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Abstract

Protein-based materials synthesized from cross-linked folded proteins have untapped potential
for biocompatible, resilient, and responsive implementations, but face challenges due to costly
molecular refinement and limited understanding of their mechanical response. Under a stress
vector, these materials combine the gel-like response of cross-linked networks with the
mechanical unfolding and extension of proteins from well-defined 3D structures to unstructured
polypeptides. Yet the nanoscale dynamics governing their viscoelastic response remains poorly
understood. This lack of understanding is further exacerbated by the fact that the mechanical
stability of protein domains depends not only on their structure, but also on the direction of the
force vector. To this end, here we propose a coarse-grained network model based on the physical
characteristics of polyproteins and combine it with the mechanical unfolding response of protein
domains, obtained from single molecule measurements and steered molecular dynamics
simulations, to explain the macroscopic response of protein-based materials to a stress vector.
We find that domains are about ten-fold more stable when force is applied along their end-to-end
coordinate than along the other tethering geometries that are possible inside the biomaterial. As
such, the macroscopic response of protein-based materials is mainly driven by the unfolding of
the node-domains and rearrangement of these nodes inside the material. The predictions from
our models are then confirmed experimentally using force-clamp rheometry. This model is a
critical step toward developing protein-based materials with predictable response and that can
enable new applications for shape memory and energy storage and dissipation.

Significance

The mechanical response of biomaterials that have folded proteins as their primary network is
dominated by the conformational changes of their nodes in response to local forces. Connecting
the nanoscopic unfolding response of protein domains and underlying network dynamics to the
macroscopic behavior of protein-based biomaterials is important for mainstreaming these
biomaterials, with potential applications for artificial tissue engineering, active delivery systems,
biorobots and efficient mechanical batteries. The model proposed here can predict the
deterministic macroscopic behavior of protein-based biomaterials from the nanoscopic
probabilistic response of individual molecules. The approach shown here for a model alpha-beta
polyprotein is universally applicable to any other network building block and represents an
important step toward improving the design and mainstreaming discoveries relying on protein-
based biomaterials.

Keywords: network science, protein unfolding, soft materials, mechanical response of
biomaterials


mailto:stirnemann@ibpc.fr
mailto:popa@uwm.edu

INTRODUCTION

Protein-based materials synthesized from covalently cross-linked folded proteins are finding
transformative bio-inspired applications, as they can harvest from the broad functionality and the
unique mechanical response of their structural units. Several implementations of biomaterials
using globular folded proteins as their cross-linking unit have been reported. These
implementations can replicate the nonlinear elastic response of muscles ' 2, can respond to
chemical and optical stimuli *“ and can provide unique shape-memory mechanisms 57. The main
draw-back of these approaches as opposed to polymer-based materials is that molecular
refinement through trial-and-error is too costly and more time-consuming. Furthermore, their
response to a stress vector is complicated by the fact that the building unit — folded proteins — can
unfold under force. Similar to the untying of a knot, unfolding of a single protein domain results in
addition of contour length several times its initial diameter. Here we incorporate domain unfolding
with network optimization to decipher the intricate response of protein-based materials to stress.

A network produces a simplified representation by prioritizing the fundamental patterns of
connection over the intricate details of individual elements. While high dimensionality poses
computational limits & network physics and dynamics simulations have been successfully
employed to develop desirable mechanical properties in colloidal gels °, polymer networks %12,
and fibrillar and globular protein cross-links 131, However, to understand the macroscopic
response of protein-based materials from the nanoscopic response of its building blocks requires
knowledge of the molecular response of proteins to force 2 7. Single molecule force spectroscopy
measurements have shown that typically globular proteins require forces larger than 10 pN, and
in some cases over 100 pN, to unfold under a force vector when pulled along their termini direction
8. However, the direction of the force vector may play an important role '%-2'. Achieving such
elevated forces-per-molecule within materials requires either a low protein density, to reduce the
load-bearing molecules per cross-sectional area, or exposure of these materials to relatively high
stresses without compromising their structure. For protein-based materials, the minimum
concentration at which proteins can be turned into a cross-linked stable network is quite high,
typically in the mM range 22. Furthermore, the maximum strain at which protein-based materials
yield is relatively small, below a few tens of kPa, as these materials are relatively soft 23. And
when considering cross-linking density and molecular architecture, the estimated forces-per-
molecule achievable before these materials yield is typically below 10 pN 23, Based on these
arguments, one would expect that protein domains will never unfold under stress inside a protein-
based material and would act as simple rigid structures.

Several studies using various globular proteins have shown that protein-based materials show
a visco-elastic behavior under stress ' 2 22, This visco-elastic response is coming from the
hysteresis that appears in stress-strain curves, where the extension and contraction curves do
not overlap on top of each other. While naively one would associate such a behavior with network
re-alignment and sliding of incompletely cross-linked domains, as is the case for polymeric-based
materials, several experiments can be done to assess if protein domains are folded following
cross-linking inside the biomaterial and if these domains unfold when stress is applied. For
example, X-ray and fluorescence-based methods showed that the protein domains remain folded
inside the biomaterials following the cross-linking reaction 2% 24, But while domains are folded
inside the network, do they unfold under stress? To answer this question, scientists took
advantage of the fact that protein domains can be chemically unfolded under specific salt
conditions, such as concentrated guanidinium hydrochloride 22 25. Hence one would expect that if
network rearrangement or domain sliding are behind the measured visco-elasticity, that these
materials will maintain their hysteresis in stress-strain curves even in the presence of chemical
denaturants. Interestingly, addition of chemical denaturants results in a complete disappearance
of the viscoelastic behavior, transforming these materials to purely elastic 2> 25, This change
further indicates that predominantly, if not exclusively, the viscoelasticity is a direct consequence



of mechanical unfolding of proteins. Furthermore, this unstructured architecture can be used to
develop materials with extreme elastic resilience '® or high toughness, resembling cartilages 2°.

