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Abstract

Single-molecule magnetic tweezers deliver magnetic force and torque to sin-
gle target molecules, permitting the study of dynamic changes in biomolecu-
lar structures and their interactions. Because the magnetic tweezer setups can
generate magnetic fields that vary slowly over tens of millimeters—far larger
than the nanometer scale of the single molecule events being observed—this
technique can maintain essentially constant force levels during biochemical
experiments while generating a biologically meaningful force on the order of
1-100 pN. When using bead—tether constructs to pull on single molecules,
smaller magnetic beads and shorter submicrometer tethers improve dynamic
response times and measurement precision. In addition, employing high-
speed cameras, stronger light sources, and a graphics programming unit per-
mits true high-resolution single-molecule magnetic tweezers that can track
nanometer changes in target molecules on a millisecond or even submillisec-
ond time scale. The unique force-clamping capacity of the magnetic tweezer
technique provides a way to conduct measurements under near-equilibrium
conditions and directly map the energy landscapes underlying various
molecular phenomena. High-resolution single-molecule magnetic tweezers
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can thus be used to monitor crucial conformational changes in single-protein molecules, including
those involved in mechanotransduction and protein folding.
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1. INTRODUCTION

Most living organisms exhibit minimal magnetic properties, making them largely insensitive to
external magnetic fields. The introduction of exogenous magnetic material (e.g., iron oxide par-
ticles) opens a host of possibilities for the selective modulation of these particles as part of our
efforts to better understand complex biological phenomena. The use of magnetism in the biolog-
ical sciences stretches back to Freundlich and Seifriz, who first introduced nickel particles into
gelatin a century ago (1). It then took a few more decades for the concept to be picked up again by
Crick and Hughes (2). Their experiments moving phagocytosed magnetic particles with a magnet
in an effort to study the physical properties of chick fibroblast cytoplasm were arguably the first
scientific protocol for a magnetic particle method.

Opver the past two decades, scientific protocols for applying magnetic forces to biological sam-
ples have matured to the point where individual biomolecules can be monitored and controlled
in real time. The first demonstration of the magnetic movement of single DNA molecules (3)
was pioneering work that culminated in the techniques we collectively refer to today as magnetic
tweezers (4-7), now regarded as a principal form of single-molecule force spectroscopy along-
side optical tweezers (8-12) and atomic force microscopy (AFM) (13-16). These single-molecule
tweezer techniques have proven extremely useful for reductionist systems in which key biologi-
cal processes are reconstituted outside cells so their behaviors under different levels of molecular
tension can be investigated in unprecedented detail (17). Single-molecule force spectroscopy has
been used to address a wide range of phenomena, including the mechanics of biopolymers (3-6,
10, 15, 18-23), the dynamics of motor proteins (8, 9, 24-28), the pathways of protein folding and
unfolding (14, 16, 29-34), ligand-receptor binding (13, 35-37), and more recently, the association
and dissociation of biomolecular complexes involved in mechanobiological processes (38-42).

The three main techniques of single-molecule force spectroscopy have coevolved, sharing
many technological advances while also each developing its own technical niche (17). The
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resolution and precision of the optical tweezer technique invented by Arthur Ashkin and col-
leagues in 1986 (43) have improved to the point where molecular events can be dissected at the
level of individual DNA base pairs (27, 44). Optical tweezer techniques are limited because the in-
tense laser illuminations they require can cause heat-mediated sample destruction (45) and optical
scattering makes it impossible to probe the deeper layers of biological samples (46-48). AFM was
first developed for use in surface imaging and has been extended to the pulling of single molecules
attached to the ends of AFM cantilevers (49). Structural changes in the attached molecules are
coupled to the cantilever, which is monitored by high-bandwidth measurements limited only by
the readout electronics being employed (33, 50). Despite recent advances providing a few notable
exceptions (50-53), the size and stiffness of the cantilever probes have largely limited their appli-
cation to relatively large force regimes spanning hundreds of piconewtons or even higher (17).

Magnetic tweezers pull magnetic particles by generating magnetic field gradients across space
(54, 55). The magnetic particles and their attached molecules are monotonically attracted to-
ward the space surrounding magnets where the field gradients are most steeply changing. Target
molecules are usually tethered to a nearby surface to create a mechanical equilibrium between the
magnetic pulling force and the elastic restoring force from the tether (56). In the optical tweezer
and AFM techniques, the force levels change sharply over the length of focused gaussian beams
and AFM cantilever tips (17). The magnetic tweezer technique, in contrast, forms largely uni-
form field vectors using multiple magnets, permitting the formation of field vector gradients that
change appreciably only on a millimeter scale. This means that the nanometer-scale changes that
accompany biological processes do not affect the magnetic force experienced by the magnetic
particles, completely decoupling the biological processes in question and the magnetic tweezing.
Thus, many magnetic tweezer experiments can be conducted in an inherent force-clamp mode,
in which the target molecules are modulated and monitored under essentially constant force.

Magnetic tweezer setups rely on image analysis to track the three-dimensional position of the
magnetic particles, a critical limitation in increasing measurement bandwidth (57). Most earlier
applications of the magnetic tweezer technique had to contend with the large-scale conforma-
tional changes in nucleic acids that occur under quasi-equilibrium conditions (3, 4, 10). Recently,
technical advancements toward higher-resolution magnetic tweezers have permitted the mon-
itoring of nanoscale (or even subnanoscale) changes in target molecules with higher temporal
resolutions (sometimes reaching the submillisecond scale) (57-59). In this review, we discuss the
physical principles and limitations guiding the development of high-resolution magnetic tweez-
ers. In addition, because many biological processes are regulated by mechanical tension (60, 61),
we discuss how high-resolution magnetic tweezers have been used to answer fundamental ques-
tions in mechanobiology, protein biogenesis, and homeostasis. To promote the application of these
techniques to problems in a wide range of fields, we conclude this review by offering an outlook
for the future of single-molecule magnetic tweezers.

2. PRINCIPLES OF MAGNETIC PULLING
2.1. Pulling with Biologically Meaningful Force

Most biomolecules range in size from the subnanometer scale to tens of nanometers, with physical
dimensions that are significantly influenced by Brownian noise (62). The structures of biological
molecules and the interactions between them are stabilized by energy scales larger than those
of thermal fluctuations (represented as ~1 kg7, where kg is the Boltzmann constant and T is
the absolute temperature) (63). At the same time, the free energy values of these interactions
are smaller than those of covalent bonds, which typically span hundreds of k57" This means the
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Force application in magnetic tweezers. (#) Free energy, length, and force scales for mechanical studies of protein folding. Extensions of
116 protein molecules with known folding energy values (colored dots; compiled from the literature) were plotted against their estimated
force of unfolding. Molecular extension is calculated as the length in an unfolded linear conformation minus the size of the globular
form (twice the radius of gyration). The unfolding force was estimated by dividing folding energy by the molecular extension length,
assuming equilibrium and reversible processes. The black dashed line represents a data-driven curve fit using the linear dependency
between folding stability (AG) and chain length (N) (AG = 0.08689N + 10.3985 at 297.15K) (63, 64). () Model of the vertical force
generated by an antiparallel pair of permanent magnets. Magnetic field lines and the corresponding upward field gradient are shown as
a function of magnet height. (¢) Model of the vertical force generated by one pole of an electromagnet. Magnetic field lines and the
corresponding upward field gradient are shown as a function of magnet height. (d) Model of the torque force generated by a rotating
pair of permanent magnets. Magnetic field lines and the corresponding field strength are shown as a function of magnet height.
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biomolecular structures and their interactions with one another are often labile and transient,
making them more dynamic and increasing their adaptability to an ever-changing environment.

