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ABSTRACT: A highly bioluminescent protein, NanoLuc (Nluc),
has seen numerous applications in biological assays since its
creation. We recently engineered a NanoLuc polyprotein that
showed high bioluminescence but displayed a strong misfolding
propensity after mechanical unfolding. Here, we present our single-
molecule force spectroscopy (SMFS) studies by atomic force
microscopy (AFM) and steered molecular dynamics (SMD)
simulations on two new hybrid protein constructs comprised of
Nluc and I91 titin domains, I91-I91-Nluc-I91-I91-I91-I91 (I912-
Nluc-I914) and I91-Nluc-I91-Nluc-I91-Nluc-I91, to characterize the unfolding behavior of Nluc in detail and to further investigate
its misfolding properties that we observed earlier for the I912-Nluc3-I912 construct. Our SMFS results confirm that Nluc’s unfolding
proceeds similarly in all constructs; however, Nluc’s refolding differs in these constructs, and its misfolding is minimized when Nluc
is monomeric or separated by I91 domains. Our simulations on monomeric Nluc, Nluc dyads, and Nluc triads pinpointed the origin
of its mechanical stability and captured interesting unfolding intermediates, which we also observed experimentally.

1. INTRODUCTION
NanoLuc (Nluc) is an engineered bioluminescent protein
developed by Promega in 2012 with numerous applications in
molecular and cellular biology.1−18 Although other bio-
luminescent probes are available, including widely used Firefly
Luciferase (Fluc) and Renilla Luciferase (Rluc), Nluc has
several important advantages, such as a smaller size, greatly
increased brightness, and significantly increased structural and
enzymatic stability.1,2,6,8,9,12,13,17,18 Nluc originated from a
small subunit of the deep sea shrimp Oplophorus luciferase
(OLuc).1,2,19−22 This subunit, OLuc19, is bioluminescent,
reacting in an ATP-independent reaction with coelenter-
azine1,2,15,19,20 producing blue light, which is used by the
shrimp as a self-defense mechanism against predators. Since
OLuc19 was unstable and aggregated when expressed in
Escherichia coli cells,22 various steps of amino acid mutations
and substrate optimization were performed to stabilize this 19
kDa subunit. The result was Nluc and its substrate,
furimazine.1,2,6,8,9,11−13,15,17−20

Here, we propose exploiting Nluc for applications beyond its
typical biochemical assays by creating new Nluc polyprotein
constructs with monomeric Nluc or tandem Nluc repeats in
homo- and heteropolyprotein configurations. These new
proteins could find many bioengineering applications, e.g., in
novel, bioluminescent, force-sensing probes, and elastic
(bio)materials with mechanically controlled light output. We
also envision exploiting Nluc in more fundamental studies,
such as using Nluc as a viable alternative to Fluc in the
chaperone-assisted protein refolding as a new substrate.23−25

However, in spite of its great potential, Nluc’s structure−

mechanics properties have not been adequately characterized
so far.
In our first study of Nluc by AFM-based SMFS,7 we used a

polyprotein Nluc construct composed of three tandem repeats
of Nluc flanked by the I91 titin domain resulting in I91-I91-
Nluc-Nluc-Nluc-I91-I91 (abbreviated as I912-Nluc3-I912). In
this construct, the I91 domains serve as pulling handles and
provide a single-molecule mechanical fingerprint.26−29 This
construct is characterized by increased bioluminescence, as
compared to monomeric Nluc (by more than 2.5 times), and
displays interesting nanomechanical behavior.7 When stretched
in an AFM, Nluc domains appeared to be moderately strong
and unfolded one by one, producing a set of 3 unfolding force
peaks of ∼70 pN (at stretching speeds of 0.05−0.25 nm/ms)
and a contour length increase of ∼64 nm, consistent with its
171 amino acid length.7 Once mechanically unfolded, Nluc
domains surprisingly displayed a strong misfolding propensity
in cyclic mechanical stretch and relax measurements, refolding
correctly only in ∼17% of the cycles.7 This “disappointing”
mechanical refolding behavior of Nluc is very interesting
considering Nluc’s small and robust 3D structure1,19 and
warranted further investigation that could contribute to the
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understanding of proteins’ structure−mechanics relation-
ship30−35 and could reveal its potential as a chaperone
substrate.
We hypothesized that the design of our original construct

may have contributed to its misfolding propensity by allowing
identical amino acid sequences from different domains to mix
while in the unfolded and relaxed state.36 In contrast, other
engineered homopolyproteins, such as poly I91 domains of
titin or polyubiquitin, generally refold correctly and misfold
only occasionally.37 Thus, to examine this hypothesis, we
developed new Nluc constructs with multiple Nluc repeats
separated from each other by I91 domains and another one
with a single Nluc protein flanked by I91 domains and
examined these in AFM-based SMFS measurements. These
experiments indicate that separating Nluc repeats from each
other greatly enhances their ability to refold correctly after
mechanical unraveling.
In this report, we also characterize for the first time the

mechanical unfolding and refolding properties of Nluc in silico.
Specifically, we performed coarse-grained unfolding steered
molecular dynamics simulations of a monomeric Nluc and on
Nluc dyads and triads, as well as multiple all-atom steered
molecular dynamics simulations of the solvated Nluc monomer
to characterize its mechanical unfolding pathway(s) in detail.
We find both experimentally and computationally that in
addition to unfolding in a two-state manner, Nluc may also
unfold through a mechanical unfolding intermediate. Our
observations indicate that Nluc is not only a powerful
molecular beacon for in vivo cellular studies but also an
interesting polypeptide for numerous bioengineering applica-
tions and fundamental studies.

2. MATERIALS AND METHODS
2.1. Protein Engineering. Nluc’s structure obtained from X-ray

crystallography measurements is provided on the PDB website with
access number 5IBO. This file was used to acquire the protein’s
coding sequence from Integrated DNA Technologies Inc (Research
Triangle Park, NC). In the PDB file, the first amino acid is
methionine, resulting in a total of 171 amino acids. We opted to keep
the methionine from the PDB file in our sequence since (a) it is part
of the PBD file used in the simulations and (b) we wanted to make
sure that methionine was ahead of the protein for generating future
constructs. To create the I912-Nluc-I914 construct, we used a plasmid
that was previously developed in our lab,24,31 which comprised of two
I91 domains, a Firefly Luciferase (Fluc, PBD code 1BA3), and four
I91 domains in the order from N- to C-terminus with a double tag at
the N-terminus (HisTag-AviTag). We replaced the Fluc sequence
with Nluc’s sequence in this plasmid; therefore, the final construct was
HisTag-AviTag-I912-Nluc-I914. These changes were performed in the
lab using the restriction sites neighboring the protein sequences to be
removed. For the HisTag-I91-Nluc-I91-Nluc-I91-Nluc-I91-StrepTag-
(II) construct, we used a (pEMI91)26 plasmid that was previously
developed in our lab, which carries codon-shuffled nine I91 domains
separated by unique cloning sites, unlike the I91 domains in the
HisTag-AviTag-I912-Nluc-I914 construct, which are identical at the
codon level. The final construct was synthesized by GenScript Biotech
(Piscataway, NJ). The three Nlucs in this construct were also
synthesized to have shuffled codons to allow the generation of various
primers for sequencing the entire protein gene. These silent mutations
were also performed by GenScript Biotech. All constructs mentioned
in this study had two cysteines at the C-terminus to enhance the
likelihood of the C-terminus binding to the gold-coated sample
surface.
2.2. Protein Purification. Both plasmids were transformed with

