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Piecewise All-Atom SMD Simulations Reveal Key
Secondary Structures in Luciferase Unfolding
Pathway
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ABSTRACT Although the folding of single-domain proteins is well characterized theoretically and experimentally, the folding of
large multidomain proteins is less well known. Firefly luciferase, a 550 residue three-domain protein, has been commonly used
as a substrate to study chaperone reactions and as a model system for the study of folding of long polypeptide chains, including
related phenomena such as cotranslational folding. Despite being characterized by various experimental techniques, the
atomic-level contributions of various secondary structures of luciferase to its fold’s mechanical stability remain unknown.
Here, we developed a piecewise approach for all-atom steered molecular dynamics simulations to examine specific secondary
structures that resist mechanical unfolding while minimizing the amount of computational resources required by the large water
box of standard all-atom steered molecular dynamics simulations. We validated the robustness of this approach with a small
NI3C protein and used our approach to elucidate the specific secondary structures that provide the largest contributions to lucif-
erase mechanostability. In doing so, we show that piecewise all-atom steered molecular dynamics simulations can provide novel
atomic resolution details regarding mechanostability and can serve as a platform for novel mutagenesis studies as well as a point
for comparison with high-resolution force spectroscopy experiments.
SIGNIFICANCE Firefly luciferase is a 550 residue multidomain protein commonly used to examine protein folding in
large systems. Although firefly luciferase has been analyzed using force spectroscopy, the atomistic details that underlie
luciferase mechanostability remain unknown. Here, we modified a previously established method for conducting piecewise
all-atom steered molecular dynamics simulations to allow for the creation of force extension plots that can be directly
compared with experiment. We ensured the robustness of this method by first testing on the small protein NI3C, then using
the method to identify specific secondary structures in the firefly luciferase mechanical unfolding pathway. The
identification of these secondary structures provides possible avenues to test firefly luciferase mechanostability and
understand how chaperones might mechanically unfold firefly luciferase.
INTRODUCTION

Understanding the folding of proteins provides potential av-
enues for therapeutic development in the treatment of
various folding-related diseases, such as Parkinson’s (1,2),
and in potential methods to predict protein structure from
amino acid sequences (3,4). Although the folding of small
single-domain proteins has been well characterized theoret-
ically (5–10), computationally (11–19), and experimentally
(20–26), the folding of multidomain proteins is less well
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characterized, although single-molecule force spectroscopy
approaches have started to fill this void (27–31). Further-
more, various processes, such as cotranslational folding
(29,30,32) and the interaction of protein substrates with
chaperones (33,34), suggest complications to the picture
of protein folding provided by single-domain protein
folding studies (29,32,35).

One model system commonly used to study multidomain
protein folding, as well as cotranslational folding and chap-
erone interactions, is the 550 residue multidomain protein
firefly luciferase (10,33,36–39). It is known that firefly lucif-
erase folds cotranslationally (37), displays difficulty refold-
ing after denaturation (38,40), and can experience
accelerated refolding because of interactions with chaper-
ones (34,36). Although the mechanisms of firefly luciferase
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folding and refolding have been examined via thermody-
namic experiments (36,37) and single-molecule studies us-
ing force spectroscopy (27,28,41), the precise atomic-level
details of how various substructures in firefly luciferase
interact to produce properties such as mechanostability
remain unknown because of difficulties in achieving
atomic-level resolution using experimental means (27,28).
Obtaining these atomic-level details, however, is crucial to
understanding various phenomena, such as whether chap-
erone unfolding of firefly luciferase by force in the ‘‘unfol-
dase’’ model is a plausible mechanism for how chaperones
aid firefly luciferase refolding after denaturation (42,43).
To alleviate this problem, we used piecewise all-atom
steered molecular dynamics simulations to examine firefly
luciferase unfolding under force in all-atom resolution.

