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We researched the mechanical unfolding of protein domains in monomeric protein NuG2 and the tandem polyproteins (NuG2)8 and (NuG2)16
using a dual-trap optical tweezers system. By stretching NuG2 and its polyproteins, (NuG2)8 and (NuG2)16 at the constant pulling speed of 500 nm
s−1, we achieved the mechanical unfolding force of each domain in these proteins. Besides, we calculated the energy dissipation of NuG2,
(NuG2)8 and (NuG2)16 by measuring the area enclosed by stretching and relaxation traces. Our results represent a key step towards engineering
artificial polyproteins with controllable mechanical force and energy dissipation properties for force-buffering and energy dissipator applications.

© 2022 The Japan Society of Applied Physics

P
olyproteins formed by the covalent linkage of in-
dividual protein domains with different biological
functions are widespread in nature.1) Tandem repeats

of protein domains are significant in both natural and artificial
materials, displaying unique mechanical responses.2–8) The
giant titin protein is composed of hundreds of tandem linked
Ig domains, which is essential to the function of muscle.9–11)

The artificial polyprotein of GB1 is an ideal elastomeric
protein with superior mechanical properties, which is antici-
pated to be applied to nanomechanical devices and/or
constructing materials.12–14) Single-molecule force spectro-
scopy based on atomic force microscopy typically requires
the use of polyprotein in order to provide fingerprints for
unambiguous single-molecule events and improve the statis-
tics of experiments data collection.15–17) Research on the
viral polyprotein can not only help us understand the viral
mechanisms, but also provide a theoretical basis for the drug
design for the treatment of viral disease.18–20) Recent study
also provided experimental evidence that stretching poly-
protein in single-molecule optical tweezers was equivalent to
stretching a single domain.21) Despite the extensive studies of
polyprotein and applications of polyprotein in different fields,
to the best of our knowledge, whether the individual domains
in the polyprotein are of the same mechanical response has
not been reported yet.
Atomic force microscopy, magnetic tweezers, and optical

tweezers (OT), are the most widely used techniques in single-
molecule force spectroscopy studies on biomolecules.22–25)

Optical tweezers show good applicability in the measurement
of protein force spectroscopy with its advantages of ultra-
high resolution in force, spatial and time. In this work, we
used single-molecule optical tweezers to study the mechan-
ical unfolding of polyproteins in a different number of
domains in both monomeric protein NuG2 and the tandem
polyproteins (NuG2)8 and (NuG2)16. By stretching NuG2
and its polyproteins, (NuG2)8 and (NuG2)16 at the constant
pulling speed of 500 nm s−1, we achieved the mechanical
unfolding force of each domain in these proteins. Besides, we
calculated the energy dissipation of NuG2, (NuG2)8 and
(NuG2)16 by measuring the area enclosed by stretching and
relaxation traces. Our results indicate that the use of

polyprotein enables the unfolding of mechanically stable
proteins at relatively low forces and dramatically expands the
range of the mechanical unfolding force, thus expanding the
ranges of the force-buffering and the energy dissipation.
The experimental setup of dual-trap optical tweezers

(DTOT) is shown in Fig. 1. A 1064 nm linearly polarized
light beam (J20I-BL-106C, Spectra-Physics, 5W) was used
as a light source. To adjust the laser power, a half-wave plate
was placed in front of the first polarization beam splitter
(PBS1). By operating the computer-controlled motorized
holder, the half-wave plate was rotated to realize the change
in the output power. The adjusted light beam was split into
two beams after PBS2. A two-axis piezoelectric mirror (PM,
MTA2X HS, Mad City Labs) was used to reflect one of the
beams with nano-radian resolution to control the 2D in-plane
position of the trap in the focus plane. The other is modulated
by an acousto-optic modulator and its frequency is shifted by
80MHz to reduce the interference effect between the two
beams. Then, two beams are brought into the first high
numerical aperture microscope objective lens (OBJ,
NA= 1.2, 63x, ZEISS) with the help of a telescope and a
dichroic mirror, generating one movable trapping and one
position-fixed trapping, respectively. The sample chamber
was placed on a piezo-actuated translation stage (P-517.3 CL,
Physik Instrumente). The condenser (NA= 1.2, 63x, ZEISS)
behind the sample chamber was used to collect the trans-
mitted light. The transmitted light then was separated by
PBS4. To further carry out the force measurement, two-
quadrant photodiode detectors at the end were used to
monitor the two beams. A 780 nm LED was used as a light
source and Kohler illumination was realized for a bright field
imaging of the sample. Images of the sample were acquired
by a charge-coupled device (CCD, DCC1545M, 25fps,
Thorlabs).
The gene of monomeric NuG2, (NuG2)8 and (NuG2)16,

