinked by covalent bonds. The outer surface of the self‐assembled nanomaterial can
be modified for particular applications such as tissue engineering, drug delivery and
nanotechnology (Cui, Webber et al. 2010; Stupp 2010; Ulijn and Woolfson 2010; Zhao,
Pan et al. 2010). Moreover, artificial strong fibers have been produced by synthetic
oligomeric peptides. This strength is the result of mimicking the native silk protein
which contains many hydrogen bonds due to its amino acid composition (Xia, Qian et al.
2010). Because of silk proteins’ biodegradability and biocompatibility, silk peptide‐
based materials are being exploited in many biomedical applications, such as coatings
for biomedical implants, threads for stitching wounds, drug carriers, and scaffolds for
cell cultures (Hayashi, Shipley et al. 1999; Lewis 2006; Ayoub, Garb et al. 2007).
Natural proteins and synthetic polypeptides have received attention as
promising building blocks because of their various mechanical, chemical and electrical
properties such as adhesiveness, stiffness, charge, hydrophobicity or hydrophilicity,
high interaction specificity (molecular recognition), and sensitive responses to external
stimuli (pH, ionic strength, temperature, chemicals, light, and electric/magnetic field)
(Apostolovic, Danial et al. 2010; Ulijn and Woolfson 2010; Zhao, Pan et al. 2010). Due to
these various advantageous features of proteins, researchers have been attempting to
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create protein‐based functional biomaterials which retain the unique properties of their
building blocks. However, due to the lack of well‐defined crosslinking methods, these
unique properties of protein based building blocks are not fully exploited. Frequently
they are totally lost with these new materials, displaying inferior properties as compared
to the properties of their building blocks. Hydrogels, films and nanofibers which are
composed of randomly crosslinked building blocks are currently produced and
characterized (Alivisatos, Barbara et al. 1998; Ulijn and Woolfson 2010; Yan and Pochan
2010).
In order to create true “protein‐based materials” which preserve the original
properties of their constituent protein building blocks, it is important to develop new
crosslinking strategies allowing precise connections of the building blocks. Also, protein
building blocks need to be carefully designed to facilitate such crosslinking strategies for
the purpose of large‐scale production of materials. In addition, design strategies need to
consider desirable chemical and mechanical properties of protein‐based building blocks
that would support desirable properties of materials. Mechanical properties of bulk
materials can be characterized by a variety of traditional engineering methods, such as
dynamic mechanical analysis (Menard 1999).
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1.2 Mechanical Properties of Protein-Based Building Blocks
1.2.1 Single Molecule Force Spectroscopy
With the advent of single‐molecule techniques, it has also become possible to
investigate mechanical properties of individual molecules, including biomolecules such
as DNA, sugars, and proteins (Smith, Finzi et al. 1992; Bustamante, Marko et al. 1994;
Cluzel, Lebrun et al. 1996; Smith, Cui et al. 1996; Baumann, Smith et al. 1997;
Kellermayer, Smith et al. 1997; Rief, Gautel et al. 1997; Wang, Yin et al. 1997; Marszalek,
Oberhauser et al. 1998; Oberhauser, Marszalek et al. 1998; Rief, Gautel et al. 1998;
Carrion‐Vazquez, Marszalek et al. 1999; Carrion‐Vazquez, Oberhauser et al. 1999;
Marszalek, Lu et al. 1999; Oberhauser, Marszalek et al. 1999; Rief, Clausen‐Schaumann et
al. 1999; Rief, Pascual et al. 1999; Viani, Schaffer et al. 1999; Bustamante, Smith et al.
2000; Fisher, Marszalek et al. 2000; Oberhauser, Ohashi et al. 2000; Wuite, Smith et al.
2000; Zlatanova, Lindsay et al. 2000; Best, Li et al. 2001; Marszalek, Oberhauser et al.
2001; Oberhauser, Hansma et al. 2001; Best, Fowler et al. 2002; Fowler, Best et al. 2002;
Krautbauer, Pope et al. 2002; Li, Linke et al. 2002; Marszalek, Li et al. 2002; Marszalek, Li
et al. 2002; Schwaiger, Sattler et al. 2002; Steward, Toca‐Herrera et al. 2002; Williams,
Rouzina et al. 2002; Albrecht, Blank et al. 2003; Bryant, Stone et al. 2003; Bustamante,
Bryant et al. 2003; Carrion‐Vazquez, Li et al. 2003; Williams, Fowler et al. 2003; Dietz and
Rief 2004; Fernandez and Li 2004; Schwaiger, Kardinal et al. 2004; Bornschlogl and Rief
2006; Dietz, Berkemeier et al. 2006; Dietz and Rief 2006; Gore, Bryant et al. 2006; Li,
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Wetzel et al. 2006; Perez‐Jimenez, Garcia‐Manyes et al. 2006; Zhang and Marszalek 2006;
Cao, Balamurali et al. 2007; Ng, Billings et al. 2007; Randles, Rounsevell et al. 2007;
Schlierf, Berkemeier et al. 2007; Borgia, Williams et al. 2008; Bornschlogl and Rief 2008;
Bustamante 2008; Cao and Li 2008; Cao, Yoo et al. 2008; Puchner, Alexandrovich et al.
2008; Puchner, Franzen et al. 2008; Rabbi and Marszalek 2008; Junker, Ziegler et al. 2009;
Michael Schlierf 2009). This development offered the unprecedented possibility to
characterize mechanical properties of designed protein‐based building blocks for
biomaterials. Two single molecule techniques are used most commonly to examine
mechanical properties of proteins. One of them uses focused laser lights (Optical
tweezers) to capture and manipulate small beads to which proteins are attached through
different handles (Kellermayer, Smith et al. 1997; Tskhovrebova, Trinick et al. 1997;
Bustamante, Bryant et al. 2003). The second most popular single molecule manipulation
technique exploits an atomic force microscope (Binnig, Quate et al. 1986). Using AFM,
numerous studies on the nanomechanics of individual proteins have been made to
discover various unprecedented mechanical properties, e.g. unfolding and refolding
properties, force‐induced conformational changes, and elasticity (Rief, Gautel et al. 1997;
Marszalek, Oberhauser et al. 1998; Carrion‐Vazquez, Oberhauser et al. 2000; Rabbi and
Marszalek 2008).
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1.2.2 Globular Proteins
By using SMFS, impressive progress has been made to establish the relationship
between the mechanical properties and protein structures. This field originated with the
study of the giant protein titin. Titin is a 1‐μm‐long, ~ 3 MDa, protein found in muscle
tissue (Labeit and Kolmerer 1995). Titin plays important roles for muscle contraction and
elasticity (Wang, Mccarter et al. 1993; Labeit, Kolmerer et al. 1997; Maruyama 1997). The
passive elastic role of titin, developed by the sarcomere structure of muscles during
stretching, is to provide a mechanism for restoring its equilibrium length and to limit the
range of muscle extension to prevent damage to the fibers. The mechanically active
region of titin is the I‐band region in the sarcomere, largely assembled from seven‐
strand β‐sandwich immunoglobulin‐like (Ig) domains and non‐modular sequences, the
PEVK (proline, glutamate, valine, and lysine) region. The mechanical functions of both
regions of the I‐band were initially explained by antibody labeling experiments. These
studies suggested that the Ig domains are an extensible chain that resists stretching,
whereas the PEVK region is increasingly extended by external forces (Gautel and
Goulding 1996; Linke, Ivemeyer et al. 1996).
The highly non‐linear entropic elasticity of titin has been discovered by optical
tweezers and AFM experiments (Kellermayer, Smith et al. 1997; Rief, Gautel et al. 1997;
Tskhovrebova, Trinick et al. 1997; Oberhauser, Marszalek et al. 1998; Carrion‐Vazquez,
Oberhauser et al. 1999; Marszalek, Lu et al. 1999; Li, Linke et al. 2002; Williams, Fowler
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et al. 2003; Schwaiger, Kardinal et al. 2004; Schwaiger, Schleicher et al. 2005; Cao and Li
2007; Klotzsch, Smith et al. 2009). When a titin molecule was stretched over 20 pN by
optical tweezers, the molecule started to unfold and, when it is relaxed, force hysteresis
was displayed between unfolding and refolding force‐extension curves (Kellermayer,
Smith et al. 1997; Tskhovrebova, Trinick et al. 1997). They suggested this phenomenon is
because of partial unfolding and refolding of Ig and fibronectin–like domains in titin
molecules.
When higher stretching forces by AFM were applied to individual Ig domains of
titin, full force‐extension profiles were obtained (Rief, Gautel et al. 1997; Rief, Gautel et al.
1998). The profile involves a sawtooth shaped curve with steeply increasing force
followed by dropping in force, resulting in force peaks. The force peaks corresponded to
unfolding of individual Ig domains, with the unfolding forces ranging from 150 pN to
300 pN. Significant hysteresis was observed between unfolding and refolding force
curves, while the molecule was relaxed. However, due to the heterogeneity of modules
in titin, it was difficult to match individual unfolding peaks from the force‐extension
curve with its modules (Carrion‐Vazquez, Oberhauser et al. 2000).
To determine the mechanical properties of individual Ig domains, polyproteins
composed of tandem repeats of single Ig domains have been constructed using protein
engineering (I277 in Fig. 1A) (Carrion‐Vazquez, Marszalek et al. 1999; Carrion‐Vazquez,
Oberhauser et al. 1999; Marszalek, Lu et al. 1999). When a polyprotein is stretched, very
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similar sawtooth patterns were observed in the force curve (Fig. 1B). By analyzing the
curve with worm‐like chain models (Flory 1953; Bustamante, Marko et al. 1994), it
turned out that the length increments between the force peaks corresponded to the
contour length of unfolded individual domains. The average force to break single I27
domains is around 200 pN but the magnitude of force can vary depending on stretching
speeds. By combining molecular biology techniques, steered molecular dynamics
simulations together with force spectroscopy by AFM, it turned out that the force of 200
pN is necessary to shear 6 H‐bonds between A’‐G β‐strands in unfolding measurements
of the I27 domain (Fig. 1C) (Lu, Isralewitz et al. 1998; Marszalek, Lu et al. 1999; Lu and
Schulten 2000).
An important conclusion from these studies was that not only titin, but possibly
many other globular proteins may display two important mechanical properties; large
stretch ratios owing to the mechanical unfolding of their domains and, related to this,
large energy dissipations. For these reasons, proteins composed of globular domains
have been coined shock‐absorbers (Schwaiger, Sattler et al. 2002; Cao and Li 2007).
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Figure 1. Mechanical properties of a single titin immunoglobulin domain
(A), Engineered polyprotein composed of 7 tandem repeats of immunoglobulin 27
domains (I277 ); (B), Force‐extension curve of I277, obtained by AFM, shows a repeat
stretch ratio of ~ 7 (= ΔLc/L1), and the total energy dissipation of 85 % (yellow area); (C),
The crystal structure of a single I27 domain. Adapted from (Carrion‐Vazquez,
Oberhauser et al. 2000)

1.2.2 Coiled–Coil Proteins
Many proteins are not composed of individually folded globular domains.
Another class of protein structures is the coiled‐coil, a structural motif in which two to
seven parallel or anti‐parallel α‐helices wind around each other and form superhelical
structures (Cohen and Parry 1990; Harbury, Zhang et al. 1993; Wolf, Kim et al. 1997; Liu,
Zheng et al. 2006). The coiled‐coil contains a heptad repeat denoted as (a‐b‐c‐d‐e‐f‐g)n
where n is the number of repeats (Fig. 2A) (Mclachlan and Stewart 1975). Typically, a
and d are positions of hydrophobic amino acids which can generate hydrophobic cores
9

between helices to pack the structure tightly. Positions e and g are occupied by
complementary charged amino acids that can interact to stabilize structures with salt
bridges (Cohen and Parry 1986; Koenig, Monaco et al. 1988; Lupas, Vandyke et al. 1991).
Coiled‐coil proteins in the cell are involved in structural and mechanical
functions. For example, spectrin, whose repeats are composed of 3 anti‐parallel helices
and form a superhelical structure, organize cell membranes, and preserve plasma
membrane integrity (Bennett and Baines 2001; Huh, Glantz et al. 2001). Because spectrin
is one of the major protein building blocks in cytoskeletal structures, understanding its
elasticity helps to determine its mechanical roles inside the cell. Moreover, coiled‐coils
occur in the components of cytoskeletal motor proteins such as myosins and kinesins.
During the processive movement along a microtubule, coiled‐coils in the head‐rod
junction have been suggested to play a vital role for proper mechanical performance in
both proteins (Grummt, Woehlke et al. 1998; Thormahlen, Marx et al. 1998; Lauzon,
Fagnant et al. 2001). Furthermore, leucine zipper proteins, whose position a and d of
heptad repeats are occupied by leucines, have essential role in muscle contraction as
well as transcriptional regulation (OʹShea, Rutkowski et al. 1989; OʹShea, Klemm et al.
1991; Surks, Richards et al. 2003). Therefore, due to important biological functions
related to mechanical properties, elasticities of coiled‐coil proteins have been
characterized in numerous AFM studies.
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Similar to immunoglobulin domains, spectrins also displayed a sawtooth
pattern in force‐extension curves (Rief, Pascual et al. 1999; Law, Carl et al. 2003; Randles,
Rounsevell et al. 2007). Each force peak corresponded to the unfolding of individual
spectrin repeats with large stretch ratios. However, their unfolding forces were
significantly lower as compared to those of titin (~30 pN vs. ~200 pN) and when they
were relaxed, significant hysteresis occurred. Contrary to globular proteins and spectrin,
the tail of myosin was stretched in a near reversible manner by up to 2.5 their initial
length (Fig. 2B). Upon relaxation, they readily refolded against a significant force (25
pN) (Schwaiger, Sattler et al. 2002). In addition, coiled‐coils of keratin and engineered
leucine zippers were also shown to unzip reversibly, and while rezipping they were able
to generate folding forces (Bornschlogl and Rief 2006; Bornschlogl and Rief 2008;
Bornschlogl, Woehlke et al. 2009). Compared to globular proteins, some coiled‐coil
proteins stretch nearly reversibly but their stretch ratios are smaller than those of
globular proteins.
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Figure 2. Mechanical properties of the coiled‐coil protein
(A), A heptad repeat of the coiled‐coil. Adapted from (Arndt, Pelletier et al. 2000); (B),
Mechanical properties of the myosin coiled‐coil. Adapted from (Schwaiger, Sattler et al.
2002)

Based on all these results, different types of elastomeric biomaterials can be
constructed. Using globular proteins as building blocks, shock‐absorber like
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biomaterials with large strains can be created (Lv, Dudek et al. 2010), while utilizing
coiled‐coil protein building blocks, highly elastic biomaterials can be produced.
Mechanical properties of globular proteins and coiled‐coil proteins can possibly
be representative of many other proteins which possess similar structures. However,
coiled‐coil and globular proteins still only represent a small part of numerous proteins in
nature. Therefore, in this study, we aim to investigate mechanical properties of different
protein structures based on recent findings on the protein, ankyrin‐B (Lee, Abdi et al.
2006).

1.2.3 Repeat Proteins Composed of Stacked Domains
Recently, in our group, using single molecule atomic force spectroscopy, the
elasticity of the spiral stack of 24 ankyrin‐B repeats has been probed. Upon application
of a sufficient stretching force ANK repeats unfold one by one (Lee, Abdi et al. 2006; Li,
Wetzel et al. 2006), and most remarkably they refold rapidly and, in contrast to globular
proteins, generate large refolding forces (Lee, Abdi et al. 2006). Because of low energy
dissipation and large stretch ratios (~10 times the folded length) when cyclically
stretched and relaxed, ankyrin‐B can potentially be a strong building block to create
highly elastic biomaterials which could be useful for applications involving high strains
and cyclic loading similar to springs in a macroscopic sale.
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More spring‐like protein building blocks can be available in nature. Ankyrin‐B
protein is only one of numerous repeat proteins which contain nearly identical repeats
composed of two or more anti‐parallel helices or α‐helical/β‐strand stack closely to
generate spiral 3D structures (Kobe, Gleichmann et al. 1999; Andrade, Petosa et al. 2001;
Corey and Sotomayor 2004; Howard and Bechstedt 2004; Sotomayor, Corey et al. 2005;
Johnson, Mccoy et al. 2007). Because folded lengths of repeat proteins are on the order of
1/10 of the length of their polypeptide chains, most repeat proteins promise to provide
extreme stretch ratios when mechanically unfolded, similar to the ankyrin‐B protein.
Similar properties have recently been observed for a small ankyrin repeat protein,
gankyrin (Serquera, Lee et al. 2010). Based on results of ankyrin‐B and gankyrin, such
unprecedented mechanical properties seem to be the general feature of repeat proteins
regardless of their biological roles. However, in contrast to globular and coiled‐coil
proteins, mechanical properties of these repeats in stacked polypeptides remain largely
uncharacterized.
Therefore, in this study (chapter 3), by using AFM based SMFS, we investigate
and characterize ankyrin‐R, β‐catenin, clathrin and ribonuclease (RNAse) inhibitor,
which are representative examples of over 800 predicted human proteins composed of
tightly packed α‐helical repeats (termed ANK, ARM, or HEAT repeats, respectively) and
α‐helical/β‐strand repeats (LR repeats for RNAse inhibitor) that form spiral‐shaped
protein domains. Based on results from those various repeat proteins, we can generalize
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whether repeat proteins possess similar mechanical properties or not. The obtained
information can be valuable to construct protein‐based elastomeric biomaterials.

1.3 Crosslinking Strategies for Protein-Based Materials
Unique mechanical properties of individual globular proteins, coiled‐coils, and
repeat proteins offer unprecedented possibilities to create protein‐based elastomeric
biomaterials. Recently, one of the globular proteins with shock‐absorber behavior at a
single molecule level, has been utilized to create novel elastomeric materials with
various applications, such as muscle mimicry (Lv, Dudek et al. 2010). However, these
materials are randomly crosslinked, and because of this structural randomness, they lose
advantageous properties of the individual proteins of which they are composed.
Unique protein properties, such as large stretch ratios, were greatly reduced after
crosslinking.
In order to preserve mechanical properties of protein building blocks in protein‐
based materials, it is very crucial to develop precise crosslinking strategies that would
connect the building blocks at desired and well‐controlled locations.

1.3.1 Current Crosslinking Strategies
One simple crosslinking method is controlling concentration of protein building
blocks, and changing solution pH, ionic strength or temperature. By using these
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methods, the sol‐gel states of materials can be controlled (Yan and Pochan 2010). The
drawback of this method is lack of precise crosslinking, and the strength of materials is
usually low and not uniform. Another method is focused on improving the strength of
materials. In this method, neighboring specific side chains or backbones of protein
building blocks are strongly linked by covalent bonds through chemical synthesis (Lv,
Dudek et al. 2010). However, since some of the amino acids have similar chemical
groups on their side chain or terminal backbones, this method is also imprecise in
crosslinking the desired locations of the protein building blocks. To reduce unexpected
crosslinking, it is possible to attempt to add, remove or mutate amino acids. However,
even mutating a single amino acid can possibly cause large structural changes and loss
of original mechanical properties. Thus, to maintain elastic behaviors of individual
proteins, their native sequences have to be conserved.

1.3.2 New Crosslinking Strategies
In this present study, to crosslink protein building blocks, we initially focus on
designing precise connections. To crosslink protein building blocks in desired locations,
we employ a bottom‐up approach, involving molecular self‐assembly which preserves
properties of building blocks (Whitesides and Boncheva 2002). In nature, regardless of
biological functions, simple and complex protein architectures are constructed using the
high specificity and strength of non‐covalent interactions (de la Rica and Matsui 2010).
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Some examples of natural supramolecular assemblies are 1D connections of two
molecules, such as a double‐helix DNA and coiled‐coil proteins (Schwaiger, Sattler et al.
2002), and 2D or 3D connections of several molecules, such as the architecture of
clathrin, which forms polyhedral lattices (Edeling, Smith et al. 2006). Thus, adapting
molecular self‐assembling strategies to connect protein building blocks can possibly
build well‐ordered supramolecular structures or materials.

1.3.3 Mechanical Strength of Biological Crosslinkers
In addition to highly specific connections by molecular self‐assembly, it is still
necessary to address whether these interactions are strong enough to withstand the load
applied to the higher‐order structures. Non‐covalent interactions, such as hydrogen (H)
bonds, ionic bonds, van der Waals interaction, and hydrophobic interactions, are known
to be weaker than covalent bonds. However, when many weak H‐bonds are present
between proteins to produce, for example, spider silks, their strength is known to exceed
the strength of steel (Buehler 2010; Keten, Xu et al. 2010). Therefore, it is possible that
crosslinking of proteins by self‐assembly may produce a high enough tensile strength.
Researchers have measured intermolecular forces of two or more arbitrary self‐
oligomerizing polypeptides by various force apparatuses, including AFM (Florin, Moy
et al. 1994; Moy, Florin et al. 1994; Hinterdorfer, Baumgartner et al. 1996; Wong,
Joselevich et al. 1998; Merkel, Nassoy et al. 1999; Evans 2001; Lee, Wang et al. 2007;
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Tang, Ebner et al. 2008). However, with current methods, determining whether obtained
results are representative of single or multiple molecular partners is complicated (Evans
2001). Thus, rupture force measurements even on the same ligand‐receptor system
provide either inconsistent or widely varying results. For example, the strength between
streptavidin and biotin, one of the popular ligand‐receptor systems, has been measured
by AFM with rupture forces ranging from 100 to 500 pN (Lee, Wang et al. 2007). Since
the stability of many of previously suggested protein building blocks and their
crosslinkers falls within this force range, selections of molecular connectors based on
imprecise stability measurements can be risky.
To accurately and precisely provide rupture force (stability) information in single
self‐assembling complexes, we develop protein‐based force probes composed of
mechanically well‐characterized I27 domains of titin and a staphylococcal nuclease
(SNase) (Rief, Gautel et al. 1997; Carrion‐Vazquez, Oberhauser et al. 1999; Marszalek, Lu
et al. 1999; Williams, Fowler et al. 2003; Wang, Tsong et al. 2011) (chapter 4) for AFM
measurements with internal force references. Two characteristic force signatures of the
force probes can provide direct evidence that single self‐assembling complexes are
measured. For demonstration, by using the force probe in an AFM assay, we measure
intermolecular forces between Strep‐tag II and Strep‐Tactin, one of the receptor‐ligand
complexes. The use of the force probe can be expanded to obtain the intermolecular
strength of other self‐assembling molecular partners. Therefore, appropriate molecular
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connectors can be chosen to crosslink elastomeric proteins for constructing functional
higher‐order structures.