All-atom molecular dynamics simulations provide a
computational approach to examine the details of protein
dynamics in all-atom resolution. Such a description is diffi-
cult to obtain via experimental means (12,44–52). To
examine whether all-atom details would affect the force
extension plots of firefly luciferase, we utilized a piecewise
approach for unfolding luciferase and conducted all-atom
steered molecular dynamics simulations on firefly luciferase
piece by piece in a smaller water box (with around 460,000
atoms) based on a modification of a previously established
methodology (11). Normally, the complete mechanical un-
folding of large proteins such as luciferase using all-atom
steered molecular dynamics simulations would involve
setting up a very large water box. The large size of the water
box during steered molecular dynamics simulation is a
result of the length of the linear firefly luciferase polypep-
tide after forced unfolding, which drastically increases the
amount of water molecules needed to solvate the linear
chain. Because the length of an unraveled and stretched
luciferase polypeptide is �200 nm (53), the minimal length
of the water box for luciferase SMD calculations is around
200 nm, totaling 1,700,000 atoms. This amount is doubled
in the case of GROMACS 2018.2, which requires the dis-
tance between the two pull points on the polypeptide chain
to not exceed one-half the length of the water box. We note
that much larger systems (exceeding 60 million atoms) have
been simulated using all-atom representations; however,
such simulations typically require significant computational
resources (such as supercomputers) (54,55). Our approach
reduces the demand on computational resources and can
be executed on a simple desktop with a single NVIDIA
GTX 980 GPU (NVIDIA, Santa Clara, CA) within a reason-
able amount of time (2 months for luciferase). Thus, using a
small water box and unfolding a large protein in a piecewise
fashion not only reduces the computational cost (see Sup-
porting Materials and Methods) but also can improve sam-
pling statistics by increasing the number of possible
replicates for simulations. Furthermore, our modifications
to this methodology allowed us to produce force extension
plots, thereby making possible the direct comparison of
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our piecewise steered molecular dynamics simulations
with both coarse-grained steered molecular dynamics simu-
lations and experimental force spectroscopy recordings of
firefly luciferase unfolding.

We conducted four separate piecewise all-atom steered
molecular dynamics simulations of luciferase in a small wa-
ter box and analyzed the consistency of these simulations
with themselves and with respect to coarse-grained simula-
tions that were previously used to elucidate luciferase un-
folding under force. In doing so, we reveal that piecewise
all-atom steered molecular dynamics simulations provide
the same overview of unfolding as coarse-grained simula-
tions based on a native-contact model but also provide
self-consistent extra details that cannot be properly modeled
by coarse-grained simulations. Furthermore, we identified
distinct portions of luciferase secondary structure that
appear to provide the greatest contribution to luciferase me-
chanostability. We then analyzed each of these portions to
examine why these specific secondary structures are likely
to be important to luciferase unfolding under force.
METHODS

Piecewise all-atom simulation system

To validate the piecewise pulling method, a relatively small protein NI3C

(Protein Data Bank, PDB: 2QYJ (56)) was studied. Because all-atom

steered molecular dynamics simulations that unfold the entire protein are

still computationally expensive, we performed piecewise pulling simula-

tions with two different-sized water boxes to examine whether water box

size would affect the structural details produced by our all-atom steered mo-

lecular dynamics simulations. For one piecewise all-atom steered molecular

dynamics simulation, the size of the water box was set as 8.0 � 8.0 �
25.0 nm, and for another piecewise all-atom steered molecular dynamics

simulation, the water box was set as 8.0 � 8.0 � 50.0 nm. The simulation

parameters were set to be identical to those of the following luciferase

steered molecular dynamics simulations.

For steered molecular dynamics simulations of luciferase (PDB: 1BA3

(57)), the size of the water box was set as 10.4 � 9.2 � 50.0 nm, which re-

mains unchanged for all piecewise luciferase steered molecular dynamics

simulations. The water box was chosen based on coarse-grained steered

molecular dynamics simulations and was chosen because it was large

enough to accommodate the first unfolding event (peak) identified by these

simulations. A homology model was generated using SWISS-MODEL

(58), with the 1BA3 structure as a template, to fill in the two missing amino

acids (residues 197–198). All proteins were reoriented such that the N-ter-

minus and C-terminus are aligned with the z axis to pull along one of the

cardinal axes and to restrict the size of the water box. All simulations

were performed in GROMACS 2018.2 (59), with the CHARMM36 protein

force field (60) and the TIP3P water model (61). The systems were mini-

mized until the maximal force was smaller than 1000 kcal/mol and equili-

brated for 100 ps before pulling simulations were conducted. An integration

time step of 2 fs was applied for both equilibration and pulling simulations.

The lengths of the bonds were constrained by the LINCS algorithm (62).

The ion concentration was set to be 0.15 M. The NPTensemble was applied

for all pulling simulations. We used a Nos�e-Hoover thermostat, with a

relaxation time constant of 0.5 ps and a reference temperature of 300 K.

To control pressure, we used a Parrinello-Rahman barostat, with a relaxa-

tion time constant of 1.0 ps and a compressibility of 4.5 � 10�5 bar�1.

