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Proteins that operate under force—cell adhesion, mechanosensing—exhibit a wide range of mechanostabilities.
Single-molecule magnetic tweezers has enabled the exploration of the dynamics under force of these proteins with
subpiconewton resolution and unbeatable stability in the 0.1-120 pN range. However, proteins featuring a high
mechanostability (>120 pN) have remained elusive with this technique and have been addressed with Atomic Force
Microscopy (AFM), which can reach higher forces but displays less stability and resolution. Herein, we develop a
magnetic tweezers approach that can apply AFM-like mechanical loads while maintaining its hallmark resolution and
stability in a range of forces that spans from 1 to 500 pN. We demonstrate our approach by exploring the folding and
unfolding dynamics of the highly mechanostable adhesive protein FimA from the Gram-positive pathogen
Actinomyces oris. FimA unfolds at loads >300 pN, while its folding occurs at forces <15 pN, producing a large
dissipation of energy that could be crucial for the shock absorption of mechanical challenges during host invasion.
Our novel magnetic tweezers approach entails an all-in-one force spectroscopy technique for protein dynamics studies
across a broad spectrum of physiologically-relevant forces and timescales.
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Introduction

Proteins that participate in processes such as mechanotransduction, cell adhesion, or muscle
contraction are exposed and carry out their function under force?. Mechanical loads induce
conformational changes on these proteins, triggering downstream events like the recruitment of
molecular partners®, the increase of intermolecular bond lifetimes*, or the delivery of mechanical
work®. These proteins exhibit different nanomechanical properties that determine the force
magnitudes to which they respond, a feature which in turn is intimately linked to their function
and is crucial for the processes they are involved with.

For more than 20 years, single-molecule force spectroscopy techniques have enabled the
mechanical manipulation of proteins and provided us insightful views of mechanobiological
processes at the nanoscale®. Atomic Force Microscopy (AFM), one of the first techniques
developed and yet today among the most used ones, can apply well-calibrated forces to single
proteins over a range that spans from 10 pN to 2000 pN”#. AFM has been crucial to determine the
nanomechanical properties of the Ig-like domains of the muscle protein titin®?2, the high
mechanical stability of bacterial adhesion proteins®®>%, or the extreme mechanostability of certain
molecular interactions'®~8, to name a few. No other single-molecule technique can reach the upper
force ranges of AFM and explore ultra-stable folds and interactions. Unfortunately, although some
successful examples exist'®?, its decreased resolution at low force ranges and instability have
prevented the identification of protein folding events and slow-kinetic molecular events that occur
at forces below 20 pN and in narrow ranges. By contrast, magnetic tweezers, since its first
implementation for protein studies?!, has demonstrated that its sub-pN resolution and week-long
stability in the 0.1-120 pN range outcompete AFM for exploring protein dynamics at low forces
and for extended periods®>2® (Fig. 1). Nevertheless, the inability to reach higher forces limits the
extent of its application and prevents the exploration of highly mechanostable proteins and/or
interactions. Therefore, there is no single-molecule force spectroscopy technique that provides
high resolution and stability across the entire protein nanomechanical spectrum.

Herein, we present a magnetic tweezers approach to achieve AFM-like forces while
maintaining the idiosyncratic resolution and stability of magnetic tweezers. To reach higher forces,
we implement, for the first time, the use and calibration of the superparamagnetic probes
Dynabeads® M-450 in two magnetic tweezers configurations: permanent magnets?® and magnetic
tape head?®. We achieve long-lasting experiments under high force by combining the HaloTag and
split-protein techniques, which permit the end-to-end covalent tethering of proteins. To determine
the force range accessible with the M-450 probes, we use the force-dependent extension changes
and unfolding kinetics of model proteins to calibrate a force law for our two configurations. Our
results indicate that, in the permanent magnet configuration, we can apply forces spanning from 1
to 510 pN, while in the magnetic tape head the force range spans from 0 to 236 pN. In both tweezers
configurations, we can address the folding and unfolding dynamics of proteins of heterogeneous
mechanostability while preserving subpiconewton, submillisecond, and nanometer resolutions.
We demonstrate the capabilities of this upgrade by mapping the nanomechanics of the
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mechanostable type 2 pilus protein FimA, from the Gram-positive pathogen Actinomyces oris.
FimA displays sharp asymmetric dynamics, with the unfolding occurring at loads >300 pN, while
its folding proceeds at forces <15 pN. The broad force range separation between these two
processes enables the dissipation of large amounts of energy, around 800 keT per FimA subunit,
which suggests that A. oris FImA type 2 pili could act as megaDalton-scale shock absorbers that
protect bacterial adhesion from mechanical challenges. Despite the large increment in force that
the M-450 superparamagnetic beads provide to magnetic tweezers, these probes can be
manipulated with subpiconewton resolution to address the dynamics of proteins such as the
mechanosensitive R3 domain from talin, whose folding equilibrium shifts in less than 1 pN. Our
implementation of the M-450 probes unites the features of AFM and magnetic tweezers without
sacrificing their strengths, and establishes an all-in-one force spectrometry technique for the study
of most of the proteins and interactions across the force spectrum.

Results
Dynabeads® M-450: double-covalent tethering and solid-phase assembly

Dynabeads® M-450 are superparamagnetic microspheres of 4.5 um in diameter commonly used
for cell isolation. The forces that can be applied in single-molecule magnetic tweezers depend on
the magnetic properties of the probe, and the strength and geometry of the magnets employed?’~
2%, The M-450 beads show low bead-to-bead variation (1.2% variation in diameter) and, in
comparison with the commonly used Dynabeads® M-270, their volume is ~4 times larger and their
magnetization moment almost twice°, which indicates that, under the same magnetic field, higher
forces are accessible. In order to use the M-450 beads for magnetic tweezers, it is first required to
obtain the specific and durable tethering of the molecule of interest, which constitutes a common
challenge in the single-molecule force spectroscopy field® 34 Usually, mechanical loads
exponentially decrease the lifetime of bonds®®, and biomolecules exhibiting high mechanical
stability are difficult to study because of the premature rupture of the linkage between the molecule
of interest and the probe/surface employed in the single-molecule technique. We solved the
specificity and the durability issues by using the HaloTag and split protein techniques, which allow
the end-to-end covalent immobilization of the protein of interest between the glass surface of the
experimental fluid chamber and the magnetic probe (Fig. 2).

The double-covalent anchoring method requires the engineering and cloning of two classes
of protein modules; (1) the anchors, which bind covalently to the glass and M-450 surfaces, and
the (2) proteins of interest, which constitute the molecule whose dynamics under force are to be
studied (Fig. 2a). The anchor module is a HaloTag-based fusion protein that contains a SpyCatcher
protein. This anchor is cloned and expressed from a modified pFN18A-HaloTag Flexi® vector,
and besides anchoring to the M-450 probe and glass surfaces through the HaloTag protein, it also
covalently immobilizes the protein of interest. The protein of interest is cloned in a modified pQE-
80L expression plasmid, and it can be either a single-domain or a polyprotein flanked by SpyTag
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peptides. When the SpyCatcher and the SpyTag partners are incubated together they bind by
forming an intermolecular isopeptide bond, which reconstitutes the split-protein system (Fig. 2b).
The isopeptide bond is formed between the side chains of a Lys residue—present in SpyCatcher—
and an Asp residue—Ilocated in the SpyTag peptide. This spontaneous reaction proceeds
efficiently, with high specificity, and under a wide range of conditions®. This split protein system
has been extended to other molecular partners, such as SnoopCatcher/SnoopTag, of similar
performance and specificity®’, and which we also implement for some of our proteins (protein L
octamer in Fig. 3, see Supplementary Methods). Hence, by engineering fused proteins containing
the SpyCatcher and the SpyTag counterparts (or SnoopCatcher and SnoopTag), it is possible to
covalently link with high specificity different polypeptide sequences and assemble molecular
structures a la carte.