which were kind gifts from Prof. Hongbin Li’s group, were
subcloned into a modified pET22b vector with a cysteine
residue at N-terminus and an AviTag at C-terminus. The
plasmid encoding Cys-NuG2-AviTag was co-transformed
with pBirAcm into E. coli BL21(DE3) competent cells. The
protein was then expressed and biotinylated in vivo by BirA
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enzyme in E. coli BL21(DE3) strain with biotin added in the
culturing media as reported. The protein Cys-NuG2-Biotin
with C-terminal Histag was then purified by TALON metal
affinity chromatography. Cys-(NuG2)8-Biotin and
Cys-(NuG2)16-Biotin were prepared similarly.
The dsDNA handle of 802 base pairs was prepared by

polymerase chain reaction (PCR) in a 96-well PCR plate
using 5′ modified oligonucleotides, 5′Digoxigenin-
CAAAAAACCCCTCAAGACCC (upstream) and 5′NH2-
CGACGATAAACGTAAGGACATC (downstream), as pri-
mers and the pGEMEX-1plasmid as a template. The PCR
product Dig-DNA-NH2 was precipitated by ice-cold ethanol
and then dissolved to 2 μM using 1X PBS buffer (pH= 7.4).
The Dig-DNA-NH2 was then allowed to react with 1 mM
succinimidyl 4-(N-maleimidomethyl) cyclohexane-1-carbox-
ylate (SMCC) to introduce a maleimide group, resulting in
the Dig-DNA-Mal. Excess SMCC was removed by ethanol
precipitation again and the Dig-DNA-Mal was dissolved to 2
μM in 1X PBS buffer (pH= 7.4) and stored at −80 °C.
The proteins carrying oane cysteine residue were diluted to

10 μM and reduced by 0.5 mM tris 2-carboxyethyl phosphine
(TCEP) for 1 h before the coupling reaction. The excess
TCEP was removed using Zeba desalting columns. Then 1 μl
of 10 μM reduced proteins were then allowed to react with 1

μl of 2 μM Dig-DNA-MAL handle for 4 h at room
temperature. The product, Dig-DNA-NuG2-Biotin, was pur-
ified using Qiagen PCR purification kits.
To perform single-molecule force spectroscopy experi-

ments using DTOT, we mixed 5 ng of Dig-DNA-NuG2-
Biotin with 1 μl of 0.1% AntiDig-coated polystyrene beads
(diameter of ∼2 μm, from Spherotech) and wait 30 min.
Then the same amount of streptavidin-coated polystyrene
beads (diameter of ∼2 um, from Spherotech) was added
together with the AntiDig beads into a glass chamber. DTOT
was used to capture SA beads and AD beads and make the
force-extension measurements at the speed of 500 nm s−1.
We first investigated the feasibility of using DTOT to

achieve the mechanical unfolding of polyproteins. The model
system we chose here was a small a/b protein NuG2, whose
mechanical unfolding was well studied by single-molecule
force spectroscopy using both atomic force microscopy and
single-beam optical tweezers.21,26) The mixture of polypro-
teins and polystyrene beads was injected into the sample
chamber, which was fixed on the sample stage of DTOT.
When we use DTOT to perform single-molecule force
spectroscopy experiments on NuG2 and its polyproteins,
(NuG2)8 and (NuG2)16 at the constant pulling speed of 500
nm s−1, the robust unfolding and refolding of NuG2 allowed

Fig. 1. (Color online) Schematic layout for DTOT (Laser, continuous-wave laser; HW, half-wave plate; PBS, polarizing beam splitter; BD, beam dump;
AOM, acousto-optic modulator; PM, piezoelectric mirror; T, telescope; DM, dichroic mirror; OBJ, objective; SC, sample chamber; CON, condenser; QPD,
quadrant photodiode; LED, light-emitting diode).

Fig. 2. (Color online) Representative force-extension curves of stretching and relaxing NuG2, (NuG2)8 and (NuG2)16 at the speed of 500 nm s−1. The
sudden force-decrease events on the stretching traces (in black) and the sudden force-increase events on the relaxing traces (in grey) correspond to the
mechanical unfolding and refolding of individual NuG2 domains, respectively. The force-extension curves of (NuG2)8 and (NuG2)16 are colored in red and
blue, respectively.
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us to obtain the force-extension curves (FECs) effectively. As
shown in Fig. 2, the two-state unfolding of NuG2 was
observed at the rupture events. The saw-tooth-like pattern in
the FECs provides evidence of pulling on a single molecule.
Fitting the worm-like chain model of polymer elasticity to the
rupture events revealed the contour length increment LcD of
roughly 18 nm, which corresponded to the complete exten-
sions of a single NuG2 domain and was consistent with the
reported result.27)

To achieve the mechanical response of polyproteins, we
first carry out the mechanical unfolding experiments of NuG2
monomer and deal with the force spectroscopy data. The
model we used is Bell–Evans model,28,29) which can describe
the mechanical unfolding of proteins:

k F k e0 , 1u u
F x
k T

u
b=
D

( ) ( ) ( )
where F is the applied force, kb is the Boltzmann constant, T
is the temperature in Kelvin, xuD is the unfolding distance
between the native and the transition states, k Fu ( ) and k 0u ( )
are the unfolding rates at the force of F and zero, respec-
tively. The unfolding force histogram of NuG2 monomer is
shown in Fig. 3(A). The NuG2 displays high mechanical
stability and it remains folded below 30 pN. To extract the
mechanical unfolding kinetics, we transformed the unfolding
force histogram into the unfolding rate versus applied force
using the method previously reported by Dudko et al.30)

Figure 3(B) shows the transformed results. Bell–Evans model
was used to fit the results and the solid line is the linear fitting
using the Bell–Evans model with the parameters of k 0u ( ) =
0.013 s−1 and xuD = 0.66 nm.