Isotropic pressure coupling was used with a reference pressure of 1.0 bar

for coupling. The cutoffs for short-range electrostatic and van der Waals
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interaction were set to be 1.4 nm. Particle mesh Ewald (63,64) was em-

ployed to calculate long-range electrostatic interactions, and periodic

boundary conditions were applied. The Fourier grid dimension was set as

0.12 nm, and cubic interpolation was used for PME. The spring constant

and the pulling velocity were set as 6 pN/nm and 1 nm/ns, respectively,

based on previous system setups (27,65). Constant velocity pulling was

used with a dummy atom anchored by a spring to the Ca atom of the C-ter-

minal residue of luciferase.

Because the performance of all-atom SMD simulations is adversely

affected by the size of water box, piecewise pulling was applied to address

this issue (see Fig. 1). At the beginning, the Ca atom of the N-terminal res-

idue was chosen as the reference atom, and the Ca atom of the C-terminal

residue was chosen as the SMD pulling atom, on which a harmonic pulling

potential was applied. For each piecewise pulling simulation, after a portion

of luciferase was unfolded, the new SMD pulling atom was changed to one

of the Ca atoms close to the folded portion of luciferase. Similarly, we

moved the reference atom whenever substantial unfolding occurred near

the N-terminus of luciferase. It is worth noting that if a protein’s extension

becomes larger than half the size of the water box in the pulling direction,

the SMD simulation will be automatically terminated in GROMACS

2018.2. We changed the SMD pulling atom upon automatic termination

of the simulation by GROMACS 2018.2. After beginning the next piece-

wise pulling simulation, the previously mechanically unfolded portion of

luciferase collapses while the remaining folded portion of luciferase is be-

ing mechanically unfolded. This ensures the unfolded luciferase in every

piecewise simulation occupies less than half of the water box. Therefore,

we believe this approach presents significant precautions such that it is

reasonable to suggest that the unfolded portion of luciferase will never

interact with its images. For each piecewise simulation, the simulation

time was set as 100 ns, but the simulation usually terminated early. After

changing the SMD pulling atom, the initial time of the new piecewise simu-

lation was set as the final time from the previous piecewise simulation. This
FIGURE 1 Change of SMD dummy atom and reference atom during

piecewise pulling simulations (the black frame is the simplified sketch of

the water box, which is twice as long as the unfolding extension of protein

in GROMACS 2018.2). To see this figure in color, go online.
is used to produce the force extension plot, as discussed later. The potential

of the i-th pulling simulation is represented as

U ¼ 1

2
k½vt � ðsiðtÞ � diÞ�2; (1)

where k is spring constant, v is pulling velocity, t is simulation time, si(t) is

the extension between the SMD pulling atom and the reference atom with

respect to simulation time, and di is the offset to retain force. In the first

pulling simulation, d1 was the distance between the initial positions of

the SMD pulling atom and the reference atom, which ensured the starting

pulling force is zero. Afterwards, di was set according to the change of

the reference atom and the SMD pulling atom, which is

di ¼ di�1 �
�
�sii � sfi�1

�
� � �

�rii � rfi�1

�
� ðfor i > 1Þ; (2)

where sii and rii are the initial positions of the SMD pulling atom and the

reference atom in the i-th pulling simulation, respectively, and sfi�1 and

rfi�1 are the final positions of the SMD pulling atom and the reference

atom in the (i � 1)-th pulling simulation, respectively. The simulation

time t remained between piecewise pulling simulations so that the force

was retained and continuous through all piecewise pulling simulations.

Although this piecewise pulling scheme resembles previous work

(11), we did not truncate the protein after each piecewise simulation.

This allowed us to perform a continuation simulation after changing

the location of the SMD atom because all-atom locations and velocities

could be kept the same. In doing so, we eliminated the need for re-equil-

ibration steps and did not add any new solvent molecules to the system.