To estimate the scales of forces that can modulate biological structures and their interactions,
we compiled a list of the folding energies of 116 proteins and plotted these values with respect
to their unfolding extensions estimated at zero force (Figure 14) (63, 64). Larger structures with
longer contour lengths tend to be stabilized by higher free energies, likely due to increased num-
bers of interactions among the different parts of each biological polymer. Assuming a quasi-
equilibrium process in the unfolding of these structures (with minimal energy dissipation), we
estimated the force required by dividing the free energy values by the unfolding extensions (20,
65). Remarkably, we found the resulting force values are distributed in a narrow range between 1
and 100 pN, suggesting this as a window of force levels any force spectroscopy tool should be able
to generate to control single molecules.

We then examine the conditions under which magnetic tweezers generate this range of forces.
With few exceptions (66-68), most magnetic tweezer techniques take advantage of positive mag-
netophoresis, in which magnetic objects that induce positive magnetization vectors with relative
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magnetic permeability u? (= w;/ o, where p; and g are the permeability values of the magnetic
particle and a vacuum, respectively) are embedded in buffer, cells, or tissues, all of which are es-
sentially nonmagnetic (i.e., ity = o) (69, 70). When there is a gradient in the external magnetic
field, these magnetic objects tend to be attracted to the spaces where the magnetic fields are denser
and characterized by higher field gradients. For a spherical magnetic particle, the magnetic force
is given by

F = poV (M- V)H. 1.

In this equation, }" is the volume of the magnetic particle, M is the magnetization of the particle in
unit volume, and H is the applied external magnetic field in the surrounding media. We assume a
superparamagnetic particle that shows minimal residual magnetization. According to Langevin’s
theory of paramagnetism, when the external magnetic field exceeds a critical field strength of
H_.—a condition that holds true in most magnetic tweezer applications—the magnetization vector
reaches a saturated value of M = MY, where MY is the saturated magnetization per unit volume.

The saturated magnetization level and critical threshold for the magnetic field depend on the
magnetic particle’s composition and shape. The superparamagnetic particles used in these sorts
of experiments typically have a radius (R},) of 0.5-3 pm (3, 6, 71-73) and a density value (p,) of
1.2-1.9 g/cm? (74). They also typically show a mass saturation magnetization (|Mm| = |Mf| /0b)
of 10-100 Am?/kg above a threshold field strength of 10-30 mT (Bc = uoHc) (55, 74-76). In a
saturated magnetization regime, the magnetic force exerted on the particle is linearly proportional
to the magnetic field gradient (F «« VH). Hence, the key factors to consider are the geometry of
the external magnetic field (i.e., the field gradient) and the physical parameters of the magnetic
particles. This gives a rough estimate of the field gradient necessary to generate the required force
(F) from the following relationship:

F
|VB|max ~ 37 2.
101)4'7'[2\/[711.\'R3

b,min

Thus, to generate magnetic forces within the 1-100 pN window, the amplitude of the magnetic
field gradient should be larger than ~0.01 T/mm (assuming a 2.5 pN force) (55, 76).

2.2. Different Magnet Configurations for Magnetic Pulling

A variety of magnetic tweezer setups have been devised to produce the required magnetic field
gradient (3, 6, 58, 71, 73, 77-79). The most common setup employs a pair of permanent magnets
arranged in an antiparallel orientation with a gap between them (Figure 15) (58, 71, 73, 78).
The resulting magnetic field gradients produced by this type of setup are largely uniform in the
transverse direction, especially in the gap between the magnets. Rather than trapping the particles
in the center of a potential well, the magnetization vectors induced by this type of setup pull the
magnetic particles monotonically and vertically toward the magnets (Figure 15) (57). Thus, in
most magnetic tweezer experiments, the magnetic particles must be tethered to a nearby surface
via molecular linkers.

To estimate the maximum force a magnet configuration like this can generate, we assume the
use of permanent neodymium magnets with a commercially available magnetization grade of
N50 (56, 80-82). When two 5-mm cubic magnets are separated by a 1-mm gap, the Biot—Savart
law estimates a maximum field gradient of 0.38 T/mm as the magnetic particle asymptotically
approaches the center of the gap to a distance of 0.3 mm (55). A superparamagnetic particle with
a 2.8-um diameter and the material parameters given above would then experience a force of
98 pN, ensuring that this magnetic tweezer setup can generate the force levels necessary for ma-
nipulating biological molecules. It is also important, however, that the field gradient progressively
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relaxes along the vertical axis over tens of millimeters (Figure 15). Thus, measurable changes
in the magnetic force occur only when the magnetic bead undergoes a millimeter-scale vertical
displacement. This has vital implications in that molecular events—resulting in vertical magnetic
bead displacements on a nanometer scale—do not appreciably affect magnetic force as measured
with an antiparallel magnet configuration. This salient feature permits biochemical experiments
at constant force levels without requiring complicated feedback instruments (see Section 3 for
details).

Single magnets are used to generate more localized fields than the antiparallel magnet con-
figuration (41, 72, 77, 83). Single magnets generate field patterns that steeply diverge in a radial
manner such that the magnetic field vectors converge on the magnet’s opposite pole (Figure 1c).
Either permanent or electric magnets can be used to generate the magnetic field, but regardless
of magnet type, a tapered tip composed of permalloy or iron can be attached to the south pole to
increase the local field gradient in the space surrounding the tip. Unlike the antiparallel configu-
rations that exert uniform magnetic force along the vertical axis, single magnets exert both vertical
and horizontal forces to attract magnetic particles to the center of the magnet tip.

Using an electric magnet and a tapered tip with a curvature of ~0.02 pm, a 2.3-pm-diameter
magnetic bead would experience a magnetic force of up to ~200 pN at a distance of 10 pm,
corresponding to a field gradient of ~0.8 T/mm (72, 84). Of note, field gradients produced by
single magnets decrease more rapidly than those produced by antiparallel configurations, reaching
the threshold value of ~0.01 T/mm for a bead only ~1.5 mm away from the magnet (Figure 1¢).
Moreover, field gradients produced by single magnets also decrease sharply as the particles are
subjected to transverse displacements tens of micrometers from the center of the magnet tip. Thus,
single magnet configurations can be used to deliver mechanical stimuli to highly localized regions.

Although the use of electric magnets permits the direct modulation of the magnetic field be-
cause it is proportional to the applied current, large amounts of current flowing through the elec-
tric coils can lead to problems with overheating (5). Various solutions to this problem have been
suggested, including water cooling systems (5, 72, 85). It is also possible to microfabricate mag-
netic cores with electric wiring designed to generate multiple magnetic poles. These can produce
well-defined and localized field gradients in multiple locations (86-88).