To assemble our molecular structures for magnetic tweezers experiments, we utilize a
solid-phase approach that involves the sequential addition of protein blocks. Starting from the glass
surface of the fluid chamber, we first immobilize the protein anchor HaloTag-SpyCatcher. As
previously described?®33%, we functionalize the glass surface with the HaloTag ligand, which is
recognized and covalently bound by the HaloTag protein (Fig. 2c). After the immobilization of
the anchor, we incubate the second module of the assembly, the protein of interest, on the glass
surface. The SpyTags located on the N or C-termini of the protein of interest can bind to the
SpyCatcher from the surface-immobilized anchors, covalently anchoring the protein (Fig. 2d). By
incubating the glass surface with very low concentrations of the first module—protein anchor—
we minimize the occurrence of surface bridges, where both SpyTag peptides of the same protein
of interest end up connected to two glass-side protein anchors. In the final step, we close the
assembly with a third module of HaloTag-SpyCatcher, which has been previously immobilized on
the surface of the M-450 bead. The tosylactivated surface of the M-450 allows the binding of
primary amine and thiol groups, which facilitates the fast and easy covalent anchoring of the
protein anchors. We circulate over the glass surface the functionalized M-450 beads, whose
HaloTag-SpyCatcher anchors will recognize and bind to the SpyTag present on the free end of the
protein of interest (Fig. 2e). This last reaction closes the assembly and generates a double-covalent
tethered molecule ready to be tested in magnetic tweezers (Fig. 2f). With this solid-phase
approach, the sequential addition of modules permits the assembly of protein tethers for their study
under high mechanical loads for days-long periods. The formation of the intermolecular covalent
bond prevents the mechanical extension of the reconstituted SpyCatcher/SpyTag, which provides
an inextensible handle during the force spectroscopy experiment

Dynabeads® M-450 force calibration in the permanent magnets configuration

In our permanent magnets configuration (Fig. 3a), the fluid chamber containing the tethered
protein of interest is mounted over the objective of an inverted microscope. Above the fluid
chamber, the position of a pair of N52 neodymium magnets (D33, K&J Magnetics) is controlled
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with a voice-coil actuator (LFA-2010, Equipment Solutions) operated under feedback. The voice-
coil moves the magnets vertically, approaching or moving them away from the sample along a
distance of 8 mm. To elucidate the forces that we can apply with the M-450 beads, we use an
empirical magnet law that permits us to establish a relationship between the magnets position (MP)
and the force being applied to the protein under study (F):

F(MP) = Ae(~BMP) Eq.1

where MP is the magnet position in mm, and A and B are the fitting parameters of the exponential
magnet law, in pN and mm™, respectively. In order to obtain a force calibration curve, it is required
to measure an observable that changes with the mechanical load. As we previously
demonstrated?>%, the force-dependent extension changes of an unfolding or folding protein (step
size) accurately follow standard polymer models such as the freely-jointed chain (FIC) model®®,
hence, constituting a very sensitive gauge. However, this force scaling is highly non-linear,
resulting in very small extension changes at forces above 50 pN that can lead to an inaccurate
calibration at high forces. By contrast, the unfolding rate of a protein increases exponentially with
the mechanical load, providing a very sensitive observable in the high force range that can be
described by the Bell model®. Therefore, to obtain an accurate magnet law over the complete force
range, we opt for a combined approach by simultaneously utilizing both observables to calibrate
the force-magnet position dependency (Eq. 1): first, to asses the low force regime, we employ the
step sizes of two model proteins, the bacterial superantigen protein L and the 127 titin domain,
whose force dependencies have been thoroughly measured both with magnetic tweezers and
AFM?®23:334041. second, to account for the high force regime, we use the unfolding kinetics of the
mechanostable 127, previously measured with AFM and described with the Bell model*?. Thanks
to this combined approach, which takes advantage of the opposite force-sensitivity of two different
observables at low and high forces, we can do a joint fit to Eq. 1 to obtain an accurate estimation
of the A and B parameters and, hence, a precise calibration across the full force spectrum.

Figure 3b shows a trajectory of the dynamics under force of an octamer of protein L, which
embodies the first part of the calibration. Initially, at MP=6.33 mm all of the domains remain in
the folded state. After the approximation to MP=3.17 mm, the unfolding of the eight protein L
domains is rapidly observed as 13.8+1.4 nm (mean+SD) step wise extensions. Once the magnets
are moved away to MP=5.59 mm, the protein elastically recoils and the domains start to undergo
transitions between the folded and unfolded states, yielding step sizes of 8.1+1.2 nm. In this
manner, we obtain the force-dependent step sizes of the folding and unfolding transitions of protein
L and 127 (Supplementary Fig. 1) as a function of the magnet position (Fig. 3c). These
folding/unfolding events yield step sizes (x) whose values scale with the force applied (F(MP))
and can be described by the freely jointed chain polymer model®® (FJC):

x(F(MP)) = AL |coth (F2E2%) _ _teT_| Eq.2

kgT F(MP)-lg
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Where ALc is the contour length change in nm, Ik is the Kuhn length in nm, and kT is the thermal
energy as 4.11 pN-nm. The measurement of the force-dependent folding/unfolding step sizes of
these two proteins proves that, despite their larger size, the use of the M-450 beads does not entail
a loss of resolution since it is possible to resolve the step size variation with nanometer resolution.

For the calibration of the high force regime, we measure the unfolding dwell-times*® of 127
(Supplementary Fig. 1) as a function of the magnet position (Fig. 3d), and we use the Bell model
for bond lifetimes under force to describe this dependency®:

F(MP)-xt

ky(F(MP)) = ke *sT Eq. 3

Where k% is the extrapolated unfolding rate in the absence of force in s, x” is the distance to the
transition state in nm, kgT is thermal energy as 4.11 pN-nm. Finally, we obtain the magnet law for
the M-450 beads by fitting simultaneously (see Supplementary Table 1) our three observables:
the step sizes of protein L and 127—fitting Eq. 2—, and the unfolding kinetics of 127—fitting Eq.
3. The step sizes of both proteins and the unfolding kinetics of 127 are accurately described by this
approach (solid lines in Fig. 3c and d graphs), and it allows us to determine the values of the A
(649.60+119.37 pN) and B (0.81+0.09 mm™) parameters of the magnet law from Eq. 1. This
magnet law, represented in Fig. 3d, indicates that the forces we can apply to proteins span from 1
pN (8 mm) to 649 pN (0 mm). However, the maximum force of application is ~510 pN, since the
thickness of the experimental fluid chamber prevents the approximation of the magnets to positions
<0.3 mm (shaded area in Fig. 3d). The increase in the upper force range obtained with the M-450
beads is more than 4 times larger than with the M-270, which enables the unfolding of highly
mechanically stable proteins. This force calibration indicates that, for the first time, forces
previously only attainable with AFM, can now be used in magnetic tweezers, while maintaining
its resolution and stability.