Furthermore, the distance that we set our SMD pulling atom in this

piecewise pulling scheme by Eq. 2 allowed us to generate force exten-

sion plots. This is significant because it allows for direct comparison

with force extension plots generated by continuous coarse-grained sim-

ulations and approximates the force extension plots generated by exper-

iment. Because the force is already continuous through the piecewise

simulations, the extension is the only quantity that needs to be recovered,

which can be obtained by

LiðtÞ ¼ siðtÞ� riðtÞ� di þ d1; (3)

where Li(t) and ri(t) are the extension and the position of the reference atom

with respect to simulation time in the i-th pulling simulation, respectively.
Coarse-grained model generation and simulation

Coarse-grained simulations were performed using GROMACS 2018.2 (59)

with a Ca native structure-based force field (66) generated from the SMOG

server (67). The coarse-grained model was built after equilibration using

the all-atom model. We found the best temperature for coarse-grained sim-

ulations using previously established methods (27). A coarse-grained simu-

lation was first performed at 300 K to denature luciferase, then simulations

with the denatured coarse-grained model of luciferase were computed for

five different temperatures: 130, 140, 150, 160, and 170 K. By analyzing

the fraction of native contacts, 150 K was selected as the temperature for

coarse-grained steered molecular dynamics simulations because the tem-

perature is near the melting temperature of the coarse-grained luciferase

model (i.e., there is a similar probability for the folded and unfolded states

(see Supporting Materials and Methods)). An integration time step of 0.5 fs

was applied for coarse-grained simulations, and the simulation time for

each coarse-grained simulation was set as 150 ns. The cutoff for van der

Waals interactions was set as 3.0 nm for the SMOG coarse-grained force

field. The spring constant and the pulling velocity were set as 6 pN/nm

and 1 nm/ns, respectively, based on previous system setups (11,27). Simu-

lations were repeated 100 times to identify the average behavior of the force

extension plots generated by the coarse-grained model of luciferase. A set
Biophysical Journal 119, 2251–2261, December 1, 2020 2253
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of simulations was chosen to represent the variation that we found while

conducting coarse-grained simulations.
RESULTS AND DISCUSSION

Structural details during piecewise unfolding of
NI3C do not vary with water box size

We conducted multiple simulations of the piecewise unfold-
ing of NI3C, a 154-residue synthetic, consensus ankyrin re-
peats protein (56), with box sizes of 25 and 50 nm in the
pulling direction. From our force extension plots (see
Fig. 2 a) we find that the simulations are very similar to
each other, with water box size displaying only small effects
on the location of various force peaks. The extension of peak
1 is almost the same between simulations that have different
box sizes. This is likely because our different chosen water
box sizes can both accommodate the first unfolding event of
NI3C. However, the extension of peak 2 for the 25-nm water
box size is slightly smaller than that for the 50-nm water
box. We attribute this change in extension lengths to a dif-
ference in water box size. The 25-nm water box requires a
change in pulling site before the chain length of NI3C could
be fully extended. Thus, the next force peak occurs slightly
before it does in simulations using a larger water box. Extra
simulations using a slightly larger 30-nm water box support
this explanation (see Supporting Materials and Methods).
We expect that this phenomenon may affect all piecewise
pulling simulations, unless the water box is large enough
to extend the unfolded polypeptide chain to its full length.
Thus, peaks may be slightly heterogeneous in their exten-
sion lengths, which may be attributed to the shift in pull
sites.

Although the extension lengths of the various peaks differ
slightly between our 25- and 50-nm box sizes, we found that
the structural information produced by the piecewise un-
folding of NI3C using different box lengths remains the
same. For example, helix 9 (from Thr148 to Asn156) and
helix 10 (from Asn158 to Gln166; please note that residue
numbering in 2QYJ starts with number 13 and ends with
166) unfold at peak 1 for both simulations (see Fig. 2, b
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and c). Similarly, the unfolding event for peak 2, consisting
of the unfolding of helix 7 (from Thr115 to Gly124) and he-
lix 8 (from His125 to Ala135), is also the same in simula-
tions with different length water boxes (see Fig. 2, b and
c). After the first two peaks, the unfolding process appears
to be more variable (see Fig. 2 a). We believe that the vari-
able nature of the later peaks is a result of the more stochas-
tic nature of the unfolding of the N-terminal helix pairs
rather than a reflection of the effect of different water box
sizes. This is evident in the heterogeneity found within
multiple simulations using the same water box size (see
Fig. 2 a).