1.4 Newly Designed Protein-Based Building Blocks
A final part of this study (chapter 5) focuses on designing and characterizing
well‐defined protein building blocks composed of various genetically fused elastomeric
proteins and self‐oligomerizing polypeptides. Numerous studies revealed that various
types of oligomeric complexes can be specifically self‐assembled into different orders of
structures, such as coiled‐coils dimers, single‐stranded binding (SSB) protein tetramers,
hemoglobin tetramers, streptavidin tetramers, and histone octamers. By utilizing either
dimeric complexes or trimeric (or higher) complexes as crosslinkers, 1D fibers to 2D or
3D supramolecular structures, networks or macro‐scale materials can be constructed.
In addition to providing specific connections between proteins in desired
locations by self‐assembling crosslinkers, as previously stated, another important
requirement of linkers is their mechanical strength, which will affect the tensile strength
of materials. Until now, mechanical strengths of dimeric complexes fused with filamin (a
globular protein) domains have been examined by AFM based SMFS (Bornschlogl and
Rief 2006; Bertz, Chen et al. 2010; Pernigo, Fukuzawa et al. 2010). However, to the best of
our knowledge, the mechanical strength of higher‐order complexes (> dimeric
complexes) has not been studied yet. Although some of these complexes have high
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thermal stability, in general, this does not guarantee high mechanical strength
(Oberhauser, Badilla‐Fernandez et al. 2002; Junker, Hell et al. 2005). In order to
determine whether the mechanical strength of biological crosslinkers is appropriate to
maintain mechanical properties of suggested elastomeric proteins, it is necessary to
directly measure the force required to separate a self‐oligomerizing unit from higher‐
order complexes. Therefore, using AFM based SMFS, we characterize the strength of
self‐assembled supramolecular structures composed of well‐defined protein building
blocks. We believe that this study can provide not only the new approach to measure the
mechanical strength of self‐oligomerizing system composed of more than 3 units, but
also the first key step to construct well‐ordered supramolecular structures and, possibly
in the future, self‐assembled nano‐structured biomaterials.

1.5 An Overview of the Dissertation
In this study, using AFM based SMFS, AFM imaging and molecular biology
techniques, we designed and characterized protein‐based building blocks for
constructing self‐assembled nano‐structured biomaterials. This study has displayed that
a new class of polypeptides potentially could serve as building blocks for highly elastic
biomaterials. Moreover, by using molecular force probes, accurate intermolecular forces
of potential biological crosslinkers have been measured. Furthermore, we constructed
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and characterized self‐assembled elastomeric supramolecular structures composed of
well‐defined protein‐based building blocks.
This study is divided into six chapters: The first chapter is this introduction. The
second chapter explains our experimental methods of AFM, theoretical polymer
elasticity models to describe behaviors of biopolymers, and statistical analysis to
differentiate rupture forces of self‐assembling crosslinkers from background force
signals. The third chapter investigates nanomechanics of α‐helical repeat proteins that
possess common mechanical features such as large stretch ratios and minimal energy
dissipation under external loading. The forth chapter examines the strength of a ligand‐
receptor complex using molecular force probes which provide direct evidence that
intermolecular forces of a single target system are measured. The fifth chapter
demonstrates how to construct self‐assembled supramolecular structures and measure
the strength of self‐oligomerizing crosslinkers by AFM based SMFS. The sixth chapter
summarizes the main findings of this study and describes future works. We hope that
our study can provide fundamental methods in early stages of developing macro‐scale
elastomeric protein‐based materials in the field of tissue engineering, biomaterials and
bio‐nanotechnology.

Three main chapters are described in detail below.
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Chapter 3 (Spring‐like protein building blocks: α‐helical repeat proteins): Anfinsen’s
thermodynamic hypothesis implies that proteins can encode for stretching through
reversible loss of structure. However, large in vitro extensions of proteins that occur
through a progressive unfolding of their domains typically dissipate a significant
amount of energy, and therefore are not thermodynamically reversible. Some coiled‐coil
proteins have been found to stretch nearly reversibly, although their extension is
typically limited to 2.5 times their folded length. Here, we report investigations on the
mechanical properties of individual molecules of ankyrin‐R, β‐catenin, and clathrin,
which are representative examples of over 800 predicted human proteins composed of
tightly packed α‐helical repeats (termed ANK, ARM, or HEAT repeats, respectively)
that form spiral‐shaped protein domains. Using atomic force spectroscopy, we find that
these polypeptides possess unprecedented stretch ratios on the order of 10–15,
exceeding that of other proteins studied so far, and their extension and relaxation occurs
with minimal energy dissipation. Their sequence‐encoded elasticity is governed by
stepwise unfolding of small repeats, which upon relaxation of the stretching force
rapidly and forcefully refold, minimizing the hysteresis between the stretching and
relaxing parts of the cycle. Thus, we identify a new class of proteins that behave as
highly reversible nanosprings that have the potential to function as mechanosensors in
cells and as polypeptides building blocks in elastomeric supramolecular structures and
materials.
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Chapter 4 (Protein‐based Force Probes for Gauging Molecular Interactions): In order
to organize protein building blocks well, we adapt a method of utilizing some self‐
oligomerizing units which specifically self‐assembled into their molecular partners. To
select the strong units which can serve as biological crosslinkers for constructing well‐
ordered and self‐assembled protein‐based materials, it is necessary to measure the
intermolecular strength of self‐oligomerizing complexes. To obtain accurate
intermolecular forces, we develop protein‐based force probes for a general, robust and
simple AFM assay. Due to two characteristic force signatures of the probe, we can
accurately identify the self‐assembling strength between Strep‐tag II and Strep‐Tactin.
Our result suggests that there is a single energy barrier between Strep‐tag II and Strep‐
Tactin in our given loading rates. Based upon our demonstration, by using the force
probe, this simple and robust AFM assay can be expanded to similarly examine the
strength of interactions within many protein complexes composed of homo‐ and hetero‐
dimers, and even higher oligomeric forms.

Chapter 5 (Protein Nano‐Hubs for Supramolecular Structures, Networks and
Materials): Polypeptides have been proposed as versatile building blocks for nano‐
structured materials. Typically proteins are randomly crosslinked into supramolecular
structures. However, random crosslinking limits advantageous properties of individual
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proteins, such as their large stretch ratios. Here, we propose a different approach for
creating well‐defined protein building blocks with tailored mechanical properties for
self‐assembled nano‐structured materials. This approach is based on genetically fusing
monomeric streptavidin to various proteins and exploiting the well‐known propensity
of streptavidin monomers to form extremely stable tetramers. We engineered protein
constructs composed of tandem repeats of either a I27‐SNase dimer or I27 domain alone
and terminated them with monomeric streptavidin. These constructs self‐assembled into
stable tetrameric complexes. We measured, to our knowledge for the first time, the
mechanical strength of the streptavidin tetramer at a single molecule level and captured
its mechanical anisotropy. Using streptavidin tetramers as crosslinkers offers a unique
opportunity to create well‐defined protein based materials that preserve the molecular
properties of their building blocks.
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2. Research Methods
2.1 Atomic Force Microscope
The atomic force microscope (AFM) is a type of scanning probe microscope
(SPM) which can directly visualize micro or nano‐sized materials with an atomic level
resolution. The theory of AFM was first developed and implemented by Binnig and his
colleagues (Binnig, Quate et al. 1986). AFM imaging involves a sharp tip scanning over a
sample surface to obtain the 3D surface topography. Through this scanning, information
of, not only the topography of the surface, but its texture and material characteristics can
be obtained. Two powerful abilities of the AFM imaging are that samples do not need to
have certain conductive properties which are usually necessary for other microscopy
techniques such as scanning electron microscopy (SEM) and scanning tunneling
microscopy (STM). Moreover, AFM images can be taken of samples on surfaces while in
fluid as well as in air; thus, the application of AFM can extend to imaging soft
biomaterials in their physiological conditions to study the topologies of structures (Lee,
Abdi et al. 2006) and recent progress of the development of AFM allows capturing
dynamic biological processes (Kodera, Yamamoto et al. 2010; Shibata, Yamashita et al.
2010).
In addition to using AFM for imaging, AFM can be also used as a force
spectrometer. Over the past decade, various elastic properties of biopolymers, such as
nucleic acids, polysaccharides and polypeptides, have been discovered with the
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development of single molecule characterization tools, such as optical tweezers (Smith,
Cui et al. 1996; Wang, Schnitzer et al. 1998; Wuite, Smith et al. 2000; Bryant, Stone et al.
2003; Bustamante, Bryant et al. 2003), magnetic tweezers (Smith, Finzi et al. 1992; Strick,
Allemand et al. 1996; Strick, Allemand et al. 2000; Strick, Croquette et al. 2000), and AFM
(Rief, Gautel et al. 1997; Rief, Oesterhelt et al. 1997; Marszalek, Oberhauser et al. 1998;
Oberhauser, Marszalek et al. 1998; Rief, Clausen‐Schaumann et al. 1999; Rabbi and
Marszalek 2008). Applying various forces by using these tools have permitted the
investigation of various mechanical properties of single biopolymers that could not be
examined by bulk spectroscopy methods such as NMR or X‐ray crystallography (Fisher,
Marszalek et al. 2000).
In this study, due to two important reasons, an AFM based force spectrometer
has been utilized to investigate mechanical properties of peptide building blocks
(chapter 3) and molecular connectors (chapter 4 and 5). First, AFM can apply
significantly higher force (force range: 10‐11 to 10‐7 N) to biopolymers than other force
spectroscopy tools which have force ranges of 10‐13 to 10‐10 N and 10‐14 to 10‐11 N for
optical tweezers and magnetic tweezers, respectively (Bustamante, Macosko et al. 2000).
This benefit uniquely allows observing high energy conformations of biopolymers (Rief,
Oesterhelt et al. 1997; Marszalek, Oberhauser et al. 1998; Rief, Clausen‐Schaumann et al.
1999) Moreover, in spite of its relatively low force resolutions among force spectroscopy
tools, length and tension resolutions of AFM (sub‐nanometer and piconewton) are
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precise enough to observe subtle force‐induced changes of biopolymers while
measuring their elastic properties (Junker, Ziegler et al. 2009; Kim, Abdi et al. 2010; Lee,
Zeng et al. 2010). Therefore, the AFM based force spectrometer is excellent tool to
examine mechanical properties of potential structural elements for elastomeric
supramolecular structures and materials.

2.1.1 AFM Imaging
The basic principle for AFM imaging is that the instrument works by applying
constant force between the sample on the piezoelectric stage and the tip of the cantilever
or constant oscillation amplitude on the cantilever. While the tip scans over the sample,
topographical features bend the cantilever with increasing or decreasing force or
oscillation amplitude. A quadrant photodiode detector monitors the movement of the
reflected laser beam from the backside of the cantilever tip, caused by the force or
oscillation change. To maintain the constant force or oscillation, the feedback controller
restores the force by moving the sample on the piezoelectric stage in the vertical
direction with angstrom precision. This restoring movement in the vertical direction is
mapped in x‐y matrix where the tip is located on the sample. After finishing the scan, a
3D image of the sample is generated (Fig. 3) (Binnig, Quate et al. 1986; Martin, Williams
et al. 1987; Rugar and Hansma 1990; Zhong, Inniss et al. 1993; Hafner, Cheung et al.
2001).
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Figure 3. General components and their roles for AFM imaging

AFM can operate in three different topography modes; contact mode, non‐
contact mode and tapping mode. In contact mode (Rugar and Hansma 1990), while the
AFM cantilever follows the topography of the sample on the piezoelectric stage in the x‐
y direction, the tip always remains on the sample surface with constant force. The
deflection of the tip on the sample surface is directly measured and a constant force is
maintained by the feedback controller. Advantages of contact mode are high scan speed
and atomic resolution in the vertical direction. However, due to contact on the surface,
the tip usually causes large lateral force on the sample. Especially for soft or biological
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samples, the lateral force can cause distorting image and moving or damaging of the
feature of samples. This contact mode is generally more appropriate for imaging hard
and flat sample; thus, the contact mode was not considered for our study.
In non‐contact mode (Martin, Williams et al. 1987) and tapping mode (Zhong,
Inniss et al. 1993), the cantilever is oscillated near its resonance frequency and its
oscillating properties, such as amplitude and phase, are detected by the photodiode.
When the cantilever comes close to the surface of the sample, the amplitude and phase
of oscillation may change. The feedback controller restores the amplitude by increasing
or decreasing the position of the sample in a vertical direction. Since the sample is not
touched in non‐contact mode or gently tapped in tapping mode, images and samples are
less influenced by lateral forces. Therefore, these modes are appropriate to image soft or
biological samples. However, in non‐contact mode, even though the sample is not likely
moved and damaged due to lack of force exerted on the sample, imaging generally
provides low resolution. Contrarily, in tapping mode, intermittent contacts on the
sample generally eliminate lateral friction force and still provide a relatively high
resolution; thus, we mainly adapt the tapping mode method in this research to analyze
uniform size of samples, sample topologies and function of molecular connectors in
atmospheric conditions or even in aqueous environments.
AFM instrumentation has continuously improved, providing faster scanning
and better resolution. The high‐speed AFM has been developed by increasing the
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feedback control bandwidth by increasing the resonant frequency and lowering the
quality factor of cantilevers and the z‐scanner (Ando, Uchihashi et al. 2008). On the other
hand, the resolution of imaging have been improved by developing high aspect ratio
tips on the cantilever, e.g., carbon nano tube (Hafner, Cheung et al. 2001), and by
increasing signal to noise ratio by reducing the dimensions of the cantilever which
results in decreasing of the friction coefficient or the viscous damping (Bustamante,
Macosko et al. 2000). Therefore, current research on improving scan rates and resolution
of AFM imaging promises that AFM can be a more powerful tool by adding the ability
to investigate real‐time dynamic molecular processes beyond its current usage of taking
snap shots of samples.

2.1.2 AFM based Single-Molecule Force Spectroscopy
Owing to the design of AFM instruments, AFM can also be suited as a force
spectrometer for mechanical testing on single nano‐sized materials. A cantilever can
physically contact samples and stretch them to measure force‐distance curves. This
concept is similar to using the tensile testing instrument to measure stress‐strain curves
of bulk materials.
In this study, we used custom‐built AFM specialized for single‐molecule force
spectroscopy (SMFS) (Fig. 4) (Marszalek, Oberhauser et al. 1998; Rabbi and Marszalek
2008). The basic operation of AFM based SMFS is that the sample on the 3‐axis
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piezoelectric positioner moves up until it contacts the tip of cantilever, and then the
molecule is typically attached onto the tip by non‐specific adsorption or specific
attachments by chemistry. The attached molecule between the substrate and tip can be
stretched by moving the piezo down from the tip, and relaxed by moving back the
substrate toward the tip. During this process, the cantilever can bend or relax by the
restoring force of the strained molecule, and this movement can change the position of
the reflected laser spot from the backside of the cantilever onto the photodiode. As the
spot moves off the center on the photodiode the bending height (Δzc) of the cantilever
can be determined. If spring constant value (kc) of the AFM cantilever is known, the
restoring force by the molecule or the exerted force on the cantilever (F) can be
calculated by Hooke’s law with a precision at the level of a few piconewtons (~5 pN),
F=kc∙Δzc (Fig. 4B). Also, the extended distance (i.e. changing of end to end distance) of
the material (x) can be measured by the traveling distance of the piezo (Δzp) and the
cantilever bending height (Δzc): x= Δzp‐Δzc. The force (F) plotted against the incremental
extension (x) outputs a force‐extension curve that reflects the elasticity of the sample
(Fig. 4C).
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Figure 4. AFM based single‐molecule force spectroscopy
(A), A schematic of AFM set‐up; (B), A schematic illustrates that a biomolecule attached
to a substrate and to the AFM tip is stretched (blue arrow) and relaxed (red arrow), and
its extension, x and force, F are measured. Δzp is the piezo movement and Δzc is the
cantilever deflection. (C), An example of force‐extension curve. By applying WLC or FJC
model fits (multiple gray lines; Fig. 7) on the curve, nanomechanics of biomolecules can
be explained. The stretching trace is depicted in blue, the relaxing trace is depicted in red,
and the thick gray trace is force base line.

Multiple molecules are typically adsorbed onto the tip during experiment. This
situation can cause the difficulty in interpreting results. To search optimized conditions
to increase the possibility to measure single molecules, we simply (1) lower the
concentration of samples or (2) decrease the sample incubation time. Furthermore, to
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limit to measurement of multiple molecules, we also performed the measurements with
several different technical approaches that are (3) decreasing the contact time between
the sample and the tip, and (4) cyclically stretching and relaxing molecules (Fig. 5).
Initially, the tip interacts with samples and then stretches and relaxes the samples (Cycle
1). Based on the resultant force‐distance curve, the position of piezo stage can move
away from the tip to avoid the contact between the substrate and tip and then the tip can
stretch and relax the sample again (Cycle 2). During repeated trials (Cycle n), AFM can
apply different piezo scan sizes until similar force‐distance curves which represent the
elasticity of a single molecule are measured.

Figure 5. Cyclic stretch‐relax methods
Until force‐extension curves of a single molecule are obtained, the piezo stage repeatedly
moves up and down without touching the substrate to detach multiple molecules at the
same location.
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2.1.2.1 Calibration of Cantilever Spring Constant for AFM based SMFS
During AFM based SMFS measurements, the cantilever acts as a force sensor to
measure the corresponding restoring force of the stretched sample. To attain the force‐
extension curve, the spring constant of the AFM cantilever needs to be measured. Even
though AFM probe manufacturers provide nominal spring constant values of
cantilevers, cantilevers from different manufacturers or even from the same wafer from
the same supplier have significantly different values (to 50 %). Therefore, each cantilever
is necessary to be calibrated for AFM measurements.
Several methods to calibrate spring constants (kc) of cantilevers are suggested
(Butt, Cappella et al. 2005). Among these methods, the thermal excitation method has
been widely used in the SMFS field because of its simplicity (Florin, Rief et al. 1995; Butt,
Cappella et al. 2005). When a cantilever is in solution, molecules continue to collide with
it due to Brownian motion and cause the cantilever to oscillate; thus, the relationship
between cantilever random oscillation and thermal energy can be used to determine the
cantilever spring constant. Based on the energy equipartition theorem, thermal energy is
equivalent to the average potential energy of the cantilever, if the cantilever is
considered as a simple harmonic oscillator:

1
1
2
k BT = k c < Δz c >
2
2

34

where kB of ~1.4 x 10‐23 J∙K‐1 is the Boltzmann constant, T is absolute temperature
and <Δzc2> is the mean‐square amplitude of oscillation on the cantilever due to thermal
energy. Thus, calculating <Δzc2> can calculate kc.
<Δzc2> can be indirectly determined by measuring <ΔV2> where ΔV is the
voltage changes of the photodiode due to the movement of the reflected laser spot from
the cantilever. The relationship between <Δzc2> and <ΔV2> can be defined by the
photodiode sensitivity, i.e. s=V/zc. To determine the sensitivity, the surface on the
piezoelectric actuator can be pushed toward to the cantilever. With the assumption that
the surface is infinitely stiff, the bending of the cantilever is equal to a known extension
of the calibrated piezo (zp=zc). To determine <ΔV2>, the oscillation of photodiode signal
in time domain needs to be converted in frequency domain by using Fast Fourier
Transform (FFT). The cantilever power spectrum in the frequency domain allows
distinguishing the origin of the movement of photodiode signals either by the thermal
energy or by mechanical noise (low frequency noise). By integrating the power spectrum
of specific bandwidth of frequency range, we can measure <ΔV2>. Therefore, we can
calibrate the cantilever spring constant with following equation: kc= kB∙T / <ΔV2> / s2. The
spring constant of the cantilever by the thermal excitation method is within 20 % of the
values measured by other methods (Florin, Rief et al. 1995; Marszalek, Oberhauser et al.
1998), and 30%‐50% different compared to the nominal spring constant values provided
by the manufacturer.
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2.1.2.2 Cantilever Selection for AFM based SMFS
Various types of cantilevers for AFM based SMFS can be selected for different
experimental purposes. To capture small details of materials’ elastic profiles, cantilevers
with small dimensions and low spring constants can be used to increase sensitivity
(Bustamante, Macosko et al. 2000), while, to measure structural changes at high force
regions, relatively stiffer cantilevers can be utilized instead of soft cantilevers which
behave nonlinearly at those high force ranges. Cantilevers can be chemically
functionalized to measure specific intermolecular forces, such as the binding adhesion
between fundamental chemical groups (Frisbie, Rozsnyai et al. 1994), and antigen‐
antibody interactions (Florin, Moy et al. 1994; Hinterdorfer, Baumgartner et al. 1996).
Moreover, gold‐coated cantilevers can be functionalized by thiol‐chemistry (Love,
Estroff et al. 2005) for specific or strong connections on mechanically uncharacterized
molecules (Kim, Abdi et al. 2010). Single‐walled carbon nano tubes as a tip are also
employed to reduce the tip radius, and can increase the probability of measuring single
interactions (Hafner, Cheung et al. 2001).
When we choose cantilevers in this study, we mainly consider their force
resolutions and tip sizes to capture even subtle changes of molecules for comparing
mechanical similarities between spring‐like protein building blocks and to decrease
contact area to avoid grabbing multiple molecules by the AFM tip, respectively.
According to the equipartition theorem as described previously, in solution, cantilevers
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can be vibrated by thermal energy. The amplitude of mean‐square displacement noise,
<Δzc2>, is inversely proportional to the spring constant of the cantilever; thus, stiff
cantilevers can reduce the random oscillation but are less sensitive to the small restoring
forces from the sample. Moreover, the fluctuation‐dissipation theorem states that the
amplitude of mean‐square displacement noise per unit frequency on the cantilever,
<Δzc(ω)2>, can be affected by absorbing thermal energy onto cantilevers and dissipating
the energy by friction with the following equation (Bustamante, Macosko et al. 2000):