Hence, on one hand, it was proven experimentally that under stress, protein-based materials
show a viscoelastic behavior that is directly related to the mechanical unfolding of protein
domains; on the other hand, these stresses should not result in molecular forces large enough to
unfold and extend proteins. So how can the two conflicting results be reconciled? To answer this
question, here we combine a myriad of experimental and computational approaches to study the
macroscopic behavior of protein-based materials from the coarse-grained response of its
nanoscopic components. We find that the unfolding response of domains inside protein-based
materials is mainly driven by the unfolding of node domains, which experience force on different
coordinates than along their termini and are mechanically less stable. We then validate this model
by comparing our predictions to the creep response of protein-based materials.

RESULTS

Figure 1. Schematic view of the coarse-graining approach with network optimization to study the
mechanical response of protein-based materials made from globular polyproteins. A) Schematics
showing randomly crosslinked polyproteins made of eight repeats. B) Detail molecular view showing
possible crosslinking conformations between polyproteins. C) Representation of the two-steps approach
for finding the response of protein-based materials with force. (top): one step consists in estimating the end-
to-end extension of each molecule inside the material based on the number of tethered domains, number
of nodes and experienced force. Inset shows the potential-of-mean-force (PMF) for a molecule where six
domains are under force, out of which four are nodes (and hence have weak geometries). (bottom): next
step is to minimize the network energy by searching for a minimum potential that considers extension
between nodes (Hnode-node), separation between crosslinks forming the nodes (Hcrossink) and bending energy
(Hbending). D) Ribbon-diagram of a single protein domain showing possible tethering geometries based on
the cross-linking reaction (at sites 1 and 2, or along the backbone N/C). The orientation of the force vector
is expected to play a key role in domain stability, influencing the overall mechanical response of protein-
based materials.

Overview of the approach.

Protein-based materials made from globular proteins and cross-linked at specific sites can be
visualized through different levels of magnifications (Figure 1). At a multi-molecular coarse-grain
level, diffusing molecules interact with each other and form covalent connections, limited by steric
interactions and the number of cross-linkable sites (Figure 1A). For the specific case considered
in this study, polyproteins engineered with eight repeating domains of the B1 domain of protein L
(referred from here-on as Protein Lg) can form carbon-carbon bonds at exposed tyrosine amino
acids, when cross-linked through a well-established photo-activated reaction '. Any protein L
domain along the polyprotein molecule can become a network node through cross-linking at one



or more exposed tyrosine amino acid site (Figure 1B). Here we will follow a two-step tick-tock
simulation approach. In one step, the unfolding of each molecule inside the network is simulated
through Brownian dynamics (BD), which takes into account its unique crosslinking pattern and
current experienced force. The experienced force results from the molecular orientation in respect
to the stress vector (Figure 1C top). In the following step, the network nodes are repositioned to
minimize the overall energy (Figure 1C bottom). The energy minimization algorithm considers
the energy of bending between three connected nodes, Hoending, the elongation energy between
nodes, Hnodenode and the energy penalty of extending the covalent bonds linking two domains inside
a node, Heossink (See Methods section for details) > 5. Importantly and novel, the approach
considered here takes into account both the force and tethering geometry of each protein domain
that is part of the network. The experienced force of a protein domain results from the relative
orientation of a molecule to the stress vector, while its stability depends directly not only on this
force, but also on the way the domain is connected. For the case of protein L, which can make
two additional connections in the middle of the structure, a total five tethering orientations are
possible (Figure 1D).
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Figure 2. Single molecule unfolding measurement of polyprotein L. A) Schematics of the single
molecule magnetic tweezers experiment, showing a octameric polyprotein L tethered between a glass
surface and a paramagnetic bead. A non-magnetic reference bead is used to evaluate the location of the
end attached to the glass surface and to correct for potential focal drift. B) Trace of the same molecule
showing the unfolding and refolding behavior of protein L in regular buffer (magenta) and in glycerol 50%
v/v (blue). Glycerol increases the mechanical stability of the protein and shifts its refolding probability. C)
Refolding probability of protein L as a function of force. D) Single molecule traces of polyprotein L in regular
buffer at a constant force (45 pN) shows the step-like increase in the measured extension, with each step
representing the unfolding for a single protein L domain along the N-to-C coordinate. E) Single molecule



traces at the same constant force of 45 pN displaying a slower unfolding kinetics. The dotted lines in panels
D and E represent averages, F) Variation in the unfolding rate as a function of force and buffer for protein
L.

The mechanical response of protein L along the N-to-C coordinate

To gain insights into the molecular mechanism driving unfolding, we start our journey with
characterizing the mechanical unfolding response of single polyproteins made from eight repeats
of protein L and exposed to different forces and two solvent conditions: regular buffer and 50%
glycerol. In the sampled force-range the proteins used for tethering do not unfold/refold 26 and our
polyprotein constructs of eight repeating units not only enable better statistics, but also produce
a unique molecular fingerprint. It is well known that osmolytes such as glycerol increase the
mechanical stability of proteins 222 and can promote the polymeric collapse of an unfolded
polypeptide 2°. This response can be used as a tuning ‘knob’ to relate nanoscopic unfolding with
macroscopic stress response. We use single molecule magnetic tweezers, which tether the
protein of interest between a glass surface and a paramagnetic bead (Figure 2A). Due to the
intrinsic stability of magnetic tweezers, the same molecule can be exposed to repeated force
cycles and solvent conditions. Figure 2B shows the unfolding and refolding behavior of a
polyprotein L molecule in regular buffer and in the presence of 50% glycerol. In the first part of
the pulse, a high force is applied, leading to unfolding events, which are measured as step-
increments in the molecular extension. In the second part of the pulse, the force is decreased,
leading to domain refolding as step-contractions. The folding probability as a function of force can
be determined by comparing the number of refolding domains during the low-force pulse with the
total number of unfolding domains from the first part of the pulse (Figure 2C). For protein L, we
found that the half force is 6.7 + 0.1 pN in regular buffer and increases to 9.5 + 0.2 pN in buffer
with osmolyte. The first part of the pulse was also used to determine the unfolding kinetics of
protein L (Figure 2 D-F). The unfolding rate was estimated from many single molecule traces at
several applied forces, and a linear dependence following Bell's law was seen, as also reported
previously 26. It is obvious when comparing panels D and E in Figure 2 that glycerol has a
stabilizing effect. The half-folding-force and unfolding kinetics measured from single molecule
magnetic tweezers will be used next to determine the potential of mean force for polyprotein L.
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Figure 3. The energy landscape of (protein L)s as a function of pulling geometry. A) Trace obtained
with steered molecular dynamics (SMD) simulations showing the unfolding path of a protein L domain pulled
over its N-to-C coordinates at a constant force of 500 pN. B) SMD trace for a protein L domain pulled along
the N terminus and tyrosine 56 at a constant force of 500 pN. C) Unfolding rate of protein L as a function
of force and pulling geometries. When pulled along its N-to-C coordinate, protein L is significantly more
stable. D) Underlying potential of mean force (PMF) reconstructed from measurements and simulation data,
for polyprotein made of eight domains and tethered along the N-to-C coordinate, as a function of
experienced force. E) Average PMF for the same polyprotein pulled along its weak geometries. The black
line in panels D and E shows the location of the global minimum.