Dynabeads® M-450 force calibration in the magnetic tape head configuration

Magnetic fields can be generated either by a pair of permanent magnets or by an electromagnet.
In the latter, the intensity of the magnetic field—and hence the force—is modulated by the current
that is passed through a coil wrapped around a magnetic core. In this second configuration of
magnetic tweezers, we use a magnetic tape head (902836, Brush Industries) to apply forces to the
molecules under study. This configuration presents some advantages in comparison to the
permanent magnet one, like the ability to change the force faster (100 ms vs 40 pus), the increased
stability, and the higher signal-to-noise ratio. Because of these advantages, the use of this magnetic
tweezers configuration is best suited for identifying short-lived molecular conformations?, ligand-
binding events**, or exploring protein dynamics under complex force signals*. As we previously
showed 2, in this configuration the force (F(I, z)) depends on the current (1) and the distance
between the head and the bead (z). In our card-reader design (Fig. 4a), the magnetic tape head is
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held fixed at z=300 um (see Supplementary Methods), therefore the force only depends on the
current (F(1)):

F(I) = AI? + BI Eq. 4
Where A (pN-mA2) and B (pN-mA™) are the fitting parameters.

Following the same procedure as with the permanent magnets, we calibrate the current law by
measuring the force-dependent folding/unfolding step sizes of protein L and 127, and the unfolding
kinetics of 127, as a function of the current. Figure 4b shows a trajectory of an octamer of the 127
titin domain. At 59 mA, seven out of eight domains of 127 remain in the folded state. After
increasing the current to 599 mA, the unfolding extensions of the seven 127 domains appear as
22.2+1.5 nm length steps. Changing the current value to 79 mA permits the elastic contraction of
the unfolded polyprotein, but not the folding of the 127 domains, which finally are detected as fast
contraction steps (9.2+1.5 nm) after decreasing the current to 54 mA. Hence, we measure the force-
dependent extension changes of folding and unfolding 127 and protein L (Supplementary Fig. 2)
and the force-dependent unfolding kinetics of 127. We use equivalent expressions to the ones in
Eq. 2 and Eq. 3, but considering the force as a function of the current value:

F(D-xT

x(F(I)) =L, [coth (Flig;k) — FI(CS-T;K] Eq.5 ; kU(F(I)) = kQe kBT Eq. 6

We fit simultaneously (Fig. 4c) these three observables and obtain the values of A = (1.48 *
0.12)x10* pN'mA2 and B = (8.83 + 0.98)x10? pN-mA™* for the current law of Eq. 4
(Supplementary Table 2). Fig. 4d compares the current law for the M-450 and the M-270 beads.
With the M-450, the range of forces spans from 0 (0 mA) to 236 pN (1000 mA), which entails an
increment of more than five times the maximum force attainable with the M-270 beads (0-40 pN).
Supplementary Fig. 3 shows an analytical prediction of the force-current law for the
superparamagnetic beads MyOne, M-270 (experimentally determined?), and M-450 (theoretical
and experimental), based on their properties and the properties of our magnetic tape head?°. The
experimentally determined relationship between the current and the force, based on our
measurements of protein extension changes and unfolding kinetics, matches the theoretical one for
the M-450 beads, which supports the strength of our calibration method. Despite the large increase
in force, in the magnetic tape head configuration we can apply half the force magnitudes that we
can use in the permanent magnets. In order to reach higher forces with this same magnetic tape
head, the sample should be brought closer to the head gap (less than 300 um) or implement larger
beads or beads exhibiting higher magnetization properties. Considering the bead size, Fig. 4e
shows a prediction of the force range accessible with the magnetic tape head configuration as a
function of the diameter of a putative superparamagnetic probe that exhibits the same properties
as the M-450. Under the magnetic field induced by a current of 1000 mA, beads of 6 pm in
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diameter would permit to apply more than 550 pN. As new superparamagnetic beads become
commercially available, our magnetic tape head configuration and our calibration method offer the
perfect theoretical and experimental framework for future force calibrations of both smaller and
larger probes.

FimA pilus protein dynamics in magnetic tweezers

The implementation of the M-450 superparamagnetic beads provides a significant leap in the force
range that can be used in our two magnetic tweezers configurations. We challenged the covalent
anchoring strategy and the newly-achieved upper force ranges of magnetic tweezers by exploring
the dynamics of the highly mechanostable protein FimA, from the type 2 pili of the dental plaque
Gram-positive pathogen Actinomyces oris. Previously, we explored with AFM the dynamics of
FimA, which showed rupture forces ~700 pN when stretched under constant speed conditions (400
nm-s™1). The high mechanostability of FimA is partly due to the presence of two strategically-
located intramolecular isopeptide bonds, which prevent the mechanical extension of most of the
FimA structure®. These bonds enclose a sequence of 44 residues that define the isopeptide-
delimited loop (IDL) motif, which is the only part of FimA that can extend under force.

To explore the folding and unfolding dynamics of FimA, we use the permanent magnets
configuration, which can apply forces in the 1-510 pN range. We designed a polyprotein made of
four tandem repeats of the CnaA-N2/CnaB-N3 domains of FimA, flanked by SpyTag sequences.
This single-polypeptide made of four FimA subunits evokes the architecture of a pilus and
maintains the nanomechanical properties that derive from its assembly (see Supplementary Fig.
4). We covalently immobilized end-to-end the FimA polyprotein by anchoring its N and C-
terminal SpyTags to HaloTag-SpyCatcher proteins bound to the glass and the M-450 bead surfaces
(Fig. 4a).

The trajectory represented in Fig. 5b shows the folding and unfolding dynamics of the
FimA polyprotein. Forces >300 pN trigger FimA IDL unfoldings, which are detected as four 12.2
+ 1.3 nm discrete steps. Subsequently, we quench the force to 12.2 pN, where we can detect, for
the first time, discrete 8.3 + 2.3 nm folding steps corresponding with the contraction of the four
previously unfolded FimA IDLs. In this manner, triggering the unfolding and folding at different
forces of FimA IDL we characterize the nanomechanical properties of this protein, such as its
force-dependent folding/unfolding extension changes (Fig. 5¢) and folding probability (Fig. 5d).
IDL folding probability plot shows that in a 3 pN range the protein switches from totally unfolded
(~14 pN) to completely folded (~11 pN), which resembles the behavior observed in Ig-like
domains with engineered disulfide bonds*’. We characterize the folding/unfolding Kinetics of
FimA IDL in the 6-420 pN range (Fig. 5¢). We find that, in the absence of force, FimA IDL folding
(using the rate equation used in references*’~*°) proceeds at rates of 4.44 x10* s, while its
unfolding (using the rate equation based from the Bell model®®) is predicted to occur at 2.89 x10-
851, Unlike unfolding (Fig. 5e square symbols), the folding rate of FimA (Fig. 5e arrow symbols)

8


https://doi.org/10.1101/2021.01.04.425265

bioRxiv preprint doi: https://doi.org/10.1101/2021.01.04.425265; this version posted January 5, 2021. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

shows a strong force-dependency. This pronounced asymmetry (blue and red fits in Fig. 5e)
highlights the different sensitivity to the mechanical load of these opposed transitions.