< Δz c (ω ) 2 >=

2k B T
γ (ω c2 + ω 2 )

where γ is the friction coefficient of the cantilever and ωc denotes the corner frequency
(kc/ γ) typically measured empirically. Based on both theorems, when spring constant is
fixed, the larger corner frequency, i.e. lowering the friction coefficient of the cantilever,
can increase the signal‐to‐noise ratio (SNR). Furthermore, during force measurements,
when the attached sample onto the tip generates the force, the SNR can be expressed by
the following equation with the assumption that the bandwidth (B) for the frequency of
the signal is quite smaller than the corner frequency (Bustamante, Macosko et al. 2000):

SNR =

F
2γk BTB

Based upon the SNR equation, SNR and spring constant of the cantilever are
independent and higher SNR can be obtained by lower a friction coefficient. Therefore,
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in order to obtain best force resolutions, a cantilever with smallest dimension provides
the highest SNR.
In chapter 3, when we investigate and characterize spring‐like polypeptide
building blocks to define similarities of them, it is necessary to understand detailed
mechanical properties of these proteins, even in the low force regime. For this purpose,
we select to use the small and soft “Biolevers” due to a small root mean square (rms)
force noise (less than 10 pN) and their high sensitivity (kc ≈ 5‐10 pN/nm) in commercially
available AFM cantilevers (Fig. 6A)
In chapter 4 and 5, we consider both the tip size of cantilevers and force
resolutions when we measure intermolecular forces of ligand‐receptor and protein‐
protein interactions to examine strong molecular connectors. During ligand‐receptor
interaction measurements, because of their kinetics, certain solution concentrations of
ligands need to be maintained (chapter 4). However, during AFM experiments with this
condition, cantilevers with regular size tips, such as biolevers (tip radius of curvature:
~30 nm), have a higher chance to measure many molecules which result in complicated
data. Moreover, when polypeptide building blocks fused with a molecular connectors
self‐assemble into supramolecular structures (chapter 5), several polypeptide building
blocks from the same structure can be attached on the regular tip due to its larger size
compared to the size of single building block (the length of one I27 domain: ~4 nm). This
condition can hinder the measurement of protein‐protein interaction. Thus, it is
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necessary to consider cantilevers with small tip radii rather than ideal force resolutions.
Commercially available “Sharp Microlevers” (MSNL, Veeco), which have silicon tips
with ~2 nm radius of curvature and relatively good force resolution (spring constant of
15~20 pN/nm and rms force noise of ~15 pN), can fulfill these experimental constraints
and thus, are used for intermolecular force measurements in chapter 4 and 5 (Fig. 6B).

Figure 6. AFM cantilevers utilized in this study
(A), Properties of a biolever (OBL, Veeco); (B), Features of a sharp microlever (MSNL,
Veeco). (Images are adapted from Veeco website.)
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2.2 Theoretical Models for Polymer Elasticity
Polypeptides and nucleic acids are biopolymers. Understanding polymer
behavior with several theoretical models can explain their behaviors. When the polymer
is stretched by an external force, each of its segments is aligned with the direction of the
force, resulting in reduced configurational entropy, and increased free energy as its
freedom of motion is limited. This reduction in entropy causes generation of tension on
the polymer to restore its random configuration; therefore, polymers are called as
“entropic springs” (Rabbi and Marszalek 2008).
This elastic behavior of biopolymers can be generally described by two
theoretical models, the freely‐jointed chain (FJC) model and the worm‐like chain (WLC)
model. In the FJC model, the backbone of polymers are considered as a number of
orientationally independent and inextensible segments, termed as Kuhn segments of
length (lK), statistically the shortest segments (Flory 1953). The extension of a polymer,
caused by external force to separate the ends of a polymer by a distance x, can be
explained by the following equation (Smith, Finzi et al. 1992):

⎛
Fl
k T
x( F ) = Lcon ⎜⎜ coth K − B
k BT Fl K
⎝

⎞
⎟⎟
⎠

where T is absolute temperature, kB is Boltzmann constant and Lcon = n x lK is the contour
length of the polymer. However, this FJC model is unable to explain the behavior of the
polymer after it is stretched into its contour length which needs infinite force to further
stretch it. To complement the simple FJC model, it can be expanded to take into account
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intrinsic enthalpic elasticity of the segments such as a linear elastic deformation of the
bonds, ksegment (Fig. 7A) (Smith, Finzi et al. 1992; Smith, Cui et al. 1996). In general, single
strand DNA and polysaccharides can be modeled as freely‐jointed chains.
The WLC model is used to describe homogeneous continuous flexible polymers
while the FJC is modeled with the assumption that only nodes between discrete
segments are flexible (Janshoff, Neitzert et al. 2000). In WLC, its stiffness or flexibility is
characterized by the persistence length (p), the distance which the chain direction
remains in its initial orientation (Fig. 7B) (Flory 1953; Bustamante, Marko et al. 1994). In
other words, below the persistence length, the polymer is considered as linear and
polymer with higher persistence length tends to be correlated to less flexibility. In the
force‐extension equation of a simple WLC model (Fig. 7B), the elasticity of the polymer
in the whole force range is described by the single parameter of the persistence length.
In the low force regime where the elasticity is governed by its configurational entropy,
the simple WLC model can explain the polymer behavior (Rief, Fernandez et al. 1998).
On the other hand, in the high force regime where the polymer is governed by intrinsic
enthalpic elasticity, the WLC model can be more realistically explained by adding one
more parameter, stretch modulus, K0, with following equation (Wang, Yin et al. 1997;
Janshoff, Neitzert et al. 2000):

k T
F ( x) = B
p
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F ⎞
x
F 1⎤
⎟⎟ +
⎢ ⎜⎜1 −
+
−
− ⎥
L con K 0 4 ⎥
⎢⎣ 4 ⎝ Lcon K 0 ⎠
⎦
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Worm‐like chains generally can model double‐stranded DNA and proteins.
Within the force range of our study, the simple WLC model explains well the elasticity
of protein building blocks.

Figure 7. Polymer elasticity models:
(A), Freely jointed chain (FJC) model with segment elasticity; (B), Worm‐like chain
(WLC) model. Adapted from ref. (Rabbi and Marszalek 2008)

2.3 Statistical Analysis
In

chapter

3,

we

analyzed

unfolding/refolding

forces

and

length

increments/decrements of repeat proteins by using histogram methods, the simplest
non‐parametric density method. A number of obtained values (n > 1000) in small data
ranges were enough to recognize characteristic forces and lengths of the repeat proteins
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with histograms.
In chapter 4 and 5, when AFM measured intermolecular forces of ligand‐
receptor or protein‐protein interactions, we could clearly identify interactions of a single
complex owing to mechanical fingerprints of protein handles such as tandem repeats of
I27 modules or alternating tandem repeats of I27 and SNase domains (Steward, Toca‐
Herrera et al. 2002; Wang, Tsong et al. 2011). These handles definitely help to address
whether measured forces came from rupturing on either a single complex or multiple
complexes (Evans 2001). However, one question was still necessary to address, whether
measured interactions of single complexes originated from the rupturing of target
complexes or the detaching of samples from either the AFM tip or the substrate. To
differentiate rupture forces from detachment forces, we directly measured detachment
forces by only pulling protein handles without target complexes. Typical detachment
forces ranged roughly from 0 pN to 1000 pN in AFM force measurements. Due to
relatively large force ranges, using only histograms can sometimes mislead interpreting
data due to the effect of the bin position. Therefore, all measured values were analyzed
with probability density functions generated by the kernel density estimation (KDE)
method which can complement the drawback of the histogram method.
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2.3.1. Kernel Density Estimation*
A histogram and KDE are non‐parametric probability density estimators. Non‐
parametric methods mean that the probability distribution is not deduced from any
parameterized statistics, such as normal, Poisson, and Cauchy distributions, but
determined from data. In non‐parametric statistics, due to the simple way to construct
the distribution, a histogram is frequently used (Fig. 8A). After determining binwidth, a
data value which falls into a particular sub‐bin counts as 1. Then, a block (height =
1/numbers of data) is placed on the sub‐interval. All values are piled on top of specific
sub‐bins and, as a result, a histogram is constructed. While constructing KDE
(Rosenblatt 1956; Parzen 1962), instead of assuming values are the same in a given bin, a
smooth kernel is centered on each data value (red curves in Fig. 8B). Then, these kernels
are summed to generate a probability density estimate (fKDE) of observed data values (x)
with the following equation (Scott 1992):

f KDE ,w ( x) =

1 i
1 i ⎛ x − xi ⎞
(
)
K
x
x
−
=
⎟
∑ w
∑ K⎜
i
n n =1
nw n=1 ⎝ w ⎠

where Kw is the kernel, w is the bandwidth, and n is the number of data values. In this
study, for a smooth KDE, we particularly choose normal (Gaussian) kernel described by
the following equation:

*

KDE codes used in this study are in Appendix A.
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Similar to a binwidth of the histogram method, the KDE method is also depends
on the bandwidth. If too small or too large of a bandwidth is selected, the result of
density estimation can include the artifact or smear important results. Due to the
importance of selecting optimal bandwidth (wopt), several methods are suggested.
Among them, the optimal bandwidth is typically determined by the argument that
minimizes (ArgMin) the mean integrated squared error (MISE) between the true density
(f) and the estimated density (fKDE):

[ (∫ ( f

wopt = ArgMin (MISE (w)) = ArgMin E

( x ) − f ( x) ) dx
2

KDE

)]

Moreover, when large samples are available, an asymptotic MISE (AMISE) can
be derived through the Taylor’s series for easier calculation. With the assumption that
the reference of true distribution is smooth normal density, the optimal bandwidth can
be simplified by Scott’s rule (Scott 1979; Scott 1992):

wopt = 3.49 ⋅ σ ⋅ n −1 / 3
where σ is the sample variance and n is the number of data values.
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Figure 8. Non‐parametric probability density estimators
(A), An example of constructing histogram; (B), An example of probability density
function by kernel density estimation (KDE) on same data values of (A). Black bars on
both x‐axes are locations where data values observed.

To describe the probability density in a simple way, the histogram method is
often utilized. One weak point of the method is that total distribution can be affected by
the starting bin position. Contrarily, when optimal bandwidth is obtained, since each
kernel is located on the center of each data value, probability density function (pdf)
generated by the KDE method can well describe the total tendency of data. However, the
KDE method also has a disadvantage that the method usually cannot capture the sharp
features, such as a high kurtosis, because of the use of a universal bandwidth (Yang and
Marron 1999). Since observed data showed the high kurtosis while rupturing protein‐
protein interaction (chapter 5), using only the KDE method might be misleading in
differentiating rupture forces from the background. Therefore, to complement each
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method, total tendency of density distributions and a significant kurtosis are analyzed
by utilizing both histogram and KDE methods.

47

3. Nanospring Behavior of α-Helical Solenoid Proteins†
In this chapter, we investigated the nanomechanics of a large class of repeat
proteins composed of ANK, ARM, HEAT, and LR repeats. By understanding mechanical
properties, such as stretch ratios and energy dissipation under cyclic loading, of repeat
in these proteins, we can determine whether these proteins can serve as protein building
blocks for constructing elastomeric biomaterials.

3.1. Introduction
Polypeptides provide numerous biological structures with the necessary
strength and elasticity required for their functions (Rief, Gautel et al. 1997; Smith,
Schaffer et al. 1999; Li, Linke et al. 2002; Schwaiger, Sattler et al. 2002; Becker, Oroudjev
et al. 2003; Williams, Fowler et al. 2003; Cao and Li 2007; Klotzsch, Smith et al. 2009), and
have considerable potential as building blocks for bio‐inspired elastomeric
nanostructures and materials (Petka, Harden et al. 1998; Smith, Schaffer et al. 1999;
Schwaiger, Sattler et al. 2002; Becker, Oroudjev et al. 2003; Cao and Li 2007; Klotzsch,

†

Dr. Khadar Abdi prepared β‐catenin, clathrin and RNase inhibitor proteins. Dr. Ming

Yang prepared ankyrin‐R (D34) protein. Dr. Gwangrog Lee, Dr. Marhir Rabbi and Dr.
Whasil Lee performed some experiments and data analysis. This work is published in:
Kim, M., K. Abdi, G. Lee, M. Rabbi, W. Lee, M. Yang, C. J. Schofield, V. Bennett and P. E.
Marszalek. (2010). ʺFast and Forceful Refolding of Stretched α‐Helical Solenoid
Proteins.ʺ Biophysical Journal 98(12): 3086‐3092.
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Smith et al. 2009). In addition, spring‐like proteinacious structures are believed to
mediate mechanosensation in metazoan organisms that is critical for various
physiological processes, including hearing and regulation of blood pressure, as well as
morphogenesis (Corey and Sotomayor 2004; Howard and Bechstedt 2004; Sotomayor,
Corey et al. 2005; Sotomayor and Schulten 2007). For these reasons, how
biomacromolecules and especially proteins respond to force is of considerable interest
(Johnson, Tang et al. 2007; Christof, Gebhardt et al. 2009). Anfinsenʹs thermodynamic
hypothesis (Anfinsen 1973) implies that, in principle, proteins can encode for their
distortion due to stretching through reversible loss of structure. However, for most
proteins, currently observed rates of refolding are either too slow and/or the refolding
force itself too weak (Borgia, Williams et al. 2008) to minimize hysteresis between
stretching and relaxing, and therefore, extreme extensions of proteins in vitro must
dissipate a significant amount of energy. For example, tandem repeats of
immunoglobulin‐like (Ig) or fibronectin‐like (FN) domains of titin, fibronectin, filamin or
tenascin are responsible for the passive elasticity of muscle and of the extracellular
matrix (Kellermayer, Smith et al. 1997; Rief, Gautel et al. 1997; Oberhauser, Marszalek et
al. 1998; Marszalek, Lu et al. 1999; Li, Linke et al. 2002; Williams, Fowler et al. 2003;
Schwaiger, Kardinal et al. 2004; Schwaiger, Schleicher et al. 2005; Klotzsch, Smith et al.
2009). When stretched in an Atomic Force Microscope, they can be extended beyond
their folded contour lengths by up to approximately seven times through mechanical
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unfolding of their domains (Rief, Gautel et al. 1997). However, this unfolding‐driven
extension dissipates ~80‐90 % of the ~200‐600 kcal/mol of energy required to fully stretch
an Ig, FN or similar domain (Schwaiger, Sattler et al. 2002; Cao and Li 2007). Hence,
titin‐like proteins, and their synthetic homologues (Cao and Li 2007), have been dubbed
“shock absorbers” (Schwaiger, Sattler et al. 2002; Cao and Li 2007) although it is unlikely
that significant unfolding of titin domains occurs in muscle under physiologically
relevant strains (Li, Linke et al. 2002).
On the other hand, coiled‐coil proteins that are components of motor proteins
such as myosins and kinesins (Bornschlogl, Woehlke et al. 2009), and of the keratins,
through which they enable the elasticity of skin and hair (Schwaiger, Sattler et al. 2002),
can be stretched in a near reversible manner by up to 2.5 their initial length. Upon
relaxation, they readily refold against a significant force (25 pN) (Schwaiger, Sattler et al.
2002). Engineered coiled‐coils were also shown to unzip nearly reversibly, and while
rezipping they were able to generate significant folding forces (Bornschlogl and Rief
2006; Bornschlogl and Rief 2008).
In addition to forming simple coiled‐coils, α‐helical polypeptides also form
more complex structures, in which nearly identical repeats composed of two or more
anti‐parallel helices stack closely to generate spiral 3D structures (Corey and Sotomayor
2004; Howard and Bechstedt 2004; Sotomayor, Corey et al. 2005). Because folded lengths
of repeat proteins are on the order of 1/10 of the length of their polypeptide chains,
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repeat proteins promise to provide extreme stretch ratios when mechanically unfolded.
However, in contrast to globular and fibrous proteins, mechanical properties of these
polypeptides remain largely uncharacterized. We recently used single molecule atomic
force spectroscopy to probe the elasticity of the spiral stack of 24 ankyrin‐B repeats. We
found that upon application of a sufficient stretching force ANK repeats unfold one by
one (Lee, Abdi et al. 2006; Li, Wetzel et al. 2006), and most remarkably they refold
rapidly and, in contrast to globular proteins, generate large refolding forces (Lee, Abdi et
al. 2006). Similar properties have recently been observed for a small ankyrin repeat
protein, gankyrin (Serquera, Lee et al. 2010). Such unprecedented refolding properties
promise to realize extreme stretch ratios with minimal energy dissipation. Such features
may be advantageous for many mechanical functions including mechanotransduction.
In this report, we investigate, at a single molecule level, stretch ratios and energy
dissipation during mechanical unfolding and refolding of a large class of repeat proteins
composed of ANK and other repeats such as ARM (armadillo), HEAT (Huntington,
elongation factor 3, PR65/A subunit of protein phosphatase 2A, TOR), and LRR
(Leucine‐rich repeats). Specifically, using single molecule force spectroscopy, we
executed stretch and relax measurement on 12 C‐terminal (R13‐24) ANK repeats of
ankyrin‐R (Bennett and Baines 2001; Michaely, Tomchick et al. 2002), ARM repeats of β‐
catenin (Huber, Nelson et al. 1997; Huber and Weis 2001), HEAT repeats of clathrin
(Ybe, Brodsky et al. 1999), and LRR of ribonuclease (RNase) inhibitor (Johnson, Mccoy et
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al. 2007) (Fig. 9; see Table 1 for more information on these proteins). ANK and HEAT
repeats primarily comprise two anti‐parallel α‐helices, ARM repeats primarily comprise
three anti‐parallel α‐helices, while LR repeats of RI contain alternating α‐helices and β‐
strands. Based on their crystal structures (Ybe, Brodsky et al. 1999; Michaely, Tomchick
et al. 2002; Johnson, Mccoy et al. 2007; Xing, Takemaru et al. 2008) and assuming that a
single amino acid contributes 0.365 nm to the length of a stretched polypeptide chain
(Dietz and Rief 2004), we anticipated that upon mechanical unfolding and stretching,
these repeats could potentially support stretch ratios in the range of ~10‐15.
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Figure 9. α‐helical repeat proteins do not dissipate much energy upon stretching and
relaxing.
AFM‐measured force‐extension relationships of 12 ANK repeats of ankyrin‐R (33 amino
acids, aa, each) (A), 12 ARM repeats of β‐catenin (~44 aa each) (B), 10 HEAT repeats of
clathrin (~29 aa each) (C), 16 LR repeats of RNase inhibitor (~28 aa each) (D), and 7
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tandem repeats of the single immunoglobulin (Ig) 27 domain (I27)7 (E). The stretching
traces are marked in blue and relaxing traces in red, and the force baseline in gray for all
figures in chapter 3. Extension rates ranged from 0.02~0.03 nm/ms for repeat proteins
and ~ 0.2 nm/ms for (I27)7. To calculate the amount of energy dissipated as heat, force‐
extension curves between stretching and relaxing traces are integrated (yellow area). 7 %
(A), 10 % (B), 3 % (C), 50 % (D), and 86 % (E) of energy are dissipated when systems are
stretched, and then released to their initial states. The insets show the crystal structures
of the repeat proteins, D34 fragment of ankyrin‐R (PDB: 1N11), β‐catenin (PDB: 2Z6H),
clathrin heavy chain (PDB: 1B89), and RNase inhibitor (PDB: 2Q4G), and (I27)7. The inset
in (B) represents a schematic of refolding of a single ARM repeat during β‐catenin
relaxation from stretching (15nm→1nm). The refolding event marked 1, 2, and 3
correspond to the features of the refolding trace: 1→2 relaxing phase, 2→3 repeat
refolding causes the AFM cantilever to snap‐back. (E) When (I27)7 are stretched, 6
regular force peaks in a saw‐tooth pattern are obtained. Since this protein followed a
simple polymer chain while relaxing (Bustamante, Marko et al. 1994; Rief, Gautel et al.
1997), WLC (red curve) was fit onto the curve of the fully stretched protein before
detaching from the substrate or the AFM cantilever. ~350 kcal/mol is dissipated when
one I27 domain is mechanically unfolded and relaxed.
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Table 1. Structures and functions of repeat proteins

3.2 Materials and Methods
3.2.1. Cloning, Expression and Purification of Repeat Proteins
Human β‐catenin (residues 1‐781), human clathrin (residues 1074‐1522), and
human RNase inhibitor (residues 1‐461) were cloned into the pGex6p1‐7his plasmid. The
Ankyrin‐R D34 gene (residues 402‐827) was cloned into the pET‐28a plasmid. Plasmids
were transformed into E. coli BL21‐D3‐pLysS. β‐catenin, clathrin, and RNase inhibitor
were expressed for 3 hours using IPTG induction. After harvesting and a freeze/thaw
the lysates were spun down at 100k xG for 1 hour. For β‐catenin and clathrin, the
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supernatants were first bound to nickel Sepharose (GE Healthcare catalog #17‐5268‐02),
then washed, and eluted using imidazole. The so eluted fractions were pooled and
bound to glutathione Sepharose (GE Healthcare catalog #17‐5132‐01) for 3 hours, then
washed extensively; proteins were cleaved from the GST fusion using PreScission
protease (GE Healthcare catalog #270843). The GST free protein was then
chromatographed using a Superose 12 gel filtration column and an AKTA FPLC
machine. Ankyrin‐R D34 was transformed into E. coli BL21 and the cells were grown at
28 ˚C for four hours after induction with IPTG. His6‐tagged D34 was purified using a
nickel affinity column (GE Healthcare catalog #17‐5248‐01) followed by size exclusion
chromatography (Superdex S75). Proteins were determined to be greater than 95 % pure
by SDS‐PAGE analysis. E. coli expressing the RNase inhibitor was lysed in similar buffer
with the addition of 0.5 % sarkosyl and 10 mM DTT. After the 100k xG spin the lysate
was coupled to the glutathione sepharose. The GST fusion was cleaved with PreScission
protease and the RNase inhibitor was adsorbed to a RNase A affinity column, washed,
and eluted using 4M MgCl. The MgCl was dialyzed away prior to AFM measurements.
RNase inhibitor was determined to be greater than 95 % pure through SDS‐PAGE
analysis.
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3.2.2. Sample Preparation for AFM Experiment
Stock protein solutions composed of 0.1‐0.4 mg/ml of C‐terminal polyhistidine‐
tagged ankyrin, clathrin, β‐catenin, or RNase inhibitor were in solution containing 20
mM phosphate buffer, 200 mM NaCl, 1mM EDTA, and 1‐2mM DTT (or 10 mM DTT for
ribonuclease inhibitor). For AFM stretching experiments, the solution was diluted to 1‐
10 μg/ml in PBS with 2‐5mM TCEP (Thermo Scientific, product #77720) to prevent
formation of disulfide bonds between molecules, and then deposited on various
substrates for 30 min at room temperature. After incubation, the sample was washed 3‐4
times with the buffer and then used for pulling experiments.