The similar locations of force extension peaks and the
identical structural details for the force extension peaks
across different water box lengths lead us to conclude that
piecewise pulling is a reliable method to uncover the force
unfolding behavior of large proteins in all-atom resolution.
Coarse-grained simulations provide a standard
three peaks view of atomic force spectroscopy
data

From our 100 coarse-grained SMD simulations of lucif-
erase, we found that overall coarse-grained simulations fol-
lowed previously established single-molecule atomic force
spectroscopy (AFM) data (27). Like previously established
AFM data, our coarse-grained SMD force extension plots
of luciferase also separate into three distinct peaks (see
Fig. 3 a). After examining the coarse-grained simulations
of luciferase, we concluded that these peaks correspond to
the sequential unfolding of the three domains of luciferase
(27). On a closer inspection, the first unfolding peak of
coarse-grained luciferase does display multiple small peaks.
We believe, however, that this is a simulation artifact and
demonstrate that the number of small peaks in the first
peak varies according to simulation parameters (see Sup-
porting Materials and Methods) Although the second
peak, after averaging over all 100 curves, displays essen-
tially one broad force peak (Fig. 3 a), the details of each in-
dividual coarse-grained simulation around the extension
FIGURE 2 NI3C validation using different box

sizes shows that structural details remain unchanged

by box size. (a) Force extension curves from multi-

ple piecewise pulling simulations using two different

box sizes are shown. (b) Structural details of NI3C

unfolding using a 25-nm water box are shown. (c)

Structural details of NI3C unfolding using a 50-nm

water box are shown. To see this figure in color, go

online.



FIGURE 3 Force extension plots from coarse-

grained simulations. (a) The superpositions of 100

simulations and (b) four randomly chosen simula-

tions are shown. To see this figure in color, go online.
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corresponding to the second peak differ significantly (see
Fig. 3 b). In some simulations, the second peak of coarse-
grained luciferase only displays a single peak. However,
in other coarse-grained simulations, the second peak sepa-
rates into multiple peaks, suggestive of multiple unfolding
intermediate states captured during the unfolding of the
middle domain of luciferase.

Thus, we conclude that coarse-grained simulations pro-
vide force extension curves that are generally consistent
with AFM data. Given the reduced nature of our coarse-
grained model and the variety of features found in our
coarse-grained simulations, however, we further suggest
that these coarse-grained simulations hint at more subtle un-
folding events that have not yet been resolved by AFM but
may be characterized using all-atom SMD simulations.
FIGURE 4 The superposition of force extension plots from four all-atom

piecewise simulations. To see this figure in color, go online.
Piecewise all-atom SMD simulations are
reproducible and provide more detail than
coarse-grained simulations

We note that it is possible to execute hundreds of all-atom
SMD simulations while also varying the stretching speed
to determine, for example, rupture force distributions and
their dependence on loading rate (dynamic force spectra)
(49,68) using supercomputing resources. However, in the
absence of such resources, we attempted to determine the
minimal number of independent all-atom simulations of
luciferase that would qualitatively produce representative
force extension data. As shown in the Supporting Materials
and Methods, we randomly selected 50 sets of four coarse-
grained SMD simulations that when aligned appear to be
representative of the total 100 replicas overlaid in Fig. 3
a. This suggests that utilizing four all-atom simulation rep-
licates should be enough to observe details that are represen-
tative of the overall mechanical unfolding process.
Therefore, four separate piecewise all-atom SMD simula-
tions were performed in this work, with each simulation be-
ing composed of 10–15 piecewise stretching episodes. The
total simulation time for each simulation was between 200
and 300 ns. The total simulation time was calculated by
summing the simulation times from all piecewise unfolding
episodes. The piecewise all-atom SMD trajectories display
the same ordering of domain unfolding as coarse-grained
SMD simulations. In both sets of simulations, the C-termi-
nal domain of luciferase unfolds first, followed by the mid-
dle domain and then the N-terminal domain. Furthermore,
the major three peaks of the resulting force extension curves
correspond to the unfolding of residues in those three do-
mains. The consistency between the large peaks in the force
extension curves of sequential all-atom SMD simulations
and coarse-grained SMD simulations suggests that both sys-
tems agree with experimental force extension curves and
can reproduce that level of detail (see Figs. 2 c and 4).

The combined force extension plots of all four simula-
tions is displayed in Fig. 4. Altogether, six overall peaks
are shared between the four simulations. In general, six to
eight peaks were found in each individual simulation (see
individual force extension plots in the Supporting Materials
and Methods). For the first six peaks shared between the
Biophysical Journal 119, 2251–2261, December 1, 2020 2255
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four simulations, the extension distance for each peak is
similar. The difference in the magnitude of the force peaks
between the four independent simulations is expected
because it captures the stochastic nature of the mechanically
driven unfolding process (68). Furthermore, the force exten-
sion curve after peak 6 is somewhat more variable across
various simulations. This is likely due to the loss of struc-
tural integrity within the remaining luciferase fold when
most of the protein has been already unraveled. The
increased stochasticity of the last peaks may also be attrib-
uted in part to the different SMD pulling atoms across
various simulations and warrants further study.