The effect of tethering geometry on the mechanical stability of protein L

The direction of the force vector was shown to play as an important role as its magnitude, using
enzymatic linking '° or cysteine mutants 3°. While single molecule approaches can readily assess
the mechanical stability of proteins pulled along their N-to-C coordinate, we currently do not have
an experimental approach to study the stability along the other possible coordinates when a
protein domain is tethered through one or two possible tyrosine-crosslinking sites. To mitigate this
limitation, here we employed steered molecular dynamics simulations (SMDS). Single protein L
domains were exposed to different constant forces and the extension between the tethering points
was recorded as a function of time (Figure 3A-B and Supporting Figure S1, Supporting Movies
8$1-5). The unfolding rate was then estimated as a function of pulling geometry (Figure 3C). From
these simulations, we deduced that protein L is much more stable when force is applied along its
N-to-C coordinate than along all the other possible tethering coordinates. Interestingly, the other
geometries do not seem to show a large variation among themselves in terms of mechanical



stability. A similar behavior was seen when protein L was unfolded in the presence of glycerol
50% (Supporting Figure S2 and S3). As reported previously, molecular dynamics simulations
can capture the stabilizing effect of proteins in the presence of osmolytes 2°3'. In the current case,
the unfolding rates too were slower when pulled on the other geometries as opposed to the N-to-
C coordinate. Furthermore, the SMDS simulations reproduce the stabilizing effect measured
experimentally for protein L in the presence of glycerol, albeit on a different range of forces. Taken
together, we can use the SMD simulations to determine the stability ratio between N-to-C and
other geometries, while the single molecule experiments using magnetic tweezers produce a
direct measurement for the unfolding barriers when force is applied to the protein L termini. From
the rates, we find that the barrier of the N-to-C geometry is 1.6 times higher than for the other
tethering directions. Using this information, we can produce a potential of mean force (PMF),
which represents the energy landscape of the polyprotein L along the pulling coordinate (Figure
3D and E). As the non N-to-C geometries have similar unfolding rates, we chose to group them
together. Due to this similar stability of non-N-to-C geometries, we expect that once part of a
domain unfolds, the adjacent part will denature as well. Given that most nodes experience force
on both sides, we can assume a constant contour length for these domains. This non-N-to-C
energy landscape is constructed as a free energy projection along the pulling coordinate following
principles reported earlier 32 33, where the barriers separating the folded and unfolded states for
each domain are spaced apart by the entropic extension of an unfolded chain at a given force.
(see Methods section for details). Then, Brownian dynamics simulations were used to determine
the barriers and diffusion coefficients, that best describe the measured unfolding kinetics
(Supporting Figures S3 and Tables S1). While Brownian dynamics simulations do not have the
molecular details conferred by SMDS, they allow to easily generate predictable unfolding patterns
of many molecules over timescales of seconds, which is desirable given the relatively small force
(and slow unfolding rate) experienced inside protein-based materials by individual molecules.
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Figure 4. Corse-grained diffusion simulations and experimental comparison of tissue-like materials
made from globular polyproteins. A) (top): Change in strain as a function of time under a force of 10 pN
per molecule obtained from a gel of 75 molecules. (bottom): Percentage of unfolded domains tethered in
N-to-C and in other geometries, and percentage of total domains unfolded. Insets: Snapshots of the gel at
three different times. B) Strain vs time (left) and percentage unfolded domains under force (right), of a
network made from 75 molecules as a function of force in water. C) Strain vs time (left) and percentage
unfolded domains under force (right), of a network made from 75 molecules as a function of force in 50%
glycerol.
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Predicting mesoscopic response from network dynamics and nanoscopic protein
unfolding

Our next task is to use the newly gained characterization of the behavior of polyprotein L at
different forces, solvent conditions, and tethering geometry to predict the dynamics of protein-
based materials under a stress vector. For this task, we used a coarse-grained diffusive approach
to produce networks made from 75 molecules of octameric protein L, where each domain was
represented by a hard-sphere 23. This approach produces networks considering protein
concentration, molecular flexibility, and maximum number of cross-links per domain 2334, Once a
network was obtained, its dynamics was simulated at a given force, using a two-step procedure.
In one step each molecule inside the network was left to diffuse for 100 us, on a specific PMF
which considers the currently experienced force, the total number of tethered domains and the
number of network nodes (Figure 1C Inset). The new molecular coordinates coming from
Brownian diffusion were then used to generate a new frame for the network, which was then
followed by a network optimization step. Following the network energy minimization step, the new
position of all the nodes was used to reposition all other domains inside the network space and
the PMF of each molecule was updated from their new orientation to the force vector, which
produces a new local molecular force. These two steps were repeated for a desired number of
times to produce a molecular film of the protein network under a force vector. The strain was then
estimated for the location of the terminal tethered domains. Figure 4A shows a 30 s simulation
of a network exposed to a 10 pN force. The strain has three kinetic regimes (Figure 4A top): an
initial step increase in the first few microseconds, then a rapid network extension in the first few
seconds and finally a slower creep behavior thereafter. The initial rise in strain can be attributed
mostly to network rearrangement, where the nodes respond to the force vector to minimize the
network energy, without interference from unfolding. The last two regimes can be correlated with
unfolding of domains that are experiencing force over the weak geometries and over the N-to-C
coordinate, respectively (Figure 4A bottom). Indeed, the weak domains, which are also part of
the network nodes, unfold in an overwhelming percentage at this force in the first few seconds,
while the unfolding and extension of the N-to-C domains is much more slow-paced (see also
Supporting Figure S4). In a domino-like effect, as more and more domains unfold and extend
under force, leading to more and more molecules being oriented to the force vector, the network
keeps on extending over the course of the simulation.