3.2.3. AFM Imaging at Protein Concentrations Used in Force
Spectroscopy Measurements
A 50 μl sample of protein solution (4μg/ml) was incubated on 1‐(3‐aminopropyl)
silatrane (APS)‐functionalized mica (Shlyakhtenko, Gall et al. 2003) at room temperature
for 10 min in the same buffer that was used in the AFM stretching experiments. Images
were collected with a Nanoscope IIIa MultiModeTM Scanning Probe Microscope (Veeco
Instruments Inc., Santa Barbara, CA) using tapping mode with an E scanner. NP‐S
probes (Veeco) with resonance frequencies of 30 kHz were used. DNA, as a marker, was
also incubated on the surface together with the protein solution to account for and
deconvolute the widening effect of the tip while measuring the size of imaged proteins.
All images were captured at a scan rate of 1.5‐2.0 Hz, with 256 x 256 and 512 x 512 pixel
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resolution, and with scan sizes ranging from 400 to 1000 nm. Images were analyzed to
determine the size and surface coverage of the proteins. Since proteins were dispersed
on the substrate at a low density based on the imaging results, the probability that more
than one molecule was picked up by the tip during stretching measurements was fairly
low (Fig. 10).
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Figure 10. Verification of working concentration during AFM pulling measurements
by AFM imaging
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(A), DNA molecules were used as a reference to estimate β‐catenin size and to verify if
the protein remained monomeric after being deposited from the solution onto the
substrate surface. β‐catenin and DNA were incubated on APS mica and then images
were captured in solution by tapping mode AFM. (B), Dimensions of randomly selected
molecules (dashed circles) were measured from AFM images and compared to their
known sizes (Huber, Nelson et al. 1997). (C), The contact area of the AFM Biolever
cantilever tip with the surface is estimated at 2000‐5000 nm2 based on the data given by
the cantilever manufacturer (Veeco). Since the available area per single protein is ~4500
nm2, the tip would mostly contact and pick up a single protein during stretching
measurements.

3.2.4. Immobilization of Repeat Proteins for Force Spectroscopy
To eliminate the possibility that AFM‐measured unfolding and refolding forces
are affected by the interaction between the protein and AFM tip or the protein and
substrate to which it is attached, we used several different substrates (clean glass, clean
gold, functionalized glass and functionalized gold) and specific attachment of proteins
to the tip as described below. With the exception of the initial pulls which were affected
by non‐specific adsorption of the tip and/or protein to substrate as shown in Figure 11A,
subsequent pulls in cyclic measurements produced similar force‐extension curves
regardless of substrates and attachment methods used. Therefore, we concluded that our
cyclic stretch‐relax measurements performed on molecules that were lifted from the
substrate were not affected by the type of substrate and the attachment methods used
(Fig. 11).
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Figure 11. Cyclic measurement method used for selection of single molecule data by
comparison of refolding traces
Stretching force curves are shown in blue and relaxing force curves in red (A) and green
(B). The extension rate was 0.03 nm/ms. (A)‐(C), Due to unexpected non‐specific
adsorptions or multiple molecules attached on the AFM tip in the initial pulling (A),
cyclic measurement method was adopted to remove molecules until a single molecule
was held between the AFM tip and the substrate (B). To verify the single molecule, two
consecutive refolding force curves are compared in (C). The thin gray lines in (A) are
WLC fits to the data with average contour length decrement, ΔLc= 15.9 ± 1.8 nm and
average persistence length, p= ~1.5 nm. Since, ΔLc is matched with the average number
of residues per repeat in β‐catenin, and folding trajectories of two consecutive refolding
force curves match well in (C), we can confirm that a single molecule is captured in (B).
Similar method is used to select data for analysis of the length and force distributions of
β‐catenin and clathrin.

To facilitate measurements on full‐length proteins instead of their fragments, we
also attempted to specifically attach one end to Ni‐NTA functionalized cantilever and
the other end to PEG‐NHS substrate as described below. However, using this procedure,
we still obtained recordings on fragments shorter than the full‐length. This is possibly
due to attachment of proteins to the PEG‐NHS substrate through non‐terminal amine
groups.

3.2.4.1. Immobilization of Repeat Proteins on Substrates
To prepare Ni‐NTA substrates, glass coverslips were functionalized with the
metal chelate N‐nitrilotriacetic acid (NTA) as described previously (Sakaki, Shimo‐Kon
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et al. 2005). After chelating of Ni2+ on the NTA surface, the coverslips were stored in a
desiccator at room temperature until use. The diluted protein solution was specifically
bound to the Ni‐NTA substrates by its C‐terminal polyhistidine‐tag during incubation
for 30 min at room temperature.
To prepare PEG‐NHS substrates, gold (Au) coated glass coverslips were first
sonicated in acetone, then the procedure for surface functionalization was followed as
described (Lam, Abu‐Lail et al. 2006). After COOH‐(PEG)24‐NH2 (Thermo Scientific,
product #26126) were tethered onto 16‐mercaptohexadecanoic acid (MHA) (Sigma,
#448303), the substrates were stored in a desiccator at room temperature until use. To
create stable amide bonds between the functionalized substrate and the amine groups of
the proteins, the carboxyl ends of COOH‐(PEG)24‐NH2 were activated by 5 mM of sulfo‐
N‐hydroxysulfosuccinimide (NHS) (Thermo Scientific, product #24510) and 50 mM of 1‐
ethyl‐3‐[3‐dimethylaminopropyl]carbodiimide hydrochloride (Sigma, #E1769) in 2‐
[morpholino] ethanesulfonic acid (MES) supplemented with 0.9 % NaCl for 30 min. To
prevent protein‐protein connection by excess sulfo‐NHS and EDC, the substrate was
rinsed with PBS 2‐3 times. Then, 50 ul of protein solution (see above) was deposited onto
the substrate and incubated at room temperature for 30 min to create amide coupling.
After incubation, the sample was gently washed 3‐4 times with PBS buffer which
contained 2‐5mM TCEP, and then used for AFM pulling experiment.
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3.2.4.2. Immobilization of Repeat Proteins onto Cantilevers and PEG‐NHS Substrate
To prepare Ni‐NTA functionalized cantilevers, Biolevers (OBL, Veeco), cleaned
with acetone, were incubated in HS‐(CH2)11‐EG3‐NTA(Prochimia, catalog # TH016‐002)
solution for 12 h to grow self‐assembled monolayers onto the gold tips by thiol
chemistry (Love, Estroff et al. 2005). To remove possible multilayers, cantilevers were
gently washed with ethanol. Cantilevers were submerged into 10mM NiCl2 solution for
10 min, and then were used to produce specific binding between the Ni‐NTA of the tip
and polyhistidine‐tag of proteins on the PEG‐NHS substrate during AFM stretching
measurements.

3.2.5. AFM Stretching Measurements
All stretching measurements were carried out on custom‐built AFM instruments
(Marszalek, Oberhauser et al. 1998; Oberhauser, Marszalek et al. 1998; Rabbi and
Marszalek 2008) equipped with an AFM detector head from Veeco Metrology Group,
and high‐resolution piezoelectric stages from Physik Instrumente, equipped with
capacitive or strain‐gauge position sensors (vertical resolution of 0.1 nm). The spring
constant of each cantilever (MLCT‐AUHW, or OBL from Veeco) was calibrated in
solution using the energy equipartition theorem as described (Florin, Rief et al. 1995).
Proteins were picked up for stretching measurements by gently touching the substrate
with the AFM cantilever tip, exploiting either nonspecific adsorption of the tip to the
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protein or specific binding of the Ni‐NTA‐functionalized tip to the polyhistidine‐tag
terminated proteins. Force‐extension measurements were performed with Biolevers and
Microlevers at pulling speeds between 0.01 and 3 nm/ms, in solution and at room
temperature, with force resolution of ~5 pN and ~15 pN, respectively.

3.2.6. Refolding Time Estimation
We estimated an upper limit of folding times (tfolding) of individual repeats in our
stretch‐relax measurements from ΔXfolding (nm) and stretch‐relax rate, V (nm/ms), as
shown in Figure 13B, with tfolding ≈ ΔXfolding / V. By increasing V up to Vmax = 3 nm/ms, we
estimated tfolding to be less than 2 ms for ARM repeats in β‐catenin and less than 5 ms for
HEAT repeats in clathrin. The real folding times may be even smaller but instrument
limitations and hydrodynamics effects on the AFM cantilever at higher speeds did not
allow us to stretch and relax the proteins faster than Vmax.

3.3 Results and Discussion
3.3.1. Nanospring Behavior of α-Helical Repeat Proteins
We begin by analyzing the mechanical unfolding and refolding properties of 12
ANK repeats of ankyrin‐R, which structurally is similar to ankyrin‐B (Fig. 9A). We
frequently observed stepwise unfolding of 3‐5 ANK repeats of ankyrin‐R; Upon
relaxation of the stretching force, we observed rapid stepwise refolding of these repeats
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generating a force of 20‐70 piconewtons, similar to the unfolding force, which
recapitulated the initial unfolding profile with minimal hysteresis (Fig. 9A). In the
stretch‐relax cycle shown in Figure 9A, four ANK repeats were unfolded and stretched
to ~10 times their folded length in a process requiring an energy input of 228 kcal/mol
(as determined from the area under the force‐extension curve). Upon refolding, 212
kcal/mol was returned to the system. Thus, in this cycle, only 7 % of the energy is
dissipated as heat (the area highlighted in yellow in Fig. 9A). The finding that the
unfolding/refolding results obtained for ankyrin‐R repeats are similar to those obtained
for ankyrin‐B repeats (Lee, Abdi et al. 2006), reveals that both proteins possess similar
mechanical properties, and implies that such properties may be characteristic of many
ankyrin repeat domain proteins.
We then tested whether other ubiquitous repeat proteins with different folds
possess similar nanomechanical properties. We found that β‐catenin and clathrin also
display stepwise unfolding upon stretching, and refold their repeats rapidly upon
partial relaxation (estimated tfolding < 5 ms/repeat; Fig. 13A‐C, Fig. 14A‐C). Refolding
occurs against a significant load in a very similar pattern to the initial unfolding (Fig. 9B‐
C), suggesting that the mechanical unfolding occurred as a quasi‐equilibrium process
with minimal energy dissipation. Similarly reversible behavior was observed for myosin
undergoing stretch/relax cycles (Schwaiger, Sattler et al. 2002) and for synthetic coiled‐

66

coils undergoing unzipping/rezipping cycles (Bornschlogl and Rief 2006; Bornschlogl
and Rief 2008).

3.3.2. α-Helical / β-Strand Repeat Protein
However, the LR domain of RNase inhibitor does not refold as robustly
following relaxation of stretching forces (Fig. 9D, Fig. 12). In the case shown in Figure
9D, 50 % of its stretch energy was dissipated as heat. The lack of reversibility in
unfolding of LR repeats may reflect the generally slower folding rates observed with β‐
structures relative to α‐helices (Rief, Gautel et al. 1997; Carrion‐Vazquez, Oberhauser et
al. 1999; Kubelka, Hofrichter et al. 2004). It is interesting that other, purely α‐helical
repeat proteins that do not form spiral tertiary structures, such as spectrins, also display
less robust mechanical refolding (Rief, Pascual et al. 1999; Law, Carl et al. 2003; Randles,
Rounsevell et al. 2007). This observation suggests that the arrangement of repeats into a
tightly packed stack is a preferred structural element for equilibrium unfolding, and for
refolding force generation.
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Figure 12. Identification of single RNAse inhibitor (RI) molecule by comparing force‐
extension recordings from different experiments
The result shown in (A) was obtained from protein attached to a gold substrate and
picked up by a bare tip, whereas the result shown in (B) was obtained from protein
covalently linked to a PEG‐NHS substrate and attached via its C‐terminal polyhistidine‐
tag to a Ni‐NTA‐functionalized cantilever. Two black arrows in (B) mark subtle
unfolding features captured in the recording that superimpose onto (A) with similarly
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spaced force peaks, as can be seen in the comparison in (C). Stretching force curves are
shown in blue and brown, and relaxing force curves in red and green, while the force
baseline is shown in gray. The extension rates were 0.03 nm/ms. We observed similar
behavior in independent measurements on 10 different RI molecules.

3.3.3. Little Mechanical Fatigue of α-Helical Repeat Proteins
To confirm our results, we analyzed hundreds of stretching and relaxing
recordings similar to those shown in Figure 9. We show the distributions of unfolding
and refolding forces, measured from the zero force base line, and of unfolding and
contraction lengths, as measured by WLC fits to the force peaks in Figure 13D‐G and
14E‐H. The histograms of unfolding/refolding lengths in Figure 13D and 13F, and Figure
14E and 14G suggest that the vast majority of these mechanical events involved whole
repeats or their α‐helical subunits. The histograms of unfolding forces in Figure 13E and
14F reveal a major peak at ~30 pN and a secondary peak at ~60 pN suggesting that the
former corresponds to the unfolding of one repeat and the latter likely represents the
force necessary to simultaneously unfold two repeats. Also, based on the amount of
work necessary to extend these polypeptides, we determined their “effective” spring
constants, keff to be in the range of 0.5‐2 pN/nm (Fig. 13C).
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Figure 13. Fatigue endurance testing of β‐catenin by cyclic stretch‐relax experiments
(A)‐(C), Only 8‐15 % energy is dissipated during cyclic measurements of the same
molecule The extension rate was 0.03 nm/ms. (A), The thin gray lines are WLC fits to the
data with average contour length increment, ΔLc= 15.3 ± 2.0 nm and persistence length,
p= 0.9nm. The expected ΔLc of ARM repeats in β‐catenin is approximately 15 nm. This
value correspond to the average number of residues per repeat; 44 a.a. x 0.365 nm/a.a.
(B), Folding lengths (ΔXfolding) are measured to calculate refolding time, and maximum
refolding forces (Fr) are measured from the zero force baseline. (C), During stretching of
the molecule, the potential energy (W) is calculated by integrating the force‐extension
unfolding curve (cyan; W = ∫F∙dx; F being the applied force and x, extension), and then
effective spring constant (keff, dashed line) is calculated, by keff = 2 x W/x2. (D)‐(G), We
analyzed similar behavior of unfolding/refolding forces and extension/contraction
lengths in independent measurements on 51 different molecules. Unfolding contour
length increments (D) and refolding contour length decrements (F), measured by WLC
model, are fitted with multiple Gaussian distributions. Average fitted lengths are 6.7 ±
0.2, 15.0 ± 0.2 and 29.2 ± 1.4 nm in (D) and 7.9 ± 0.1, 15.6 ± 0.1 and 27.1 ± 1.0 nm in (F)
which are comparable with the length of a helix, an individual repeat and two repeats,
respectively. In (E), two Gaussian distributions fitted with the average unfolding forces
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of 29.2 ± 0.7, and 56.8 ± 6.4 pN, while in (G), a single Gaussian distribution fitted with the
average refolding force of 27.1 ± 0.7 pN.

We then cyclically stretched molecules to test their fatigue resistance. Figure
13A‐C and figure 14A‐D show the results of elasticity measurements of ARM and HEAT
repeats obtained through repetitive stretching and relaxation cycles performed on the
same molecule. Generally, the force‐extension curves obtained at the beginning of the
cycle are similar to those obtained after the molecule was stretched and relaxed multiple
times. This result suggests high endurance properties with stretch ratio approaching
1500 % and 1000 % for ARM and HEAT repeats, respectively.
However, we occasionally observed some hysteresis between stretching and
relaxation, the magnitude of which seems to increase with the increased number of
repeats being unfolded in the stretching part of the cycle (Fig. 11B, Fig. 14B‐D). These
initial observations suggest that the speed and fidelity of refolding may be affected by
the number of repeats that remain folded at all times, and thus serve as a folding
ʺtemplateʺ. This conjecture has potential implications for the biological functions and
evolution of the numerous natural repeat proteins and will be systematically tested in
future studies.
After the onset of hysteresis, occasionally, refolding traces missed some of the
force peaks captured during the stretching part of the cycle and in their place there was
72

a force plateau (the feature marked as P in Fig. 14C). It is interesting that such a plateau
was captured intermittently in consecutive stretch‐relax measurements even on the same
molecule and was later replaced by a regular refolding force peak (Fig. 14D). In single‐
molecule force‐spectroscopy of biopolymers, such as DNA (Smith, Cui et al. 1996; Ke,
Humeniuk et al. 2007), polysaccharides (Zhang, Lu et al. 2006) and coiled‐ coils
(Schwaiger, Sattler et al. 2002), a force plateau may be associated with the recoiling of the
polymer, when helical structures are formed, because this process seems to maintain an
almost constant tension in the polymer while its length contracts (Schwaiger, Sattler et al.
2002; Zhang, Lu et al. 2006; Ke, Humeniuk et al. 2007). Thus, we hypothesize that the
force plateau in the relaxing force curves of clathrin captured the formation of its α‐
helical units, before they later collapsed into the final HEAT repeat structure.
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Figure 14. Cyclic stretch‐relax experiment on clathrin heavy chain repeats (CHCR)
(A)‐(D), 0‐25 % of the energy is dissipated during cyclic measurements on the same
molecule. The extension rate was 0.03 nm/ms. (A), Thin gray lines are Worm‐like chain
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(WLC) fits to the data with ΔLc= 11.3 ± 2.1 nm, and p = 1 nm. (B)‐(C), Hysteresis
becomes pronounced in (B) due to increasing the extension relative to (A). Plateau force
curve is captured while relaxing in (C) and force peak is recovered in (D). (E)‐(H), We
observed similar behavior in independent measurements on 63 different clathrin
molecules. Unfolding contour length increments (E) and refolding contour length
decrements (G), measured by WLC model, are fitted with multiple Gaussian
distributions. Average fitted lengths are 5.8 ± 0.1, 10.0 ± 0.1 and 16.1 ± 0.1 nm in (D) and
5.7 ± 0.1, 10.1 ± 0.1, 15.9 ± 0.1 and 19.3 ± 4.3 nm which are comparable with the length of
a helix, an individual repeat, three helixes, and during refolding, two repeats,
respectively. (F), Two Gaussian distributions fitted with the average unfolding forces of
28.5 ± 0.5, and 52.3 ± 13.0 pN. (H), A single Gaussian distribution fitted with the average
refolding force of 24.8 ± 0.7 pN.