the heat-shock method into BL21-Gold (DE3) competent cells
(Agilent, Santa Clara, CA) and plated. Single colonies for both

constructs were grown into starter cultures and then transferred into
500 mL of LB medium to grow further to an OD of 0.8 at 37 °C. Cell
cultures were brought to room temperature and induced using 1 mM
IPTG for 3 h, followed by the collection of the cell pellet by
centrifugation at 4000 rpm for 30 min. The pellet was then
resuspended in 5 mL of binding buffer (50 mM NaH2PO4/
Na2HPO4, 300 mM NaCl, 20 mM imidazole, pH 8) and immediately
flash frozen in liquid nitrogen and stored at −80 °C until ready for
purification. Chemical lysis was usually performed the next day when
25 mL of lysis buffer (50 mM NaH2PO4/Na2HPO4, 300 mM NaCl,
20 mM imidazole at pH 8.0, protease inhibitor cocktail EDTA-Free, 1
mg/mL lysozyme, 3 units/mL Benzonase, 1 mM DTT, 0.5% Triton
X-100) was added to the cells on ice. Both protein constructs were
purified by binding to the HisTag column and eluting following the
protocol provided by the manufacturer (Ni-NTA Agarose-Qiagen,
Germantown, MD). The purified protein was dialyzed using 10k
MWCO SnakeSkin Dialysis Tubing (ThermoFisher Scientific,
Waltham, MA) in Buffer A (25 mM HEPES, 100 mM KCl, 1 mM
DTT) and flash frozen at ∼1 mg/mL ready for experiments.

2.3. Atomic Force Microscopy (AFM)-Based Single-Molecule
Force Spectroscopy (SMFS). A typical atomic force microscopy
(AFM)-based single-molecule force spectroscopy (SMFS) setup is
comprised of a sample surface, typically gold coated, and is placed on
top of a piezo actuator. The actuator moves the sample surface on the
x−y−z axes, with a subnanometer precision on the z-axis (pulling
direction). Over the surface is a cantilever onto which the protein will
nonspecifically adsorb when the cantilever is in contact with the
surface. A more detailed description of the setup and a detailed
protocol on how we perform AFM-based SMFS experiments have
already been reported.38 This protocol was implemented in these
studies, which used a custom-built microscope operated by the
LabView program (National Instruments, Austin, TX). All spectros-
copy experiments were performed using MLCT and SNL cantilevers
(Bruker Corporation, Camarillo, CA). The spring constant for these
cantilevers was determined at room temperature in Buffer B (25 mM
HEPES, 100 mM KCl, 2 mM DTT) using the equipartition
theorem39 with the values being ∼17 pN/nm (MLCT) and ∼80
pN/nm (SNL).39 All experiments were performed at pulling rates of
0.05−0.50 nm/ms, depending on the experiment. Recently gold-
evaporated glass slides (Ted Pella, Redding, CA) were used to deposit
50 μL of the diluted protein (0.25−0.5 mg/mL) to incubate for 30
min to allow for nonspecific adsorption of the protein to the gold
layer. The protein sample was washed by adding and removing three
times 10 μL of buffer B to remove any unbound protein molecules in
the solution while the surface was solvated.

2.4. Force−Extension Recordings at Constant Pulling
Speed. We operate our AFM force spectrometers in two modes,
“down-mode” and “up-mode”. During the “up-mode”, the cantilever is
separated from the sample, which is placed on the piezoelectric
actuator, and then the piezo controller moves the sample toward the
cantilever until they are in contact and then moves back to its initial
starting position (no contact) (Figure S1). During the “down-mode”,
the cantilever’s starting position is in contact with the sample. The
piezo controller moves the glass slide with the sample away from the
cantilever, separating the two, and then retracts. This separation and
retraction can be repeated multiple times to allow cyclic measure-
ments of the protein molecule of interest, enabling its repetitive
unfolding and refolding studies. In both cases (up- and down-modes),
a molecule is nonspecifically attached to the cantilever during the first
contact step. Periodically bringing the cantilever and the sample
surface in close proximity during cyclic recording on a single molecule
can potentially result in the nonspecific adsorption of another protein
molecule(s), which could compromise the experiment. For this
reason, we closely monitored the separation distance during such
measurements and occasionally compensated for the instrument drift.
We note that in these SMFS measurements, the protein is always
hydrated and never crosses the water−air interface. Therefore,
typically, in our experiments, we used the up-mode to completely
extend our constructs (N- to C-terminus), later on labeled as “full-
length experiments”, while the down-mode was used for repetitive
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unfolding and refolding of Nluc, later on labeled as “cyclic
experiments.” The distance at which the cantilever and the surface
needed to be separated during the SMFS measurements was
determined by calculating the total length of the fully unfolded
protein construct to be studied, using the calibration provided by
Dietz and Rief34 with 0.365 nm per amino acid. Nluc is in total 171
amino acids, which would result in 170 × 0.365 nm2 = 62 nm, and a
single I91 titin domain is 89 amino acids, which would result in 32
nm. During the “full-length experiments”, our goal was to unfold all
protein segments (all Nluc and all I91), so the separation distance was
determined to be ∼400 to 500 nm, while for the cyclic experiments,
our goal was to unfold and refold the Nluc segment, without
unfolding I91 domains, which otherwise could potentially interfere
with Nluc refolding. This is not difficult to accomplish as Nluc is
mechanically weaker than I91 titin domains, so the distance during
separation was reduced to ∼80 to 100 nm for I912-Nluc-I914 and
∼180 to 230 nm for I91-Nluc-I91-Nluc-I91-Nluc-I91 constructs.

The force−extension curves were fitted using a worm-like chain
(WLC ) m o d e l w i t h t h e i n t e r p o l a t i o n f o r m u l a

= +( )1Fp
k T

x
L

x
L

1
4

2 1
4B

, where F is the force, p is the persistence

length, L is the contour length, x is the extension, and kBT = 4.114 pN
nm40 at room temperature, T = 298 K. Thus, the L and p values of
every peak were obtained. The unfolding force, F, and the molecule
extension corresponding to the unfolding event, x, were obtained by
fitting the raw data and collecting the converging values as the
maximum values of the force and length, respectively (see Figure S2
for WLC model fitting on a recording). The statistical values collected
from the WLC model are presented below in either histograms, using
Sturge’s formula for bin size calculations, k = ⌈log2n⌉ + 1, where k is
the number of bins and n is the sample size,41 or violin plots.
2.5. Simulations. 2.5.1. Coarse-Grained Simulations of Mono-

meric, Dyad, and Triad Nluc. For coarse-grained steered molecular
dynamics (SMD) simulations, we used the SMOG server42 to
generate the Cα native structure-based force field.43 We first
performed all-atom simulations for proteins with the CHARMM36
protein force field44 and the TIP3P water model.45 Minimization was
followed by a 1 ns NVT equilibration, with a v-rescale thermostat,46

and a 2 ns NPT equilibration, with a Parrinello−Rahman barostat.47

The cutoff values for short-range electrostatic interaction and van der
Waals interaction were set as 1.2 nm, and long-range electrostatic
interaction was calculated by the particle mesh Ewald method.48 The
integration time step was set as 2 fs. The coarse-grained model was
generated from the final equilibrated all-atom model. The best
temperature for coarse-grained simulations was determined based on
a previous method.24 The protein was denatured with a 300 K coarse-
grained simulation, and refolding simulations were performed at 5
different temperatures: 130, 140, 150, 160, and 170 K. We selected
150 K as the best temperature for coarse-grained simulations after
plotting the fraction of native contacts since the probabilities for the
folded and unfolded states are similar. The sequences of monomeric
Nluc, dyad Nluc, and triad Nluc constructs are shown in Figure 1.