To further validate this method, more piecewise simula-
tions on luciferase and other large proteins are warranted.
An additional layer of verification could be provided by
comparing the results obtained with the piecewise steered
molecular dynamics trajectories with results obtained from
a single trajectory steered molecular dynamics simulation
performed on a supercomputer.
All-atom simulation details reveal the unfolding of
specific secondary structures in luciferase

We examined the unfolding order of secondary structures
using the trajectories provided by our piecewise all-atom
2256 Biophysical Journal 119, 2251–2261, December 1, 2020
steered molecular dynamics simulations (see Fig. 5). The
four piecewise simulations display a very similar unfolding
order in terms of luciferase secondary structure, with small
differences in some peaks. Helix 15 (Arg435 to Lys437) was
unfolded at the beginning for all simulations, even though it
is in the middle domain. This suggests that helix 15 is the
weakest secondary structure element in luciferase. After
the unfolding of helix 15, the C-terminal domain was
unfolded. The unfolding of the C-terminal domain is repre-
sented by peak 1 and peak 2. The unfolded secondary struc-
ture in peak 1 is the same across all simulations, but the
unfolding order in peak 2 varies between each simulation.
Peak 3 corresponds to the unfolding of helix 1 (Ala20 to
Ala32) in the N-terminal domain. This small peak occurs
in all four of our simulations.

Peak 4 and peak 5 represent the unfolding of the middle
domain. In the unfolding of the middle domain of luciferase,
a large number of secondary structure elements unfolded in
peak 4 in random order, but sheet 1 and helix 9 consistently
unfold in peak 5 in all simulations. Unlike the unfolding of
the C-terminal and middle domains, the unfolding of the
N-terminal domain could be separated into one or three
peaks and thus appears more stochastic than the unfolding
of the other two domains. The order of unfolded secondary
structure elements is very different in peak 6, peak 7, and
FIGURE 5 Unfolded secondary structures in four

all-atom simulations (blue: C-terminal domain; pur-

ple: middle domain; and green: N-terminal domain).

To see this figure in color, go online.
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peak 8 across all four simulations (see Fig. 5). This suggests
that the unfolding of structures in the N-terminal domain re-
mains rather variable and that their unfolding order is sto-
chastic. Furthermore, the consistent ordering of secondary
structure elements in the unfolding of luciferase with all-
atom steered molecular dynamics simulations suggests
that various secondary structure elements in luciferase
possess different degrees of mechanostability.

The complete unfolding of luciferase in a large water box
(�3.4 million atoms) with a single SMD simulation is not
performed in this work. Thus, no direct comparison between
the complete unfolding of luciferase and piecewise unfold-
ing of luciferase can be drawn. Nevertheless, we believe our
results concerning the relative mechanical strengths of sec-
ondary structures determined by utilizing piecewise pulling
simulations will be informative and similar to the informa-
tion determined from a complete unfolding of luciferase
through a single SMD simulation in a large water box. We
believe that this would be the case based on our validation
simulations using NI3C with water boxes of different sizes.
Smaller peaks are dominated by the unfolding of
peripheral helices

From the force extension plots generated by our piecewise
all-atom steered molecular dynamics simulations (see
Fig. 4), we observe that some small peaks occur in a consis-
tent manner for all simulations, namely peak 1, peak 3, and
peak 5. We investigated for commonalities in the small
peaks of our simulations and found that they all involved
the unraveling of small helices (see Fig. 6). Helix 18
(Ala 530 to Ala 540) was the only secondary structure
unfolded in peak 1 (see Fig. 6 a). It is the secondary struc-
ture closest to the C-terminus and is consistently unfolded in
the first peak of all our force extension plots. The second
small peak is peak 3, where helix 1 (Ala20 to Ala32) was
unfolded (see Fig. 6 b). This is also a peripheral helix and
is located closest to the N-terminus. Helix 1 begins unfold-
ing after the unfolding of the C-terminal domain is finished.
Thus, peak 1 and peak 3 suggest that the helices near the end
of protein are easily unfolded, correspond to relatively small
peaks, and may be precursors to the unfolding of a large
domain.