Our measurements reveal the large gap between the forces at which FimA folding and
unfolding occur. From the biological point of view, this hysteresis could act as a dissipation
mechanism of the force-related stresses that bacteria endure during host colonization. Being an
oral pathogen, an organism like A. oris could benefit from this biomechanical trait to withstand
the forces exerted by mastication or brushing. We quantify the dissipative capacities of this pilus
protein by applying a force-ramp (£17 pN-s™) stretching-relaxation protocol (Supplementary Fig.
5a) that triggers unfolding and folding on FimA polyproteins. The heat dissipated during this force-
ramp protocols is the area enclosed by the stretching—high force—and relaxation—low force—
curves (Supplementary Fig. 5b). During these measurements, we observe the unfolding at high
force of the FimA domains and the subsequent contraction of this extended polymer as the load is
decreased. The FimA domains only fold when the force is very low, and this situation generates a
large hysteresis between both curves. Our results indicate that, at a load rate of 17 pN-s*, each
FimA can dissipate ~800 keT and this contribution adds up linearly with the number of unfolding
FimA subunits in the polyprotein (Supplementary Fig. 5b and ¢, Supplementary Methods). If
we consider that a single type 2 pilus is made of 100-150 FimA subunits, the energy dissipated by
one of these fibers could oscillate between 7.0-12.5x10* kgT, converting these structures in
megaDalton-scale shock absorbers.

From hundreds of piconewtons to subpiconewton ranges: the mechanosensitive
talin R3 domain

The mechanical unfolding of FimA proves that magnetic tweezers now can operate at AFM-like
force ranges and gives access to study highly stable molecules. Nevertheless, the bulkier
dimensions of the M-450 beads, in comparison with the magnetic probes MyOne or M-270, could
entail a potential loss in resolution and sensitivity that hinder the precision with which force can
be manipulated in magnetic tweezers. To address this question, we measure the folding dynamics
of the mechanosensitive R3 domain of the focal adhesion protein talin in our magnetic tape head
configuration. Under force, the mutant R3'VV! protein exhibits bistability in the ~7.5-9.5 pN range,
experiencing an 80% shift in its folding equilibrium within less than 1 pN. We synthesize the
protein HaloTag-R3'VV!-(Spy0128),-SpyTag which directly binds to the glass surface through its
HaloTag and which contains two copies of the pilin protein Spy0128 from Streptococcus
pyogenes, which serve as an inextensible molecular handle® (Fig. 6a). Fig. 6b shows trajectories
of the R3'YV! protein undergoing folding and unfolding at different force values 0.3-0.8 pN apart,
from which we obtain the residency time at each state. As it can be seen in Fig. 6¢, we can resolve
the folding dynamics of the talin R3'VV! domain in the ~8.0-10.0 pN range with the same resolution
as previously reported with the M-270 beads?>%>444° demonstrating that the M-450 beads are a
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robust magnetic probe that permits to address molecular processes with high resolution under a
wide range of physiological timescales and forces.

Discussion

The effect of force on proteins governs a myriad of key biological processes. Mechanical
perturbations not only affect proteins with mechanical roles, but also to all proteins along their
lifetime, such as when they are synthesized, translocated, or degraded?®. Single-molecule force
spectroscopy techniques have enabled to manipulate single molecules and have revolutionized our
understanding of protein dynamics. AFM, optical tweezers, or magnetic tweezers have permitted
to delve into this topic and have provided a wealth of information®. From these studies, we know
now that while some proteins undergo dramatic conformational changes within less than 1
pN222425 some other proteins or protein-protein interactions unfold or break when exposed to
hundreds of pN*’, and only fold or reform at very low mechanical loads. This wide nanomechanical
gap has challenged the usability of each of the aforementioned techniques. In AFM, this issue has
been addressed with the development of probes with different stiffness, mainly oriented to enhance
the resolution at low force by decreasing the spring constant of the cantilevers. However, this
approach again entails a compromise and a limitation; although the resolution at low force can be
increased, these soft cantilevers perform poorly and are driven out of range when used at high
forces. Therefore, exploring the dynamics of a protein across its entire range of physiological
forces has been prevented by the lack of a technique that grants access to the whole force spectrum.
Here, we have demonstrated a gap-joining approach that pushes magnetic tweezers to the AFM
force range playground, without compromising any of the technical advantages offered by this
technique. With the same probe, we have sub-pN resolution and full control of the force across a
range that spans from 0 to 520 pN, which permits to address the folding and unfolding dynamics
of the majority of proteins.

Although the force range of magnetic tweezers now overlaps with that of the AFM and
same molecular properties can be measured (Supplementary Fig. 6), both techniques exhibit
differences in their mode of operation that makes them complementary and more or less suitable
depending on the task. For instance, in AFM it is possible to sample hundreds of molecules per
day, which enables to map with precision the dynamics of proteins with unbeatable efficiency.
This high-throughput nature permits to easily detect conformational heterogeinities®® or probe the
chemical diversity of molecules, such as the effect of small chemical modifications on the side
chains of residues directly involved in the protein’s mechanical stiffness® 3, or to probe the effect
of small molecules or peptides on the mechanical stability of proteins®**°. Magnetic tweezers
measurements, by contrast, usually involve the testing of a lower number of molecular entities,
although efforts towards parallelization have been successful?#°®. Unlike in AFM, each of these
molecules can be explored for periods that span from minutes to days?®2?4. The hallmark stability
of magnetic tweezers grants access to rare events that manifest over slow timescales (>hours), such
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as irreversible chemical modifications®’, and enables to directly map the nanomechanical
properties of proteins evolving with very slow folding kinetics?324404°  Moreover, magnetic
tweezers offers the possibility of manipulating the force and the measurement conditions in real-
time, which places this technique as the ideal platform for monitoring mechanochemical reactions
or the effect of protein-protein interactions by iteratively changing the buffer composition?64447,
Notably, while the limited time resolution was an initial shortcoming in magnetic tweezers, recent
advances have expanded the technique to the kHz range®®. This, combined with the high stability
of magnetic tweezers, brings new challenges in data manipulation and analysis, as a single protein
recording can comprise over 9x108 data points (1 week at 1.5 kHz), bridging the single molecule
with the Big Data field. As new technical improvements allow to increase the resolution and
parallelization of the measurements, the development of new computational methods will be
required for the handling of these massive amounts of data.

While both techniques exhibit features that makes them more or less adequate depending
on the question, our force calibration with the M-450 beads proves that highly stable proteins,
previously unreachable with magnetic tweezers, are now accessible with this technique. The
protein FimA, from the adhesive pili of the Gram-positive pathogen A. oris, one of the causative
agents of dental plaque®, is the archetype of high mechanical stability. Our previous AFM work,
addressed the unfolding dynamics of this protein, but was unable to delve into its folding dynamics
and hence to fully characterize its properties and possible implications for bacterial adhesion. Here,
with magnetic tweezers, we have fully addressed the dynamics of FimA. Around 100-150 FimA
subunits compose the structure of a mature type 2 pilus®®5, The isopeptide bonds in FimA prevent
the mechanical unfolding of most of the protein, and only the IDL motif extends at very high
forces. Under mechanical stress, the multimodular structure of the type 2 pilus would extend as
the IDLs are unfolded, reducing the tension at the pilus tip-adhesin/ligand interaction and
preventing the mechanical rupture of the pilus backbone. From the chemical point of view, the oral
cavity offers an aggressive cocktail of antimicrobial compounds that can target and weaken pilus
stability while the IDLs remain extended, such as proteases and peroxidases®?. From the
mechanical perspective, successive shocks would end up cleaving the pilus unless IDL contraction
occurs and mechanical stability is restored®®. Hence, folding on short timescales once the
mechanical stress ceases—Ilike in between mastication cycles—is mandatory to prevent pilus
chemical and mechanical damage. The fact that the force ranges where FimA folding and
unfolding occur are so separated enables the dissipation of massive amounts of heat. Because of
the multimodular structure of the type 2 pili, the folding-unfolding of its hundreds of FIimA
subunits would make each pilus to operate as a shock absorber that damps the mechanical stresses
that challenge bacterial adhesion.