We prepared the initial structures based on these sequences. The
simulation time was set as 200 ns for each simulation, with 0.5 fs
integration time step. The cutoff values for van der Waals interaction
was set as 3.0 nm. For the pulling simulation, constant velocity pulling
was used by setting the Cα atom of the N-terminal residue as the
reference atom and the Cα atom of the C-terminal residue as the
pulling atom. The pulling velocity and spring constant were set as 1
nm/ns and 6 pN/nm, respectively. We run 10 simulations for each

system to generate the force−extension plots with average behavior.
All simulations were performed in GROMACS 2018.2.49

2.5.2. All-Atom Steered Molecular Dynamics (SMD) Simulations
of Nluc. For all-atom steered molecular dynamics (SMD) simulations,
we used a monomeric Nluc (PDB code 5IBO). In 5IBO, the protein
has an additional methionine at the beginning of the N-terminus,
which we did not remove, resulting in a total of 171 residues. For all-
atom simulations, we did not include linker amino acids that are
present in our protein constructs to limit the already big size of the
water box needed to accommodate stretched Nluc. We initially used a
“large” water box of 7.2 × 6.2 × 45.0 nm3 (system size of ∼193 000
atoms) to almost completely unravel Nluc. In later simulations,
focused on the initial phase of the forced unfolding, we reduced the
size of the water box to 7.7 × 8.8 × 15.9 nm3 (system size of
∼103 000 atoms), and 7.7 × 8.8 × 9.2 nm3 (system size of ∼59 000
atoms) to perform more simulations to evaluate their variability at the
initial phase of stretching at various pulling speeds. In the latter case,
the protein was oriented to have N′- and C′-termini aligned on the Z-
axis, which we chose as the SMD pulling axis. All simulations were
conducted using NAMD 2.12 or 2.14 with CUDA GPU acceleration
along with Charm 36 (par_all36m_prot.prm),44 the TIP3P water
model,45 and the ion concentration was set to 150 mM NaCl.
Minimization at 0 K was followed by a 5−10 ns equilibration at 298 K
prior to pulling simulations. The NPT ensemble was applied for all
pulling simulations with a Nośe−Hoover Langevin piston pressure
control and Langevin dynamics for temperature control. Periodic
boundary conditions were applied. The spring constant was 48.6 pN/
nm, and the pulling speed was 0.23−0.25 m/s (system size of
∼103 000 atoms) and 0.1 m/s (system size of ∼59 000 atoms) for the
small water box and 0.125 or 0.25 m/s for the large box (system size
of ∼193 000 atoms). These velocities are ∼106 times greater as
compared to the experimental stretching velocity, which is common
for all-atom SMD simulations;50 however, with recent advances in the
graphical processing units and the implementation of super-
computers51 in simulations, the difference between experiments and
simulations has started decreasing to ∼104 times greater as compared
to experimental stretching.52 In all simulations but one, a dummy
atom was anchored to the Cα atom of the 171 Ala residue of Nluc,
while the Cα atom of methionine (#1) was fixed to perform the
constant velocity pulling simulations. In one simulation, we swapped
the fixed and SMD atoms to stretch the protein in the opposite
direction, with the Cα atom of the Ala (#171) residue being fixed in
space and the Cα atom of methionine (#1) being the SMD atom. The
water box for this simulation was the smaller water box mentioned
previously. In all simulations, the SMD atom was constrained in X and
Y directions to mimic the restraint imposed by the AFM cantilever,
which does not deform significantly in these directions.

3. RESULTS AND DISCUSSION
Although Nluc has been available and frequently used since
2012,1 its folding and mechanics have not been studied
extensively. From the protein mechanics point of view, the
arrangement of β-strands in Nluc is also quite unusual. The
first, N-terminal β-strand (strand A, Figure 8) makes a 90° turn
to bind to the last C-terminal β-strand (strand J) in an
antiparallel geometry. This results in an unusual bond
topology, which is neither shear-like27,36,53−56 nor zipper-
like,50,56−59 when the protein is pulled apart by its termini. A
somewhat similar topology is displayed by a much smaller src
SH3 domain (PDB code 1SRL) that revealed an interesting

Figure 1. Sequences for monomeric Nluc, dyad Nluc, and triad Nluc. The six histidines used for His-Tag purification are highlighted in blue, the
Thrombin cleavage sites are highlighted in orange, and the Strep-Tag(II) is highlighted in green. All linkers are in black letters. Finally, we identified
the methionine from the Nluc PDB file as part of the linkers before Nluc; therefore, we had “···HELM-VFT···ILA-LEGSM-VFT···ILA-ASRT···” for
the dyad Nluc.
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mechanical anisotropy in single-molecule force spectroscopy
(SMFS) measurements by optical tweezers.55 For our initial
study of Nluc’s mechanics by AFM, we engineered a protein
construct with three tandem repeats of Nluc connected
through a linker of 5 amino acids, along with titin I91
domains flanking the Nluc proteins resulting in the I912-Nluc3-
I912.

7 There are three advantages of making the construct in
such an order, with three Nluc modules in the center flanked
by two I91 domains on both sides. First, the I91 domains
provide pulling handles and some spacing between the Nlucs
(protein of interest) and the substrate surface and the AFM
cantilever tip, which minimizes nonspecific interactions of the
central protein with both surfaces. Second, the I91 domains
have been extensively studied mechanically in the past.26,60