The unfolding of the last peak consists of sheet 1 (Ala234
to Ser237 and Ser282 to Leu284) and helix 9 (from Glu268
to Asp277), which were unfolded sequentially (see Fig. 6 c).
Because sheet 1 contains 6 strands, the unfolding of sheet 1
found in the small peak is the strand from Ser282 to Leu284,
which is separated from the strand at Ala234 to Ser237. In
this small peak, not only the helix structure but also the
sheet structure is unfolded. However, the removed b-strand
has a relatively weaker interaction compared with the other
strands in the b-sheet because it only consists of three resi-
dues compared with four residues in other parts of the b-
sheet. Even though sheet 1 and helix 9 were found in the
middle domain, they are the precursor for the unfolding of
the N-terminal domain (see Fig. 6 c) and become peripheral
portions of the overall structure after the middle and C-ter-
minal domains of firefly luciferase are unfolded. Further-
more, although the small peaks usually consist of the
unfolding of helices and small b-strands, we noticed that he-
lices must be larger than a certain size threshold in order for
FIGURE 6 Unfolding process of secondary struc-

tures for three small peaks. (a) Peak 1 is shown; (b)

peak 3 is shown; and (c) peak 5 is shown. The

unfolded portions of firefly luciferase are not shown

to improve figure clarity. To see this figure in color,

go online.
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a force peak to be registered. For example, helix 15 was
unfolded first in all our piecewise steered molecular dy-
namics simulations (see Supporting Materials and
Methods), but no force peak is displayed. We hypothesize
that this is because helix 15 is a relatively short helix with
only three residues and the force required for the unfolding
of this secondary structure is not large enough to produce a
distinct feature preceding force peak 1 and this event is
buried in the simulation noise.

However, the presence of these small peaks generated by
peripheral helices provides a potential observable for iden-
tification with improved spatiotemporal resolution atomic
force spectroscopy measurements (20,69). Recent improve-
ments in atomic force microscopy have allowed the observa-
tion of multiple intermediates, whereas previous atomic
force microscopy measurements could only detect one inter-
mediate (20,69,70). In one specific case, the force unfolding
of bacteriorhodopsin using high-spatiotemporal resolution
atomic force microscopy detected far more intermediates
than previous force spectroscopy unfolding recordings,
including the unfolding and refolding of turns in a helix.
Furthermore, the improved spatiotemporal resolution force
spectroscopy recordings observed intermediates found in
previous all-atom steered molecular dynamics simulations
(11,20), thereby suggesting that the extra detail provided
by all-atom steered molecular dynamics simulations can
be observed if the spatiotemporal resolution of force spec-
troscopy measurements is increased. Thus, we believe that
our piecewise steered molecular dynamics simulations
could be combined with improved resolution atomic force
microscopy measurements to help analyze which structural
units correspond to the experimental force extension curves
2258 Biophysical Journal 119, 2251–2261, December 1, 2020
and to compare the accuracy of all-atom molecular dy-
namics simulations with experiments.
Unfolding of large sheet structures corresponds
to large force peaks for luciferase

We also analyzed the large peaks found in our force exten-
sion plots to see whether these peaks provided information
on key secondary structures in the luciferase mechanical un-
folding pathway. In peak 2, the mechanical unfolding of sec-
ondary structures appears to be random (see Fig. 5;
Supporting Materials and Methods). This suggests that the
secondary structures in the C-terminal domain have equal
unfolding propensities and may possess relatively similar
mechanical stability. Thus, we believe no obvious anchor
point is found in the C-terminal domain.

In contrast to peak 2, which involves the unraveling of the
C-terminal domain (see Fig. 5), two secondary structures
consistently unfold first in peak 4 across all four piecewise
all-atom steered molecular dynamics simulations (see
Fig. 5). These structures consist of b-strands in sheet 4
(Ala422 to Trp424 and Phe430 to Ile432) and b-strands in
sheet 8 (Gly337 to Gly339 and Ala346 to Ile349), which
are located in the middle domain of luciferase (see
Fig. 7). The strands in both sheets unfold almost simulta-
neously in peak 4, even though they are far apart from
each other, and some secondary structures are found be-
tween the two sheets (see Fig. 7). Furthermore, we found
that the unfolding of the b-strands in sheet 4 and sheet 8
correspond to the highest forces produced in peak 4. Thus,
we suspect that the b-strands in sheet 4 and sheet 8 provide
major contributions to the mechanical stability of the middle
FIGURE 7 Unfolding process of secondary struc-

tures for two large peaks. (a) The first two secondary

structures unfolded in peak 4 are shown. (b) The first

secondary structures unfolded in peak 6 are shown.