Recently, there have been technical pushes toward magnetic tweezers that work with nano-
sized beads because smaller beads exhibit reduced nonspecific interactions and permit faster dy-
namic reporting (41, 89). To achieve the desired force window, however, these smaller nano-sized
beads require more magnetization as well as stronger field gradients. Jun and colleagues used a
sharper permalloy tip (with a curvature of ~0.1 wm) to increase the field gradient surrounding the
tip (41). They also changed the nano-magnetic particle core from Fe;Oy4 to Zng4Fe; O (zinc-
doped iron oxide magneto-plasmonic nanoparticles), which led to a tenfold higher magnetization
capacity. With these two changes, Jun and colleagues were able to apply piconewton-scale forces
to 40-nm magnetic particles at micrometer-scale distances. Equation 2 gives an estimated field
gradient of ~40 T/mm. This field gradient was experimentally determined to diminish within
tens of micrometers, indicating a shorter reaching range by three orders of magnitude than that
of the uniform field generated by an antiparallel magnet configuration. These steep force gradi-
ents mean that constant force experiments would require additional instrumentation, as is the case
for optical tweezer techniques (90).

2.3. Applying Magnetic Torque

Magnetic fields can also influence magnetic objects by applying torque to induce rotational motion
(Figure 1d) (4, 22, 76, 84, 91, 92). Unlike the magnetic force that arises from magnetic field
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gradients, magnetic torque is generated directly by the field vector represented by the following
relationship:

- — 5 — =
T=mxB=7rxF 3.

Here, 7 is the magnetic moment (e.g., 7% = [ M dV7, where V'is the volume element), and 7 and E)
are the length of moment arm and the torque force, respectively (Figure 1d, subpanel 7).

Since ambient thermal fluctuations induce random Brownian rotation of the magnetic par-
ticles, we can estimate the level of torque required to overcome Brownian noise and rotate the
particles in a robust way in a specific direction. We estimate the torque required to rotate a micron-
sized particle with a radius of 1.4 wm by an angle of 7t/2. We further assume that an energy input
30 times as large as the ambient thermal energy (i.e., 30 k3 7) would be enough to accomplish the
rotation despite Brownian noise. These assumptions yield an estimate of only 10 fN of torque
force to produce a substantial rotation. Even considering subsaturating levels of magnetization
below the critical magnetic field (H,) (90), a magnetic field of approximately 20 mT is sufficient
to induce magnetic particle rotation while overcoming thermal fluctuations. This field strength
can be attained when a particle is placed as far as ~20 mm away from an antiparalle] magnet
configuration (76, 93) (Figure 1d, subpanel #i).

These rough estimates suggest magnetic tweezers can induce the rotation of magnetic particles
at far larger distances than those at which piconewton-scale pulling forces can be applied. This
access at a greater distance stems from the fact that the torque is being generated directly by
the magnetic field. As was also found during the development of nuclear magnetic resonance
techniques, it is much easier to increase the magnetic field strength than steepen the magnetic field
gradient. It has been demonstrated that by increasing the field strength, the rotational motion of
magnetic nanoparticles could be induced as far as 70 cm away from the magnets (92).

3. DEVELOPING HIGH-RESOLUTION SINGLE-MOLECULE
MAGNETIC TWEEZERS

3.1. Physical Principles

With their capacity to apply force and torque at levels suited to the modulation of the structure and
function of biological molecules, magnetic tweezers have evolved to be a prominent technique for
single-molecule force spectroscopy (7). To monitor mechanical responses, magnetic tweezers rely
on video-based tracking of bead positions (54). Bright-field images are analyzed continuously to
extract the three-dimensional coordinates of tracked beads (Figure 24). Accurate tracking along
the vertical axis (mirroring force-induced changes in molecular extension) requires clear diffrac-
tion patterns of beads placed slightly out of focus by design (6, 54). As a bead moves away from
the imaging plane in either direction, the concentric ridges in its diffraction image undergo radial
expansion. By moving the objective lens in regular steps with a nano-positioning device (i.e., using
a piezo-driven objective lens), a precalibrated collection of diffraction images can be generated.
Real-time images of the same bead are then compared to its calibrated intensity profile. Although
the calibration patterns are sparsely spaced 50-100 nm apart along the vertical axis, the associated
changes in the radial profile are significant enough and distributed over enough pixels in high-
magnification images that even minute differences induced by subnanometer displacements can
be reliably detected (6).

The use of magnetic tweezers for interrogating single biological molecules was first demon-
strated by Bustamante and colleagues (3). In this landmark paper, a single double-stranded DNA
molecule, tethered to a surface, was stretched and relaxed. Since this pioneering study, most
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Figure 2

High-speed magnetic tweezer concept. (#) Schematic of the setup. Single protein molecules of interest are
suspended between a glass surface and magnetic beads. They are manipulated through the controlled
motions of a pair of permanent magnets. The beads are illuminated by a collimated beam of light from an
LED or SLD that is carefully aligned to pass through the 1-mm gap between the magnets. The resulting
diffraction patterns from the beads are imaged with a high-speed CMOS camera at 100-1,200 Hz. The
frames acquired are processed collaboratively in real time by the CPU and GPU to extract the three-
dimensional coordinates of each bead (57-59). (b)) The magnetic forces generated in this setup. Force was
measured in this setup as a function of magnet height and fitted to a double-exponential model (red) (81).
Abbreviations: CMOS, complementary metal-oxide semiconductor; CPU, central processing unit; GPU,
graphics processing unit; LED, light-emitting diode; SLD, superluminescent diode.

studies using the magnetic tweezer technique have focused on the elastic properties of nucleic
acids, as well as the biochemical functions of enzymes interacting with nucleic acids (10, 94, 95).
Because these studies typically used nucleic acids such as A-phage DNA with tens of kilobase pairs,
relevant changes in their extension values occur on a scale of hundreds of nanometers or even
more. One of the unique abilities of the magnetic tweezer technique is the application of torque.
This can be used to accumulate torsional stress in double-stranded DNA molecules to induce the
formation of supercoils (4, 96, 97). Supercoiling is also accompanied by large extension changes
spanning hundreds of nanometers in the case of kilobase-long DNA molecules. In addition,
as discussed in the preceding paragraph, the measurement bandwidth of the magnetic tweezer
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technique has long been limited by its requirement for image-based magnetic bead tracking,
which makes its measurements intrinsically slower than those of optical tweezers or AFM (17).
Most earlier applications of the magnetic tweezer technique were limited to measuring large
changes occurring under quasi-equilibrium conditions in which force levels varied slowly over
seconds to minutes (3, 10, 19).