These domains are known to produce a single unfolding peak
(each) with the rupture force, and their contour length
increment and persistence length are already well charac-
terized. Therefore, a single full-length recording of the I912-
Nluc3-I912 construct, which occurs when the construct is
stretched from N- to C- terminus, would have four
characteristic peaks of I91 domains, demonstrating that the
entire construct was stretched and unfolded completely. Since
Nluc proteins are in the center of the construct, they too will
unfold, producing their own unfolding peaks. As we previously
established,7 they are mechanically weaker than I91 domains
and, therefore, unfold prior to the latter. The third advantage
of this construct is that it enables us to record the unfolding of
three Nluc proteins from one single molecule, increasing our
statistics per molecule and the overall number of unfolding
events. Also, registering three similar unfolding events per
three Nlucs in a single force spectrogram gives a stronger
molecular fingerprint as compared to a single peak, allowing us
to establish a “template” to which other measurements can be
compared, enhancing data reproducibility. However, due to the
proximity of the three Nluc repeats and the probability of
misfolding among the three Nlucs during cyclic experiments,
we recently developed a new construct that had the same total
number of modules but in a different order. The new construct
is I91-Nluc-I91-Nluc-I91-Nluc-I91 (Figure S3a). In this case,
we again have I91 domains at the N′ and C′ termini as spacers,
preventing Nluc from nonspecifically binding to the surfaces.
The other two I91 domains are placed between the three Nlucs
acting as additional linkers separating them. We also developed
a new construct with a single Nluc to further prevent Nluc’s
misfolding due to contact with other Nluc modules, a
possibility that cannot be excluded even when Nluc modules
are separated by I91 domains, because Nluc polypeptide chains
can come to close contact during the molecule’s relaxation step
in unfolding−refolding cyclic experiments. This construct is
I912-Nluc-I914 (Figure S3b). In the end, all three constructs,
which were bioluminescent (both constructs with three Nlucs
were ∼3× brighter than the monomeric Nluc and the single
Nluc construct for the same concentrations and experimental
conditions), provided an opportunity for a thorough
investigation of Nluc’s mechanical behavior and the origin of
its misfolding propensity.
3.1. Mechanical Unfolding Behavior of Nluc in the

Three Constructs I91-Nluc-I91-Nluc-I91-Nluc-I91, I912-
Nluc-I914, and I912-Nluc3-I912 Is Similar. We first carried
out full-length SMFS stretching experiments on our two new
Nluc constructs and compared these results to the force−
extension data obtained previously on the I912-Nluc3-I912
construct (Figure 2). For the two constructs with three Nluc

modules, we observed three characteristic smaller Nluc peaks
preceding the larger I91 peaks. These recordings overlap well,
regardless of the specific arrangement of Nluc in the constructs
(Figure 2). The construct with a single Nluc module flanked
by I91 domains, consistent with its design, displayed a single
smaller unfolding force peak. This peak preceded I91 peaks
and overlapped well with the Nluc unfolding force peaks of the
other two constructs.
These observations suggest that the mechanical stability of

Nluc is comparable in all our constructs. These observations
also demonstrate that Nluc is in its folded state in all of these
constructs and that neither neighboring Nluc modules nor I91
domains significantly affect each other’s folding in vivo.
We note that the exemplary recordings shown in Figure 2

are representative of measurements performed on full-length
proteins that happened to attach to the AFM tip and substrate
through their terminal fragments. However, most of our SMFS
recordings were “less perfect” in that one or more unfolding
peaks from titin I91 domains were missing due to the random
nature of the attachment of the protein to the tip (and
substrate). Examples of these “partial” recordings are shown in
Figure 4b for I912-Nluc-I914 (dark blue) and Figure S4 for I91-
Nluc-I91-Nluc-I91-Nluc-I91 (also see Figure S3 for the
schematic examples of end-to-end full-length unfolding and
partial unfolding of a polyprotein construct). After establishing
the “typical” unfolding behavior of every construct from full-
length recordings, partial recordings with fewer I91 domains
were also included in our analysis to increase the statistics
without undermining the validity of our results (see Figure
S17). These partial recordings overlap well with the full-length
traces. However, they may slightly differ from each other (e.g.,
the magnitude of the unfolding force or small variations in the
contour length increments). This is due to the stochastic
nature of the forced unfolding, measurements’ random errors,
and some more systematic errors resulting from, e.g., the
variation in the pulling angle and AFM cantilever’s spring

Figure 2. Force−extension curves of the full unfolding of the three
constructs: I912-Nluc3-I912 (green, pulling speed 0.25 nm/ms),7 I91-
Nluc-I91-Nluc-I91-Nluc-I91 (red, pulling speed 0.5 nm/ms), and
I912-Nluc-I914 (blue, pulling speed 0.25 nm/ms). The results show
that all three constructs have similar behavior when fully stretched. All
constructs’ unfolding curves begin with the unfolding of the Nluc
proteins (highlighted in the black box), followed by the mechanically
stronger I91 titin domains. The rupture peaks of both Nluc and I91
for all three constructs demonstrate good overlap, supporting the
correct folding of the proteins in all constructs.
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constant calibration uncertainty.61,62 Recordings showing large
nonspecific adhesive interactions, represented by irregular
force peaks that usually appear at the beginning of the
extension process, as well as recordings suggestive of more
than one molecule being stretched (e.g., as indicated by
significant irregularities in I91 unfolding force peaks) were not
included in the analysis.

Overall, our results indicate that Nluc unfolds with similar
mechanical characteristics in all constructs studied. Histograms
of contour length increments (nm) and unfolding forces (pN)
of Nluc are presented in Figure 3 for I91-Nluc-I91-Nluc-I91-
Nluc-I91 and I912-Nluc-I914. As we can see from our
histograms, the distributions are in good agreement.

Figure 3. Histograms of (a) the contour length increment (ΔLc) and (b) the unfolding forces (F) of Nluc after the WLC fitting of the recordings
collected by full-length SMFS stretching experiments of I91-Nluc-I91-Nluc-I91-Nluc-I91 (red) and I912-Nluc-I914 (blue).

Table 1. Unfolding Forces (F), Contour Length Increment (ΔLc), Persistence Length (p), and Number of Recordings (n) for
the Three Constructsa

construct F [pN] ΔLc [nm] p [nm] n

I912-Nluc3-I912 72 ± 3 64 ± 1 0.4 54b

I91-Nluc-I91-Nluc-I91- Nluc-I91 55 ± 1 58 ± 1 0.50 ± 0.02 220
I912-Nluc-I914 58 ± 5 61 ± 2 0.57 ± 0.08 47

aEvery value has the mean and standard error of the mean. bReference 7.

Figure 4. Recordings of full unfolding with double peaks for a Nluc protein for (a) I91-Nluc-I91-Nluc-I91-Nluc-I91 and (b) I912-Nluc-I914. For
I91-Nluc-I91-Nluc-I91-Nluc-I91, only one of the Nlucs shows double peaks (red), while the other two are single peaks (pulling speed 0.25 nm/
ms). For I912-Nluc-I914, the Nluc (blue) shows two peaks (pulling speed 0.3 nm/ms). Both constructs were overlapped with recordings of the
same construct in which all Nluc peaks were single (with pink (a) and light blue (b)). For I91-Nluc-I91-Nluc-I91-Nluc-I91 colored in pink, the
pulling speed was 0.5 nm/ms, and for I912-Nluc-I914 colored in light blue, the pulling speed was 0.25 nm/ms.
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Calculated mean values and standard errors of the mean of
the unfolding force, contour length increment, and persistence
length are shown in Table 1. We also compared our results to
those of the I912-Nluc3-I912 construct.