3.3.4. Fine Details of Unfolding and Refolding Events of α-Helical
Repeat Proteins
The unfolding and refolding traces of the repeat proteins captured by AFM
generally display a set of sharp force peaks (Fig. 9A‐C), suggesting that the
unfolding/refolding of repeats may occur in a single step. However, some of the
captured unfolding and refolding force peaks were broad, and upon a closer inspection,
revealed a fine sub‐structure. These broad features were actually composed of doublets
or triplets of smaller peaks (e.g. refolding peak #2 in Fig. 15A and in the inset). The
analysis of the spacing among these small peaks, suggests that they may represent a
consecutive refolding of three helices within one ARM repeat, suggesting that AFM is
able to resolve refolding intermediates of these repeats.
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We also note that some unfolding and refolding traces of ARM and HEAT
repeats reveal unusual force and length oscillations (e.g. see the feature within the
dashed circle in the inset of Fig. 15A, Fig. 15B; black arrows in Fig. 14A‐D), suggesting
that transient unfolding/refolding events took place. A similar behavior was recently
observed during mechanical unfolding of individual calmodulin molecules (Junker,
Ziegler et al. 2009). It seems that by mechanical unfolding and refolding of whole repeats
or individual α‐helices, repeat proteins can quickly fluctuate between states with
varying end‐to‐end lengths and tensions. Such an oscillatory behavior that provides a
tight control over the molecule’s length and tension while conserving the mechanical
energy may be advantageous in mechanotransduction. Further work will be necessary
to identify unfolding and refolding intermediates and to understand the mechanism of
transient events during cycling stretching of these repeats and their assemblies.
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Figure 15. Fine details of unfolding/refolding force peaks of α‐helical repeat proteins
β‐catenin (A) and clathrin (B) indicate partial repeat unfolding/refolding and fluctuation
between folded and unfolded states. The stretching traces are marked in blue and
relaxing traces are plotted in red and green. (A), Comparison of two refolding traces
obtained on two different molecules with sharp force peaks (green trace, same as the red
trace in Fig. 9B) and with broad force peaks (red trace and the inset). The extension rate
for the red curve was 0.02 nm/ms. Thin gray lines are WLC fits to the refolding data
shown in red, with ΔLc= 15.5 ± 1.2 nm and p= 1 nm. The inset shows at a higher
magnification refolding peak #2 that reveals three smaller peaks indicated by the red
arrows. The blue dashed circle marks transient refolding and unfolding events of an
ARM repeat. (B), Similar transient unfolding and refolding events are also captured for
clathrin during its stretching and relaxing (See also black arrows in Fig. 14A‐D). The
extension rate for this measurement was 0.03 nm/ms.
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3.3.5. Additional Evidence that Force-Extension Curves of Repeat
Proteins were Measured on Individual Molecules
Upon initial stretching with AFM, records typically displayed fairly complex
force‐extension profiles because the measurements were affected by nonspecific
interactions between the AFM tip and the substrate, and occasionally more than one
molecule may have been picked up by the tip. However, these extra molecules were
removed through repeated stretching and relaxing measurements with a gradual
increasing of stretching distance. Therefore, these initial pulls were typically not
analyzed (Fisher, Marszalek et al. 2000).
For example, we examine the stretch‐relaxation cycles obtained on a fragment of
β‐catenin in figure 11. One of the initial stretching force curves is depicted in blue in
figure 11A and, as discussed above, the irregular features are difficult to interpret.
However, the relaxing force‐curve displays a set of very clear and regular force peaks
(shown in red in Fig. 11A). The six force peaks ranging from 17 to 28 pN are fitted
individually with the Worm‐like‐chain (WLC) model, with the average contour length
decrement, ΔLc= 15.9±1.8 nm. This length corresponds to the average number of residues
in the ARM repeats in β‐catenin (~44 aa * 0.365 nm/a.a). This result strongly suggests
that a single molecule was captured in this experiment and individual ARM repeats
refolded one by one. Interestingly, the decrease in the contour length of the protein
along the WLC line #0, preceding the first refolding peak, ΔL0−1= 23.5 nm, coincides with
the length of ARM repeat #10, which significantly differs from the canonical ARM
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repeats, and with 63 residues, is the longest repeat in β‐catenin (~23 nm, when fully
stretched) (Huber, Nelson et al. 1997). Significantly, the next consecutive trace obtained
on this molecule displays a set of regular unfolding force peaks (marked in blue in Fig.
11B), which match with the previous refolding force peaks (marked in red in Fig. 11A).
This observation suggests that the force peaks captured the unfolding of repeats that
had refolded in the previous relaxing cycle. In addition, the next refolding trace obtained
on this molecule overlaps very well with the first refolding trace (Fig. 11C), indicating
that the mechanical refolding of ARM repeats is quite robust.
Similar to the previous example, we focused on the data obtained through
multiple stretch‐relax cycles performed on other molecules that strongly attached to the
tip. These traces revealed quite regular patterns of force peaks that overlapped well
when recordings measured on same or different molecules were compared (Fig. 9A‐D,
Fig. 11, Fig. 12, Fig. 13A‐C, Fig. 14A‐D, Fig. 15A‐B and Fig. 16).
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Figure 16. Identification of single molecule by comparing force curves from different
experiments
The force‐extension curves obtained from two different β‐catenin molecules (A) and (B)
were compared in (C). Since the unfolding/folding trajectories of both curves match
well, these traces are the fingerprint of a single molecule of β‐catenin. Stretching force
curves are shown in blue and brown, and relaxing force curves in red and green. The
extension rate was 0.032 nm/ms.

Similar unfolding and refolding traces of repeat proteins were obtained using
different attachment methods onto different substrates, using different AFM
instruments, and different types of AFM tips. These similarities in results support our
conjecture that the traces represent true mechanical properties of repeat polypeptides
that are not significantly affected by interactions between the proteins and the
substrates.
The thick gray traces in Fig. 9, Fig. 11A, and Fig. 12A‐B., and the light gray traces
in Fig. 13A, and Fig. 14A represent the AFM photodiode baseline signal measured
immediately after the molecule detached from the AFM tip. The noise levels, as well as
other departures of the signal caused by random AFM cantilever drifts, are small in
these traces, as compared to the force peaks in the blue, red, black, dark gray, brown,
and green traces, eliminating the possibility that the force peaks captured in the trace are
caused, not by protein unfolding and refolding, but by some random instrument drifts.
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3.3.6. Possible Use of α-Helical Repeat Proteins as Bio-inspired
Springy Materials and Force Sensors
Tunable properties such as length, stiffness and extensibility could be designed
using engineered linear or torsion spring structures composed of ANK, ARM or HEAT
repeats. Monomeric stacks composed of various numbers of these repeats could be
interconnected using thiol‐disulfide, olefin metathesis chemistry or through other side
chain enabled crosslinking, into various nanostructures. Such structures are anticipated
to display extreme stretch ratios and reversibility characteristic of their monomeric
components making these structures particularly useful for applications involving high
strains and cyclic loading. Incorporating reporter functionalities (e.g. FRET pairs at each
end of 3‐4 repeats) could provide a basis for using these synthetic‐proteins as time‐
resolved force nanosensors.

3.4. Conclusions
Based on the results, we propose that α‐helical repeats that form spiral
structures constitute a novel, hitherto unrecognized (to our knowledge) class of
polypeptides with extremely useful properties such as high stretch ratios with minimal
energy dissipation. Such properties may be ideal to support various functions of these
proteins including mechanotransduction. They may be also exploited in novel bio‐
inspired materials. The physical model of protein elements of cellular structures under
tension needs revision to incorporate spring behavior.
82

4. A Protein-Based Force Probe for Gauging Molecular
Interactions‡
The natural tendency of many polypeptides to molecularly self‐assemble can be
adapted to precisely connect elastomeric proteins, to serve as biological crosslinkers of
elastomeric biomaterials. Important requirements of these crosslinkers are the linking
strength and the ability to create precise connections, because tensile strength of
materials will depend on the strength of crosslinkers and conservation of mechanical
properties of elastomeric proteins in these higher‐order structures require precise
control of molecular connections. To select appropriate self‐assembling linkers, accurate
intermolecular strengths need to be provided. Therefore, in this chapter, we developed
protein‐based force probes to provide the accurate strength of self‐assembling target
system while they are ruptured by AFM based force spectroscopy.

4.1 Introduction
The development of single‐molecule force spectroscopy techniques made it
possible to probe the behavior of covalent (Grandbois, Beyer et al. 1999; Wiita,
Ainavarapu et al. 2006; Yang, Huang et al. 2009) and non‐covalent bonds (Florin, Moy et
al. 1994; Florin, Rief et al. 1995; Wong, Joselevich et al. 1998; Merkel, Nassoy et al. 1999;

‡

Chien‐Chung Wang prepared pAFM1‐8(SNase 2, 4, 6) plasmids. Fabrizio Benedetti

wrote the kernel density estimation code.
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Evans 2001; Leckband and Israelachvili 2001; Hinterdorfer and Dufrene 2006; Dupres,
Verbelen et al. 2007; Tang, Ebner et al. 2008; Bertz, Chen et al. 2010; Hinterdorfer 2010) in
nano‐bio structures subjected to applied forces. Typically, when using atomic force
microscopy (AFM), interacting partners forming non‐covalent bonds to be investigated
are attached to a substrate and AFM tip, brought to contact and then separated while
their rupture force and their extension are precisely measured. One of difficulties in
interpreting such AFM rupture events is uncertainty whether they represent separating
of single or multiple molecular partners (Evans 2001).
Here, we propose a simple, general and robust AFM assay to measure the
strength of the interaction between two or more arbitrary polypeptides that circumvent
this limitation by using a protein‐based probe for providing single molecule fingerprint
and internal force references (Fig. 17). The probe is composed of tandem repeats of the
best mechanically characterized protein module, the I27 domain of titin and
staphylococcal nuclease (SNase) (Rief, Gautel et al. 1997; Carrion‐Vazquez, Oberhauser
et al. 1999; Carrion‐Vazquez, Oberhauser et al. 2000; Williams, Fowler et al. 2003; Wang,
Tsong et al. 2011). Specifically, three SNase modules are interspersed with four I27
domains. The I27 domains were shown in numerous studies to mechanically unfold at
approximately 200 pN and SNase domain were recently measured to unfold at
approximately 25 pN. Importantly, in a protein construct, both domains unfold
independently of each other providing two characteristic force references (Fig. 17).
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Figure 17. Mechanical fingerprints of the protein‐based force probe
The best mechanically well‐characterized I27 (green, PDB: 1TIT) and SNase (red, PDB:
1EY0) were interspersedly connected to be utilized as the force probe, I27‐(SNase‐I27)3.
AFM measures force‐extension relationship of the full length of the force probe with the
pulling speed of 1000 nm/ms. Gray lines are worm‐like chain (WLC) model which fits to
the curve with contour length increment, ΔLc = 45 nm and 29 nm, and persistence
length, p = 0.7 nm and 0.5 nm, for SNase and I27 modules, respectively. Atthis pulling
speed, SNase modules are unfolded at 41 ± 5 pN (mean ± standard error of the mean,
s.e.m.), while unfolding force peaks of I27 domains are estimated at 236 ± 13 pN (mean ±
s.e.m.).

We illustrate our approach by examining the strength of the specific interaction
between Strep‐Tactin (Voss and Skerra 1997; Korndorfer and Skerra 2002) and Strep‐tag
II (Schmidt, Koepke et al. 1996) (Fig. 18), the molecular system which is commonly
exploited for protein purification. We fused 8 amino acids of short‐affinity tag, Strep‐tag
II, into the C‐terminus of our force probe, I27‐(SNase‐I27)3‐Strep‐tag II. Then, Strep‐
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tagged force probes were incubated with soluble Strep‐Tactin, an engineered
streptavidin with an increased Strep‐tag binding affinity. The mixture was deposited on
gold surface for single molecule force spectroscopy measurements in solution. Since the
rupture force between Strep‐tag II and Strep‐Tactin was estimated at approximately 40
pN at loading rate of 340 pN/s (Tang, Ebner et al. 2008), we expect that the unfolding of
SNase should precede the rupture event generating a single molecule fingerprint for our
measurements. Because Strep‐Tactin provides four binding sites for Strep‐tag II, each
Strep‐Tactin may have from zero up to four force probe molecule attached to it.
However, by counting the number of characteristic unfolding force peaks in force‐
extension curves determined by AFM, we can easily identify the stoichiometry of Strep‐
Tactin and Strep‐Tag II complexes probed by force spectroscopy. Based on the design of
our force probe, we need to register a minimum of four force peaks corresponding to the
unfolding of SNase to be absolutely sure that the AFM tip picked up a fragment
containing Strep‐Tactin. Then, by examining the level of unfolding forces, we can make
sure that less than two force probes were attached onto Strep‐Tactin as illustrated in
figure 20A.
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Figure 18. Strep‐tagged force probes and the Strep‐Tactin complexes
Strep‐tag II peptide (blue) was fused into the C‐terminus of the force probe, and then
mixed with their soluble binding partner, Strep‐Tactin tetramers (yellow). As a result,
the complex, composed of zero to four Strep‐tagged force probes and a single Strep‐
Tactin, can be constructed. Strep‐tag II binds to the Strep‐Tactin not by direct contacts,
but by lowering the conformational entropy (PDB: 1KL5) (Korndorfer and Skerra 2002).

4.2 Materials and Methods
4.2.1 Constructing the Protein-Based Force Probe
The force probe composed of three SNase domains and four I27 domains of titin,
pAFM1‐8 (SNase 2, 4, 6), was constructed by replacing each individual module of
pAFM1‐8 plasmids in the cassettes fashion as previously described (Steward, Toca‐
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Herrera et al. 2002; Wang, Tsong et al. 2011). The Strep‐tag II, WSHPQFEK, was
synthesized and fused into the position 8 of pAFM 1‐8(SNase 2, 4, 6) plasmids and then
used for protein expression. Plasmids were transformed into E.coli OverExpress
C41(DE3)pLysS cells (Lucigen, Middleton, WI, catalog #60444). A freshly‐grown
bacterial colony was inoculated in 3ml LB Broth medium with 1mM ampicillin at 37˚C
for overnight. For pre‐culture, 50ul of overnight culture of I27‐(SNase‐I27)3‐Strep‐tag II
was inoculated into 5ml EBTM (Zymoresearch, Orange, CA, USA, catalog # M3012) for 4
hours at 37˚C (OD600 > 1). Proteins were expressed for overnight at room temperature by
adding 15ml of OB TM (Zymoresearch, catalog # M3013) in the presence of 0.5mM IPTG.
Cells were harvested by spinning down at 4k x g for 20 min, and then frozen at ‐80˚C.
Thawed cells were resuspended with Lysis buffer including Lysozyme and Benzonase
Nuclease (QIAGEN, catalog #37900). The lysates were spun down at 14k x g for 30 min
at 4˚C. Polyproteins, I27‐(SNase‐I27)3‐Strep‐tag II which contain N‐terminal 6x His‐tag,
were purified by Ni‐NTA Superflow Column (QIAGEN, catalog #30622). His‐tagged
polyproteins were eluted by the wash buffer in the presence of 250 mM imidazole.
Eluted proteins were loaded into the Slide‐A‐Lyzer G2 Dialysis Cassette (Thermo
Scientific, Rockford, IL, USA, product #87735) and dialyzed against 2 L of 100 mM Tris‐
HCl, 150 mM NaCl buffer, and 0.5 mM Tcep (Thermo Scientific, Rockford, IL, product
#77720) (pH ~7.6) for overnight. Dialyzed samples were concentrated by using Amicon
Ultra‐15 Centrifugal 50kDa Filter Unit with Ultracell (Millipore, Billerica, MA, USA,
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catalog # UFC905024). Proteins were determined to be greater than 95 % pure by SDS‐
PAGE gel analysis.

4.2.2 Strep-Tagged Force Probes and Strep-Tactin Complexes
Preparation for AFM Measurements
To create Strep‐tag II and Strep‐Tactin complexes, 1.1 uM (~100 ug/ml) of Strep‐
tagged I27‐(SNase‐I27)3 and 10~100 nM of soluble Strep‐Tactin (IBA GmbH, Göttingen,
Germany, catalog #2‐1204‐005) were mixed in solution containing 100 mM Tric‐Hcl (pH
7.6), 150 mM NaCl, and 0.5 mM TCEP for more than 30 min at room temperature. For
control experiment, I27‐(SNase‐I27)3‐Strep‐tag II proteins were prepared without soluble
Strep‐Tactin. Prepared samples, I27‐(SNase‐I27)3‐Strep‐tag II and Strep‐Tactin complexes
and the control sample were incubated on a freshly prepared gold surface for 30 min.
Then, without washing, samples were utilized for AFM pulling experiment at room
temperature.

4.2.3 Single-Molecule AFM Measurements
To create Strep‐tag II and Strep‐Tactin complexes, 1.1 uM (~100 ug/ml) of Strep‐
tagged I27‐(SNase‐I27)3 and 10~100 nM of soluble Strep‐Tactin (IBA GmbH, Göttingen,
Germany, catalog #2‐1204‐005) were mixed in solution containing 100mM Tric‐Hcl (pH
7.6), 150 mM NaCl, and 0.5 mM TCEP for more than 30 min at room temperature. For
control experiment, I27‐(SNase‐I27)3‐Strep‐tag II proteins were prepared without soluble
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Strep‐Tactin. Prepared samples, I27‐(SNase‐I27)3‐Strep‐tag II and Strep‐Tactin complexes
and the control sample were incubated on a freshly cleaned gold surface for 30 min.
Then, without washing, samples were utilized for AFM pulling experiment at room
temperature.

4.2.4 AFM Data Analysis
Probability density functions (pdf) of obtained rupture forces were generated by
kernel density estimation (Scott 1979; Scott 1992). By applying Gaussian fits on pdfs,
average unbinding (or rupture) forces (Fub) in each apparent loading rate were
determined. The apparent loading rate (ΔF / Δt) was calculated by multiplying the piezo
speed (vp = Δzp / Δt) and the effective spring constant (keff). Effective spring constants,
which considered the effect of both cantilever and flexible chain linkers of I27‐(SNase‐
I27)3‐Strep‐tag II, were determined by measuring the linear slope (ΔF / Δzp) right before
the rupture event occurred on the curve of force‐piezo scan distance (blue dashed line in
Fig. 19A), as described elsewhere (Hinterdorfer 2010). To obtain kinetic values for
determining the energy profile between Strep‐tag II and Strep‐Tactin, the average
rupture forces (Fub) to the logarithm of apparent loading rates (rApp) were plotted (Fig.
23A) (Evans and Ritchie 1997). The zero strength kinetic off‐rate, koff(0), was calculated
by the extrapolation of linear slope on the Fub‐ln(rApp) plot with the following equation
(Bell 1978; Evans and Ritchie 1997; Merkel, Nassoy et al. 1999):
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toff (0) = koff (0) −1 =

k BT
xub ∗ rApp , Fub = 0

where xub is the characteristic length scale, the distance between the bound state to the
transition state in the energy profile. The bond life time for spontaneous dissociation by
applied forces, t(Fub), was calculated by the following equation (Evans and Ritchie 1997;
Merkel, Nassoy et al. 1999):

⎡
F ⎤
toff ( Fub ) = ⎢koff (0) exp( ub )⎥
f ub ⎦
⎣

−1

where fub is thermal force scale, the ratio of thermal energy, kBT, to the characteristic
length scale, xub.
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Figure 19. Determination of the effective spring constant (keff) and the apparent
loading rate (rApp)
(A), By measuring the linear slope (ii → iii; dashed blue line) on the curve of force (F) ‐
piezo travelling distance (zp), effective spring constant (keff), which considered the effect
of the cantilever spring constant and the force probes, can be calculated. (B), A constant
pulling speed applied onto the piezo, vp, generates external forces onto both AFM
cantilever and the protein‐based force probes. This causes cantilever bending, Δzc, and
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contour length increments on the molecule, ΔzLc(ii→iii). With obtained values, apparent
loading rates can be calculated by the following equation: rApp= keff ∙ vp = (ΔF / Δzp) ∙ (Δzp /
Δt) = ΔF / Δt.

4.3 Results and Discussion§
4.3.1 Direct Evidences that Intermolecular Interactions of Single
System are Measured by the Force Probe
Figure 20B illustrates examples of AFM‐obtained force‐extension curves of Strep‐
tag II and Strep‐Tactin complexes obtained at different pulling speeds, using our force
probe assay. They all displayed a set of 4 or more regularly spaced unfolding force
peaks indicating that Strep‐Tactin and Strep‐tag II complexes were present in protein
fragments picked up by the AFM tip. In addition, the fits of the worm‐like chain model
(Bustamante, Marko et al. 1994) to the data indicate that each unfolding event
contributes 46 and 47 nm which is also consistent with the unfolding length of the SNase
(Wang, Tsong et al. 2011). Moreover, the unfolding forces are consistent with the
unfolding forces measured previously for SNase flanked by I27 domain (See also Fig. 21)
(Wang, Tsong et al. 2011). Interestingly, when stretching Strep‐Tag II and Strep‐Tactin
complexes using our force probes, we never recorded I27 unfolding force peaks in those
experiments which captured four or more SNase unfolding force peaks. However, I27
unfolding force peaks were recorded together with SNase unfolding force peaks in those

§

Further analysis is in Appendix B.
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measurements which were performed on fragments that did not include Strep‐tag and
Strep‐Tactin complex as judged by the number of SNase force peaks less than four.
Taken together, these observations provide strong evidence that the AFM data shown in
figure 20B was obtained on individual protein complexes as illustrated in figure 20A.
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Figure 20. Measuring unbinding interactions between Strep‐tagged force probes and
an individual Strep‐Tactin by AFM based single‐molecule force spectroscopy
(A), An experimental geometry; (B), Obtained force‐extension curves with various AFM
pulling speeds show four or more clear mechanical fingerprints of SNase modules
which directly indicate that AFM measures the strength of intermolecular forces
between Strep‐tag II and Strep‐Tactin as illustrated in (A). Obviously, the self‐assembling
interactions are stronger than mechanical unfolding of SNase domains. Gray lines on
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force curves are WLC fits with contour length increments, ΔLc = 47 nm for 500 nm/s
while 46 nm for others, and persistent length, p= 0.8 nm for 3000 nm/s while 1 nm for
others. After determining apparent loading rates, rApp, by calculating effective spring
constant, keff (Fig. 19), distributions of final forces (blue circles) are plotted by probability
density functions (pdf; blue lines) in (C). Single Gaussian fit is applied on each pdf to
decide average unbinding forces (Fub) in given loading rates.