Yet, when combined with higher measurement resolution and bandwidth, magnetic tweezers
have distinct technical advantages that are not easily paralleled by other single-molecule force
spectroscopy tools. In the uniform field generated by an antiparallel magnet configuration, the
magnetic field gradient slowly relaxes on a millimeter scale (55). With optical tweezers and AFM,
the force levels change steeply over the typically submicrometer scales of the focused gaussian
beams and AFM cantilever tips (17). In contrast, for magnetic tweezers, the force level is pre-
cisely controlled on the same length scale over which the magnetic field gradient varies, and this
millimeter-scale control of the magnet’s position is readily accomplished with simple motorized
controls (Figure 25) (81). At the same time, because molecular events occurring in the target
molecules involving extension changes on a nanometer scale do not significantly alter the force
levels experienced by the magnetic beads, magnetic tweezer experiments can be done under es-
sentially constant force levels (55). Because the energy landscapes governing biological structures
and processes shift gradually as the forces applied increase (98-100), experiments in which applied
force levels vary continuously have to contend with inevitable changes in the shape of the energy
landscape being studied. In contrast, magnetic tweezers provide a platform to directly probe the
energy landscapes that govern biological phenomena at fixed levels of mechanical tension.

This important advantage justifies the work being done to push the magnetic tweezer tech-
nique toward higher-bandwidth measurements reaching a few kilohertz of sampling frequency
accompanied by nanometer precision in magnetic bead tracking. In fact, significant efforts have
been made in the past decade to improve the spatiotemporal resolution of magnetic tweezers
and unleash their full potential (57-59). Several pioneering research groups have unambiguously
demonstrated tracking of millisecond-scale biological events with nanometer precision, enough
to decipher delicate conformational changes in tiny globular proteins (79, 101). Not only that,
but these measurements allowed for the direct reconstruction of the associated free energy land-
scapes (73, 102). We briefly summarize the theoretical considerations of measurement resolution
in the magnetic tweezer technique and then outline recent developments toward building mag-
netic tweezers with higher resolution and tracking speed.

The fundamental limits of temporal and spatial resolution in magnetic tweezer experiments are
shared by all single-molecule force spectroscopy techniques and discussed in previous excellent
reviews (17, 103). We therefore provide a summary of key results using the magnetic tweezer tech-
nique. In magnetic tweezer experiments, single target molecules are tethered to magnetic beads,
usually via double-stranded DNA handles (7). The structural changes in the target molecules are
then transmitted through these DNA handles and reflected in the vertical displacements of the
tethered bead. Thus, the dynamics of any molecular transitions are low-pass filtered by the re-
sponse time of the bead-handle construct, and the bead height measurements are limited by the
Brownian motion experienced by the beads and handles. In practice, the fundamental limits of
temporal and spatial resolution are further compromised by the technical limitations of the mea-
surement apparatus, namely the finite speed of camera-based tracking and the bead tracking noise.

Let us consider a magnetic bead of mass 7. Its motion in a fluid experiences a viscous
drag governed by the drag coefficient y. The momentum relaxation time for the translational
Brownian motion of the bead (i.e., the exponential decay in momentum caused by collisions
with fluid molecules after the bead initially gains momentum) is given by #2/y. This value falls
at approximately 1 ps or below for typical magnetic microparticles. On significantly longer
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timescales, the bead’s motion in a low-Reynolds-number regime can be described by the over-
damped Langevin equation:

0=—yz() — k2(t) + £@). 4.

In this equation, z(#) is the vertical position of the bead and & (¢) is the thermal force from random
Brownian collisions with solvent molecules. Although &(¢) varies over time, such variation also
occurs on a much faster timescale (10'2-10'* Hz) than the bandwidth of our measurements. The
second term accounts for the linear restoring force arising from the tether with a spring constant
k. It shows that, for small displacements around the equilibrium position, the elasticity of the
tether is an approximation of its harmonic potential. This differentiates magnetic tweezers from
other single-molecule force spectroscopy techniques, in which the restoring force arises directly
from trap stiffness rather than from tether elasticity.

One can imagine that once a nanoscale molecular event (e.g., DNA hairpin unzipping, chemical
bond breakage, or protein unfolding) occurs at ¢ = 0, the bead height z(0) moves away from its
equilibrium position. Assuming that the structural transitions of molecules are instantaneous [they
do take a small but finite amount of time (31)], the bead relaxes to a new equilibrium position, the
trajectory of which is given by the solution of Equation 5:

0) = 5O exp(-t/) + 5 [ dF expl—(e — )/ ). 5.
Y Jo

In this equation, the first term describes the exponential decay with a time constant 7. = y /k,, and
the second term indicates the accumulated effects of random forces along the trajectory, exhibiting
the same decay time constant. The drag coefficient can be estimated from the Stokes—Einstein
equation y = 6mrnr for a spherical particle of radius 7 in a solution of viscosity 7. Thus, smaller
beads with smaller y values are preferred because they permit faster monitoring of molecular
events.

From Equation 5, we find that the elasticity of a tether, represented by &, critically determines
the dynamic response of the bead—tether construct. Since most magnetic tweezers use double-
stranded DNA fragments as molecular tethers, the worm-like chain model relates the extension
of a tether / to an applied force F (104). This model is represented as follows:

Fh 111
keT 41 —1/h)" 4 kb

In this equation, /y and /, are the contour and persistence lengths of the tether, respectively. The
force-dependent stiffness would then be represented as follows:

_AF() kT AN
ko= — =30k [2+<1 zo> } 7.

Thus, the stretching elasticity of DINA is not linear over the extension regime but is a function
of its full length /; and its extension / at the time of a given measurement. Using a shorter tether
(i-e., smaller /) or stretching the tether to its full extent (//, approaching 1) increases %, and
provides faster relaxation. The application of higher forces to trigger further tether stretching
is not always a viable option, depending on the biological system of interest. This means using
shorter DNA tethers is generally a better strategy. We plot the calculated values for the relaxation
time constant 7, in Figure 34,b using representative parameters. These plots indicate that the use
of submicrometer tethers guarantees submillisecond response times even in a low-force regime
of 1-5 pN. It is notable from Equation 6 that the tether is already extended to over 80% of its
contour length at 1 pN of force because the elastic entropy of the tether polymer is effectively
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Figure 3

Thermal fluctuations in bead position limit the spatiotemporal resolution of magnetic tweezers.

(a,b) Characteristic thermal fluctuation timescale (7). 7, represents the exponential decay constant for the
bead height fluctuations calculated for the designated bead radii and tether lengths (/y) as functions of
applied force. (c,d) The magnitude of the thermal fluctuations calculated for various conditions of applied

force (F) and measurement bandwidth (Beg). v/ (822) values were estimated from Equation 9 for the 2.8-
(solid) and 1-pm (dotted) beads attached to 0.3-um tethers. For all panels, the tethers were assumed to be
double-stranded DNA fragments that follow a worm-like chain model of /, = 45 nm (104).

suppressed at force levels above 1 pN. In the same force range, the response time is also steeply
reduced as the tether is straightened (Figure 34,b).

We used the Stokes—Einstein equation for our calculations, but the use of submicrometer teth-
ers increases the viscous drag on magnetic beads near the surface. This necessitates the use of
Faxén’s law to correct for the viscous drag component (105). For the same reason, the vertical
drag is not equal to the drag arising from lateral movements in proximity to the surface. These
corrections generally increase the effects of viscous drag, resulting in reduced response times,
especially for short tethers with small extensions.