7 We observe a general
agreement in values among the three constructs establishing
that Nluc is able to fold correctly in all three constructs.
Somewhat surprisingly, the unfolding forces for the two new
constructs are on average lower than for I912-Nluc3-I912
(statistically significant when compared individually to both
constructs in this study, see Supporting Information Section
9). However, the contour length increment and persistence
length seem to be more consistent among the constructs. The
numbers of recordings, n, are shown for each construct in
Table 1.7

3.2. Nluc Unfolding Shows Single and Double Force
Peaks. In our initial study of I912-Nluc3-I912, we have
reported that Nluc modules unfold with a single force peak,
each in an all-or-none fashion. However, in this study on I91-
Nluc-I91-Nluc-I91-Nluc-I91 and I912-Nluc-I914, we also
occasionally observed two closely spaced peaks, whereas in
other recordings, typically only one peak was present. This
observation suggests that a stepwise unfolding of Nluc is also
possible. Overlapping recordings with single and double peaks
(Figure 4) suggest that the contour length increment following
a single unfolding event is similar to the overall length

increment resulting from double-peak events. This behavior
was observed for both constructs, as shown in Figure 4. A full-
length recording for I912-Nluc-I914 with double peaks and all
six I91 titin domains unfolded can be found in Figure S5.
When analyzing all Nluc unfolding force peaks in our SMFS

recordings, we determined that 91% (n = 220) are single and
9% (n = 21) are double peaks for I91-Nluc-I91-Nluc-I91-Nluc-
I91, while 61% (n = 47) are single and 39% (n = 30) are
double peaks for I912-Nluc-I914. The reson behind this
difference is currently not clear and warrants further studies.
In Figure 5a,b, we present an overlay of violin plots of the

rupture (unfolding) force for single peaks and 1st and 2nd
peaks of double peaks for I91-Nluc-I91-Nluc-I91-Nluc-I91 and
I912-Nluc-I914, respectively. We conclude that all of these
events cover the same range of forces. Figure 5c,d shows
scatter plots of the unfolding forces against the corresponding
contour length increment for both 1st and 2nd peaks of one
Nluc molecule. These demonstrate that the clustering of the
rupture forces is within the same range for I91-Nluc-I91-Nluc-
I91-Nluc-I91 and I912-Nluc-I914, respectively.
We performed a separate analysis for both 1st and 2nd peaks

of double-peak events to calculate the mean and standard error
of the mean of F, ΔLc, and p for both constructs, and the
results are shown in Table 2. Both constructs demonstrate
significant agreement in the results of unfolding forces and

Figure 5. Violin plots of unfolding force, F, for single peaks, 1st of 2 peaks of double peaks, and 2nd of 2 peaks of double peaks for (a) I91-Nluc-
I91-Nluc-I91-Nluc-I91 and (b) I912-Nluc-I914. Scatter plots of unfolding force, F, versus contour length increment, ΔLc, showing the distribution
and clustering of the 1st and 2nd peaks for double peaks for (c) I91-Nluc-I91-Nluc-I91-Nluc-I91 and (d) I912-Nluc-I914. For I91-Nluc-I91-Nluc-
I91-Nluc-I91 (n = 32) and for I912-Nluc-I914 (n = 30).
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persistence length, with some interesting differences in the
contour length increment. In I91-Nluc-I91-Nluc-I91-Nluc-I91,
the 1st peak is associated with ΔLc = 21 ± 3 nm, while for
I912-Nluc-I914, it is ΔLc = 12 ± 2 nm. To further understand
the elements contributing to the generation of single and
double peaks for a single Nluc protein, we performed SMD
simulations, and our findings are discussed in Section 3.4.
Finally, we confirmed that both peaks within double peaks

likely originate from the same Nluc module. This was done by
comparing the sum of the ΔLc of the double peaks (1st and
2nd) to the ΔLc of the single peaks for both constructs. In
Figure 6, histograms of the two distributions are presented. As
expected from the results in Table 2, the combined contour
length increment of the double peaks matches with one of the
single peaks. As expected, this is further supporting the fact
that the two split peaks and the single peak reflect the
unfolding of one Nluc protein.
3.3. Cyclic Unfolding/Refolding SMFS Experiments of

Nluc Demonstrate That It Can Refold Robustly When
Separated by I91 Domains. Cyclic experiments were also
performed, during which the protein molecules were stretched
and relaxed in a repetitive manner using down-mode
operation. These experiments are consequential in providing
significant information on the ability of proteins to refold
correctly or their tendency to misfold. Therefore, these are
valuable in collecting information on unfolding/refolding
pathways of the protein and its possible intermediates. Our

previous study on I912-Nluc3-I912 showed that in 56.2% of
refolding cycles, Nluc was not refolding correctly (no peaks);
in 16.9%, correct refolding was observed; and in 26.9%,
misfolding occurred.7

For the I91-Nluc-I91-Nluc-I91-Nluc-I91 construct, we
registered n = 118 cyclic recordings with 61.9% (n = 73)
having one to three Nluc native or near-native peaks, 16.9% (n
= 20) being misfolded cases, and 21.2% (n = 25) being
unfolded cases (no peaks). We further split the misfolded cases
into two subcategories, with 11.0% of total recordings (n = 13)
having misfolding that did not show any Nluc peaks and 5.9%
(n = 7) of total recordings that had one or two Nluc peaks that
were native or near-native with some misfolding for the other
Nluc(s) modules. Similarly, for I912-Nluc-I914, we split our n =
93 cyclic recordings into three categories. The first one had
Nluc peaks being native or near-native (40.9%, n = 38), the
second had misfolding with no clear Nluc peaks (24.7%, n =
23), and the third had no refolding of Nluc (34.4%, n = 32).
For the I912-Nluc-I914 construct, we also registered n = 21
cyclic recordings that indicated significant instrumental drift.
For those n = 21 recordings, it was impossible to reliably
determine the extension of Nluc and its unfolding/refolding
status. Thus, those recordings were not included in the above
analysis. Some drift was also observed in SMFS measurements
of the I91-Nluc-I91-Nluc-I91-Nluc-I91 construct. However,
since there were three Nluc peaks at the beginning of the
recording, the limited drift still allowed us most of the time to
observe one or two Nluc unfolding behavior if they occurred.
This is a good demonstration of the advantage of having
multiple repeats of the same protein to be studied in cyclic
measurements. In Figure 7, we demonstrate examples of cyclic
measurements for both constructs.
Our findings are very interesting given our previous studies

of the I912-Nluc3-I912 construct showed that 16.9% of
recordings refolded correctly, while 56.2% would not refold
and 26.9% would misfold. In both of our new constructs, the
percentage of correctly refolding Nluc modules was signifi-
cantly higher as compared to the percentage of misfolding
modules. Given the unfolded states were observed in the
majority of the recordings for the I912-Nluc3-I912 construct, it
supports our hypothesis that when Nlucs are linked to each

Table 2. Unfolding Forces (F), Contour Length Increment
(ΔLc), Persistence Length (p) for 1st and 2nd of Double
Peaks per Nluc Protein from Full-Unfolding Recordings of
I91-Nluc-I91-Nluc-I91-Nluc-I91 and I912-Nluc-I914

a

construct I91-Nluc-I91-Nluc-I91-Nluc-I91 I912-Nluc-I914
F [pN] 1st of 2 peaks 65 ± 4 63 ± 7
F [pN] 2nd of 2 peaks 53 ± 5 55 ± 4
ΔLc [nm] 1st of 2 peaks 21 ± 3 12 ± 2
ΔLc [nm] 2nd of 2 peaks 43 ± 4 53 ± 2
p [nm] 1st of 2 peaks 0.51 ± 0.05 0.50 ± 0.07
p [nm] 2nd of 2 peaks 0.55 ± 0.09 0.47 ± 0.07
aEvery value has the mean and standard error of the mean.