This approach can then be used to determine the average strain as a function of overall
stress, as well as the percentage of domains unfolding inside the network (Figure 4B for water
and Figure 4C for 50% glycerol). The forces used in these simulations were relatively low,
between 2 to 10 pN, as such forces were previously estimated for the given concentration needed
to produce these protein-based materials 2. When quantifying the number of unfolding domains
based on their geometry, an interesting behavior is observed: most of the domains showing
unfolding are tethered on non-N-to-C geometries. These simulations predict that the strain is very
sensitive to the applied stress. As glycerol has a strengthening effect on the stability of protein
domains, the overall extension of the simulated networks in osmolyte is smaller than in water,
while the percentage of unfolded domains is smaller as well (Figures 4B and 4C).

Experimental validation of the proposed model



A B 0% Gly C 50% Gly
Set-voint st 150 150
et-point o, ress, o 150+ 100 150 100
X — I R
100 // 501 100 50] ——
© ——— © — ]
= 0 = P ———
n 507 ; 0 1 2 & 501 — 0 1 2
— —
od— — 0 S
£ o] £ o]
@ 54 o 59
force © 1] o 1]
sensor © 7 ° 1 T T T
sample ) 50 100 150 =0 50 100 150
Estimated force-per-molecule (pN) Time (s) Time (s)
0 2 4 Experiment
D ¢ —1 L E 1.0
® Tris W Water
® Glycerol ® Glycerol _% 0.8 - % 0.8
~ 100+ ) —~100 & =
s . = < 0.6+ - 06
£ [ ] c o 5}
g L T £ 04 = 04
& 90 ié & 50 g O 5 O
L] % 2 024/ S o0z
H Experiment Model
0 ) 1 I 0 1 1 0.0 1 ) 1 0.0
0 4 8 12 0 4 8 12 0 1 2
Force (mN) Force-per-molecule (pN) Time (s) Time (s)

Figure 5. Comparing predicted behavior with experimental results. A) Schematics of the custom-made
force-clamp setup developed to study the creep response of protein-based materials. B) and C) Strain
measured at constant force (creep behavior) for materials made from 1 mM polyprotein L8 and exposed to
different stresses in regular buffer (B) and 50% glycerol (C). Insets show the first two seconds. D)
Comparison of average strain after 2 s for the two conditions from experiments (left) and model (right).
Bottom-left axes shows the force to which the protein-based materials with 280 um radii were exposed to,
and top-left axes the estimated force-per-molecule. E) Normalized strain at constant stress, showing no
significant behavior with force change in both experiments (left) and model (right). Traces were
measured/simulated in tris/water. A similar behavior is seen with glycerol conditions (Supporting Figure
S5).

In order to test the predictions of our model, we used force-clamp rheometry, a technique
which was specifically developed to study soft materials such as those investigated here 2% 3.
First, a protein solution was turned into a biomaterial using transparent tubes as a template. The
cylindrically shaped protein-material was then extruded from the cast and attached between a
motor and a force sensor (Figure 5A). An analog proportional-integral-differential (PID) system
compared the setpoint force, generated as a step-pulse in time, and adjusted the position of the
motor such that the measured force at the opposite end matched this setpoint. The response time
of the loop is 30 ms — 100 ms, depending on the applied force and material compliance ?2. Force
can then be transformed into engineering stress by dividing by the cross-section area of the
cylinder, and in average-force-per-molecule using a simple modeling procedure 23 Following the
initial extension due to the change in force (at 30 s) the protein-material extends in a step like
fashion (Figure 5B and 5C). As predicted by our model, the initial network rearrangement is much
faster than the response time of the PID loop, and hence no kinetic information can be extracted
for this part of the curve. Then the strain traces show a two-regime behavior, both for regular
buffer and glycerol. When comparing the final strain after a given time, both experiments and
simulations show an increase with force, as expected (Figure 5D). Furthermore, in glycerol, the
strain is consistently lower than in water conditions, and this behavior can be related to the fact
that osmolytes increase the mechanical stability of protein domains. An interesting behavior
measured for protein L, which we previously also reported for BSA-based protein materials 22, is
that under constant force, the creep rate seem time independent when the strain is normalized



(Figure 5E left). This behavior is also reproduced by our model (Figure 5E right) and comes
from the fact that the kinetic response is dominated by the network rearrangement, while the final
strain increases with the applied stress. Hence, due to the continuous orientation of more-and-
more molecules to the force vector, the extension kinetics does not change significantly with force.