Given that the bead-tether response is fast enough to reflect dynamics of biophysical interest,
the next question is whether magnetic bead tracking is precise enough to detect molecular events
of interest above the level of the Brownian noise that arises in the motion of the bead—tether
construct. Because thermal forces can be treated as white noise with a constant, single-sided power
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spectral density (PSD) of 4ykpT (7), the fluctuations of the bead-tether construct, governed by
Equation 4, follow the Lorentzian function:

S = 8
ey (fE+ 1)

In this function, the cutoff frequency f; = 1/(2nt.) = k./(27y) that governs the mechanical re-
sponse of the bead—tether construct exactly matches the inverse of the dynamic response time
derived in Equation 5. Thus, any thermal fluctuations occurring faster than the dynamic response
time are filtered out because the bead-tether construct cannot respond to these fast-evolving fluc-
tuation components. The PSD in Equation 8 contains the frequency content of the system across
the entire bandwidth. One can integrate it over a relevant frequency range to estimate the mag-

nitude of any fluctuations as follows:
1
B. 2
= |:Mtan_l <—q>] 2. 9.
wk, f

Vi = | - s |

Here, /(82?) represents the time-averaged thermal fluctuations in the z direction. In using this
equation, the infinite-bandwidth observation (i.e., B.q = 00) is a special case that corresponds to a

—

measurement without any time averaging. In this infinite-bandwidth measurement, the fluctuation
magnitude is reduced to /(82%) = \/kgT /k,, which is consistent with the prediction from the
equipartition theorem. Plugging (§z*) = k3T /k, into Equation 7 produces the following:
_ 2L,k

24 (=1

This equation has the crucial implication that using a short DNA tether (and/or stretching the

tether more fully) not only reduces the dynamic response time but also reduces the thermal noise
associated with determining the vertical position of the magnetic bead.

(82%) 10.

For actual measurement systems, the finite acquisition rates of cameras set B, to a finite value,
leading to an averaging over a time window of 1/B.q (in seconds). This leaves out high-frequency
fluctuations and thus reduces the /(8z?) value, offering improved resolution for bead tracking.
Figure 3c,d plots the expected thermal fluctuations for 1-kbp tethered beads under the indicated
conditions of applied force and measurement bandwidth. Remarkably, these plots indicate that
nanometer precision (v/(82?) ~ 1 nm) is feasible with reasonable parameters often used in single-
molecule magnetic tweezer experiments. For example, to resolve nanoscale changes in protein
structures, magnetic beads with a 2.8 pm diameter can be tethered to a 1-kbp piece of DNA and
monitored under 5 pN of tension at a sampling frequency of 100 Hz.

We note that these fundamental limits on measurement resolution may not be reached in prac-
tice because of deleterious effects independent of the sample, effects like mechanical and thermal
instability of the setup or corruption of bead images due to light scattering in the background.
For instance, highly concentrated and heterogeneous mixtures of proteins and lipids tend to cause
significant low-frequency fluctuations in background intensity, severely diminishing overall mea-
surement resolution. Artifacts arising from the finite acquisition frequencies of the specific camera
being used should also be considered and corrected (82, 106, 107).

Additional complications arise from the rotational tumbling of magnetic beads. The orienta-
tions of individual magnetic beads are pinned along the direction of the magnetic field due to
energetic preference (76). When the bead’s center of mass is driven away from the molecular axis
of its tether, rotational fluctuations associated with this movement are again governed by another
Langevin equation coupled to translational movement in the vertical direction (108). This effect
introduces additional variability in measurement noise.
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3.2. Construction of High-Resolution Single-Molecule Magnetic Tweezers

The discussion in Section 3.1 suggests that using a short, submicrometer tether at moderate force
levels (~5 pN) allows the bead-tether to respond fast enough to report molecular dynamics at
a submillisecond scale. Time averaging of the bead position at 1 kHz reduces the random noise
from thermal fluctuations of the bead-tether construct down to ~1 nm, providing enough mea-
surement precision to track changes on a molecular scale (Figure 3). Thus, despite all of the
technical challenges involved in improving the spatiotemporal resolution of camera-based bead
tracking, high-speed magnetic tweezers permit observations of subtle molecular changes in single
target molecules.

The key technical requirements for high-resolution bead tracking in the magnetic tweezer
technique are (#) a fast camera for bead imaging, (b) a bright light source for illumination, and
(c) a seamless workflow for image acquisition and real-time processing that includes an efficient
algorithm for three-dimensional tracking of the bead position. The first requirement, arguably
the most critical among those mentioned, has largely been resolved with recent advances in com-
plementary metal-oxide semiconductor (CMOS) image sensors. The advantages of high-speed
CMOS cameras for single bead tracking as an alternative to photodiode position sensors were ex-
plored earlier for use with the optical tweezer technique (109-111). CMOS cameras are favored
over cameras based on charge-coupled devices, mainly because of their acquisition speed (112).
Narrowing the field of view to specific regions of interest (e.g., those containing magnetic beads)
further increases this already faster acquisition rate because of the parallel nature of CMOS pixel
readout designs (59).

The light source for bead illumination also plays a crucial role, particularly in high-speed imag-
ing. In standard setups running at ~100-Hz frame rates, a bright light-emitting diode (LED) pro-
vides enough photons, when tightly focused on the imaging plane, to generate clear bead images
with minimal tracking noise. When the acquisition rate rises above 1 kHz, however, the number
of photons reaching the sample becomes a limiting factor. Thus, an optimal light source should
generate strong diffraction patterns while providing adequate power, a short coherence length (to
minimize interference speckles), and a single spatial mode. Several options have been explored,
including a high-power fiber-coupled LED (58), a mercury lamp (59, 111), a superluminescent
diode (58, 113), and a modulated laser diode (58, 114).

At the same time, the framework for efficient tracking has been empowered with the advent
of parallel computing with graphics processing units (GPUs) (57-59, 115). In three-dimensional
bead tracking, there is a trade-off between tracking accuracy and image processing speed. The
more pixels a single bead image contains, the easier it is to localize the bead in a two-dimensional
plane, but all those pixels also slow down the overall image analysis. Another trade-off arises in
tracking multiple beads in a larger field of view for high-throughput measurements (75, 78, 101,
115, 116). In general, outsourcing image processing to the GPU releases the central processing
unit from some of its computational burden, facilitating the integration of a magnetic tweezer
setup with additional components and permitting more complex experiments.

Since many factors influence the spatial resolution of bead position measurements in the
magnetic tweezer technique, it is difficult to directly compare the various platforms developed by
different research groups. In particular, the thermal motion of the bead-tether constructs varies
considerably depending on measurement configurations such as bead size, tether length, and
applied force. Moreover, as with other position measurements, spatial and temporal resolutions in
the magnetic tweezer technique are coupled to one another because using a wider time window
for averaging bead positions improves the spatial resolution, but this comes at the expense of
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measurement bandwidth. For these reasons, researchers standardize their reports of resolution
using power spectrums and Allan variance measurements (80, 117, 118).

We conclude this section by introducing some recent achievements in the development of
high-resolution magnetic tweezers that have maintained all of the unique strengths of the tech-
nique. These include efforts aimed at improving the rate at which the force exerted by the single-
molecule tweezers can be changed, a parameter conventionally limited by the translation motors
that drive the motion of the permanent magnets (79, 119). In our discussion of high-resolution
magnetic tweezers, however, we limit our scope to improving the speed and accuracy of bead
tracking.

