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Abstract: Ultrasound (US) produces cavitation-induced
mechanical forces stretching and breaking polymer chains in
solution. This type of polymer mechanochemistry is widely
used for synthetic polymers, but not biomacromolecules, even
though US is biocompatible and commonly used for medical
therapy as well as in vivo imaging. The ability to control
protein activity by US would thus be a major stepping-stone for
these disciplines. Here, we provide the first examples of
selective protein activation and deactivation by means of US.
Using GFP as a model system, we engineer US sensitivity into
proteins by design. The incorporation of long and highly
charged domains enables the efficient transfer of force to the
protein structure. We then use this principle to activate the
catalytic activity of trypsin by inducing the release of its
inhibitor. We expect that this concept to switch “on” and “off”
protein activity by US will serve as a blueprint to remotely
control other bioactive molecules.

Ultrasound (US) stretches and eventually breaks polymer
chains of sufficient contour length[1] by a shear gradient in
solution following the collapse of cavitation bubbles.[2, 3] By
installing predetermined molecular breaking points (mecha-
nophores) into the polymer backbone, these chain-scission
events can be rendered passably selective[4,5] and are popu-

larly exploited to force-activate functions, such as cataly-
sis,[6–11] chemical reactions,[12–14] the release of small mole-
cules,[15–20] or the optical visualization of material damage.[21,22]

However, research in polymer mechanochemistry until now
mainly focused on understanding the force-induced chemical
transformations and their impact on material properties.
Although force was shown to impact naturally occurring
macromolecules both on the single molecule level[23–25] as well
as in cells,[26, 27] tissues,[28] and biohybrid materials,[29] the US-
induced activation of biomacromolecules to achieve biolog-
ical function remained unexplored. We herein display the
unprecedented activation of genetically engineered pro-
teins[30] by US firstly on a GFP model system and eventually
with the release of an inhibitor of the enzyme trypsin turning
“on” its catalytic activity.

To apply the mechanochemical principle to proteins
beyond single-molecule force spectroscopy, we argue that
a long and stretchable domain is required, which, we
hypothesize, can be genetically engineered into the protein
or attached post-translationally through noncovalent binding.
The protein moreover needs to be designed such that either
an alteration of the protein structure or the release of the
active protein are induced by force.

Extensive US irradiation is destructive to proteins, leading
to unfolding, aggregation, or nonspecific bond scission within
the peptide backbone.[31, 32] Hence, before endowing proteins
with the ability to functionally respond to US, we initially
identified US-stable proteins. We selected green fluorescent
protein (GFP), as the physical and spectroscopic properties of
its many mutants have been characterized extensively. We
found, however, that EGFP forms a precipitate when
subjected to US at 20 kHz, a power intensity of 7 W cm�2,
and a protein concentration of 10 mm (Figure S3). Therefore,
we investigated superfolder GFP (sfGFP)—a mutant with
increased folding stability.[33,34] For later engineering efforts,
we constructed circular permuted variants by inserting a small
Glycine–Serine (GS) linker between the native N- and C-
termini while introducing the new termini in the loop between
the 10th and 11th beta-strand (GFP–GS).[35, 36] This mutant
retained both solubility and structure when subjected to US
for several minutes, as judged from its absorption, fluores-
cence, and circular-dichroism spectra (Figure S4–S6), hence
providing a GFP with higher stability against shear forces.

To selectively alter the properties of GFP–GS by US, we
replaced the small GS linker with a series of elastin-like
proteins (ELPs), with the pentapeptide repeat unit
(VPGXG)n (Scheme 1).[37] Following our hypothesis, these
unfolded polypeptide units can be obtained with predictable
size and properties and can be stretched akin to a synthetic
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polymer.[38] The resulting mechanical force would destabilize
the 11th beta-strand that is part of the beta-barrel, abolishing
green fluorescence but retaining the protein secondary
structure. We first inserted the neutral (VPGVG)40 domain
(GFP–V40), resulting in a protein with a somewhat lower
fluorescence quantum yield compared to the parent protein
(Table S3). However, US treatment also resulted in precip-
itation of GFP–V40. Likely, the hydrophobicity of the chain
enhanced aggregate formation (Figure S11).