The concept of energy dissipation through force-induced bond rupture and molecular
extension has been previously proposed for tenascin®, bone®¢, and spider silk®’. In these works,
the structures under study were exposed to cycles of extension and retraction to trigger bond
rupture and reformation, respectively. In all cases, molecular extension required high forces, while
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retraction and native structure reestablishment occurred at very low force, which generated a large
hysteresis that, hence, indicated the large amounts of energy dissipated during this process. These
sacrificial bonds, which are responsible of the mechanical stability of these structures, break at
high force and are restored once the mechanical stress is removed and entropic forces collapse the
extended structure. In A. oris type 2 pilus, these sacrificial bonds would be the interactions that
prevent IDL extension and hold FimA native structure, which putatively could be placed in the
tightly closed interdomain surface that exists between the N2 and N3 domain of FimA*. This
interdomain structural arrangement is a signature feature of Gram-positive pilins, which could be
indicative of a widespread biomechanical strategy in this bacterial group. The role of proteins as
mechanical buffers or shock-absorbers has been suggested not only for bacterial adhesion
structures®®® or tenascin®, but also for proteins such as utrophin, dystrophin’?, or a-actinin 172,
which indicates that this nanomechanical property could be widespread among proteins with
mechanical roles.

To reach larger forces in magnetic tweezers while maintaining unaltered its resolution
constitutes a technical feat, which will allow the study with unprecedented precision of
biomolecules and structures characterized by their mechanical sturdiness and potential dissipative
capacities. The fact that it is also possible to study with high precision the dynamics of the
mechanosensitive R3 talin domain, without any resolution loss, indicates that subtle force changes
can be applied, which highlights the M-450 probes as the perfect tool for investigating a vast
number of molecular processes that occur along a large spectrum of force magnitudes.
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Figure 1. Magnetic tweezers vs AFM. Mechanostability varies greatly between proteins. The folding and unfolding dynamics of proteins like the
talin R3 domain or protein L are better explored by magnetic tweezers (0.1-120 pN) due to its sub-pN resolution and stability, which permit to
monitor their folding dynamics in narrow ranges (<1 pN) and over extended periods (>1 day). By contrast, mechanostable proteins like the 127 titin
domain or the bacterial adhesion protein FimA are better approached with AFM (10-2000 pN), which can easily address their unfolding dynamics
under high mechanical loads (PDB codes: R3, 2L7A,; protein L, 1HZ6; 127, 1TIT; FimA, 3QDH).
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Figure 2. Double-covalent tethering and solid-phase assembly of proteins for single-molecule magnetic tweezers. a) Protein building blocks
for double-covalent tethering and assembly for magnetic tweezers experiments. The glass and probe anchor module HaloTag-SpyCatcher is cloned
in a modified pFN18A expression plasmid, while the protein of interest flanked by SpyTag peptides is cloned in a modified expression plasmid
pQE-80L. In both plasmids, the gene sequences to be inserted are digested with the restriction enzymes BamHI-Bglll, while the expression plasmid
is only digested with BamHI (see Supplementary Methods) b) The split protein technique SpyCatcher/SpyTag. Each counterpart contains one
of the residues that participate in the spontaenous formation of a covalent isopeptide bond. Specifically, SpyCatcher CnaB2 fold contains the
reactive Lys31 and the catalytic Glu117 (not shown), while SpyTag peptide contains the reactive Asp117 residue. After reaction, Lys31 and
Aspl17 side chains form a covalent bond and a molecule of water is released. ¢) Protein assembly procedure for magnetic tweezers experiments.
First, the anchor protein HaloTag-SpyCatcher (or HaloTag-SnoopCatcher) is covalently immobilized on the glass surface through the HaloTag.
The glass substrate is functionalized to harbor the HaloTag ligand, which is bridged by glutaraldehyde to an APTES-modified glass slide. d)
Second, the protein of interest (in red, it can be a single domain or a polyprotein), which is flanked by SpyTag (or SnoopTag) (in blue) and reacts
with the SpyCatcher (or SnoopCatcher) forming an intermolecular isopeptide bond with the surface-anchored protein. €) M-450 probes are also
functionalized with the anchor protein HaloTag-SpyCatcher. Functionalized beads are added to the fluid chamber where the SpyCatcher reacts
with the free SpyTag from the surface protein assembly. f) Finally, the tethering and the assembly of the protein of interest is completed and its
dynamics can be explored at high force.
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Figure 3. M-450 superparamagnetic bead force calibration for the permanent magnets configuration. a) In the permanent magnets
configuration, the magnets are mounted on a voice coil device which moves them along a range of 8 mm, above the experimental fluid chamber
(see Supplementary Methods). b) Force-clamp trajectory of an octamer of protein L. Along the experiment, the distance of the magnets is
modified, which triggers protein unfolding (magnet position from 6.33 mm to 3.17 mm, black arrows), which results in step sizes of 13.8+1.4 nm
(inset, black histogram, n=75), and folding and unfolding transitions (magnet position from 3.17 mm to 5.59 mm, grey arrows) which yield 8.1+1.2
nm step sizes (inset, grey histogram, n=191). c) Force-dependent extension changes (mean+SD) of folding/unfolding protein L (red circles) and
127 (blue squares) polyproteins as a function of the magnet position. d) Unfolding kinetics (mean+SEM) of 127 as a function of the magnets position.