In Lansdorp et al. (57), Saleh and coworkers reported results from a system that combined a
high-speed camera with a superluminescent diode. This enabled them to record bead images at
rates of up to ~35,000 frames per second. They also improved the speed of their bead tracking
algorithm by using GPUs for parallel image analysis. This setup was tested with a plain 1.6-kbp
dsDNA and a DNA hairpin construct, and it proved capable of dissecting the dynamics of hairpin
transition on a millisecond time scale.

Seidel and coworkers reported camera-based tracking of magnetic beads illuminated with a
fiber-coupled mercury arc lamp (59). Their work showed that GPU-assisted image analysis makes
it possible to perform real-time and long-term tracking of multiple beads while still imaging
enough pixels for subnanometer tracking accuracy.

Another instrument with similar spatiotemporal resolution was developed by Dekker and
coworkers (58, 115). Dulin et al. (58) built a magnetic tweezer apparatus that can track single
beads at rates of up to 8 kHz and characterized its ability to track DNA hairpin dynamics. Their
work used a megahertz-modulated laser for uniform, high-intensity illumination, essentially elim-
inating all concerns about the light source. Also, by incorporating GPU-based image analysis, they
were able to accurately track hairpin transitions and sort out subtle interference from free-floating
nucleotides in solution. A benchmark high-resolution data set generated with this setup was re-
cently made publicly available (107). Overall, the state-of-the-art in the magnetic tweezer field
offers sub-Angstrom tracking precision for surface-fixed beads and can resolve the thermal limits
of subnanometer changes in tethered beads over a bandwidth of 1-10 Hz.

Yoon and coworkers focused on improving high-resolution measurements in a lower-force
regime (1-10 pN) with the use of short DNA tethers (typically two dsDNA handles of ~500 bp
or ~170 nm), thereby achieving nanometer resolutions with a millisecond-scale sampling time.
In particular, Yoon and colleagues systematically addressed the technical hurdles associated with
using short tethers with the magnetic tweezer technique (113). A theoretical framework describ-
ing the behavior of finite tethers in single-molecule tweezer experiments was introduced by Seol
et al. (120). This framework proved crucial in interpreting the observed dynamics of bead—tether
constructs. For example, Seol et al. were largely able to account for the low-force deviations in
the force-extension behavior they observed by considering the geometric constraints of the bead—
tether constructs. At the same time, the rotational displacements arising from magnetic anisotropy
of individual magnetic beads introduce both static offsets and dynamic fluctuations in bead-height
measurements (108). These undesirable effects are more pronounced in a low-piconewton regime,
complicating the measured force-extension profiles of short DNA constructs. By carefully correct-
ing the errors associated with extension and force measurements, a thorough procedure for using
submicrometer tethers down to 198 bp has been established. This approach has been used suc-
cessfully for investigating DNA mechanics (113), protein complex conformations (121), enzymatic
processes (122), and membrane protein folding (73).
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Figure 4

The designs for bead—tether constructs used in magnetic tweezer experiments with proteins. Four representative structures found in
the literature are shown with the chemical moieties involved in their tethering. (#) Avidin-based bead attachment and metal-
NTA-based surface attachment (38, 39, 71). (5) Avidin-based bead attachment and HaloTag-based surface attachment (79, 102,
129-131). (¢) Epoxy-based bead attachment and SpyTag-based surface attachment. The avidin-biotin system was additionally

used to include an upper DNA handle (132-134). (d) Anti-digoxigenin-based bead attachment and avidin-based surface

attachment. The SpyTag/SpyCatcher system was additionally used to include two DNA handles (73). Abbreviations: EDC,
N-ethyl-N’-(3-(dimethylamino)propyl)carbodiimide; NHS, N-hydroxysuccinimide; PEG, polyethylene glycol; NTA,

nitrilotriacetic acid.

4. APPLICATIONS OF MAGNETIC TWEEZERS TO BIOLOGY
4.1. Designing Pulling Constructs

The application of high-resolution magnetic tweezers to biological questions requires stable con-
structs for pulling single biomolecules (123). Because magnetic tweezers apply pulling force rather
than creating a harmonic well (57), two separate sites on a single target molecule must be conju-
gated to a magnetic bead and to a surface, respectively (7). Only the part of the target molecule
between these two linkage sites, which become aligned parallel to the force-application axis when
placed under tension, can be subjected to tension (Figure 4). Thus, the linkage sites control the
points of force application and their careful selection provides the opportunity to dissect the me-
chanical responses of different parts of the target molecule (37, 124). Although some of the earlier
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attempts at single-molecule force spectroscopy relied on nonspecific adsorption to attach single
molecules to probes or handles (14, 125), most of the recent tweezing experiments are based on
site-specific conjugation of handles to selected amino acid residues. In this section, we examine
the various approaches that can be used to assemble a construct for pulling single molecules in
magnetic tweezer experiments.

Diverse functional groups can be readily delivered to the ends of double-stranded DNAs us-
ing chemically modified DNA primers during amplification via PCR (113, 123). These functional
groups can then be used to conjugate the DNAs to other parts of the construct. In contrast, in-
corporating similar conjugation points into a protein in a site-specific manner is much more diffi-
cult. Because proteins typically have multiple native cysteine residues, simple cysteine-maleimide
chemistry cannot deliver handles to single sites in a target protein. Several single-molecule tweezer
studies have used the incorporation of unnatural amino acids to provide conjugation sites, but this
requires specialized expression systems (37, 126). Typically, most studies use protein tag fusion to
introduce a linkage site at a predefined location, usually the N or C terminus of the target protein.

In early magnetic tweezer studies, researchers used 6 xHis (His-Tag) for surface immobiliza-
tion (Figure 44) (38, 39, 71). First, chelator molecules (e.g., nitrilotriacetic acid) were covalently
attached to silanized glass surfaces via glutaraldehyde crosslinking, and then divalent metal ions
(Cu**/Ni**) were added (Figure 44). To attach the other end of the target protein to a magnetic
bead, AviTag was covalently biotinylated by the Escherichia coli biotin ligase BirA during protein
expression (38, 39) or after purification (71). Finally, streptavidin-coated magnetic beads were at-
tached to the target protein via the strong biotin—streptavidin bond.

Although the mechanical properties of several force-sensing proteins have been explored using
His-Tag-based constructs (38, 39, 71), the use of His-Tags in the formation of stable pulling con-
structs has two major disadvantages. First, although the imaging surface is passivated after metal
ion coating, His-Tags are still prone to nonspecific interactions. Second, His-Tag-mediated con-
jugation is noncovalent and thus provides limited bond strength. To overcome these limitations,
several attachment strategies that provide for stronger and more specific protein construct im-
mobilization have been developed. One of these strategies uses HaloTag, a 33-kDa engineered
dehalogenase enzyme (Figure 4b) that forms a specific covalent bond with a chloroalkane-based
ligand (127). One advantage of the HaloTag system is that the covalent reaction occurs directly
between the ligand and HaloTag without requiring any additional reagents or enzymes. Moreover,
the strength of the resulting bond allows prolonged observation of the target protein for several
days or even weeks (128).