DISCUSSION

One of the fascinating things when it comes to materials made from folded proteins is how
complex their response to force can be 3¢ 37, Unlike approaches using man-made polymers or
filamentous proteins, these biomaterials have a unique architecture, as their network nodes are
represented by folded protein domains. The protein unfolding response leads to release of hidden
contour length and is highly dependent on the value and orientation of the experienced force
vector. Man-made materials synthetized from folded proteins rely on both enzymatic and radical-
driven cross-linking reactions ' 3. These biomaterials produce unique molecular architectures
where domain unfolding can play a pivotal role, and have been so far used for artificial shape
morphing %7, cell and artificial tissue growth 3% 40 and mechanically active 2% 4! and bioactive
materials 4243, Similarly, naturally occurring structures have also evolved to take advantage of the
unfolding response of polyproteins. At its core, the extracellular matrix (ECM) is formed by
randomly cross-linked polyproteins 4. It is continuously shaped and remodeled by different types
of cells and its stiffness and porosity regulates cellular function, including division and apoptosis
45,46 One of the many polyproteins forming ECM, fibronectin, is segregated in multi-domains and
crosslinked at various sites 47. An interesting behavior comes from mechanical unfolding of
fibronectin by cells, which exposes the cleavage site for a growth factor, to further activate cellular
adhesion 48, Another biological system where cross-linked polyproteins play important roles is
represented by muscles. The basic contractile unit of striated muscles, the sarcomere, is formed
by the actomyosin assembly in parallel with titin, the largest protein in the human body. It was
recently discovered that titin, a polyprotein formed from over 100 domains in series 4, uses the
unfolding response to drive muscle contraction and regulate muscle elasticity °. Hence,
understanding how the nanoscopic unfolding response ftranslates in the macroscopic
viscoelasticity is critical toward gaining a mechanistic view on the mechanical response of protein-
based networks.

Here we take a multi-scaled approach, which combines the nanoscopic unfolding response of
proteins as a function of the value and orientation of a force vector with network dynamics (Figure
1). As building blocks for our biomaterials we chose the B1 domains of protein L, a model bacterial
protein containing both alpha-helices and beta-strands 5' %2, Protein L is easy to express and
purify in large quantities using E.coli competent cells, and has been previously studied extensively
with single molecule approaches, such as atomic force microscopy (AFM) %3-56 and magnetic
tweezers 3455.57.58_|n our protein construct, protein L was repeated eight times to provide a unique
unfolding fingerprint in single molecule measurements (eight equidistant unfolding steps) and to
allow for complete crosslinking when synthetizing biomaterials, as a single domain would only
have two potential binding sites, versus16 potential sites in the polyprotein. Furthermore, due to
its antibody binding capabilities 57- % 60, biomaterials made from protein L have the potential of
finding industrial applications in purifying biological drugs and antibody-bound proteins-of-interest,
pending the resolution of a few technical aspects addressing porosity and permeability 6.

Our first step was to measure the unfolding kinetics of single molecules made from eight
repeats of protein L. At single molecule level, protein unfolding depends on the applied force and
is driven by thermal fluctuations, which makes it a probabilistic process 2. Furthermore, with the
unfolding of every domain the behavior of the remaining folded domains is also influenced by the
chain entropy of the denatured part of the protein 3. While single molecule methods excel at
measuring the mechanical unfolding of proteins along the N-to-C direction (Figure 2), they lack
the flexibility to sample unfolding over other coordinates. To mitigate this inconvenience, we
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compared the folding barriers along all possible pulling coordinates via steered molecular
dynamics simulations, albeit over a higher force range (Figure 3A-C). The single molecule results
were then used to estimate energy barriers and produce the potential of mean force (PMF) of the
considered polyprotein for all possible tethering configurations, as a function of force (Figure 3D-
F). Brownian dynamics simulations over these PMFs allowed us to determine the unfolding
response of all the tethered protein domains inside the network, on the second time scale. A
second important component is network optimization, which considers the changing length
between the network nodes as protein domains unfold (Figure 1C). By alternating between the
mechanical response of protein domains and the network equilibration steps, we can predict the
stress response of protein-based materials, both in water and in the presence of osmolytes
(Figure 4). Our main finding is that the protein domains that are part of the network nodes drive
the unfolding response. These predictions agree with the measured response using force-clamp
rheometry (Figure 5). In these measurements of protein-biomaterials, we see that the measured
strain after a given time scales similarly for protein L hydrogels, both in TRIS and 50% glycerol in
the low force range (up to 5 mN or ~20 kPa), but then the strain of the materials in TRIS increases
more abruptly (Figure 5A). This behavior can be conceptualized from the force-per-molecule
perspective, which is less than 2 pN at 5 mN. At low forces, below 2 pN, the elasticity is driven by
molecular orientation inside the material and some unfolding of network nodes. For the TRIS
buffer, above 5 mN we see an accelerated change in strain with stress, as the unfolding of N-to-
C domains contribute as well. These domains take longer to unfold in the osmolyte environment,
as evidenced also by the single molecule measurements and MD simulations (Figures 2-4 and
Figure S5). Another interesting behavior measured for protein L hydrogels is their kinetic
response under a constant strain (Figure 5E). When single proteins are exposed to increasing
force levels, their unfolding kinetics scales accordingly. However, protein materials show similar
kinetics, when their strain is normalized, as seen in Figure 5E, and also reported for BSA
hydrogels 22. This behavior has been considered indicative of poroelasticity, where the solvent
molecules move relative to the polymer network over a long range 4. However, this behavior can
also be explained from the perspective that, as molecules inside the network have different
orientations, their combined kinetics does not change significantly with applied stress, which has
a more dramatic effect on the final strain (Figure 5E model).

Biomaterials that harvest the protein unfolding response have the potential to produce
transformative solutions, while also being used as tools to answer physics questions. The model
developed here holds the potential of mainstreaming the development of protein-based materials,
as it enables their development using rational design. By combining coarse-grained modeling of
the protein network with Brownian dynamics simulations of the unfolding kinetics, our model will
enable the study of scaling principles and will improve our understanding on how to correlate the
unfolding response of proteins as molecular components with macroscopic responses seen at
biomaterial level. We foresee that the model proposed here could be further used to develop
biomaterials that take advantage of proteins known to catalyze bioreactions, with activity control
for binding-release as a function of force, biomaterials optimized for easier fluid exchange, as well
as biomaterials with applications as responsive cell-growth matrix, better resembling the ECM
environment. Moving forward, we envision that the current model will be applied to other protein
systems. We also see a potential improvement in simulation performance and number of
molecules considered through machine learning approaches 6% 66, From this perspective, the
current model would be the starting point for training, by generating molecular movement inside
the network and unfolding probabilities of domains that are tethered along their N-to-C coordinate,
or part of a node. Once trained, a machine learning algorithm would then be able to quickly scale
to many thousands of molecules and enable coarse-grained studies at mesoscale.