Figure 6. Histograms of the combined contour length increments of the double peaks compared to those of the single peaks for (a) I91-Nluc-I91-
Nluc-I91-Nluc-I91 and (b) I912-Nluc-I914. The distributions show that ΔLc,single is overlapping well with ΔLc1 + ΔLc2, indicating that the two peaks
of the double peaks originate from the unfolding of one Nluc protein.
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other, they are prone to misfolding in cyclic unfolding/
refolding measurements and that the possibility is largely
eliminated when Nluc(s) is flanked by other proteins. This
hypothesis was further supported by our preliminary in silico
studies of thermal unfolding and refolding of three tandem
Nluc domains, which suggest that the possibility of domain
swapping between neighboring Nlucs may be involved in this
misfolding process (see Supporting Information Section 12).
In contrast, single Nluc is able to refold correctly in our
simulations. These studies are a work in progress, and more
investigation is required.
Our analysis of the mean and standard error of the mean of

the unfolding forces, contour length increment, and persistence
length for the cyclic measurements are shown in Table 3.
Again, as observed in the full-length recordings of the two
constructs, we recorded single and double peaks per Nluc
molecule during these measurements. For I912-Nluc-I914,

single peaks were 55% (n = 22) and double peaks were 40% (n
= 16), while for I91-Nluc-I91-Nluc-I91-Nluc-I91, 91% (n =
117) represent single peaks and 9% (n = 12) reveal double
peaks. Interestingly, these percentages for both constructs are
similar to the ones we found in noncyclic, full-unfolding
experiments. Also, the results in Table 3 show similar behavior
between the two constructs, regardless of single or double
peaks per Nluc protein. Interestingly, the ΔLc of the first peak
for both constructs is 17−18 nm, which is an in-between value
of the two constructs in full-length recordings (ΔLc = 21 nm
and ΔLc = 12 nm). Additionally, we observe that during cyclic
measurements, the forces and persistence length give slightly
smaller values for both constructs.

3.4. Mechanical Unfolding of Nluc In Silico. To gain an
insight into structural rearrangements of Nluc under force, we
performed numerous coarse-grained (CG) and all-atom
steered molecular dynamics (SMD) simulations. Here, we
start by introducing Nluc’s structure as obtained from the PDB
file 5IBO and proceed by describing the results from the CG-
SMD calculations, followed by all-atom SMD simulations.
Nluc is a very interesting protein with an unusual sequence

having little homology to other bioluminescent proteins.63 Its
distinct 3D structure (PDB code 5IBO, Figure 8b) bears a
strong resemblance to that of intracellular lipid binding
proteins (iLBPs),1,63 whose fold is highly conserved despite
their low (20%) sequence similarity.64 Nluc, like iLBPs, has
antiparallel “β-clams” like β-strand barrel structures that are
arranged in a nearly orthogonal orientation. Also, like iLBPs,
Nluc has a large solvent-filled cavity in the center of its barrel.
However, unlike iLBPs, Nluc has three additional helices
(marked in Figure 8a as a0, aIII, and aIV consistent with the
iLPBs nomenclature) along with an additional small β-sheet
(marked D′ in Figure 8a). Additionally, overlapping the
structure of Nluc and that of a known iLBP (see Figure S6), it
is evident that in Nluc, the aII helix is displaced so that it is
now parallel to the aIII helix rather than the aI helix as seen in

Figure 7. Force−extension recordings of cyclic measurements for (a) I91-Nluc-I91-Nluc-I91-Nluc-I91 and (b) I912-Nluc-I914. For both (a) and
(b), we are comparing the partial cyclic measurements with a representative of the full unfolding for both constructs. All unfolding and cyclic
measurements were for one single molecule that was continually unfolded, relaxed, and refolded until it detached from either the cantilever or the
surface. For (a) and (b), we color-coded the 1st partial unfolding curve with light blue, followed by the various cycles in order. We do not
demonstrate the relaxation curves since they did not show any forces being generated. For I91-Nluc-I91-Nluc-I91-Nluc-I91 in (a), the full
recording had a pulling speed of 0.5 nm/ms, the unfolding curve had 0.25 nm/ms (blue), the 1st cyclic measurement had 0.25 nm/ms (orange),
the 2nd cyclic measurement had 0.25 nm/ms (green), and the 3rd cyclic measurement had 0.15 nm/ms (red). For I912-Nluc-I914 in (b), the full
recording had a pulling speed of 0.25 nm/ms, the unfolding curve had 0.1 nm/ms (blue), the 1st cyclic measurement had 0.1 nm/ms (orange), the
2nd cyclic measurement had 0.1 nm/ms (green), the 3rd cyclic measurement had 0.1 nm/ms (red), the 4th cyclic measurement had 0.1 nm/ms
(purple), and the 5th cyclic measurement had 0.1 nm/ms (brown).

Table 3. Unfolding Forces (F), Contour Length Increment
(ΔLc), and Persistence Length (p) for Single and Double
Peaks (Separated as 1st and 2nd of 2 Peaks) per Nluc
Protein from Cyclic Unfolding Recordings of I91-Nluc-I91-
Nluc-I91-Nluc-I91 and I912-Nluc-I914

a

construct I91-Nluc-I91-Nluc-I91- Nluc-I91 I912-Nluc-I914
F [pN] single peaks 50 ± 1 46 ± 3
F [pN] 1st of 2 peaks 57 ± 6 48 ± 5
F [pN] 2nd of 2 peaks 49 ± 5 34 ± 6
ΔLc [nm] single peaks 59 ± 2 54 ± 3
ΔLc [nm] 1st of 2 peaks 17 ± 3 18 ± 2
ΔLc [nm] 2nd of 2
peaks

42 ± 6 42 ± 4

p [nm] single peaks 0.48 ± 0.03 0.34 ± 0.06
p [nm] 1st of 2 peaks 0.41 ± 0.07 0.33 ± 0.04
p [nm] 2nd of 2 peaks 0.51 ± 0.09 0.18 ± 0.03

aEvery value has the mean and standard error of the mean.
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iLBPs, which is probably to accommodate for the extra β-sheet
and helices found in Nluc.63 Additionally, unlike iLBPs, Nluc is
continuously hydrogen bonded with the βD and βE sheets
forming hydrogen bonds (see Figure S7). Most importantly, in
Nluc, like iLBPs, the βA strand has a unique twist allowing it to
form H-bonds with both βB and βJ (as seen in Figure 8
colored in dark blue), which seems to stabilize this protein
structure.64