Despite the many advantages of the HaloTag conjugation system (79, 102, 129-131), HaloTag
occasionally unfolds at high force, resulting in an extension change of tens of nanometers (102).
This undesirable unfolding of the tag itself could easily be misinterpreted as a positive signal
when the relevant extension changes are of a similar length, complicating the analysis of the mag-
netic tweezer experiment. One alternative strategy for overcoming this issue is the use of the
SpyTag/SpyCatcher split-protein system (Figure 4c) (132-134). This system relies on the forma-
tion of an isopeptide bond between a short peptide (SpyTag) and a larger protein (SpyCatcher)
(135). Like the HaloTag system, the formation of the covalent SpyTag-SpyCatcher bond does
not require any additional reagents. Since bond formation between SpyTag and SpyCatcher is
fast, target proteins carrying SpyTags are introduced to a surface coated with SpyCatcher to di-
rectly induce bond formation. One group used a construct with SpyTag and AviTag at opposite
ends to study the unfolding behavior of single ZPSG domains of ZO-1 proteins at force levels up
to ~100 pN (132).

To study proteins that are prone to nonspecific interactions with the imaging surface
(e.g., membrane proteins), surface-passivation protocols developed for use in the field of

Choi et al.



single-molecule fluorescence spectroscopy can be employed (Figure 4d) (73). Specifically,
amino-silanized glass slides are coated with a mixture of methoxy-polyethylene glycol (PEG)-
hydroxysuccinimide (NHS) and biotin-PEG-NHS, with an excess of methoxy-PEG molecules
for passivating the surface and far fewer biotin-PEG molecules to serve as binding sites for later
conjugation. To minimize the direct contact of the target proteins with either the magnetic beads
or the surface, two 510-bp double-stranded DNAs are attached to the N and C termini of the tar-
get proteins using the SpyTag/SpyCatcher system. Since SpyCatcher is a small protein molecule
without any native cysteines, an artificial cysteine residue can be introduced between the purifi-
cation tag and the SpyCatcher to induce DNA linkage via the cysteine-maleimide reaction (73,
136). The linked DNA handles then also serve as an indicator for proper assembly of the pulling
construct because poorly assembled ones fail to show the typical force-extension curves of ~1-kbp
DNAs nor do they show substantial Brownian motion in the absence of tension. The other ends
of these DNA handles are modified with biotin or digoxigenin, which are used to attach the DNA
handles to the magnetic bead and for surface immobilization, respectively.

4.2. Applying Magnetic Tweezers to Force-Dependent Biological Processes

As more groups apply the high-resolution magnetic tweezer technique, it has repeatedly proven
effective at solving otherwise intractable biological problems (38, 73, 101, 102, 129, 131). Be-
cause there are excellent reviews about the use of magnetic tweezers for studying nucleic acids
and their conformational changes evoked by enzymes (7, 137), we focus here on recent uses of
single-molecule magnetic tweezers to directly investigate the conformational changes that occur
in individual proteins.

Many of these pioneering studies have explored cutting-edge questions in biology regarding
how cells generate, sense, and modulate tension (38, 102, 129). The binding of chemical ligands
has long been the prevailing paradigm for the delivery of biological signals. However, because
chemical ligands suffer from continuous dilution owing to Brownian motion, mechanical force is
emerging as a novel class of biological signal. The biological systems that use these signals can
exchange mechanical cues between their different components in a much more localized manner
without any spatial dilution (60, 61, 138).

Titin, which is a major protein component of muscle sarcomeres, is a good example showing
such a force-responding phenomenon (139). Titin’s immunoglobulin (Ig) domain was the first
protein target studied by single-molecule force spectroscopy, and its mechanical properties have
since been thoroughly investigated with many different techniques (14, 139-141). Under a high
pulling rate of 1 pm/s (a force loading rate of ~1,000 pN/s) (14), titin Ig domain unfolding has
typically been observed above the 100-pN level, far from equilibrium conditions. In contrast, Yan
and colleagues performed force-clamp measurements using single-molecule magnetic tweezers at
a uniform force level of 4.5 pN and observed both unfolding and refolding events of Titin’s Ig
domain (102). This drastic reduction in the relevant force level indicated that the folding reac-
tions occurred under quasi-equilibrium conditions with minimal free energy dissipation, permit-
ting direct reconstruction of the governing energy landscape. With a millisecond time resolution,
Fernandez and colleagues determined how fast refolding occurred and estimated the power gen-
erated by the folding of a single Titin Ig domain, which reached 6,000 zZW (129). This remarkable
number suggests Titin proteins may actively function in muscle contraction as much more than
mere passive springs.

Another example of a cellular force-generating machinery is the focal adhesion, a large protein
assembly that attaches cells to the surrounding extracellular matrix. Although many protein com-
ponents of focal adhesions have been identified, it remains unclear how mechanical cues from the
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outside are transduced to affect downstream cell-signaling circuits, i.e., how the mechanical signal
is converted to a chemical one (142). In a landmark paper by Sheetz, Fernandez, and coworkers,
a magnetic tweezers setup was used to pull single molecules of talin, the protein that connects
integrin receptors to the actin cytoskeleton (38). Under 12 pN of tension, the talin rod domain
unfolded, exposing a previously hidden vinculin-binding site. This group further observed that
excessive tension inhibited vinculin binding by removing the secondary structure of the binding
site, indicating the existence of an optimal force window for facilitating talin-vinculin binding
(131). The single-molecule tweezer technique has been used to explore the force-dependent be-
haviors of many proteins, such as a-catenin (39), ZO-1 (132), formin (143), and dystrophin (144),
clarifying the molecular mechanisms underlying their related mechanobiological processes.

Protein folding remains a major field of inquiry in modern molecular biology. In conventional
bulk biochemical assays for protein folding, high temperature or chemical denaturants are first
added to induce an unfolded state in the target proteins. The heat or chemical denaturants are
then removed to induce protein refolding (145). Since bulk assays like these typically rely on opti-
cal signals, such as absorption at a certain wavelength or native tryptophan fluorescence, they can-
not provide detailed conformational information. Mutations are introduced into the target pro-
teins, and the corresponding changes in the bulk biochemical readouts are translated into rough
structural information, a process that requires some rather large assumptions (146). In contrast,
single-molecule force spectroscopy applies mechanical tension to induce target protein unfolding.
Then, under piconewton-scale tension, the unfolded part takes on an extended conformation (147,
148). Thus, unlike with bulk biochemical readouts, the unfolding/folding readouts from single-
molecule force spectroscopy techniques can directly reflect the number of residues in the unfolded
part of the protein (73). In particular, the force-clamp capability of the magnetic tweezer technique
permits the observation of both folding and unfolding events at a set force level, which permits the
direct estimation of the protein’s equilibrium properties, including its folding energy landscape.
The folding properties of a variety of proteins, such as BapA (149), protein L (79, 150), filamin A,
and von Willebrand factor (101) have now been studied with single-molecule magnetic tweezers.