Figure 21. Comparison of SNase unfolding forces which obtained from Strep‐tagged
force probes‐Strep‐Tactin complexes and Strep‐tagged force probes only
SNase unfolding forces are linearly correlated with the logarithm of AFM pulling speeds
for both Strep‐tagged force probes with (n = 709, 159 molecules, black triangle, solid line)
and without Strep‐Tactins (n = 424, 192 molecules, empty triangle, dashed line).
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4.3.2 Insignificant Effect of Detachments Events on Rupture Events
Final force peaks in figure 20B (blue circles) at which the applied force dropped
to zero indicate that following these events the molecular bridge between the AFM tip
and the substrate ceased to exist because either Strep‐tag II was separated from Strep‐
Tactin or one of the molecule termini detached from the AFM tip or the substrate. To
distinguish between these two possibilities, we measured detachment forces separately
by using only Strep‐tagged force probe molecules without Strep‐Tactin. The comparison
of probability density functions (pdf) of rupture and/or detachment and detachment
forces determined from final force peaks is shown in figure 22. We conclude that when
stretching Strep‐tag II and Strep‐Tactin complexes, the occurrences of detachment events
is only around 10 % at the 99 % confidence level with 90 % being rupture events.

Figure 22. Comparison of measured final forces between Strep‐tagged force probes ‐
Strep‐Tactin complexes and Strep‐tagged force probes only
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(A), To differentiate rupture events (blue circle on the inset) from detachment events
(gray circles on the inset), we compared pdfs of final forces which obtained from Strep‐
tagged force probes with and without Strep‐Tactin. (A)‐(B), Only around 10 % of
detachment events (Fd, gray lines) are fallen into the 99 % confidence level of final forces
measured on the complexes (Fub, blue lines). Therefore, we can conclude that most
obtained final forces on Strep‐tagged force probes and Strep‐Tactin complexes are
dominated by rupture events rather than detachment events.

4.3.3 The Energy Profile between Strep-Tag II and Strep-Tactin
In figure 20C, we show distributions of rupture events between Strep‐tag II and
Strep‐Tactin at various loading rates. Consistent with other ligand‐receptor system, such
as biotin‐streptavidin (Merkel, Nassoy et al. 1999), we also observed significant
widening of pdfs at higher loading rates (Strunz, Oroszlan et al. 1999; Zhang, Craig et al.
2004). Following the approach developed by Evans and Ritchie (Evans and Ritchie 1997)
and modified by Hiterdorfer et al (Hinterdorfer 2010), we plotted the dependence of
average rupture force on the logarithm of the apparent loading rate (Fig. 23A) and found
this relationship to be linear. We conclude that in the range of examined loading rates,
there is a single energy barrier (Evans and Ritchie 1997; Merkel, Nassoy et al. 1999)
between bound and unbound state of Strep‐tag II and Strep‐Tactin. From figure 23A, we
determined the distance between bound to transition state, xub, to be 3.12 Å and a zero
force kinetic off‐rate (Bell 1978; Evans and Ritchie 1997; Merkel, Nassoy et al. 1999),
koff(0), to be 0.74 s‐1 (Fig. 23B). For comparison, Hinterdorfer et al. (Tang, Ebner et al.
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2008) by attaching Strep‐tag II to a substrate and streptavidin to the AFM tip, determined
the zero force kinetic off‐rate for this pair to be 2.38 s‐1. Our results show stronger
interactions between Strep‐tag II and Strep‐Tactin as compared to Strep‐tag II and
streptavidin consistent with the increased affinity of Strep‐Tactin toward Strep‐tag II
(Voss and Skerra 1997).

Figure 23. Unbinding kinetics between the Strep‐tag II and the Strep‐Tactin
(A), Average unbinding forces (Fub, blue circles ± error bars, mean ± s.e.m.) between
Strep‐tag II and Strep‐Tactin from Gaussian fits linearly depend on the logarithm of
apparent loading rates. (B), Based on the result, a single energy barrier between Strep‐tag
II and Strep‐Tactin can be plotted with the zero force kinetic off rate of 0.74 s‐1, koff(0), and
the distance between bound to transition state of 0.31 nm, xub. The bond life time, koff‐1
(Fub), is decreased to 2 ms in a given loading rate of 7100 ± 371 pN∙ s‐1 (mean ± s.e.m.).
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4.3.4 Advantages of Utilizing the Protein-Based Force Probe for AFM
Rupturing Measurements
We note that the novelty of our approach is in exploiting mechanically weak
modules for fingerprinting single molecule rupture events. Previously, I27 tandem
repeat proteins or other strong immunoglobulin‐like domains with unfolding forces
exceeding 60 pN were used in similar applications (Bertz, Chen et al. 2010). However,
such probes would not be able to capture unbinding events between weakly associated
complexes such a Strep‐tag II and Strep‐Tactin whose rupture forces are significantly less
than 60 pN. In the specific system examined here, I27 domains were not used for
fingerprinting single molecule rupture events but the absence of I27 unfolding peaks in
force‐extension curves allowed us to easily rate the strength of Strep‐tag II and Strep‐
Tactin as significantly lower than 200 pN. When probing molecular complexes with
higher affinities that will likely rupture at greater forces, exceeding the unfolding force
of I27, the presence of mechanically strong reference modules is also advantages
(chapter 5). To probe unbinding forces of strong protein complexes and to characterize
their energy barrier by AFM, stiff AFM cantilevers that are able to produce greater
loading rates will be needed. However, their increased force noise level could easily
bury the unfolding force signals produced by SNase domains while force peaks
corresponding to mechanical unfolding of I27 domains should be easy to identify.
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4.4 Conclusions
So far, we demonstrated the use of our force probe to measure single rupture
events involving two components in an “A‐B‐A” configuration. By fusing protein “B” to
our force probe, we can similarly examine by AFM “A‐B”, and “A‐C‐B” (also “A‐A”)
configurations allowing us to probe the strength of interactions within many protein
complexes composed of homo‐ and hetero‐dimers, and even higher oligomeric forms.
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5. Protein Nano-Hubs for Supramolecular Networks and
Materials**
5.1 Introduction
Nucleic acids and polypeptides are attractive candidates for bio‐inspired
materials with unusual properties. Because of molecular self‐assembly through specific
complementary base pairing, DNA building blocks can be ligated into 2D or 3D
supramolecular architectures with desired properties and functions (LaBean and Li
2007; Seeman 2010; Shih and Lin 2010). Although folding rules for polypeptides are still
not fully understood, in principle, they offer even a greater variety of structures and
properties as compared to DNA. Due to their unique mechanical unfolding and
refolding properties, some protein building blocks have already been used to create
novel elastomeric materials with various applications such as muscle mimics (Lv, Dudek
et al. 2010). To develop protein‐based novel materials, polypeptides building blocks
need to be connected to one another. For example, photochemical crosslinking of
neighboring tyrosines was recently used to produce a bulk protein‐based new
elastomeric material (Lv, Dudek et al. 2010). However, supramolecular materials
randomly crosslinked by such methods typically lose advantageous properties of
individual proteins of which they are made, such as large stretch ratios. Here, we

**

Chien‐Chung Wang prepared pAFM1‐8(SNase 2, 4, 6) plasmids. Fabrizio Benedetti

wrote the kernel density estimation code.
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propose to crosslink polypeptide building blocks into supramolecular structures using
molecular self‐assembly exploiting a natural tendency of some proteins to form specific
oligomeric complexes. The advantage of this approach is that the oligomerizing unit can,
on the DNA level, be fused with building blocks themselves.
As a model protein cross‐linker, we have chosen streptavidin (Sano and Cantor
2000). Streptavidin monomers are known to form tetramers (Chaiet and Wolf 1964;
Argarana, Kuntz et al. 1986; Pahler, Hendrickson et al. 1987; Hendrickson, Pahler et al.
1989; Weber, Ohlendorf et al. 1989) of high thermal stability (Gonzalez, Argarana et al.
1999) that could potentially serve as hubs in supramolecular networks. An important
characteristic of cross‐linkers is their mechanical strength that will affect tensile strength
of materials. Even though numerous studies addressed the strength of the interaction
between biotin and streptavidin (Florin, Moy et al. 1994; Moy, Florin et al. 1994; Wong,
Joselevich et al. 1998; Merkel, Nassoy et al. 1999; Lee, Wang et al. 2007) (for a recent
review on this subject see, for example, ref. Lee, Wang et al. 2007), to the best of our
knowledge, none directly investigated the mechanical strength of streptavidin tetramers
themselves. Because, in general, high thermal stability of proteins or their complexes not
always translates into high mechanical strength (Oberhauser, Badilla‐Fernandez et al.
2002; Junker, Hell et al. 2005; Lee, Zeng et al. 2010), in order to determine the mechanical
strength of a streptavidin tetramer, it is necessary to directly measure the force required
to separate streptavidin monomers from each other. In addition, it is presently unknown

103

whether foreign polypeptide chains (building blocks of materials) attached to
streptavidin monomers will compromise their ability to form strong tetramers. To
evaluate whether streptavidin can be an appropriate cross‐linker for protein based
materials, it is, therefore, necessary to examine the ability of streptavidin monomers
functionalized with other polypeptides to form correctly folded tetramers, and to
determine tetramers’ tensile strength in the presence of these building blocks. Here, we
used protein engineering to create polypeptides terminated with monomeric
streptavidin and used atomic force microscopy (AFM) to evaluate the mechanical
behavior of streptavidin tetramers in the presence of these polypeptide building blocks.

5.1.1 Designing Streptavidin Based Supramolecular Structures
Structural studies revealed that identical streptavidin monomers (A, B, C and D)
are assembled into tetramers as dimers of dimers (Fig. 24) (Hendrickson, Pahler et al.
1989; Weber, Ohlendorf et al. 1989). Based on the crystal structure of streptavidin
(Hendrickson, Pahler et al. 1989; Weber, Ohlendorf et al. 1989), monomers are tightly
associated into dimers (Weber, Ohlendorf et al. 1989) by strong interactions across A and
B (AB) and C and D (CD) interfaces with the large contact areas (~16 nm2), which involve
seventeen hydrogen bonds (H‐bonds) and other non‐covalent interactions(Wu and
Wong 2005). Relatively weak interactions exist in cross‐interfaces between monomers A
and D (AD) and B and C (BC) with only two H‐bonds and other interactions, which
104

involve relatively small contact areas (~5 nm2) (Weber, Ohlendorf et al. 1989; Wu and
Wong 2005). Even weaker interactions occur across A and C and B and D interfaces
contact area of which is less than ~2 nm2 (Wu and Wong 2005).
This analysis suggests that the internal interfaces within a streptavidin tetramer
may have different mechanical strengths and because of this anisotropy, the mechanical
strength of streptavidin tetramer may actually depend in a complicate fashion on the
pulling geometry. Several distinct possible pulling geometries are illustrated in figure
24B (blue arrows). We anticipate that breaking an interface within dimers (AB or CD by
F1 in Fig. 24B) will require higher force than separating dimers which should occur at
lower forces (AB and CD by F2 or F3 in Fig. 24B). Because AB and CD interfaces involve
each 17 H‐bonds, we predict the rupture force of the AB (or CD) interface to be
significantly greater than 200 pN. This rough estimate is based on the value of the force
that is necessary to shear 6 H‐bonds in unfolding measurements of the I27 domain of
titin, which at pulling speeds of around 1000 nm/s was determined to be about 200 pN
(Lu, Isralewitz et al. 1998; Marszalek, Lu et al. 1999; Lu and Schulten 2000). Because
separating AB and CD dimers from each other will involve breaking 4 H‐bonds, we
anticipate rupture forces to be less than 200 pN.
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Figure 24. A model protein cross‐linker, the streptavidin tetramer
(A), The crystal structure of the streptavidin (PDB: 1MK5) shows that four identical
streptavidin monomers (A, B, C and D) are self‐assembled to each other with six
interfaces. A(C) can bind to B(D) to create dimers. Then, the tetramer is assembled by
cross interactions between A(B) and D(C), and weak interactions between A(B) and C(D)
(Weber, Ohlendorf et al. 1989; Wu and Wong 2005). (B), When polypeptide building
blocks are fused into the N‐terminus of streptavidin tetramers, three pulling geometries
are possible during AFM based force spectroscopy measurements. Orange circles
indicate biotin binding sites (solid circles for top binding sites and dashed circles for
bottom sites). Gray shades represent contact areas between monomers by H‐bonds
and/or other non‐covalent interactions.

To measure the mechanical strength of streptavidin tetramers, we engineered
two protein constructs. The first construct was composed of a streptavidin monomer
and six tandem repeats of I27 domain of titin connected to its N‐terminus, I276‐SM (the
streptavidin monomer) (Fig. 25A). I27 domains serve here as a mechanical handle
allowing applying external forces to monomeric units in a streptavidin tetramer (Fig.
25B). They are an excellent mechanical reference by providing a unique mechanical
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unfolding fingerprint (Rief, Gautel et al. 1997; Carrion‐Vazquez, Oberhauser et al. 1999;
Marszalek, Lu et al. 1999; Williams, Fowler et al. 2003; Wang, Tsong et al. 2011) allow the
identification of single molecule experiments. In addition, based on the above analysis,
we expect that streptavidin tetramers stretched by F1 (Fig. 24B) should be mechanically
stronger than I27 domains, and therefore, in single‐molecule force spectroscopy
measurements by AFM, I27 domains should unfold before the monomers in the dimers
(AB or CD) separate allow the easy identification of these events as explained later.
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Figure 25. Designing well‐defined protein‐based building blocks for constructing
self‐assembled supramolecular structures
(A), Well‐defined protein‐based building blocks are constructed by genetically fusing
the biological cross‐linker, the streptavidin monomer, to the C‐terminus of elastomeric
proteins, tandem repeats of I27 domains. (B), While expressing the building blocks in
E.coli, they will self‐assemble each other because of the streptavidin monomers, and
create tetrameric higher‐order structures, (I276‐SM)4.

However, if rupture forces are significantly less than 200 pN, streptavidin will
breakdown before I27 domains unfold and therefore, this construct will not be useful to
capture these low force events. To identify these possible low force rupture events, we
designed a second construct composed of a streptavidin monomer and an N‐terminal
handle composed of three staphylococcal nuclease modules (SNase) interspersed with
three I27 domains. SNase domains were recently shown to produce regular mechanical
unfolding fingerprints similar to that of I27 but with significantly lower unfolding forces
of 25pN (Wang, Tsong et al. 2011). If the force necessary to separate dimers in
streptavidin is somewhat greater than 25 pN, SNase domains should unfold before AB
and CD dimers separate allowing the straightforward identification of these events.

108

5.2 Materials and Methods
5.2.1 Enhancing the Solubility of Streptavidin-based Protein Building
Blocks
When partner proteins are fused into the N‐terminus of streptavidin, the folding
ability of streptavidin‐based complexes has been limited to produce the complexes from
inclusion bodies (Sano and Cantor 2000). In that particular case, we assumed that the
folding failure is due to the denaturing‐refolding procedure to recover polypeptides
from inclusion bodies. To avoid these steps, we planned to follow one of the strategies to
increase protein solubility by using soluble long polypeptide tags which act to aid in
solubilizing recombinant proteins (Terpe 2003; Waugh 2005), for instance, maltose
binding protein (MBP) (Sorensen, Sperling‐Petersen et al. 2003).
Soluble long I276 (Carrion‐Vazquez, Oberhauser et al. 1999; Steward, Toca‐
Herrera et al. 2002) and (I27‐SNase)3 (Wang, Tsong et al. 2011) polypeptides were
genetically fused into the N‐terminus of streptavidin to increase the solubility of
recombinant streptavidin complexes during protein expression and purification. Based
upon protein gel analysis (Fig. 26), we confirmed that designed fusion proteins are
soluble and produced without protein denaturing‐refolding procedure. Therefore, we
concluded that our soluble tandemly repeated protein domains enhanced the solubility
of streptavidin‐based complexes, and this fact allowed us to simply adapt conventional
protein expression and purification methods.
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Figure 26. Protein expression of genetically fused six tandem repeats of I27 domains
and the streptavidin monomer, I276‐SM
After cell lysis, total proteins from cell crudes (T) and soluble fraction (S) were analyzed
by SDS‐PAGE. In the presence of 0.5 mM IPTG (+), I276‐SMs (~78 kDa) were only
induced on both T and S fractions (black arrow). Based on SDS‐PAGE, most of our
streptavidin‐based protein complexes were expressed in soluble fractions.

5.2.2 Protein Engineering
To prepare I276‐SM (streptavidin monomer) and (I27‐SNase)3‐SM plasmids, core
streptavidin gene (residues 13‐139) in pET21a plasmid were amplified by polymerase
chain reaction (PCR) with following forward and reverse primers which include Spe I
and EcoR I restriction enzyme sites (underlined), respectively; 5’‐
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GAAGAAACTAGTGGCGCCGGCGCCGCTGAAGCTGGTATCACC‐3’ and 5’‐
GAAGAAGAATTCCTACTAATGATGATGATGATGATGGGCGCCGGAAGCAGCGG
ACGGTTT‐3’ (Integrated DNA Technologies, Coralville, IA, USA). Digested by Spe I and
EcoR I restriction enzymes, and gel purified (QIAquick Gel Extraction kit, QIAGEN,
Valencia, CA, USA, catalog # 28706) PCR products were cloned into 7th and 8th positions
of pAFM1‐8 and pAFM1‐8(SNase 2, 4, 6) plasmids (Steward, Toca‐Herrera et al. 2002;
Wang, Tsong et al. 2011). To construct I277 plasmid, the following oligonucleotides
which contain Mlu I and EcoR I restriction enzyme sites (underlined) were annealed, and
then cloned into the position 8 of pAFM 1‐8 plasmid; 5’‐ CGCGTGGCGCCGGCGCC
CATCATCATCATCATCATTAGTAGG‐3’ and 5’‐
AATTCCTACTAATGATGATGATGATGATG GGCGCCGGCGCCA‐3’ (Integrated
DNA Technologies, Coralville, IA, USA).
All plasmids were transformed into E.coli OverExpress C41(DE3) pLysS cells
(Lucigen, Middleton, WI, catalog # 60444). A freshly‐grown bacterial colony was
inoculated in 3ml LB Broth medium with 1mM ampicillin at 37˚C for overnight. For pre‐
culture, 50ul of overnight culture of all samples were inoculated into 5ml EBTM
(Zymoresearch, Orange, CA, USA, catalog # M3012) until OD600 > 1 at 37˚C. Proteins
were expressed for overnight at room temperature by adding 15 ml of OB TM
(Zymoresearch, catalog # M3013) in the presence of 0.5 mM IPTG. The cells were
harvested by spinning down at 4k x g for 20 min, and then frozen at ‐80˚C. Thawed cells
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were resuspended with Lysis buffer including Lysozyme and Benzonase Nuclease
(QIAGEN, catalog # 37900). The lysates were spun down at 14k x g for 30 min at 4˚C.
Polyhistidine tagged proteins, I278, I27‐(SNase‐I27)3, I277, (I276‐SM)4 and [(I27‐SNase)3‐
SM]4, were purified by Ni‐NTA Superflow Columns (QIAGEN, catalog # 30622). These
polyproteins were eluted by the wash buffer in the presence of 250 mM imidazole.
Eluted proteins were loaded into the Slide‐A‐Lyzer G2 Dialysis Cassette (Thermo
Scientific, Rockford, IL, USA, product # 87735) and dialyzed against 2L of 100 mM Tris‐
HCl, 150 mM NaCl buffer, and 0.5 mM Tcep (Thermo Scientific, Rockford, IL, product #
77720) (pH ~7.6) for overnight. Dialyzed samples were concentrated by using Amicon
Ultra‐0.5 and 15 Centrifugal Filter Device (50kDa for I278, I27‐(SNase‐I27)3 and I277 and
100kDa for (I276‐SM)4 and [(I27‐SNase)3‐SM]4 (Millipore, Billerica, MA, USA, catalog #
UFC510024 and UFC905024). Proteins were determined to be greater than 95 % pure by
SDS‐PAGE gel analysis. The size of (I276‐SM)4 and [(I27‐SNase)3‐SM)]4 was characterized
by SDS‐PAGE (Invitrogen, Camarillo, CA, catalog # EA0378) and NativePAGE
(Invitrogen, catalog # BN1003).