Extension changes and unfolding kinetics are fitted globally with the FJC (panel c, lines) and the Bell (panel d, line) models to obtain the parameters
A and B (see panel €) that describe the magnet law that relates the magnets position (mm) with the force (pN) that can be applied with the M-450
beads. e) M-450 (solid line) and M-270 (dotted line) force range comparison along the 8 mm distance. Panel ¢ data points for protein L step size:
6.33 mm, n=39; 5.79 mm, n=304; 5.69 mm, n=227; 5.59 mm, n=191; 5.49 mm, n=92; 5.17 mm, n=51; 4.59 mm, n=89; 4.04 mm, n=74; 3.85 mm,
n=232; 3.74 mm, n=70; 3.59 mm, n=190; 3.36 mm, n=106; 3.17 mm, n=75. Data points for 127 step size: 6.5 mm, n=38; 6.17 mm, n=55; 5.91 mm,
n=35; 5.8 mm, n=48; 2.47 mm, n=35; 2.36 mm, n=23; 2.26 mm, n=15; 2.17 mm, n=45; 2.08 mm, n=55; 1.84 mm, n=23; 1.75 mm, n=20. Panel d
data points for Data points for 127 unfolding Kinetics: 2.47 mm, n=27; 2.36 mm, n=20; 2.26 mm, n=14; 2.17 mm, n=45; 2.08 mm, n=55; 1.84 mm,
n=22; 1.75 mm, n=17.
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Figure 4. M450 superparamagnetic bead force calibration for the magnetic tape head configuration. a) In the card-reader configuration, the
magnetic tape head is held fixed 300 um above the sample, and the force is modulated by the current (mA) passed through the head. b) Force-
clamp trajectory of an octamer of 127. Along the experiment, the current is modified, which triggers protein unfolding (current value from 59 mA
to 599 mA, black arrows), which results in step sizes of 22.2+1.5 nm (mean£SD, inset, black histogram, n=25), and folding transitions (current
value from 79 mA to 54 mA, grey arrows) which yield 9.2+1.5 nm step sizes (inset, grey histogram, n=78). ¢) Force-dependent extension changes
(meanxSD) of folding and unfolding protein L (red circles) and 127 (blue squares) polyproteins, and the unfolding kinetics (meanzSEM) of 127
(green diamonds), as a function of the current (mA). For the polymer extensions we use the FJC model for polymer elasticity, and for the unfolding
kinetics we assume the Bell model for bond lifetimes. Both observables—polymer extension and unfolding kinetics—are fitted simultaneously to
obtain the parameters A and B (see panel d) that describe the current law that relates the current value (mA) with the force (pN) that can be applied
with the M450 beads. d) M-450 (solid line) and M-270 (dotted line) force range comparison from 0 to 1000 mA. e) Force magnitude as a function
of the bead diameter. Assuming the properties of the M-450 and normalizing by their volume, beads of increasing diameter up to 6 um can give
access to forces above 550 pN. Panel ¢ data points for protein L step size: 55 mA, n=51; 60 mA, n=17; 65 mA, n=63; 70 mA, n=122; 75 mA, n=76;
79 mA, n=84; 84 mA, n=30; 89 mA, n=92; 124 mA, n=33; 145 mA, n=38; 184 mA, n=41; 202 mA, n=59; 220 mA, n=137; 253 mA, n=72; 285
mA, n=183; 315 mA, n=107; 371 mA, n=169; 423 mA, n=137; 493 mA, n=20. Data points for 127 step size: 54 mA, n=78; 60 mA, n=9; 65 mA,
n=14; 70 mA, n=6; 493 mA, n=11; 599 mA, n=39; 638 mA, n=15; 694 mA, n=93; 729 mA, n=6; 780 mA, n=95; 859 mA, n=28; 934 mA, n=32.
Data points for 127 unfolding kinetics: 493 mA, n=11; 599 mA, n=39; 638 mA, n=15; 694 mA, n=89; 729 mA, n=6;780 mA, n=95; 859 mA, n=28;
934 mA, n=32.
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Figure 5. Dynamics under force of A. oris FimA pilin protein. a) In the permanent magnets configuration, we use a polyprotein made of four
copies of FimA flanked by SpyTags sequences and covalently anchored to the glass substrate and the M-450 bead by HaloTag-SpyCatchers. b)
Force-clamp trajectory of the FimA polyprotein. Forces >300 pN unfold FimA IDLs in less than 200 s, yielding step sizes ~12 nm. Onthe
contrary, FimA IDL folding only occurs when the force is quenched to values <15 pN. c) IDL extension (mean+SD) as a function of the force.
The line represents a fit to the data of the freely jointed chain model for polymer elasticity 4L.= 11.97 nm, lk=1.44 nm (6.5 pN, n=32; 8.7 pN,
n=17;9.8 pN, n=28; 11.0 pN, n=58; 12.1 pN, n=24; 13.3 pN, n=19; 14.5 pN, n=6; 303 pN, n=154; 308 pN, n=170; 318 pN, n=79; 359 pN, n=34;
416 pN, n=42). d) FimA IDL folding probability (meantSD). The line is a sigmoidal fit of the data points (6.5 pN, n=8; 8.7 pN, n=8; 9.8 pN,
n=11; 11.0 pN, n=17; 12.1 pN, n=11; 13.3 pN, n=15; 14.5 pN, n=16; 15.8 pN, n=8; 17.0 pN, n=4; 18.3 pN, n=1). e) FimA folding and unfolding
(mean+SEM) Kkinetics (9.8 pN, n=16; 11.0 pN, n=42; 12.1 pN, n=16; 13.3 pN, n=7; 14.5 pN, n=5; 303 pN, n=154; 308 pN, n=170; 318 pN,
n=79; 359 pN, n=34; 416 pN, n=42;). The blue line is a fit to the IDL refolding kinetics (4L= 11.97 nm, l,= 1.44 nm, Inke’= 14.32) using the
method described in references 47-49, and the red line is a Bell model fit (Inky°= -17.67, xu’= 0.21 nm) of the IDL unfolding rate data.
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Figure 6. Talin R3"V' domain folding dynamics in the magnetic tape head configuration. a) Scheme of the covalent thetering of the single-
domain protein of interest talin R3'VV' domain. Unlike the other proteins used in this research, this chimeric protein sequence from N-to-C terminus
is HaloTag-R3'VV'-(Spy0128),-SpyTag. Spy0128 is the pilin protein of Streptococcus pyogenes and the two copies in our construct act as
inextensible linkers. The M-450 bead is functionalized with HaloTag-SpyCatcher which recognizes and covalently binds to the SpyTag peptide
present in the C-terminus of the protein of interest. b) Folding equilibrium trajectories of R3'VV! domain registered in a force range window of 1.5
pN. This protein exhibits a bistable behavior at ~9-10.5 pN where the domain undergoes transitions between the unfolded (U) and folded (F) states.
c) Folding probability of talin R3'"V! domain. Each point represents the occupancy time ratio and the SD. Solid line is a sigmoidal fit to the data.
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Supplementary Table 1