Of note, the single-molecule magnetic tweezer technique has recently been applied to the fold-
ing of multi-pass helical membrane proteins, which are notoriously difficult to study (73). With
remarkable advances in cryo—electron microscopy (cryo-EM), the tertiary and quaternary struc-
tures of multi-pass membrane proteins are now being revealed at an unprecedented pace (151). In
these complex structures, transmembrane helices (TMHs) pack close to one another, permitting
elaborate conformational changes that regulate the flow of information and materials across the
cell membrane (152, 153). Regardless of their importance, however, very little is still known about
how these multi-pass membrane proteins form in the endoplasmic reticulum membrane (154).

Yoon and coworkers serially applied three different force-application protocols based on single-
molecule magnetic tweezers to elucidate the folding pathways of multi-pass membrane proteins
(73). The N and C termini of multi-pass membrane proteins were fused to SpyTags and at-
tached to magnetic beads and the imaging surface via two double-stranded DNAs (510 bp each)
(Figure 5a). In the first protocol, over 20 pN of mechanical tension was applied to induce full me-
chanical unraveling of the single membrane protein molecules, resulting in unstructured polypep-
tides (referred to as the U, state) (Figure 5b). The applied force was subsequently lowered to
approximately 5 pN to initiate membrane protein refolding. Rather than a monotonic down-
ward march toward the native state (V), the resulting refolding process showed many upward and
downward steps. Hidden Markov modeling was then used to identify the obligate intermediates
(Figure 5c,d). While this first protocol can be used to identify natural refolding intermediates, the
complex conformations of these intermediates, including the way the TMHs realign in a zigzag-
like manner, cannot be directly determined.
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Figure 5 (Figure appears on preceding page)

(@) Schematic of the magnetic tweezer-based folding experiments on human B>AR. () The mechanical cycle for the low-force refolding
of B2AR. (¢,d) Representative folding traces. State locations and intermediate form transitions were identified using hidden Markov
modeling. (¢) Force-jump experiments for the high-force unfolding of native-state B2 AR. (f,g) Extension distribution during high-force
unfolding of native B> AR after (f) disrupting or (g) preserving disulfide bonds. () Force-jump experiments for the high-force unfolding
of intermediate-state 8, AR. (i) Extension distribution (replicate of panel f) rotated and aligned with the extension histograms in panel
b. Abbreviations: AR, B, adrenergic receptor; CHAPSO, 3-([3-cholamidopropyl]dimethylammonio)-2-hydroxy-1-propanesulfonate;
DMPC, dimyristoyl phosphatidylcholine; DMPG, dimyristoyl phosphatidylglycerol; PEG, polyethylene glycol; TCEP,
tris(2-carboxyethyl)phosphine; U,, unstructured state. Figure reproduced with permission from Reference 73.

Next, a stronger force unfolding protocol can be used to permit all of the extension values
reflected by the magnetic bead to be collected until the U, state is achieved. In the resulting
stronger force unfolding data, the distance between unfolding peaks translates directly into the
number of amino acids that have unfolded (Figure Se,f). Furthermore, by introducing disulfide
bonds at known locations, the unfolding process can be further explored while the unfolding of
certain parts of the structure is blocked. For example, in the case of human 8, adrenergic receptor
(B2AR), preservation of a conserved disulfide bond, by leaving out a reducing agent, led to the
selective disappearance of the unfolding data between the fifth and eighth peaks, indicating that
the part that disappeared corresponds to the unfolding of the amino acids knotted by the disulfide
bond (Figure 5f,g). In addition, the ratio of the unfolding extensions spanned by the first five
peaks (peaks 1 to 5) and the last two peaks (peaks 8 to U,) virtually exactly matches the ratio
of the number of amino acids placed C terminal (144 amino acids, in this case) and N terminal
(71 amino acids) to the disulfide bond (Figure 5f). These observations collectively point to strictly
one-directional unfolding of human $,AR from the C to the N terminus (and thus, one-directional
folding from the N to the C terminus). By applying force jumps during the refolding process at
low force levels, a one-to-one relationship can be established between the low-force refolding and
high-force unfolding intermediates (Figure 5h,q).

This suggests a streamlining of magnetic tweezers experiments in which native refolding inter-
mediates are firstidentified under low piconewton-scale tension. Structural states are then inferred
from high-force unfolding data, and this structural information can, in turn, be extrapolated back
to the low-force refolding intermediates. By applying this method, Yoon and colleagues iden-
tified a hierarchical folding pathway that begins at the N terminus and works its way toward
the C terminus of proteins for two evolutionary distant proteins, E. co/i GlpG and human f,AR
(73).

5. CONCLUSION

With recent advances in the field, it is now clear that high-resolution single-molecule magnetic
tweezers can track nanometer changes with a millisecond-scale or shorter resolution. The mag-
netic beads and tether that are used to deliver magnetic force to target single molecules largely
dampen the faster dynamics of target molecules and act as a low-pass filter. At the same time, the
bead—tether construct increases the measurement noise due to their Brownian breathing motions.
We showed that the use of smaller magnetic beads and shorter submicrometer tethers can im-
prove dynamic response time by decreasing viscous drag on the bead and increasing the stiffness
of the tether. In addition, shorter tethers reduce the Brownian noise of the bead—tether construct,
improving magnetic tweezer measurement precision. Because magnetic tweezers should generate
forces between 1 and 100 pN to modulate biological structures and their interactions, adoption
of smaller magnetic beads requires the beads themselves to exhibit much higher mass saturation
magnetization.
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High-resolution magnetic tweezers have been used recently to explore the conformational
transitions that play critical roles in mechanotransduction in cell signaling circuits, protein bio-
genesis, and homeostasis. In particular, the force-clamping capacity of magnetic tweezers has en-
abled many unique observations at near-equilibrium conditions. Considering the relative ease with
which groups can assemble a high-resolution magnetic tweezer setup and the general availability
of the software for running it, we anticipate that more and more biochemists and biologists will
adopt single-molecule force spectroscopy in their own research.

Moreover, as recent advances in cryo-EM have facilitated the experimental determination of
the tertiary and quaternary structures of proteins and protein complexes with unprecedented
speed, the number of situations in which the magnetic tweezer technique has proven useful
has only increased. Since it is possible to explore the mechanical responses of target proteins—
including unfolding and refolding—using protein tags (e.g., HaloTag and SpyTag) delivered to
specific sites in the target protein’s structure, all of these new cryo-EM structures will guide both
the selection of tagging sites and the interpretation of single-molecule force spectroscopy signals.
The new computational platforms that permit direct structural predictions from sequence infor-
mation alone will also facilitate the design and analysis of magnetic tweezer experiments (155,
156). At the same time, many, if not all, cryo-EM structures are obtained from freely floating (but
snap-frozen) samples and thus represent the states of target proteins under zero mechanical ten-
sion. Magnetic tweezers, and more generally, all single-molecule force spectroscopy tools, have
the unique potential to reveal the structural changes induced by mechanical tension. This capac-
ity will permit us to expand our understanding of how the atomic structures revealed by cryo-EM
respond and adapt to mechanical cues. Thus, the coming decades will be exciting as more groups
use single-molecule magnetic tweezers to make many interesting discoveries.
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