3.4.1. Coarse-Grained SMD Simulations of Nluc. For the
coarse-grained SMD simulations of monomeric Nluc, dyad
Nluc, and triad Nluc, the force−extension plots are shown in
Figure 9. Similar to SMFS data, the force−extension plots of
monomeric Nluc and triad Nluc have 1 major peak and 3
major peaks, respectively. Also, Nluc dyad (not studied by
SMFS), consistent with its design, shows 2 force peaks. The
peak of monomeric Nluc appears at an extension of around 15
nm, the peaks of dyad Nluc appear at extensions of around 15
and 55 nm, and the peaks of triad Nluc appear at extensions of
around 15, 55, and 95 nm, respectively. After dissecting the
process of coarse-grained simulations, every peak corresponds
to the unfolding of a Nluc domain.
Next, we examined the unfolding process of monomeric

Nluc in more detail. The initial CG structure of monomeric
Nluc is shown in Figure 10a, which is the folded state. The
secondary structures are colored red for the α-helix and blue
for the β-sheet. In the first 15 ns, only loops are stretched, and
the secondary structures remain well folded. At the simulation
time of 15.9 ns, the β-strand J is detached from the β-sheet

near the C-terminus (see Figure 10b), which is the first
unfolding event of the secondary structure. At the simulation
time of 16.6 ns, the β-strand A is unfolded, as shown in Figure
10c. During the next 100 ps, the β-strands B, C, D, E, F, G, H,
and I and almost all secondary structures are unfolded,
resulting in the structure displayed in Figure 10d. From Figure
10b−10d, we could observe that the main unfolding process is
quite fast and is completed in 800 ps. The whole unfolding
process corresponds to the single large peak in the force−
extension plot. After 16.7 ns, the whole protein unfolds
steadily. As shown in Figure 10e, all secondary structure
elements are unfolded, and the protein structure becomes
more and more aligned with the stretching direction at longer
simulation times.
From the coarse-grained simulations of monomeric Nluc,

dyad Nluc, and triad Nluc, we conclude that the coarse-grained
simulations provide force−extension plots that are generally
consistent with our SMFS data. More details of the unfolding
process can be gained by analyzing all-atom SMD
simulations.65

3.4.2. All-Atom SMD Simulations of Nluc. Our exper-
imental results have shown that Nluc mostly unfolds,
producing one rupture force peak, but in a significant number
of experiments, particularly when using the monomeric Nluc
construct, we also observed two rupture force peaks per Nluc.
The possibility of two different unfolding pathways has not
been observed in CG-SMD simulations, which captured a
single major force peak for each Nluc. This result may reflect

Figure 8. (a) 2D topology of the Nluc protein (adapted from PBDSum) and (b) the 3D structure of Nluc from X-ray experiments (PDB code
5IBO) in rainbow depiction (N-terminus is colored blue and C-terminus is colored red). We also did a 90° rotation of the protein to show the N-
to C-terminus distance. The gold sticks and balls show the decanoic acid and water molecules nearby, which were part of the PDB file and were
present during the X-ray crystallography experiments. The decanoic acid is used here as a model of where furimazine would be interacting with
Nluc.

Figure 9. Force−extension plots from coarse-grained simulations of (a) monomeric Nluc, (b) dyad Nluc, and (c) triad Nluc.
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the limitation of the CG approach that averages out details of
intramolecular interactions. To acquire atomistic-level in-
formation about Nluc’s mechanical unfolding pathways, we
performed all-atom, explicit solvent SMD simulations. These
may provide greater insight into the response of structure-
stabilizing interactions during the mechanical unfolding of
proteins.
3.4.2.1. “Large Box” SMD Simulations. We performed in

total six all-atom, explicit solvent SMD simulations of Nluc in a
large water box containing ∼193 000 atoms (see “Nluc large
box simulation.avi” for one of the simulations). Its longest
dimension was ∼440 Å to accommodate the unfolding of most
of the Nluc chain, with its expected contour length of 620 Å.
Each simulation took ∼2 months on a simple Linux desktop
computer equipped with, e.g., an I9 8-core processor and a
GTX 980Ti or GTX 1070 GPU. An overlay of six force−
extension curves determined from those simulations is shown
in Figure 11. In contrast to CG-SMD simulations, all-atom
simulations show richer force spectrograms with a greater
number of force peaks of varying magnitude, occurring at
slightly different extensions in different SMD runs. In Figure
11, we grouped these major force peaks, which stand out from
the simulation noise, as A, B, and C according to the
extensions at which they occur of ∼4, 11, and 32 nm,
respectively. As in AFM-based SMFS experiments, the
molecular extension is defined here as the projection of the
end-to-end vector on the pulling axis.
We examined the molecular trajectories of these SMD

simulations and focused on the time points at which major
force peaks occurred for every simulation. Consistent in all but
one simulation (that did not produce a strong first peak A but
produced a prominent peak C), the maximum force of the

force peaks in group A occurs when the molecule is highly
tensed just before the strand βJ starts peeling off from its β-
sheet. Then, the force decreases when the hydrogen bonds of
the βJ with the βA and βI strands break (Figure S12). This
observation is consistent with the main result from our GC
simulations.
Up to this point, both the CG and all-atom simulations

suggest that twisting of the βA strand, allowing it to make
contact with the two β-sheets, provides rather moderate
mechanical stability to Nluc when stretched by its N′ and C′
termini. This strength reflects the structural arrangement of
Nluc, positioning only a small part of its bonds in a stretch-
resisting geometry against the applied force (a0 helix, βA−βJ
interactions). At the same time, the βJ−βI bonds are oriented
in a “weak” zipper-like geometry and break one by one under
force. The appearance of the first major unfolding force peak
(A) early in the stretching process is consistent with our
experimental SMFS measurements.
Following the first unzipping and detachment of the βJ

strand, Nluc’s unfolding follows somewhat different pathways
in different SMD runs. However, common events in the
second phase of the unfolding process involve strand βA
sliding out of the structure (consistent with our GC results)
while breaking its stabilizing interactions with strands βB and
βI. These events occur at Nluc’s extension around 10 nm, thus
likely contributing to the group of force peaks marked as B
(see Figure S13). What happens next is the separation of the
N-terminal part (lobe) of the protein from the C-terminal part,
following the rupture of the H-bonds between strands βD and
βE. βD remains with the N-terminal part, and βE connected to
βF moves together with the β sheet still formed by strands G,
H, and I. This event occurs at extensions between major peaks
B and C in SMD force spectrograms but by itself does not
generate a significant force peak. Further events vary between
SMD runs, suggesting a highly stochastic nature of this forced
unfolding, with the majority of the trajectories indicating the
unfolding of the N-terminal part preceding the unfolding of the
remaining sheet formed by strands βE−βI. However, one of
the simulations that was run to complete the unfolding of the
protein showed the βE−βI sheet breaking first, with the
βB−βD breaking later, along with the unfolding of the helices

Figure 10. Series of snapshots along the CG-SMD unfolding
trajectory at different times. The red color represents the α-helix
secondary structures, and the blue color represents the β-strand
secondary structures.