5.2.3 SDS-PAGE and Native PAGE Analysis
To determine that (I276‐SM)4 structures are constructed as intended, we
measured the molecular mass of denatured and intact proteins by running on SDS‐
PAGE and Native PAGE (Fig. 27). As expected, denatured proteins ran similar to the
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estimated molecular weight based on protein residues, such as ~78 kDa for I276‐SM (Fig.
27A). To examine whether (I276‐SM)4 are constructed or not, we ran the intact tetramers
on a native gel. Since the mobility rate of the intact (I276‐SM)4 structures on a native gel,
however, is not known, and the mobility rate can be affected by the shape of tandem
repeats of a I27domain, we ran (I276‐SM)4 together with I278 constructs as a control
experiment. One clear single band was observed on the native gel for both (I276‐SM)4
and I278 (Fig. 25B and 25D). However, when considering the expected molecular mass of
both proteins based on their residues, (I276‐SM)4 = ~78kDa x 4 and I278 = ~84 kDa, the
molecular mass on the native gel for both constructs are overestimated. While carefully
analyzing the result of I278 on the native gel (Fig. 27D), we realized that tandem repeats
of the I27 domain run slowly on the native gel. This effect also influenced the mobility of
tetrameric complexes in figure 27B. Therefore, we confirmed that I276‐SM (Fig. 25A, Fig.
27A) were clearly self‐assembled into tetrameric structures, (I276‐SM)4 (Fig. 25B, Fig.
27B).
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Figure 27. Protein gel analysis on denatured and intact structures of (I276‐SM)4 and
I278
(A), I276‐SM constructs on SDS‐PAGE; (B), (I276‐SM)4 constructs on a native gel; (C), I278
constructs on SDS‐PAGE; (D), I278 constructs on a native gel. By comparing all results
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captured on SDS‐PAGE and native gels (A‐D), we found that tandem repeats of the I27
domain decrease the mobility rate of both (I276‐SM)4 and I278 constructs on a native gel.

On the other hand, [(I27‐SNase)3‐SM]4 complexes showed consistent results on
SDS‐PAGE and a native gel with single bands (Fig. 28). Thus, we also confirmed that
designed streptavidin‐based fusion proteins were clearly self‐assembled into tetramers.

Figure 28. Protein gel analysis on denatured and intact structures of [(I27‐SNase)3‐
SM]4
(A), (I27‐SNase)3‐SM constructs on SDS‐PAGE; (B), [(I27‐SNase)3‐SM]4 constructs on a
native gel.

115

5.2.4 Size-Controlled Biotinylated DNA
To produce one end biotin‐labeled size‐controlled double‐stranded DNA (1.5kb),
the β‐catenin plasmid (Kim, Abdi et al. 2010) was amplified by polymerase chain
reaction (PCR), with Pfu Turbo Hotstart PCR master mix (Agilent Technologies, Santa
Clara, CA, USA, catalog # 600600) and following forward and reverse PCR primers
where only forward primer contains 5’ biotin (Integrated DNA Technologies, Coralville,
IA, USA); 5ʹ‐biotin‐TCAGGCTCAGGCATGCTGAAACATGCAGTTGTAAACTTGATT‐
3ʹ and 5ʹ‐GCCTGAGCCTGAAGCAAGTTCACAGAGGACCCCTGCAGCTAC‐3ʹ. After
performing PCR and DNA gel extraction and purification, 1.5 kb 5’‐end biotinylated
DNA were obtained.

5.2.5 AFM Imaging on Self-Assembled Biotinylated DNA to (I276-SM)4
and Streptavidin
In order to verify the function of biotin binding pockets in streptavidin‐based
tetrameric structures, we performed AFM imaging on self‐assembled biotinylated DNA
to (I276‐SM)4 and pure streptavidin (SA) (product # 21122, Thermo Scientific, Rockford,
IL). The biotinylated DNA and (I276‐SM)4 or the DNA and SA were mixed with the
molar ratio of 2:1 in the buffer containing 20mM Tris‐HCl, 100mM potassium glutamate,
0.4mM DTT and 10mM MgCl2 for more than 30 min at room temperature prior to
incubating on mica. After 1 min incubation on freshly cleaved mica, samples were
thoroughly washed by deionized H2O and air‐drying before AFM imaging. Images were
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collected with the Nanoscope V MultiModeTM Scanning Probe Microscope (Veeco
Instruments Inc., Santa Barbara, CA) using tapping mode with an E scanner. RTESP
probes (Veeco, Santa Barbara, CA, USA) with resonance frequencies of ~300 kHz were
used for air imaging. All images for self‐assembled biotinylated DNA/(I276‐SM)4 and the
DNA/SA complexes were captured at a scan rate of ~3.0 Hz, with 1024 x 1024 pixel
resolution, and with a scan size of 2 x 2 um. Images were analyzed to determine the
function of biotin binding pockets between (I276‐SM)4 and the pure streptavidin
tetramer, by comparing the number of DNA on each protein.

5.2.6 AFM Stretching Measurements
All force/extension measurements were carried out on custom‐built AFM
instruments as described previously (Marszalek, Oberhauser et al. 1998; Oberhauser,
Marszalek et al. 1998; Rabbi and Marszalek 2008). To mimic the similar working
condition when streptavidin‐based supramolecular structures are fully connected with
other biotinylated materials for possibly creating networks, we present soluble 10uM d‐
biotins (Avidity, Aurora, CO, product # BIO200) at all times for our experiments. All
samples were picked up for stretching measurements with an untreated sharpen AFM
tip with pulling speeds of around 500 nm/s (MSNL, Veeco, Santa Barbara, CA, USA).
The spring constant of each cantilever was calibrated on a fresh mica substrate in the
same buffer for the stock protein solution with additional biotins. By using the energy
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equipartition theorem (Florin, Rief et al. 1995), we obtained 12~20 pN∙nm‐1 of cantilever
spring constants with ~15 pN force resolution at pulling speed of 500 nm/s in solution at
room temperature. 1–4 mg/ml of all stock protein samples were diluted into 4–40 ug/ml
for (I276‐SM)4 and I277 constructs, and 50‐100 ug/ml for [(I27‐SNase)3‐SM]4 and I27‐
(SNase‐I27)3 constructs with the same buffer for cantilever calibration. Diluted I277 and
(I276‐SM)4 were incubated on a freshly cleaned glass substrate, while I27‐(SNase‐I27)3
and [(I27‐SNase)3‐SM]4 were incubated on a gold substrate. After 40 min incubation, all
samples were gently washed (1‐2 times) with the buffer to remove weakly bound
samples. During AFM experiments, the sample on the piezo performed to move toward
to the cantilever and returned to its original position, and then shift to the next location
by the 3‐axis piezoelectric stage. By this approach, the single pulling with sharpen tip on
all different pulling locations would increase the possibility to test intact molecules.

5.2.7 Data Selection Criteria to Determine Rupture Force Events of
the Streptavidin Tetramer
During analyzing force‐extension curves, we made the criteria to clearly
determine rupture force events of streptavidin tetramer. With the assumption that
intermolecular interactions of streptavidin tetramer are stronger than mechanical
unfolding of either I27 or SNase domains, we only choose force curves which contain 7
or more fingerprints of I27 (Fig. 34B) or 4 or more fingerprints of SNase modules (Fig.
35B). Although less than 7 I27 (or 4 SNase) force peaks are observed (Fig. 29), it is still
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possible that rupture force events of streptavidin tetramer can be captured in force‐
extension curves (blue circle in Fig. 29A). However, most measured forces would be
detachment forces (gray circles in Fig. 27). Therefore, to reduce numerous possibilities of
measuring detachment forces, we only consider data which match our data selection
criteria, i.e. mechanical unfolding of 7 or more I27 domains or 4 or more SNase modules
(Fig. 34B and Fig. 35B).
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Figure 29. Possible experimental schematics of final forces in force‐extension curves
during AFM force spectroscopy measurements when less than 7 mechanical
fingerprints of I27 domains are considered
(A)‐(C), Three experimental geometries are possible when force‐extension curves
contain 6 or less I27 unfolding force peaks. With the assumption that rupture forces of
streptavidin is stronger than unfolding forces of I27 domains, only one case in (A) can
really measure the rupture force of the streptavidin (blue circle). For easy identification
of the true tetramer rupture forces, it is necessary to exclude various detachment forces
(gray circles). For this reason, we only considered data which include 7 (or up to 12) I27
force peaks on force‐extension curves (Fig. 34B). Also, using same analogy, when force‐
extension curves clearly show 4 (or up to 6) SNase force peaks, we analyzed final forces
on [(I27‐SNase)3‐SM]4 (Fig. 35B).

5.2.8 Differentiating Rupture Events of Streptavidin Tetramers from
Detachment Events
Even though numerous detachment forces during AFM force spectroscopy
measurements can be excluded by the data selection criteria, two possible detachment
forces still exist in force‐extension curves between streptavidin‐based supramolecular
structures and the substrate or the AFM cantilever. Thus, to distinguish rupture events
of the streptavidin tetramer from these two possible detachment events, we performed
control experiments.
For control experiments, 7 tandem repeats of I27 domains, I277, and four I27
interspersed with three SNase, I27‐(SNase‐I27)3, constructs are used as counterparts of
(I276‐SM)4 and [(I27‐SNase)3‐SM]4, respectively. Final forces from control experiments
(Fig. 30A and Fig. 31) only display detachment forces between cantilever and molecule
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or substrate and molecule (i → ii of Fig. 30B). By comparing obtained all final force
values from streptavidin‐based protein complexes and from control experiments, we
could clearly identify the rupture force events of the streptavidin tetramer (Fig. 34C, Fig.
35C, Appendix C).
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Figure 30. Detachment force measurements on I277 constructs
(A), Force‐extension curve shows mechanical unfolding of 6 I27 domains when the I277
construct was stretched by AFM. Multiple gray lines are worm‐like chain (WLC) models
(Bustamante, Marko et al. 1994) which fit to the data with contour length increment, ΔLc
= 29.8 nm, and persistence length, p = 0.4 nm. (B), Schematics illustrate experimental
geometry while AFM measures detachment forces (gray circles).

Figure 31. Detachment force measurements on I27‐(SNase‐I27)3 constructs
The I27‐(SNase‐I27)3 construct was stretched by using AFM. A detachment force
between the molecules and the tip or the substrate (gray circles in the inset) is measured
on the force‐extension curve before the force drops to zero (gray circles). WLC fits to the
curve (gray lines) measure ΔLc = 42 nm with p = 0.6 nm for SNase domains and ΔLc =
28.5 nm with p = 0.4 nm for I27 modules.
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5.3 Results and Discussion
5.3.1 Characterization of Streptavidin Based Supramolecular
Structures
I27‐streptavidin chimeras and I27‐SNase streptavidin chimeras were expressed
in E.coli and purified as self‐assembled supramolecular structures. SDS‐PAGE (Fig. 26,
27 and 28) revealed correct molecular weight (M.W.) of I276‐SM and of (I27‐SNase)3‐SM.
Moreover, Native PAGE clearly displayed a uniform fraction whose M.W. corresponded
to the expected M.W. of their tetramers (Fig. 27B and 28B). AFM images of protein
chimeras revealed (I276‐SM)4 structures in which streptavidin formed a central hub with
four protruding I27 arms (Fig. 32C). Based on protein gel analysis and AFM images, we
conclude that streptavidin monomers functionalized with I27 domains correctly
assemble into uniform tetramer structures.
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Figure 32. Other connections to the streptavidin tetramer which contains I276
constructs in each N‐terminus of four streptavidin monomers
(A), 1.5 kb one‐end biotinylated DNA are mixed with (I276‐SM)4 to show other possible
connections through four biotin binding pockets of streptavidin tetramers. (B), Direct
visualization by AFM imaging revealed up to 4 DNA can bind to the tetramers (see also
Fig. 33). (C), AFM images captured the topology of streptavidin‐based self‐assembled
tetrameric structures, similar to the illustration in (A). The measured length of ~ 50 nm
from one arm to another matches the expected length of the complex. Total length of
intact 12 I27 and the streptavidin tetramer is ~ 53 nm based on crystal structures of both
proteins: single I27 = ~ 4 nm (PDB: 1TIT) and core streptavidin = ~5 nm (PDB: 1MK5).
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In addition, AFM images of complexes between (I276‐SM)4 and biotinylated DNA
(Murray, Hansma et al. 1993) demonstrated that the ability of streptavidin to bind up to
four biotins is not reduced by the presence of I27 domains (Fig. 32B and Fig. 33). This
ability may prove very useful for designing complex structures in which streptavidin
will be a central hub and will be able to bind up to 8 partners.
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Figure 33. Comparing connecting abilities between the streptavidin with/without the
presence of protein arms
(A), (I276‐SM)4 and biotinylated DNAs are mixed with 1: 2 molar ratio and deposited on
the mica substrate for AFM imaging. (B), Up to 4 DNA could bind to streptavidin‐based
supramolecular structures. (C), DNA/(I276‐SM)4 complexes were classified by the
number of DNA attached on the complex. (D)‐(F), Pure streptavidin tetramers were also
mixed with biotinylated DNA for AFM imaging. By comparing histograms in (C) and
(F), we conclude that the function of biotin binding pockets in streptavidin tetramers
with the presence of four protein arms is not reduced.
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5.3.2 Mechanical Strength of Streptavidin-Based Supramolecular
Structures
We used single molecule force spectroscopy implemented on an atomic force
microscopy platform (Rief, Gautel et al. 1997; Marszalek, Oberhauser et al. 1998;
Oberhauser, Marszalek et al. 1998; Carrion‐Vazquez, Oberhauser et al. 2000; Rabbi and
Marszalek 2008) to determine the mechanical strength of streptavidin tetramers with I27
handles. Figure 34A illustrates a schematic of a force spectroscopy measurement. Since
the AFM tip picks up molecules randomly along their length, short or long fragments
can be stretched in a given experiment and it is possible that, in some measurements,
streptavidin may not be subjected to stretching forces (Fig. 29B). However, if the tip
picks up a fragment with 7 (up to 12) I27 domains, based on the design of the chimera,
we can be absolutely certain that a streptavidin tetramer has been stretched. Figure 34B
illustrates typical AFM recordings obtained on fragments containing streptavidin
tetramers. This becomes evident after counting the number of characteristic I27
unfolding force peaks in these traces. The top trace captured unfolding of ten I27
domains and the bottom trace reveals eleven characteristic I27 force peaks. Following
the I27 force peaks, both traces also captured a large force peak (red circles in Fig. 34B)
before the measured force dropped to zero. It is tempting to consider this last force peak
as representing a mechanical rupture of streptavidin (rupture events). However, it is
also possible that in those measurements streptavidin tetramers remained intact and it
was the bond between the I27 handles and the substrate or the AFM tip that broke
127

(detachment events, Fig. 30B). Therefore, from these and similar measurements, we can
only conclude that the strength of streptavidin tetramers is equal or greater to the last
force peak measured by AFM. The histogram of these last force peaks is shown in
Appendix C (blue hashed bars). In an attempt to differentiate streptavidin rupture
events from handle detachment events, we performed similar force spectroscopy
measurements on I27 constructs without streptavidin monomers to independently
characterize the distribution of forces reporting the detachment of protein handles from
the AFM tip or the substrate (Fig. 30).
The probability density function (pdf) of detachment events for I27 handles is
compared in figure 34C (gray solid line) with the pdf for last force peaks of the
streptavidin tetramer containing constructs (red solid line in Fig. 34C). The histograms
of both types of events are compared in Appendix C. It is clear that both pdfs are
different. While the pdf of detachment forces displays a long tail at force as high as 700
pN, the pdf of last force peaks of streptavidin constructs ends at 500 pN which is
significantly less than the maximum detachment force and, in addition, displays a
pronounced hump at around 400 pN which is absent in the detachment pdf. We
conclude that this hump is produced by streptavidin rupture events and estimate the
strength of the streptavidin tetramers at our pulling conditions to between 400‐500 pN.
Similar conclusions can be obtained by analyzing respective histograms (Appendix C).
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Figure 34. Strong intermolecular forces of the streptavidin tetramer
(A), A schematic illustrates AFM pulling experiments on (I276‐SM)4. (B), Examples of
force‐extension curve displays regular patterns of unfolding I27 domains followed by a
large force peak corresponding to rupture of streptavidin tetramers or detachment of the
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complex from the substrate or the AFM tip. Multiple gray lines are WLC models on the
curve to measure average contour length increments of 29.5 nm (ΔLc) and persistent
length (p) of 0.4 nm. (C), To differentiate rupture forces of streptavidin tetramers from
detachment forces, p.d.f. of both measured final forces of (I276‐SM)4 (red circles, red solid
line, n=110) and detachment forces of I277 constructs without streptavidin (gray circle in
Fig. 30A; gray solid line, n=120) are plotted. In a gray line, note a tail of the pdf that
captured high detachment forces that are absent in a red line, indicating that AFM
captures strong intermolecular rupture forces of streptavidin tetramers at around 400
pN.

By using I27 domains for identification of single molecule measurements, we
obviously selected only those AFM results in which the measured tension exceeded the
unfolding force of I27 that is ~ 200 pN. Therefore, any events in which streptavidin
tetramers broke at forces significantly lower than 200 pN (if any) would have produced
a single force peak in the force‐extension curve at short extension that we had ignored.
To identify these possible low force rupture events, we used the second construct, [(I27‐
SNase)3‐SM]4, for force spectroscopy measurements as illustrated in figure 35A. With
this construct, we can use unfolding events of either SNase or I27 for identification of
single molecule AFM recordings. Figure 35B shows typical AFM force‐extension curves
obtained on [(I27‐SNase)3‐SM]4. Interestingly, around 70% of single molecule force‐
extension curves contained 4 (up to 6) characteristic unfolding force peaks of SNase with
the recordings ending before any I27 modules unfolded (top panel of Fig. 35B). About
30% of the recordings contained I27 unfolding force peaks (bottom panel of Fig. 35B)
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and very rarely (approximately 5%) they displayed a force greater than 300 pN. Never,
did the force exceed 500 pN.
As before, we analyzed the last unfolding force peaks in all single molecule
recordings of [(I27‐SNase)3‐SM]4 and showed their pdfs (the histogram are shown in the
Appendix C). To differentiate rupture events from detachment events, we also
performed single‐molecule force spectroscopy experiments on the SNase‐I27 construct
without streptavidin monomers (Fig. 31) and show the pdf of detachment force peaks in
figure 35C (gray solid line). As before, both pdfs are different. Clearly, the streptavidin
pdf at around 100 pN is significantly greater as compared to the detachment pdf. We
conclude that the origin of this difference is caused by numerous streptavidin rupture
events at forces around 100 pN that were missed in the measurements that used I27
handles.
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Figure 35. Mechanical anisotropy of the streptavidin tetramer
(A), A schematic illustrates the AFM experimental geometry on [(I27‐SNase)3‐SM]4. (B),
Final forces (red circles) which contains 4 or more SNase modules were analyzed. WLC
fits (multiple gray lines) to both curves measured average ΔLc = 48 (top panel) and 45 nm
(bottom panel) with p = 0.7 nm for SNase parts, and ΔLc= 30 nm with p=0.4 nm (bottom
panel) for I27 parts. (C), At approximately 100 pN, the p.d.f. of final forces from
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streptavidin‐based supramolecular structures (red solid line, n = 56) is well‐
differentiated from the pdf of detachment forces (gray solid line, n=160), obtained by
stretching I27‐(SNase‐I27)3 constructs without streptavidins (Fig. 31). The result in (C)
and figure 34C indicates that the streptavidin tetramer has high and low rupture forces
at around 400 pN and 100 pN.