We then study the mechanical response of polyproteins of
NuG2. We overlaid the stretching FECs of NuG2, (NuG2)8
and (NuG2)16 shown in Fig. 4(A). The number of folded
domains before each unfolding event are labeled above the
unfolding force peaks. The mechanical unfolding of NuG2
domain in polyproteins (NuG2)8 and (NuG2)16 was drama-
tically increased from roughly 10 pN to roughly 50 pN upon
stretching, suggesting that the measured mechanical re-
sponses of individual domains vary in the polyprotein.
However, the folding forces remain at roughly 8 pN,
indicating that the number of domains does not have a major
effect on the apparent folding force. To further figure out the
difference between individual domains in polyproteins, we
extracted the unfolding force histogram of each NuG2
domain in polyproteins (NuG2)8 and (NuG2)16 from the
unfolding force spectroscopy data and calculated the un-
folding force of each NuG2 domain by Gaussian fitting.
Figure 4(B) shows the fitted results of the unfolding force of
NuG2 monomer and its polyproteins versus the number of
folded domains. It is clearly shown that the average unfolding
forces of each NuG2 domain in polyproteins almost showed
linear dependence on the number of folded domains before
unfolding and the unfolding forces of the last domains in
(NuG2)8 and (NuG2)16 are similar to the unfolding force of
the single domain in NuG2 monomer. These results demon-
strated that the use of polyprotein enables the unfolding of
mechanically stable proteins at relatively low forces and
dramatically expands the range of the mechanical unfolding
force, thus the polyproteins can serve as force-buffer.
Finally, based on our force spectroscopy results, we

calculated the energy dissipation of individual domains in
NuG2, (NuG2)8 and (NuG2)16. Different from the method
used by atomic force microscopy,31) the approach we used

(a)

(b)

Fig. 3. (Color online) (A) Histogram of unfolding forces of NuG2
monomer. (B) The unfolding rates ku(F) as a function of the applied force F,
obtained by transforming the unfolding force histogram in (A) according to
the method previously reported by Dudko et al. The solid line is the linear
fitting using the Bell–Evans model with the parameters of ku(0) = 0.013 s−1

and xuD = 0.66 nm.

(a)

(b)

Fig. 4. (Color online) The unfolding forces of NuG2 in polyproteins
increases as the number of folded domains decreases upon stretching. (A)
Overlying of the unfolding traces of NuG2 (black), (NuG2)8 (red) and
(NuG2)16 (blue). The numbers of folded domains before individual unfolding
events are labeled above each unfolding force peaks. (B) The average
unfolding forces at a different number of folded domains of NuG2, (NuG2)8
and (NuG2)16.
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here is a direct, model-free integration of the observed FEC.
Thanks to the fact that the force spectrum data based on
optical tweezers has both unfolding and folding curves, we
could directly calculate the energy dissipation of polyproteins
by measuring the area enclosed by stretching and relaxation
traces. As shown in Fig. 5, it clearly showed that the energy
dissipation increases in a nonlinear fashion as the number of
domains unfolded increases. The relationship of energy
dissipation and number of domains unfolded can be fitted
using N NEnergy 109.4 25.8 2= +⁎ ⁎ for (NuG2)8 and

N NEnergy 50.1 17.3 2= +⁎ ⁎ for (NuG2)16, where N
represents the number of domains unfolded. This nonlinear
dependency is due to the unfolding force increasing as the
individual domains unfold upon stretching while the folding
force remain almost the same. These results demonstrated
that the polyproteins can serve as the energy dissipater.
In conclusion, our results suggest that the multiple

domains in polyprotein effectively reduced the unfolding
force of a mechanical stable protein NuG2 from roughly 40
pN to roughly 10 pN (the first unfolding event in a stretching
curve). Our results are useful in studying the mechanical
response of protein-based materials. The unfolding and
refolding of proteins are responsible for energy dissipation
when the protein-based materials are stretched and relaxed.
The protein can serve as the energy dissipater and force-
buffer. The use of polyprotein enables the unfolding of
mechanically stable proteins at relatively low forces and
dramatically expands the range of the mechanical unfolding
force, thus highlighting the potential versatility of polypro-
teins that can be used in force-buffering and energy dissipa-
tion.
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