MATERIALS AND METHODS
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Protein expression and purification

The main protein under investigation in this study is the B1 domain of protein L, sourced from
the Finegoldia magna bacterium, henceforth referred to simply as protein L 34. The protein L
domain was repeated eight times by generating new restriction sites through compatible cohesive
ends 8. Distinct constructs of protein L are employed depending on whether they are utilized for
single-molecule experiments or protein hydrogel investigations. For single-molecule experiments,
the Lg polyprotein was ligated into a modified HaloTag pFN18a vector (Promega), which had
incorporated a SpyTag at the C-terminus °’. These molecular tags enable attachment to the fluid
chamber and paramagnetic beads, respectively. Also, a HaloTag-SpyCatcher protein was purified
and used for attachment. Conversely, for protein hydrogel experiments, the protein Lg fragment
was ligated into a pQ80E vector, which also had a Histidine tag at the N-terminus. The vectors
were transformed into BLR DE3 competent cells, which were grown at 37°C in Luria Broth (LB)
in the presence of antibiotics (50 pg/mL carbenicillin) until an optical density of 0.6 at 600 nm
(ODsoo) was reached. Protein overexpression was induced by adding 1 mM Isopropyl 3-D-1-
thiogalactopyranoside (IPTG), followed by overnight incubation at room temperature.
Subsequently, cells were pelleted then resuspended in elution/wash (E/W) buffer (300 mM NacCl,
50 mM NaH2PO., pH 7.0). Cell lysis was performed by incubating the resuspended slurry with
lysozyme, deoxyribonuclease (DNase), ribonuclease (RNase), and protease inhibitors for 40
minutes. The resulting lysate was subjected to sonication, utilizing 7-10 cycles of 10 seconds on
at 50% power, followed by 20 seconds off for 10 pulses with 3-minute intervals to mitigate heat-
induced damage and protein aggregation. Subsequently, the cell slurry is centrifuged at 20,000
RPM at 4°C for 40 minutes to segregate soluble protein from insoluble cellular debris. Purification
of the protein solution was achieved through a two-step process. Initially, chemical affinity
purification is conducted by passing the solution through a Nickel Nitriloacetic acid (NiINTA)
column, where the HisTag binds to the nickel, separating it from the solute. The column is
subsequently washed with approximately 50 mL of E/W buffer to eliminate residual solute. Elution
of the protein from the column is achieved with E/W buffer containing 250 mM imidazole, and the
eluate is fractionated into 200 L aliquots, with the six aliquots of highest protein concentration
retained. Finally, size exclusion chromatography is employed, utilizing an Akta GE system with
elution in HEPES buffer (50 mM, NaCl 150 mM, pH 7.2) with and without 5% (v/v) glycerol for
single-molecule and hydrogel experiments respectively. Fractions corresponding to the protein's
size are collected and concentrated if being used for protein hydrogels. All the buffers used for
HaloTag proteins also contained 5% v/v glycerol.

Single molecule magnetic tweezers measurements

Single molecules of polyprotein Ls molecules were tethered between a functionalized glass
coverslip and a superparamagnetic bead (M-270 Dynabeads) using the HaloTag and
SpyTag/AviTag ends °. Glass coverslips (Ted Pella) were first cleaned with 1% Helmanex lll
solution (Sigma-Aldrich) for 20 min using a sonication bath warmed at 60°C, followed by extensive
rinsing with double-distilled (DD) water. The slides were then sonicated 20 min at a time in
acetone, followed by methanol and dried in an oven. The bottom slides were activated for 20 min
using air-plasma (Harrick Plasma) and silanized with 3-aminopropyl trimethoxysilane 0.1% v/v in
methanol, for another 20 min. After rinsing with methanol, the slides were left in an oven at 110
°C for at least 1 hour. Fluid chambers were assembled using parafilm strips as spacers, which
were melted to fuse the chambers over a hot plate. A ring of silicone (Sylgard 184 Dow Corning)
was applied around each edge of the coverslip, creating fluid basins. Prior to use, chambers were
functionalized to facilitate attachment of single molecules to their surfaces. Each chamber was
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filled with a 1% v/v glutaraldehyde and 0.025% w/v reference beads mixture in PBS buffer at pH
7.2 for 1 hour (3 ym Amino/Streptavidin Polystyrene Particles, Spherotech). Following washing
with PBS buffer, a solution of 10 ug/mL amine-terminated chloroalkane ligand (HaloTag O4
Ligand, Promega) in PBS buffer (pH 7.2) was added and allowed to react for 4 hours, facilitated
by the glutaraldehyde bridge molecules. Following incubation, each chamber is washed with PBS
and a TRIS blocking buffer (20 mM Tris, 150 mM KCI, pH 7.2). Before an experiment, the
chambers were incubated overnight with 1% wi/v sulfhydryl blocked-BSA (Lee Biosolutions) to
prevent non-specific attachment of paramagnetic beads. Amine-terminated Superparamagnetic
M-270 Dynabeads were functionalized in a similar way with the chloroalkane ligand and later
reacted with the HaloTag-SpyCatcher protein. The fluid chambers were incubated for 10 min with
the HaloTag-L8-SpyTag protein, washed with PBS buffer, and the functionalized paramagnetic
beads were added inside the fluid chamber for 10-30 min. The chamber was placed on the
magnetic tweezers’ microscope and a low 4 pN force was applied to remove the non-specifically
sedimented paramagnetic beads from the field of view.

Our magnetic tweezers is built ontop of an Olympus 1X-81 microscope, as detailed elsewhere
57, For each experiment, a pair of beads (one magnetic and one non-magnetic) was selected by
having 128x128 pixels region-of-interest (ROIls) drawn around them. high-speed camera
capturing was initiated (operating at 1 kHz). Traces showing the unfolding fingerprint of protein L,
as a staircase-like length increase with eight steps, were then saved and used to measure the
unfolding rates as a function of force. Both regular PBS and glycerol 50% v/v in PBS were used
as buffers. The measured protein L unfolding traces were cut and averaged to determine the
rates, while the error was estimated using a bootstrapping algorithm.