Thus, we replaced the neutral peptide structure with the
more hydrophilic anionic supercharged polypeptide (SUP)
unit (VPGEG)36 domain (GFP–E36).[39–42] Next to higher
hydrophilicity and thus solubility, the repulsion between the
negative charges increased the hydrodynamic radius of the
protein and resulted in higher sensitivity towards US. Indeed,
the GFP–E36 did not precipitate during sonication while the
absorbance and fluorescence (Figure 1a) decreased in
a defined manner without changing the secondary structure:
The absorbance at 280 nm[43] was found to be even more
stable than for GFP–GS and the corresponding CD spectra
(Figure 1c) only showed specific changes upon US exposure,
but no precipitation. The 470 nm absorbance of the depro-
tonated fluorophore was reduced up to 50 % after 8 min US
while the 395 nm absorbance of the protonated fluorophore
did not change.[44] The decreased absorption can be related to
the 50 % drop in fluorescence upon 488 nm excitation. When
recording the fluorescence excitation spectra at 515 nm
emission, we found that the fluorescence decreased for all
excitation wavelengths (Figure S12). Together, this implied
that the resulting protonated fluorophore in GFP–E36
occupied a different environment within the protein without
green fluorescence upon exposure to US.

To achieve complete quenching of the GFP fluorophore,
we increased the contour length of the linker structure
between the beta-sheets by inserting (VPGEG)72, leading to
variant GFP–E72. This increase led to a drastic increase in
sensitivity: We observed a complete disappearance of the
470 nm absorption and fluorescence (Figure 1b) upon 4 min
of US application. The secondary structure remained, as
judged from absorption and CD spectroscopy (Figure 1d),
and the excitation spectra at 515 nm emission disappeared
completely (Figure S13). Hence, the GFP–E72 showed com-
parable but more pronounced susceptibility to US compared
to the GFP–E36.[45] Moreover, we found that the absorption
band at 395 nm shifted to 380 nm, suggesting a release of the
fluorophore from the hydrogen-bonding network of the beta-
barrel, in accordance with a mechanism where the strand that
provided the hydrogen bonding was released from the
barrel.[46] Similar to the GFP–E36, US can eventually

denature GFP–E72: We observed an increase of the 280 nm
band after 6 min sonication, which was indicative of GFP
unfolding. To verify that the effect of US on the protein is
a consequence of mechanical forces concomitant with the
collapse of cavitation bubbles, and not an increase in temper-
ature, we assessed whether the melting temperatures of our
proteins were related to the observed sensitivity to US. We
found by temperature-induced unfolding, as monitored with
CD spectroscopy, that the melting temperatures of these
proteins were similar and did not relate to the effect of US
(Figure S7–S10).[47] The reversibility of the process was then
investigated by observing the recovery of UV/Vis, fluores-
cence, and CD spectra of sonicated GFP–E36 over 144 h
(Figure S14–S20). A partial but not complete recovery of the
optical properties hinted towards reversible and irreversible
transitions within the GFP chromophore upon US irradiation.
We thus argue to have full control over the protein structure
with US, by engineering long charged hydrophilic domains
into an otherwise US-stable protein (Figure 2).

Having established proof of concept and identified design
criteria, we sought to apply this principle to switch “on”
protein activity. Therefore, we fused the long charged domain
to a peptide that inhibits an enzyme: Application of US would

Scheme 1. Schematic representation of US-induced unfolding of GFP–
SUPs.

Figure 1. Spectra recorded of GFP–E36 and GFP–E72 at different
sonication times. a) Absorption (dashed) and normalized fluorescence
emission (solid) spectra of GFP–E36. b) Absorption (dashed) and
normalized fluorescence emission (solid) spectra of GFP–E72. c) CD
spectra of GFP–E36. d) CD spectra of GFP–E72. The peak at circa
205 nm is attributed to the GFP a-helices (Figure S21 and S22). All
spectra were recorded in PBS buffer (pH 7.4) at room temperature,
and protein concentrations were in the range of 10 mm.
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break the protein–protein interaction between enzyme and
inhibitor releasing the active enzyme. We selected the well-
studied combination of trypsin and bovine pancreatic trypsin
inhibitor (BPTI). Because BPTI itself has a net positive
charge, we fused it to the cationic SUP (VPGKG)36 domain
(K36)[48, 49] to prevent it from blocking BPTI�s function. The
disordered domain was placed at the C-terminus of BPTI. To
improve expression and folding, we fused small ubiquitin-
related modifier (SUMO) protein to the N-terminus of BPTI,
which can be removed by SUMO protease.[50] Importantly,
both termini are on the opposite side of the trypsin interaction
domain of BPTI (Scheme 2).