The table below contains the values of the parameters obtained from the simulateneous fit to Eqg.

2 (FJC) and Eq. 3 (Bell). The Global Fit procedure from Igor Pro 8.04 (Wavemetrics) was
employed.

Parameter Value
AL¢ (EQ. 2, protein L) | 14.67 £ 0.82 nm
Ik (Eq. 2, protein L) 1.23 + 0.50 nm

AL¢ (EQ. 2, 127) 23.17 £0.98 nm

Ik (Eq. 2, 127) 1.50 + 0.63 nm

Inko® (Eq. 3, 127) -7.24 (fixed value from reference?)

xu’ (Eq. 3, 127) 0.19 nm (fixed value from reference?)
Supplementary Table 2

The table below contains the values of the parameters obtained from the simultaneous fit to Eq. 5
(FJC) and Eqg. 6 (Bell). The Global Fit procedure from Igor Pro 8.04 (Wavemetrics) was employed.

Parameter Value
AL¢ (EQ. 5, protein L) | 14.07 £ 0.53 nm
Ik (Eq. 5, protein L) 1.11 + 0.16 nm

AL¢ (EQ. 5, 127) 23.79 £ 0.38 nm

Ik (Eq. 5, 127) 0.95 +0.15 nm

Inku® (Eq. 6, 127) -7.24 (fixed value from reference?)
xu’ (Eq. 6, 127) 0.19 nm (fixed value from reference?)
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Supplementary Figure 1. Unfolding dwell-times of 127 in the permanent magnets configuration. Trajectory of an 127 octamer in the permanent
magnets configuration. The unfolding kinetics of 127 are calculated at different magnets positions; here, at 2.17 mm and 2.36 mm, which in the
magnet law correspond with 114 pN and 99 pN, respectively. Below are detailed the trajectories with the 127 unfoldings (8 domains at 2.17 mm,
and 6 domains at 2.36 mm) and how their dwell-times (t1, t2, etc.) were collected.
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Supplementary Figure 2. Protein L octamer force-dependent (un)folding step sizes in the electromagnetic tape-head configuration. a) Force-
clamp trajectory of an octamer of protein L. Along the experiment, the current is modified, which triggers protein unfolding (current value from 49
mA to 254 mA, black arrows), which results in step sizes of 13.5+1.4 nm (mean+SD. Inset, black histogram, n=58), and folding transitions (current
value from 254 mA to 70 mA) which yield 7.1+£1.2 nm step sizes (inset, grey histogram, n=122).
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Supplementary Figure 3. Theoretical current law for different superparamagnetic beads. Force range prediction (black lines) as a function
of the current for MyOne (d = 1 um), M-270 (d = 2.8 um), and M-450 (d = 4.5 um) beads. Blue line represents the current law determined
experimentally with the M-450 beads. Supplementary Methods contain the calculations for determinining the A and B parameters of the current
laws specific for each of the different beads.
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Supplementary Figure 4. Gram-positive oral pathogen Actinomyces oris utilizes the type 2 pili to establish interspecies interactions. a)
Pathogenic bacteria colonize the teeth surface and cause dental plaque. Despite mechanical challenges such as mastication or teeth brushing,
Actinomyces oris is able to attach and establish cell-to-cell interactions with other pathogens (Streptococcus oralis) using its type 2 pili, the
micrometer-long structures used for adhesion. b) A. oris type 2 pilus shaft is formed by the covalent concatenation of hundreds of FimA pilin
proteins. In the pilus, each FimA subunit is connected to the next one through intermolecular isopeptide bonds formed between T496 residue
(domain CnaB-N3) of the previous FimA and the K198 residue (CnaA-N2 domain) of the next one (see panel ¢). ¢) FimA is composed by 3 Ig-like
domains—from N to C-terminus: CnaA-N1 (not shown), CnaA-N2, and CnaB-N3. Each of these domains contain intramolecular isopeptide bonds,
and the polypeptide sequence trapped between the CnaA-N2 (iso;, K206-N319) and CnaB-N3 (iso,, K363-N485) isopeptide bonds defines a
structural motif termed isopeptide-delimited loop (IDL, highlighted in red). Due to the location of the isopeptide bonds and the head-to-tail linking
between FimA subunits, the force is propagated along the pilus through the interconnected IDL motifs, which are the only structure of the protein
and from the pilus backbone that can extend under force (PDB: 3QDH).
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Supplementary Figure 5. Energy dissipation of FimA. a) Force-ramp experiment on a polyprotein composed of four FimA subunits. Force is
increased from 4 pN to 450 pN at a constant rate of 17 pN-s-1. Once the maximum force is reached, the force is decreased to 4 pN at the same
loading rate. Black arrows indicate the unfolding of the 4 IDLs present in the polyprotein. b) Force vs Extension plots of stretching-relaxation
cycles (17 pN-s-1) in polyproteins exhibiting the unfolding of 2 (blue), 3 (green), and 4 (red) IDLs. The area enclosed by the stretching and
relaxation curves is the amount of heat (Q) dissipated in these trajectories. c) Average heat dissipated (<Q>) as a function of the number of unfolding
IDLs (2 IDLs, n=8; 3 IDLs, n=4; 4 IDLs, n=3). The dotted line represents a fit of the data using a model (see Supplementary Methods) that
predicts a linear relationship between the average heat dissipated and the number of IDLs. Inset shows an extrapolation to the heat values that a

100-150 FimA pilus could dissipate.
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Supplementary Figure 6. Comparison of the 127 unfolding kinetics under force with AFM and magnetic tweeezers. 127 unfolding kinetics
in AFM (yellow arrows) and in the two magnetic tweezers configurations (MTH: magnetic tape head, orange circles; N52: permanent magnets,
grey circles) employing the superparamagnetic beads M-450. The line represents a Bell model fit to the AFM measurements from reference 1
(Inki°=17.24. x’=0.19 nm).



Supplementary Methods

Protein engineering and expression

All the reagents employed in this research were from Sigma-Aldrich, unless otherwise specified.
The polyproteins SnoopTag-(protein L)s-SpyTag, SpyTag-(127)s-SpyTag, and SpyTag-(FimA)s-
SpyTag were cloned into the pQE8OL expression plasmid, the anchor proteins SnoopCatcher-
HaloTag, SpyCatcher-HaloTag, and HaloTag-Talin R3'VV!-(Spy0128).-SpyTag were cloned into
and expressed from a modified pFN18a-HaloTag®T7 Flexi® vector (provided by R.T. Sauer from
Massachusetts Institute of Technology). All of the protein constructs contain a 6xHistag for the
purification procedure. All the cloning steps were done following the strategy previously
described?. In brief, all the genes encoding the proteins (except HaloTag) contain a 5> BamHI and
a 3’ Bglll restriction sites. Upon digestion with these two enzymes and purification of the genes,
these are ligated into the pFN18A or the pQE-80L plasmids which have been previously digested
with BamHI. In pFN18A the BamHI restriction site is placed on the 3’ of the sequence of HaloTag
and the TEV site, while in the modified pQE-80L is placed between the SpyTag peptide sequences
(or in between the SnoopTag and SpyTag sequences). BamHI and Bglll produce compatible ends
and after ligation, the gene can be inserted in the correct or incorrect orientation in the plasmid.
The correct insertion of the gene is identified with digestion with BamHI and Kpnl (pQE-80L) or
BamHI and Blpl (pFN18A), and sequencing. Blpl restriction site is located in the plasmid
sequence after the stop codon. In the correct orientation, this digestion releases two DNA
fragments corresponding with the empty plasmid and the gene. If the insertion was in the incorrect
orientation, the digestion produces one fragment of a few pair of bases (<50 bp) and a large DNA
fragment corresponding with the sequence of the plasmid plus the gene. All the cloning and
amplification steps were conducted on the Escherichia coli XL10-Gold strain (Agilent

Technologies).

E. coli ERL strain cells (R.T. Sauer) were transformed with the plasmids containing the
chimeric proteins. Protein expression induction and purification protocols were done as previously
described?. In brief, the transformed cells were grown at 37°C with 250 rpm constant shaking until
ODs00>0.6. Expression was induced with 1 mM IPTG at 25°C with 250 rpm constant shaking for
12-16 h. Protein extraction from cells was achieved through mechanical lysis with a French press

(Sim-Aminco), and the protein isolation from the lysate was done with the His60 Ni Superflow



Resin (Clontech). Further purity was achieved with a size exclusion chromatography step
(Superdex 200 FPLC column, GE Healthcare). Proteins were eluted in 10 mM Hepes (pH 7.2),
150 mM NaCl, 1 mM EDTA and stored with 10% v/v of glycerol at -80°C until use.

Glass and bead surfaces functionalization

Tosyl-activated Dynabeads® M-450 (Thermo Fisher Scientific) were functionalized with a 3 uM:1
MM mixture of the HaloTag protein and HaloTag-SpyCatcher, respectively. Beads were incubated
at 4°C and at 18 rpm constant rotation (Labnet), and maintained under these conditions until their
use. Before experiments, excess unbound proteins were removed by iterative pelleting of the M-
450 beads, supernatant removal, and resuspension in PBS buffer. Fluid chamber assembly and

glass surface functionalization were done as previously described”.

Double covalent and molecular assembly

The fluid chambers were incubated with a 3-5 nM concentration of the anchor protein HaloTag-
SpyCatcher, or HaloTag-SnoopCatcher, at room temperature for 30 min. In the case of the protein
of interest talin R3'VV! domain, the construct HaloTag-R3'VV!-(Spy0128).-SpyTag was directly
coupled to the surface. After, the fluid chambers were rinsed extensively with PBS to remove not
bound protein, and immediately after the protein of interest flanked by the peptides SnoopTag-
SpyTag or SpyTag-SpyTag was incubated at 5-10 uM at room temperature for 1 h. Fluid chambers
were extensively rinsed again with PBS buffer supplemented with 10% of ascorbic acid (pH 7.4).
The fluid chamber containing the first two layers of the molecular assembly was then placed on
the microscope stage (permanent magnets) or at the base of the card-reader piece (electromagnetic
tape-head). Once there, the SpyCatcher-HaloTag-functionalized M-450 beads were added to the
fluid chamber and incubated for 3 minutes, to close the assembly. Immediately after, the magnets
were approached (permanent magnets) or the current was turned on (electromagnetic tape-head)

to exert an initial force of 4 pN and start the experiments.
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Magnetic tweezers configurations

Experiments were conducted on custom-built magnetic tweezers apparatuses, as previously

described*®.