Protein hydrogel synthesis and Force-clamp rheometry measurements

Protein Ls hydrogels were synthesized employing a photoactivated chemical crosslinking
procedure. This approach involves concentrating the purified protein to 1 mM using Amicon Ultra
0.5 mL Centrifugal Filters (EMD Millipore). Typically 15 yL of concentrated protein L was mixed
with 1 M ammonium persulfate (APS) and 6.67 mM tris(bipyridine) ruthenium(ll) chloride
[Ru(bpy)s]?* in a volumetric ratio of 15:1:1. The resulting mixture was loaded into
polytetrafluoroethylene (PTFE) tubes (Cole-Parmer ID 0.022”) that was previously passivated
with Sigmacote for 5 minutes, to prevent the adhesion of the protein hydrogel to the tube walls.
Subsequently, the loaded tubes were exposed to a 100W mercury lamp with a 400 nm long-pass
filter for 30 minutes. Following the light exposure, the protein hydrogels were extracted from the
PTFE tube. The extracted hydrogel was then sectioned into 7 mm segments and affixed to the
measuring instrument.

To measure the viscoelastic response of protein L hydrogels, we used a custom-built protein
hydrogel force-clamp (FC) rheometer, as described elsewhere in detail 3. Briefly, the hydrogel
biomaterial was tethered between the hooks linked to a voice coil and a force sensor using double
knotted sutures. Our instrument uses an analog proportional- integral- differential (PID) feed-back
loop to match the forces applied to the sample and reported by the force sensor with a setpoint
provided by the computer through a National Instruments (NI) data acquisition card (DAC) by
continuously adjusting the other end of the sample with the help of a voice coil (Equipment
Solutions). Before each trace, a slack curve was performed, where the tension was quickly
increased and decreased to determine the point where the tethered gel starts experiencing force.
This slack curve was then used during the analysis part to determine exactly the sample length.
Following the slack curve, a force-ramp trace was performed where the stress was increased and
decreased linearly with time (0.04 kPa/s) to a low value (4 kPa) and the Young’s modulus of the
protein was measured. This Young’s modulus was later used to assess if any defects were
present, as these defects would result in a lower stiffness. Then a constant force protocol was
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applied which consisted in having the sample for 30 s at a low 0.1 mN/0.4 kPa force, followed by
exposure for 120 s at a given force, followed by a relaxation back to 0.4 kPa for 300 s. After this
pulse, the sample was discarded. Force clamp experiments are performed for various applied
loads up to 11 mN, with a minimum of three hydrogels tested per force. The PID controller
governing the voice coil was optimized for each force, ensuring that the transition from no load to
a stable full load occurs in less than 100 ms. During analysis, the samples that showed more than
10% difference from average in the measured Young’s modulus during the force-ramp
measurements, or final strain during the constant force measurements, were discarded. Defects
can be seen if air bubbles formed inside the cast, or if the gel was damaged during the attachment
to the hooks. Also some samples, especially those measured at high forces, can show slippage
from hooks, which prevents us from determining the strain from the measured length.

Steered Molecular Dynamics Simulations

All-atom simulations were carried out in explicit solvent utilizing the GROMACS version
2019.2 molecular dynamics engine % along with PLUMED version 2.5.2 ¢ .The force field used
was AMBER99SB-ILDN 7° with the TIP3P water model. Periodic boundary conditions were utilized
as well as electrostatic and Lennard Jones interactions being cutoff over 12 A. Long-range
electrostatic interactions were calculated using the particle mesh Ewald method with a grid
spacing of 1.6 A. Steered molecular dynamics simulations of Protein L (PDB 1HZ5) were carried
out by applying a constant force between the C4’s of the residues used along the z-direction. Five
pairs of residues were investigated. The residue pairs are 1IMET-64GLY (N-C), TMET-34TYR (N-
Y34), IMET-56TYR (N-Y56), 34TYR-56TYR (Y34-Y56), and 34TYR-64GLY (Y34-C). System
preparation: A single protein molecule was placed in a 5 X 5 X 30 nm box and subsequently
solvated with water. This comprised of 27,823 water molecules and 84730 atoms total. Energy
minimization was then performed using the steepest descent method (2,000 steps) before
equilibration. A second system was prepared for simulations in a glycerol environment. Glycerol
molecules were placed in the simulation volume such that 50% of the solution is glycerol (1985
glycerol and 20157 water molecules). Energy minimization was again performed using the
steepest descent method (2,000 steps) before equilibration. Equilibration: In both systems, the
protein was then equilibrated for 1 ns in the isothermal-isobaric ensemble at 300K and 1 bar with
a time step of 2 fs. During the equilibration time, a moving harmonic potential with a force constant
was applied between the pair of residues that we will be pulling on during the constant force
simulations. This moving potential gradually rotates the protein domain to align the line between
residues to the long axis of the simulation box. This equilibration was performed for each of the
five pulling trajectories. Unfolding simulations: Constant force simulations were performed by
applying a linear potential (i.e., a constant force) between the two residues used for pulling.
Depending on force, each simulation was run for either 20 ns or 40 ns for higher and lower forces
respectively. The distance between the z-coordinates of the pulling residues was recorded for
plotting the end-to-end distance as a function of time. Each force for each system and pulling
geometry was performed 10 times. The forces ranged from 200 pN to 800 pN. Analysis: The time
at which the end-to-end distances is halfway between its folded and unfolded state was recorded
for each trace at the same force for each geometry and system. Taking the average of these times
gives the average rupture time which, when inverted, gives the unfolding rate of that configuration.
We take the natural log of the rate and plot it verses force.
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Brownian Dynamics Simulations

Coarse-grained network assembly: Simulated protein networks were created in Igor Pro
(Wavemetrics) using the physical dimensions of polyprotein L, as previously described 23. Briefly,
starting with 75 molecules placed randomly inside a box to produce an equivalent concentration
of 1 mM. Molecules were then randomly placed inside the box such that no molecules were
interacting with each other. After placement, molecules were left to diffuse and whenever two
domains came within two radii and did not have more than three connections, they were
considered as being crosslinked. The diffusion coefficients for each cluster were recalculated and
the movement adjusted accordingly. Once all molecules were connected into a network, the
simulation was stopped. Several 75-molecules networks of fully crosslinked protein L were
generated and subsequently used for the network dynamics simulations.