Taken together, our results suggest that when using I27 handles and exploiting
their unfolding signature for identifying single molecule recordings, we mainly probe
rupture events between streptavidin monomers such as AB or CD (Fig. 24). These events
involve rupture of 17 H‐bonds and require large stretching forces in excess of 300 pN at
pulling speed of 500 nm/s. However, when exploiting unfolding signature of SNase, we
probe all possible rupture events within the streptavidin tetramer that occur between
monomers (AB or CD) and dimers (AB and CD). The latter involve the rupture of only 4
H‐bonds and therefore require a significantly lower stretching force of approximately
100 pN. The fact that we observed only a few high force rupture events using SNase‐I27
handles strongly suggest that dimer rupture events must occur more frequently than
monomer rupture events. This is consistent with random attachment of protein handles
to the AFM probe and substrate that favors dimer separation along F2 or F3 directions
over F1 direction for monomer separation in a 2:1 ratio (Fig. 24B).
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5.4 Conclusions
We engineered protein constructs terminated with the monomeric streptavidin
that self‐assembled into tetrameric complexes. We measured, to our knowledge for the
first time, the mechanical strength of the streptavidin tetramer at a single molecule level
and captured its mechanical anisotropy. At pulling speeds of 500 nm/s, separating
streptavidin monomers requires a large force of approximately 400 pN, while separating
dimers occurs at a significantly lower force of 100 pN. Using streptavidin tetramers as
crosslinkers offers a unique opportunity to create well‐defined protein based materials.
Their strength may be limited by the weakness of the dimer‐dimer interface, however,
this limitation can be circumvented by remodeling and reinforcement of this interface by
e.g. cysteine engineering (Chilkoti, Schwartz et al. 1995; Reznik, Vajda et al. 1996).
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6. Summary
6.1 Conclusions
With the advent of single‐molecule force spectroscopy methods, there has been
unprecedented progress in nanomechanics of biological materials, such as DNA and
proteins. How the deformation of biomolecules by external forces can establish the
relationship among their sequences, structures, and mechanical properties is a very
exciting issue to explore. Furthermore, beyond their biological functions, in terms of
applications to create biomolecules‐based functional materials, how these unique
properties can be systematically carried out from the nano‐scale to the macroscopic level
is also an interesting topic.
In this work, we had three primary aims to construct elastomeric nano‐
structured biomaterials: (1) investigating and characterizing a new class of elastomeric
proteins which can be used for creating highly elastic materials; (2) developing protein‐
based force probes to provide accurate intermolecular strengths of self‐assembling
polypeptides in order to select suitable molecular crosslinkers; (3) constructing self‐
assembled nano‐structured biomaterials with well‐defined protein building blocks
which composed of elastomeric proteins terminated with self‐oligomerizing crosslinkers,
and evaluating strength of higher‐order structures to determine whether they can
present similar properties of such proteins shown at single molecule levels.
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Chapter 3: We found that α‐helical repeat proteins constitute a novel, hitherto
unrecognized class of polypeptides with extremely useful properties. We observed high
stretch ratios (>10 times) and minimal energy dissipation while they are stretched and
relaxed by AFM based single molecule force spectroscopy. Such nanospring behaviors
may be ideal to support various biological functions of these proteins including
mechanotransduction. Tunable properties such as length, stiffness, and extensibility can
be designed by engineered proteins composed of different types of α‐helical repeats. The
engineered proteins potentially can be used to construct highly elastic biomaterials.
Chapter 4: To accurately measure intermolecular forces, we developed protein‐
based force probes composed of tandem repeats of a SNase and I27 dimer for a general,
robust and simple AFM assay. Two characteristic force levels of SNase and I27 domains
allow us to clearly identify self‐assembling strength between Strep‐tag II and Strep‐
Tactin. By applying various loading rates to the single complexes, we found that a single
energy barrier exists with zero force kinetic off rate of 0.74 s‐1 and the distance between
bound to transition state of 0.31 nm between Strep‐tag II and Strep‐Tactin. Based upon
our demonstration, utilizing the force probe for simple and robust AFM assay can be
expanded to investigate the strength of interactions within many protein complexes
composed of homo‐ and hetero‐dimers, and even higher oligomeric forms.
Chapter 5: We constructed supramolecular structures, self‐assembled tetrameric
complexes, with well‐defined protein building blocks composed of genetically fused
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elastomeric proteins and the monomeric streptavidin. By using AFM based force
spectroscopy, we directly measured, to our knowledge for the first time, the mechanical
strength of the streptavidin at a single molecule level and captured its mechanical
anisotropy. By analyzing the crystal structure of the streptavidin tetramer, we identified
that separating monomers requires a large force of 400 pN, while separating dimers
occurs at a relatively low force of 100 pN at pulling speed of 500 nm/s. To improve the
strength of streptavidins to be used as strong molecular connectors, each interface of the
streptavidin tetramer can be mutated by cysteine residues to generate disulfide bonds
without disrupting their molecular structures or losing self‐assembling ability as
previously reported. Our well‐defined protein building blocks with suggested cysteine
engineering promises that self‐assembled nano‐structured biomaterials can be
constructed with preserving mechanical properties of elastomeric proteins at a single
molecule level.
Eventually, protein part of the building blocks can be replaced by α‐helical
repeat proteins to create highly elastic biomaterials. We believe these protein‐based
elastomeric materials can be utilized in energy materials, medicine, and, nano‐bio
technology such as synthetic muscles, and force nanosensors.
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6.2. Future Works
In chapter 3, mechanical properties of repeat proteins suggest that these proteins
are strong potential candidates of nano‐building blocks for highly elastic biomaterials.
This is due to their high stretch ratio by the compact α‐helical repeat structures, and
minimal energy dissipation by their robust refolding properties. However, occasionally
some hysteresis between stretching and relaxing has been observed. Based on
experimental results, this hysteresis seems to increase with the increased number of
repeats being unfolded. Therefore, we hypothesize that remaining folded repeat(s) has a
role to serve as “template” to increase the speed and fidelity of refolding when relaxing
the protein. Since minimizing the hysteresis is an important requirement for the springy
behavioral materials, this hypothesis needs to be tested. Moreover, understanding
mechanical behavior including hysteresis of the full length repeat proteins is also
important, because these proteins will be crosslinked end to end when they are
employed as building blocks of biomaterials. To examine minimizing hysteresis on the
full length repeat proteins, firstly existing residues on the loop of some repeats can be
substituted by cysteines to generate disulfide bonds by using site‐directed mutagenesis
(Fig. 36A). This mutated repeat(s) will not unfold when stretched by AFM, and thus, the
repeat(s) will serve as the folding template while relaxing. Then, to grab the protein end
to end, I27 and/or SNase domains, as a reference, can be connected on both ends of
mutated repeat proteins (Fig. 36B). Full length mechanical properties of repeat proteins
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will be confirmed by the number of I27 or SNase force peaks when stretched by AFM (4
or more I27 unfolding force peaks in the case of Fig. 36B).
The number of mutated repeats in α‐helical repeat proteins can be sequentially
increased until we can obtain significant minimization of the hysteresis between
unfolding and refolding force curves. In addition, as a control experiment, we can add
reducing agents, such as DTT, or Tcep, to break disulfide bonds. This will increase the
hysteresis while stretching mutant repeat proteins by AFM. This will confirm our
hypothesis that remaining folded repeats will serve as the folding template to decrease
the hysteresis when unfolded repeats are relaxed from external forces.

Figure 36. Design of template repeat(s) by cysteine engineering
(A), Using site‐directed mutagenesis, two residues can be substituted by cysteines in one
repeat to generate a disulfide bond. This covalent bond will produce a folded repeat
which will not be unfolded when stretched by AFM. (B), Mutated repeat proteins can be
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fused into I276 domains (orange) in order to obtain mechanical properties of full length
repeat proteins. In this schematic, we used β‐catenin, composed of 12 ARM repeats with
6 mutated cysteine residues which can create 3 covalent bonds. When the chimeric
protein is relaxed after being stretched by external forces, remaining folded repeats can
serve as the folding templates. This design may enhance the rapid refolding of other
unfolded repeats to minimize the hysteresis between unfolding and refolding
trajectories of repeat proteins.

In addition to using chimeric proteins (Fig. 36B) to examine folded repeats’
effects, we can also use them as hybrid protein building blocks. Within expected force
ranges, this hybrid protein will quickly respond to external forces due to rapid refolding
properties of repeat proteins, and unexpectedly high forces will be alleviated by one of
the strong mechanical proteins, the I27 domain. Streptavidin hubs can be fused into
these hybrid protein building blocks for the first self‐assembly step as shown in chapter
5. Then, to create 2D or 3D materials, polypeptide linkers need to be further
functionalized for second‐level self‐assembly. For example, the N‐terminus of these
polypeptides can be preceded by AviTag (Beckett, Kovaleva et al. 1999) to which biotin
can be enzymatically added. Self‐assembly can be then achieved by mixing the
biotinylated tetramers with soluble streptavidin (Fig. 37A). Alternatively, the N‐
terminus of polypeptide linkers can be fused with FKBP12 polypeptides and self‐
assembly would be achieved in the presence of FK1012 which is a chemical inducer of
dimerization for FKBP12 domains (Fig. 37B) (Keenan, Yaeger et al. 1998). Because, in our
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approach, biotin binding sites are still functional on streptavidin hubs, they also can be
exploited for further crosslinking strategies. By connecting biotinylated DNA or
carbohydrates to streptavidin, protein‐DNA or protein‐carbohydrates based composite
materials can be constructed. Moreover, streptavidin hubs can be attached to other
structures and construct networks. For example, biotinylated phosphatidylserines in a
lipid bilayer could anchor streptavidin hubs to large unilamellar liposomes to form 2D
networks on their surface. Such networks would support the structure of liposome‐
based “artificial cells”, in a fashion similar to that of the red blood cell cytoskeleton.
Therefore, by crosslinking elastomeric proteins and their derivatives through self‐
assembling molecular connectors, we can possibly develop bio‐inspired elastomeric
materials for many applications such as force nano sensors which can monitor small
force range changes by detecting their extension and relaxation, synthetic skins, muscles,
drug carriers by artificial cells, in the field of nanotechnology, tissue engineering and
medicine.
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Figure 37. Possible self‐assembled protein‐based networks and materials
(A), By fusing AviTag in the N‐terminus of streptavidin‐based complexes, biotins can
enzymatically bind to the tag of complexes. Then, mixing soluble streptavidin can
trigger to construct either 2D networks or 3D materials. (B), FKBP12 domain can also
fused in the N‐terminus of streptavidin‐based complexes. By adding FK1012, a chemical
inducer of dimerization, 2D network will be created. Adapted from ref. (Keenan, Yaeger
et al. 1998).
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Appendix A*
Kernel Density Estimation code
•

Software requirements
‐ The code is based on following softwares which need to be installed:
‐ Python 2.6.4, numpy 1.2.1, scipy 0.6.0, matplotlib 1.0.1 and statistic python
(statistics‐0.19.tar.gz at http://bonsai.hgc.jp/~mdehoon/software/python)

•

Instruction
‐ By using the KDE code, input file which contains a single column of data values

will be read, and then output file will be generated with two columns of data values that
represent coordinates for the points of the data range (x) and probability density
function (y), respectively.

*

‐ Disclaimer: This software is free and it came without any guarantee. You can

redistribute it and/or modify it under the terms of the GNU General Public License as
published by the Free Software Foundation, either version 3 of the License, or (at your
option) any later version. You should have received a copy of the GNU General Public
License along with this program. If not, see <http://www.gnu.org/licenses/>.
‐ Please cite the following work if you use KDE codes that are introduced in this study:
Benedetti, F., S. K. Sekatskii, et al. (2011). ʺSingle‐Molecule Force Spectroscopy of
Multimodular Proteins: A New Method to Extract Kinetic Unfolding Parameters.ʺ
Journal of Advanced Microscopy Research 6(1): 1‐6.
‐ While using the code, if you have any problems, please contact Fabrizio Benedetti (e‐
mail: fusion_energy@hotmail.com)
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‐ Two different KDE codes are included in this Appendix, “kde.py” and
“kde_stat.py”. The former is based on scipy Gaussian KDE which takes the raw data and
allows limiting the output data ranges and the step of KDE. While the latter is based on
statistic python which allows selecting different types of kernels, but it does not allow
choosing the range of the domain and of the co‐domain.
‐ While using Window system, you can use the Python environment or run the
command in a ʺcommand lineʺ. If the python directory is not a global variable, you may
need to add the directory as follows:
c:\Python25\python.exe kde.py or python.exe kde_stat.py
‐ Procedure
1. In a command line or in a shell, write ʺpython kde.pyʺ
2. “Name of the file for the value?” ‐ Enter the name of the input text file which
include single column of data values.
3. “Upper limit? (Enter to have maximum_value*1.1)” ‐ Write the limit or press
enter to have the default values which indicate in the bracket.
4. “Lower limit? (Enter to have minimum_value*0.9)”
5. “Step? (Enter to have (max‐min)/1000)”
6. “Name for the output file? (enter for dataout.txt)”

•

Custom‐made KDE codes
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‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ kde.py ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
# ‐*‐ coding: utf‐8 ‐*‐
import numpy as np
from scipy import stats
import pylab
#open the input file that includes a single column of data values
namef=raw_input(ʺName of the file for the value?ʺ)
cond=True
while(cond):
try:
f=open(namef,ʺrʺ)
cond=False
except:
namef=raw_input(ʺFile not found, try again:ʺ)
cond=True
lin=f.readlines() #read the lines
f.close()
points=[]
#memorize the lines in the array points with the right cast
for i in lin:
points.append(float(i))
#calculate the parameters for the kernel density estimation
kernel = stats.kde.gaussian_kde(points)
#limit the data ranges and the step
try:
limsup=float(raw_input(ʺUpper limit? (Press \ʺEnter\ʺ to have maximum_value*1.1)ʺ))
except:
limsup=max(points)*1.20
try:
liminf=float(raw_input(ʺLower limit? (Press \ʺEnter\ʺ to have minimum_value*0.9)ʺ))
except:
liminf=min(points)*0.6
try:
step=float(raw_input(ʺStep? (Press \ʺEnter\ʺ to have (max‐min)/1000ʺ))
except:
step=(limsup‐liminf)/1000
#calculate a domain array
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dom = np.arange(liminf,limsup,step)
#calculate the values of the kde on the domain
kk = kernel.evaluate(dom)
codom=[]
for n in kk:
codom.append(float(n))
#write the values on the output file
try:
nout=raw_input(ʺName for the output file? (Press \ʺEnter\ʺ for dataout.txt)ʺ)
f=open(nout,ʺwʺ)
except:
nout=ʺdataout.txtʺ
f=open(nout,ʺwʺ)
for i in range(len(codom)‐1):
f.write(str(dom[i])+ʺ\tʺ+str(codom[i])+ʺ\nʺ)
f.write(str(dom[‐1])+ʺ\tʺ+str(codom[‐1]))
f.close()
pylab.plot(dom,codom)
pylab.show()

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐ kde_stat.py ‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
# ‐*‐ coding: utf‐8 ‐*‐
import numpy as np
import statistics
import string
import pylab
#open the input file that includes a single column of data values
print ʺThe software need a file containing the data in a single column.ʺ
namef=raw_input(ʺName of the file for the value?ʺ)
cond=True
while(cond):
try:
f=open(namef,ʺrʺ)
cond=False
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except:
namef=raw_input(ʺFile not found, try again:ʺ)
cond=True
lin=f.readlines() #red the lines
f.close()
points=[]
#memorize the lines in the array points with the right cast
for i in lin:
points.append(float(i))
kt=raw_input(ʺWhich kind of kernel do you want to use?\nGaussian, enter \ʺG\ʺ\nUniform
enter \ʺU\ʺ\nTriangle enter \ʺT\ʺ\nBi‐weight enter \ʺB\ʺ\nTri‐weight enter \ʺ3\ʺ\nCosine
enter \ʺC\ʺ: ʺ)
kt=kt.upper()
while (kt!=ʺGʺ and kt!=ʺUʺ and kt!=ʺTʺ and kt!=ʺBʺ and kt!=ʺ3ʺ and kt!=ʺCʺ):
kt=raw_input(ʺWrong type of kernel, please enter it again:ʺ)
codom, dom = statistics.pdf(points, kernel=kt)
#write the values on the output file
try:
nout=raw_input(ʺName for the output file? (Press \ʺEnter\ʺ for dataout.txt)ʺ)
f=open(nout,ʺwʺ)
except:
nout=ʺdataout.txtʺ
f=open(nout,ʺwʺ)
for i in range(len(codom)‐1):
f.write(str(dom[i])+ʺ\tʺ+str(codom[i])+ʺ\nʺ)
f.write(str(dom[‐1])+ʺ\tʺ+str(codom[‐1]))
f.close()
pylab.plot(dom,codom)
pylab.show()

‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐‐
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Appendix B
Further analysis on Strep-tag II and Strep-Tactin bond strengths
In chapter 4, after we carefully examined the unbinding forces of Strep‐tag II /
Strep‐Tactin complexes, which depend on apparent loading rates (Fig. 20C), we found
two Gaussians rather than one needs to be used to fit all the pdfs, suggesting two types
of rupture events (Fig. 38A). Following the approach in chapter 4, we determined the
average rupture forces from the Gaussian fittings and plotted their dependence on the
logarithm of apparent loading rates (Fig. 38B, Fig. 19). Similar to streptavidin‐biotin
complexes (Merkel, Nassoy et al. 1999), we found two linear regions with different
slopes. We conclude that in the range of examined loading rates, there are two energy
barriers between bound and unbound states of Strep‐tag II and Strep‐Tactin. From the
upper curve in figure 38B (solid line), we determined the distance between bound to
transition state, xub, to be ~ 0.44 nm and ~ 0.21nm, and a zero force kinetic off‐rate, koff(0),
to be 0.12 s‐1 and 1.27 s‐1 for the outer barrier and inner barrier, respectively. On the other
hand, from the lower curve (dashed line), we obtained xub to be 0.52 nm and 0.23 nm,
and koff(0) to be 0.46 s‐1 and 5.03 s‐1 for the outer and inner barriers, respectively.
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Figure 38. Strep‐tag II and Strep‐Tactin bond strengths
(A), Distribution of unbinding forces (Fub) of Strep‐tag II / Strep‐Tactin complexes are
described by pdfs and various loading rates (black solid curves). Two Gaussians are
applied onto each pdf to determine average unbinding forces in given loading rates. (B),
Average unbinding forces from both Gaussian fits (circles ± error bars = mean ± standard
deviation) plotted against the logarithm of apparent loading rates show two linear
regions with different slopes.

What is the origin of the two rupture events in Strep‐tag II / Strep‐Tactin
complexes? To understand the reason of these two rupture events, we carefully
analyzed Strep‐tag II and Strep‐Tactin structures. Strep‐Tactin, an engineered version of
streptavidin to increase its binding affinity to the Strep‐tag, is composed of 4 identical
monomers and their internal interfaces are the same as streptavidin. Thus, internal
interfaces of Strep‐Tactin can be explained by structural studies of streptavidin
(Hendrickson, Pahler et al. 1989; Weber, Ohlendorf et al. 1989; Wu and Wong 2005).
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Monomers are tightly bound to other monomers to construct dimers (yellow to blue and
brown to green monomers in Fig. 39B and 39D) by strong interactions with large contact
areas (~16 nm2) which involve seventeen hydrogen bonds (H‐bonds) and other non‐
covalent interactions. Then, dimers form the tetramer (yellow‐blue dimer to brown‐
green dimer in Fig. 39B and 39D) by relatively weak interactions with small contact
areas (~ 5 nm2) which involve only four H‐bonds and other interactions. Single Strep‐tag
II can bind to each Strep‐Tactin monomer because of an entropic mechanism with kD of ~
1uM (Voss and Skerra 1997; Korndorfer and Skerra 2002). The entropic mechanism
would rely on the hydrophobic pocket composed of tryptophan (W) 79, W92 and W108
from one monomer and W120 from other monomer of Strep‐Tactin (dashed box in Fig.
39D) interacting with the Strep‐tag II. This hydrophobic pocket is also one of principal
binding motifs in biotin‐streptavidin complexes (Sano and Cantor 1995; Freitag, Le
Trong et al. 1999).
Due to binding locations of Strep‐tag II in Strep‐Tactin, AFM could preferably
pull out Strep‐tagged force probes from Strep‐Tactin with two possible geometries as
illustrated in figure 39A and figure 39C. In the case of figure 39A, the strong monomer‐
monomer interface in Strep‐Tactin would react to the applied forces. Since this interface
is mechanically stronger (rupturing at ~ 400 pN, see Fig. 34C) than any observed forces
in figure 38, Strep‐tagged force probe will rupture from intact Strep‐Tactin with simple
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rotation of Strep‐tag II / Strep‐Tactin complexes (Fig. 39B). Therefore, the upper curve
(solid line) in figure 38B could be obtained from this pulling geometry.
When complexes are stretched as depicted in figure 39C, the weak dimer‐dimer
interface in Strep‐Tactin would react to the applied forces. Because of weak interactions
and small contact areas in the dimer interface (mechanical rupturing at ~ 100 pN, see Fig.
35C), the dimer structure could be easily rearranged to align with the pulling forces (Fig.
39D). This would cause the repositioning of W120 (Fig. 39D), one of components to
create hydrophobic pockets in Strep‐Tactin, and possibly decrease the binding affinity
between the Strep‐tag II to the Strep‐Tactin. The lower average unbinding forces (dashed
curve) in figure 38B are possibly due to this circumstance (Fig. 39C). Our speculation
also matches with the result of single point mutation experiments where W120 is
mutated to phenylalanine (F) 120 in streptavidin / biotin complexes which caused
increase of the dissociation constants (kD) from 40 fM to 10 nM; in other words, reducing
the binding affinity by six orders of magnitude (Sano and Cantor 1995). To confirm our
finding, molecular dynamic studies (Izrailev, Stepaniants et al. 1997) on Strep‐tag II /
Strep‐Tactin complexes with different pulling geometries will be necessary.
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Figure 39. Possible AFM pulling geometries on Strep‐tag II / Strep‐Tactin complexes
(A), When Strep‐tag II is pulled out from Strep‐Tactin in this geometry, the strong
monomer interface of Strep‐Tactin will react with external forces (F). Red circles indicate
locations where Strep‐tag II can bind to Strep‐Tactin. (B), With this pulling geometry,
Strep‐tag II (red ribbons) / Strep‐Tactin complex will simply rotate and then, Strep‐tag II
will be separated from the complex. (C), In this pulling geometry, the weak dimer
interface in Strep‐Tactin will react with applied forces. (D), To align with the applied
force, structural rearrangement in weak dimer interfaces will occur and cause the
repositioning of tryptophan (W) 120, one of the four components (W79, W92, W108 and
W120) which generate the hydrophobic pocket in Strep‐Tactin.
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Appendix C
A. Comparing histograms of final forces between (I276‐streptavidin monomer)4
(rupture or detachment forces, blue circles, blue hashed bars) and I277 constructs
(detachment forces, gray circles, gray bars) in order to differentiate rupture forces of
streptavidin tetramers.
B. Comparing histograms of final forces between [(I27‐SNase)3‐streptavidin
monomer]4 (rupture or detachment forces, red circles, red hashed bars) and I27‐(SNase‐
I27)3 constructs (detachment forces, gray circles, gray bars) in order to distinguish
rupture forces of streptavidin tetramers.
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