The permanent magnets configuration chassis consists of an inverted microscope
(Olympus 1X-71/Zeiss Axiovert S100). Reference and magnetic beads are illuminated with a
collimated cold white LED source (ThorLabs), and visualized with a 63X or 100X oil-immersion
plan apochromat objective (Zeiss/Olympus). The objective position, and hence the focal plane, is
controlled with a P-725 nanofocusing piezo actuator (Physik Instrumente). A CMOS Ximea
MQO013MG-ON camera was used for image acquisition, and the image processing was realized
with a custom program written in C++/Qt. The NI USB-6289 multifunction DAQ card (National
Instruments) was used for controlling the piezo position and the magnets distance and acquire the
data. Magnets position were controlled with a voice coil actuator (LFA-2010, Equipment

Solutions) operate under electronic feedback with a custom-made PID controller.

The magnetic tape head configuration operates with the same components as the permanent
magnets one, but instead of having a microscope chassis it has all of the components arranged
vertically along the scaffold provided by a 95 mm construction rail (500 mm height, X95-500,
ThorLabs). The optical path and components are held along the vertical axis of one side of the
tower with clamps for optical rail carriage (X95 Series, Newport). The electromagnetic tape head
(Brush Industries, 902836) is held fixed on a custom-designed CNC aluminum piece (card-reader
component in Fig. 4a) designed in Autodesk Fusion 360 (Adobe). The base of the card-reader,
which is where the fluid chamber lies, has an opening that permits to accommodate the objective
to visualize the reference and magnetic beads. The 25 um gap of the tape head is aligned to the
center of the optical path and its vertical distance from the upper surface of the bottom glass is 300
pm. The fluid chamber is held with a custom-made metal stamped fork whose lateral arms are
coated with double-sided tape (Scotch). The unit formed by the fork and the fluid chamber is
moved along the X and Y directions with a XY Linear Stage (NewPort). A thorough description
of this setup and all the elements that compose it will be reported in a paper that is currently under

preparation.
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Analysis

The analysis was done with Igor Pro 8.0 software (Wavemetrics). Recordings were smoothed using
a 4th order Savitzky-Golay filter with a box size of 101 points. Step sizes were determined by
measuring the distance between the peaks of Gaussian fits done on the unfolding steps. FimA
folding probability was calculated as the ratio between the number of unfolded domains and the
number of domains able to fold after 100 s at each of the forces tested. A jackknife estimator was
used for the calculation of the average probability and the standard deviation. Talin R™VV! domain
folding probability was calculated as the ratio of time spent in the folded and unfolded states as a
function of the force.

Theoretical current law for different types of beads in the magnetic tape head configuration

As described in the main text, the fixed distance between the magnetic tape head and the bead (z
= 300 um) simplifies the calculation of the law that describes the force as a function of the current
(Eq. 4, main text). This situation leaves the force law depending on the current value and the
parameters A (Eg. 1) and B (Eq. 2). As we described previously®, the value of these parameters is
specific of the magnetic tape head and the superparamagnetic beads employed during the
calibration.
A =8Vy,uo N—j—zz Eq.1 B =4pVu, EZEMO,C Eq.2
g-m g n

In A and B, the bead-specific parameters are the volume (V), the initial susceptibility of the bead
(xv), the density (p), and the initial magnetization (Mox). Since we want to calculate a theoretical
force-current law for different beads under the same magnetic tape head, we can use the properties
and the current law of the M-270 beads® to calculate the value of the A and B parameters for other
beads such as MyOne or M-450. We use the values of the properties of these beads reported by
the thorough characterization of Fonnum et. al (2005)° to calculate their corresponding force-
current law. As an example, below we show the calculations for the M-450 beads (shown in

Supplementary Figure 3). The theoretical value of A for the M-450 beads (4 ") can be obtained

as:
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AV V' x!
2o Th Eq.3 A= V%A Eq. 4
b

Where A (2.8x10° pN/mA?), V (1.1x10Y" m®), and y» (0.8) are the values from the M-270, and 4,
V' (4.8x10% md), and y»’ (1.6) are the values for the M-450. The value of y, and yv’ is
dimensionless and it is the product of the bead density (p, kg:m?) and the initial magnetic

susceptibility (y, m3kg™)

Xp = xp Eq.5

Therefore, the theoretical value of A’ for the M-450 beads is 2.6x10* pN-mAZ. In the case of the

B parameter, we follow the same procedure:

oV M
pVMOx

BI

From where we obtain B'=7.9x102 pN-mA™.

The theoretical values of both parameters A and B are very close to the experimental ones, which
indicates the strength of our calibration method based on protein extension changes and unfolding
kinetics under force. Moreover, it corroborates our magnetic tape head tweezers as a solid

framework for the calibration of other superparamagnetic probes.

Derivation of the average heat dissipated by an unfolding polyprotein

We assume that the FimA polyprotein chain has N domains each with a folded extension of 4 and
an unfolded contour length of L. Also, we describe its extension-force relation using the Freely-
Jointed Chain model’. Hence, the extension of the folded protein xr and of the unfolded protein xu

can be written as:

Xp = Lp [coth (%;) - %: 1)
Xy =Ly [coth (%;) - %: (2)
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where Ik is the Kuhn length of the folded and unfolded polyproteins, which we assume to be equal,

and Lr and Ly the contour length of the folded and unfolded chain, this is:
Lr =Ly+ NA (3)
Ly =Lo+NL¢ (4)
being Lo the contribution of the contour length of unstructured linkers.

The polyprotein experiences some mechanical perturbation, such as a fast force ramp or
force shock that unfolds its N domains. We want to calculate the average heat dissipated (Q) in
this process. To simplify, we assume that this average heat is equal to having all domains unfolding
at an average Fu, which is a the average unfolding force of the FimA domains when pulled at a

certain rate in force-ramp. Then, the average dissipated heat can be calculated as:

(@) = [ [xy(F) — xp(F)]dF 5)

where we assume that the domains refold at O force or at a very low force (Fu >> 0) when the
mechanical shock is relaxed. This integral can be solved analytically, and obtain an analytical

expression for the average dissipated heat:

(Q(Fy,N) =N (6)

. FUlK)
kgT h(—
ALckgT I BISIMA\ G o7
g lxFy

where AL; = L - 4.

A few observations on this expression. First, the dissipated heat scales linearly with the
number of domains of the polyprotein. We are assuming that all domains unfold during the
mechanical shock. In case that is not true, we would have (NuL. - N4), still a linear scaling. Second,
the initial extension does not affect to the dissipated heat; it extends and relaxes in equilibrium.
Third, this value can be calculated for a given experiment. 4L: and Ik are obtained from
measurement of the step-sizes; we can assume Ik to be the same for the folded and unfolded
polyprotein since soft linkers dominate. Fy can be measured as the average unfolding force for a
given condition, for instance for a certain pulling rate. In case we know the geometric parameters
of the protein (ku® and xu”), Fu can be calculated for arbitrary experimental conditions from a Bell-

like expression.
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