Figure 11. Force−extension profiles for the six all-atom SMD
simulations with constant velocity in the large box. With A, B, and C,
we identify force peaks generated by the breaking of the secondary
structures, located ∼4, 11, and 32 nm, respectively.
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between these sheets. Thus, force peak C may be related to the
unfolding of either N- or C-terminal sections of Nluc (Figure
S14) and more large box complete unfolding simulations are
required to determine the prevalence of either pathway. It is
interesting to note that all-atom SMD simulations identified
three major force peaks when unfolding a single Nluc protein.
AFM-based SMFS measurements identified only two force
peaks, the first appearing early in the stretching process and the
second during the later phase of the unfolding process. Of note
is the fact that the second force peak, recorded for our
construct with a single Nluc domain, tends to appear closer to
the first peak (ΔLc between both peaks is ∼12 nm; see Table
2). In comparison, the second unfolding peak of the construct
with three Nluc domains tends to be separated from the first
peak by ΔLc of 21 nm. Thus, it is possible that the prevalent
non-two-state unfolding pathway proceeds as N → A → B →
U for a single Nluc domain, while for the triple Nluc construct,
it is N → A → C → U, where N is the native state, A
represents the first major unfolding event, B and C represent
unfolding intermediates, and U represents the unfolded state.
However, more SMFS and SMD experiments/simulations are
needed to verify this conjecture. We note that changing the
pulling direction from N → C to the opposite (C → N) did
not significantly change the unfolding pathway (Figures S10
and S11), with the detachment of strand βJ being the major
force-induced event.

3.4.2.2. “Small Box” SMD Simulations. To further
characterize early events during Nluc stretching, we carried
out 10 additional all-atom SMD simulations at a higher
sampling rate (trajectories saved every 200−250 steps, instead
of 1000 steps in large box simulations), albeit in a smaller
water box of ∼103 and 59 kiloatoms (see “Nluc small box
simulation.avi” for one of the 103 kiloatom simulations). The
reduction of the water box was primarily motivated by an
attempt to keep the trajectory file under 10 GB per simulation.
For the 103 kiloatom simulations, in five out of seven SMD
simulations, the major unfolding event contributing to the first
force peak around 4.5−6.5 nm is the detachment of the βJ
strand (see Figure 12), as in our large box simulations.
However, in two other simulations, the first force-induced
event was a significant stretching of the N-terminal α-helix (a0
in Figure 8a), which contributed to the maximum tension at
the first force peak. This was followed by a “delayed”
detachment of the βJ strand, which started at extensions
greater than 5.5 nm (see Figure S8 for force−extension
results). For the 59 kiloatom simulations, in all three
simulations, the main event appears to be the detachment of
the βJ strand from the βA and βI strands (see Figure S16 for
movie frames of the simulation). The unfolding peak was
observed around 1.5 nm (Figure S9). Another interesting
detail that emerged from the small box simulations was the
formation of transient stabilizing interactions between a stretch

Figure 12. Movie frames for smaller box simulations. (a) Starting position of the simulation at time zero, (b) frame before peak A is generated
(42.92 Å), and (c) frame after peak A (57.66 Å). With peak A we refer to the peak in Figure S8. In this simulation, the starting distance was 2.616
nm (26.16 Å). We labeled the residues in blue and the end-to-end distance in black dashed lines.
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of the βA strand comprising residues Thr13 to Asn17 with a
stretch of the βI strand comprising residues Leu149 to Arg152
(see Figure S15a). These interactions followed the complete
detachment of the βJ strand and the realignment of the
structure against the force. This event occurred in four out of
seven simulations. Therefore, breaking this transient structure
contributed to the second force peak occurring at the extension
of ∼12 nm (see Figure S15). Thus, the formation of a new
transient mini β-sheet involving βA and βI may be the origin of
the first unfolding intermediate, also observed in our large box
simulations. Please note that the initial orientation of Nluc in
the large and small box simulations was slightly different. In the
small box simulations, the molecule was fully aligned in the
direction of the force at the onset. Thus, the molecular
extensions in both sets of simulations are not numerically
identical.

4. CONCLUSIONS
All in all, we have studied the Nluc protein in two different
constructs and compared our results to the previously reported
experiments. All constructs appeared to have similar unfolding
behavior with similar unfolding forces and contour length
increment values. Also, our findings confirmed our hypothesis
that Nluc misfolds when linked to itself. This misfolding
behavior of Nluc was concluded when comparing cyclic
unfolding and refolding experiments of the I91-Nluc-I91-Nluc-
I91-Nluc-I91 and I912-Nluc-I914 constructs to the I912-Nluc3-
I912 construct. Our findings from the former two constructs
showed that most of the time Nluc was able to successfully
refold with similar percentages for both constructs, supporting
a similar trend between the two constructs. This finding is in
contrast to the ones from the I912-Nluc3-I912 construct, which
mainly showed misfolding of Nluc. Therefore, we conclude
that while all three constructs show similarity in the unfolding
pathway, the refolding pathway differs due to the separation or
not of the Nluc proteins. We are currently working on
identifying the origin of this misfolding behavior of Nluc in
more detail, studying its in silico refolding behavior after
thermal denaturation. Our preliminary results suggest that
domain swapping in Nanoluc triads may be contributing to
Nluc’s misfolding. Additionally, we demonstrated for the first
time that Nluc can unfold, producing a single peak or double
peaks per molecule. This feature is more present in the I912-
Nluc-I914 construct, with 39% of the recordings demonstrating
double peaks over the 9% in I91-Nluc-I91-Nluc-I91-Nluc-I91.
Additionally, we performed SMD simulations and provided for
the first time valuable insight into the pathways in which Nluc
unfolds. The main unfolding event of Nluc was highly
supported from all simulations to be the breaking of the
hydrogen bonds of the βJ sheet with the βA and βI sheets. This
is consistent with previous studies, which have shown how
deletion in iLBPs of the last three amino acids of the βJ sheet
resulted in the opening of the barrel. This caused the proteins
to have a less compact non-native state with lower
thermodynamic stability and higher susceptibility to proteo-
lytic attack.64 We also propose, based on our simulations, that
the unfolding of the βB−βD sheets or breaking of the transient
mini β-sheet formed by the βA and βI strands could be the
most likely cause of the 2nd unfolding peak of Nluc. Therefore,
all of our simulations provided great insight into the possible
unfolding pathways of the Nluc protein, which for a variety of
unfolding speeds (0.1−0.25 m/s) and direction of pulling (N-
or C-terminus) showed similar behavior. We are currently

investigating in more detail Nluc’s possible misfolding
pathways, which could further elucidate the misfolding
behavior as we demonstrated in our cyclic experiments.
Therefore, our experimental results provide the foundation

to explore Nluc in potential bioluminescent, force-sensing, and
elastic (bio)materials by simultaneously utilizing its mechanical
and bioluminescent properties. We are reporting an interesting
behavior of both Nluc’s unfolding and refolding/misfolding,
which can determine the use of various protein construct
designs based on their applications. An example of these
applications could be a simultaneous detection of Nluc’s
luminescence during SMFS measurements, a feat yet to be
achieved at a single-molecule level. Very difficult simultaneous
SMFS and f luorescence measurements have already been
reported.33,66 Last but not least, we envision exploiting Nluc
as a viable alternative to Fluc in protein refolding and
chaperone mechanistic studies.23−25
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