Network Dynamics Simulations under a Force Vector. The network dynamics simulations
were run in Igor Pro, with calls for network energy minimization to a Matlab script. To speed up
the simulation, the network optimization was only called when a domain inside the network
changed its folded state. Also a library of PMF profiles was generated in increments of 0.1 pN for
molecules ranging from having all eight domains as N-to-C to having all eight domains as weak
(nodes). The PMFs were constructed as previously reported 32 33, Briefly, two components were
incorporated to generate each PMF profile for a given force: the first one describing the free
energy barrier separating the folded and unfolded states (Equation 1), which was constructed
onto of the force-dependent entropic energy, calculated based on the worm-like-chain model for
polymer elasticity (Equation 2):

—Zé(x—r) 2 _("—xb)2
Uparrier = Mo 1-e"r -1l + Gole 202 (1)
kgT [ALc -1 2
UentTOPJ/:;;p T((l_i) _1)_§+2x_LC — Fx (2)

where M, is the Morse potential depth, b is the Morse barrier width, r is the domain radius, G,
and o the gaussian height and width respectively, x;, equivalent distance to transition state, x
extension, L. = 18.6 nm is the contour length for a protein L domain®*, and F the current force.

The single molecule traces of polyproteins under a given force were then computed by
assuming an overdamped Langevin diffusion process 7'

Fe(ro-3) (3)

where D is the diffusion coefficient over the energy landscape (PMF) U, and I'(t) is a random
force representing the thermal fluctuations. The sum for the Morse and Gaussian potentials,
together with the diffusion coefficient D, were estimated to match the unfolding rates, by
minimizing the difference between simulated and measured unfolding rates. Then, the Morse
potential alone was calculated from the half folding force. The values used to construct the free
energy landscapes for both strong and weak domains, in water and glycerol, are given in
Supplementary Table 1, and were estimated from measurements and SMDS, as explained in
the main text. For each force a total of nine PMFs were generated for molecules having all
domains experiencing force over the N-to-C coordinates (denoted as ‘strong’) to having all
domains as nodes (denoted as ‘weak’). At the start of each simulation, a connection matrix was
generated for each molecule inside the gel. Throughout the simulation, each molecule received
a PMF based on its orientation, number of tethered domains between the first and last node and
number of domains part of a node. The force was assigned as the product between the overall
applied force and cosine of the angle to the z-axis, which was considered the force axis (and
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rounded to the nearest 0.1 pN). The force of each molecule was recalculated for each simulation
step.

Each simulation step is composed of two sub steps. First, each molecule was diffused on the
free energy landscape for 100 ps after which the position of each domain in the molecule is altered
such that the distance between the terminal domains matches its location on the energy
landscape. Since the global force is applied in the z-direction, any extension associated with
traveling along the energy landscape is applied to the z-coordinates resulting in a rotation to align
to that force. These minor changes in length are typically less than a nanometer. The larger
changes in extension occurred when an unfolding event happens. If an unfolding event occurred,
then the locations of the nodes in the network were saved and are passed to Matlab for
optimization. Optimization took the location of the nodes of the network, the domains that each
node was connected to, and which nodes were part of a single molecule. Stretching and bending
energies, Hyoge—node @Nd Hpenaing Were calculated for intermolecular crosslinks and crosslink
energies H_,,ss1ink Were calculated for intramolecular node locations (see also Figure 1C). A
weak potential kept the nodes in their initial location (Equation 4), with the stretching energy is
given by 3
Qi j7i))? (4)

73513
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where u = Mﬁ# = 0.2 pN for a persistence length £, = 0.58 nm for protein L34, with kzT being
the thermal energy, and the vectors u; and 7; point to nodes in the perturbed and stable
configurations respectively.

The intermolecular bending energies were calculated for any node that was connected to two
others. The vectors from the middle node to the other two were calculated and a cross product is
taken. The cross product returns the angle between these two vectors and the bending energy is
proportional to the square of this value (Equation 5).

(@) ki j) %P1
[7ij1° (%)
with the bending constant for a rigid rod as k = €,kgT = 2.4 pN nm? 15,

Crosslinking energies followed a simple spring like potential where any perturbation from the
rest length, the energy will drive it back towards this minimum (Equation 6):

Hcrosslink = K2<i’,j’>(2r - ”ﬁi’,j’”)2 (6)
where K = 3.72 - 10° pN/nm is the force constant associated with the quadratic approximation
of a C,-C,, bond 72 and ||ﬁl-, ]” is the perturbed bond length between two adjacent bonds i and j,
such that u;; = u; — U;. For intermolecular crosslinks, this rest length is equal to two radii r (4
nm), which was determined for a protein L domain from its crystal structure. The values for each
potential are also given in Supporting Table S2.

The minimization was run by summing the three energy components using the “fminunc”
MATLAB feature and ran until it reaches a global minimum or 1000 were performed. After
minimization, the optimized network was passed back to IgorPro (Wavemetrics) to continue the
simulation. The distance between the intramolecular nodes was recalculated and compared to
the distance that that molecule is at on the energy landscape. If there was a difference between
the two distances, the location of the nodes was adjusted to match the separation on the PMF.
After the distances were matched, we returned to the diffusion on the energy landscape and
repeated these two steps until the simulation time was reached.

Five simulated gels were prepared, and each were simulated under the global applied forces
of 2, 4, 6, 8, and 10 pN using energy landscapes for water and glycerol. The five simulations for
each force were taken and the strains and number of unfolded domains were averaged. Analysis
was done through measuring the length of the simulated gel. The length was determined by taking

K
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the average of the 10 furthest node domains on each end and taking the difference. This
calculation was done for each frame of the simulation. The normalized strain of the gel was
calculated by dividing the length at each frame by the initial length at frame three (when the force
was applied). From the strain we plotted the final strain versus the applied global force. We also
recorded how many domains unfolded through the simulation separated by whether they were
nodes or not.
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