To confirm that the new domains do not influence binding
between BPTI and trypsin, we determined the binding
affinities by isothermal titration calorimetry (ITC). We
observed that both the SUMO and K36 domains reduce the
binding affinity, although the affinities with dissociation
constants of circa 10�8

m are still higher than trypsin with
most of its substrates (Figure S24–S26).[51]

We determined the activity of trypsin from the turnover of
its substrate Na-benzoyl-l-arginine ethyl ester (BAEE),
which results in absorbance at 253 nm. This leads to complete
digestion within 2 min, with a specific activity of 40 BAEE
units mL�1 trypsin, while the presence of any of our BPTI
derivatives completely inhibits the reaction. We next applied
30 or 60 s of US to the complex of trypsin deactivated with
4 equivalents excess of SUMO-BPTI-K36. In these experi-
ments, we added the substrate prior to sonication because
trypsin otherwise rebinds the BPTI in competition with the
substrate during or after US application. We observed the
activation of the trypsin, showing that the mechanical force
can remove the inhibitor from the trypsin. The turnover of
trypsin after 30 and 60 s US is 4.8 and 6.9 units mL�1 trypsin,
respectively, which corresponds to approximately 12 and 17%
of the activity of trypsin in the absence of BPTI (Figure 3).
Importantly, trypsin is only negligibly affected by the
employed sonication conditions (Figure S28–29). The effect
of US is a direct consequence of the K36 domain because the
binding of SUMO–BPTI without K36 is not affected by
sonication. This confirms our hypothesis that a long hydro-
philic polypeptide chain renders proteins active towards shear
force in solution. Accordingly, removing the SUMO from the
BPTI-K36 did not change the sensitivity to US, resulting in
activities of 10 and 12 % of free trypsin (Figure S32).
Concomitantly, increasing BPTI concentration decreased
overall turnover (Figure S33). We thus show that by introduc-
ing a long hydrophilic domain into a protein inhibitor, we can
remotely activate an enzyme by US.

Altogether, we established the first molecular concept to
activate and deactivate the optical and catalytic activities of
genetically engineered proteins by employing US, and thus
shear force in solution, as a trigger. Using external stimuli to
control protein function has become extremely relevant, as
evidenced by the growing field of optogenetics and its impact
on neuroscience and other areas.[52, 53] In analogy, we estab-
lished here the first molecular designs towards sonogenetics,

Figure 2. US-responsive circularly permuted GFP system. Dependence
of fluorescence quenching on the size of the SUPs inserted into GFPs
and sonication time. Mean values �SD from the mean, N =3
independent experiments.

Scheme 2. Concept of disassembly of the trypsin (green)-SUMO
(yellow)-BPTI (blue)-K36 (red) complex by US, which can be followed
with the substrate BAEE, hydrolysis of which yields a product absorb-
ing at 253 nm.

Figure 3. The enzymatic activity of trypsin, trypsin-SUMO-BPTI, and
trypsin-SUMO-BPTI-K36 complexes for different times of sonication.
SUMO–BPTI inhibits the enzymatic reaction without and with sonica-
tion (shades of brown). Similarly, SUMO-BPTI-K36 abolishes the
catalytic activity of trypsin without application of US (light blue). In
contrast, the complexes consisting of trypsin and SUMO-BPTI-K36 can
be disassembled by US within seconds turning on enzyme activity
(shades of blue). The x-axis represents the catalysis time; the
individual traces correspond to different preceding sonication times.
The plateau of pure trypsin catalytic activity is associated to complete
substrate depletion.
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the US-enabled control of protein activity. With genetic
engineering as a synthetic tool and the introduction of
supercharged, unfolded polypeptide chains, proteins were
rendered susceptible to shear force. To demonstrate the broad
applicability of this approach, two design concepts to gain
control over protein activity were successfully realized
employing different enzymes and switching protein activity
“on” and “off”. Our ability to tune the sensitivity of proteins
towards US holds great promise for future applications that
may lie in remote control of protein activity in vivo.
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