(c) The second and the third secondary structures

unfolded in peak 6 are shown. To see this figure in

color, go online.
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domain of firefly luciferase. Furthermore, after the unfold-
ing of the b-strands in sheet 4 and sheet 8, the remaining
secondary structures in the middle domain appear to unfold
in a random order, thereby furthering the notion that sheet 4
and sheet 8 provide large contributions to the mechanical
stability of the middle domain (see Supporting Materials
and Methods).

Peak 6 is generally the force peak with the highest forces
of all peaks in our force extension curves (see Fig. 4). We
found that the first unfolded secondary structure at the
beginning of peak 6 is sheet 1, and it consistently unfolds
in all our piecewise steered molecular dynamics simula-
tions. The unfolding of sheet 1 comprises the breakage of
four b-strands: one from Arg259 to Leu262, one from
Ala234 to Ser237, one from Asn48 to Thr50, and one
from Ile38 to Asp42. Sheet 1 is a large sheet structure that
is formed by the residues from the N-terminal domain and
the middle domain. Although sheet 1 is composed of six
strands, one strand (from Glu309 to Ala311) is unfolded
in peak 4, and one strand (from Ser282 to Leu284) is
unfolded in peak 5. The four strands unfolded in peak 6
strongly interact and simultaneously unfold while producing
the highest forces in the force extension plot. Consequently,
we believe that sheet 1 is the most consequential structure
for the mechanical unfolding pathway of firefly luciferase.
After sheet 1, sheet 7 (Ile190 to Asn195 and Gly205 to
Pro209) and helix 7 (His210 to Ala220) are the two second-
ary structures that consistently unfold in peak 6 for all our
piecewise all-atom steered molecular dynamics simulations
(see Fig. 7 c). These two secondary structures belong to the
N-terminal domain, and the consistent unfolding of these
two structures suggests that they comprise an important
portion of the firefly luciferase mechanical unfolding
pathway. After the unfolding of sheet 7 and helix 7, the re-
maining secondary structures in the N-terminal domain
unfolded randomly (see Fig. 5; Supporting Materials and
Methods) and resulted in multiple peaks that were not
entirely consistent between simulations. In general, we
determined that sheet structures are found at the initial un-
folding regions of the highest force peaks, such as sheet 4
and sheet 8 for peak 4 and sheet 1 for peak 6. We believe
that this supports the notion that sheet secondary structures
are more stable and require larger force to unfold.

The identification of large sheet structures that consis-
tently unfold at the large force unfolding peaks for firefly
luciferase suggests potential mutagenesis experiments that
could alter the mechanical unfolding pathway of firefly
luciferase. A mutation of the identified b-strands that corre-
spond to high forces in large force peaks (see Fig. 7) pro-
vides a potential experimental observable because
destabilizing these sheet structures will likely decrease the
maximal forces produced by the various force peaks in the
firefly luciferase force extension plots. Furthermore, it
would be interesting to examine whether the key sheet struc-
tures that were identified as mechanically stable would also
be important during heat denaturation experiments that typi-
cally are used to produce luciferase-based substrates for the
heat-shock-protein-70-assisted refolding. It is possible that
destabilization of these sheet structures will lead to the
greatest drop in the free energy of folding if the mechani-
cally stable portions of firefly luciferase also correspond to
key structures in the thermostability of firefly luciferase.
CONCLUSIONS

We showed that piecewise all-atom steered molecular dy-
namics simulations provide a consistent and reproducible
picture of firefly luciferase unfolding. These simulations
generate more details about specific unfolding events
than native-centric coarse-grained models. By examining
the force peaks produced by piecewise all-atom steered
molecular dynamics simulations, we have identified the
secondary structures that play a key role in luciferase me-
chanostability. We found that the small force peaks before
the unfolding of the main domains of firefly luciferase usu-
ally involve peripheral helices. Additionally, we found
several key sheet structures that consistently correspond
to the highest forces in the major force peaks of our force
extension curves.

We believe that the identification of these key secondary
structures will prove useful in examining the nature of me-
chanostabilities in firefly luciferase. The identification of
these secondary structures may help with the analysis of
higher temporal resolution force spectroscopy experiments
involving firefly luciferase unfolding. Recent improvements
in the temporal resolution of atomic force microscopy tech-
niques allow for the observation of new intermediates that
could correspond with the added detail provided by our
piecewise all-atom steered molecular dynamics simulations
(20,69). Furthermore, the key secondary structures we iden-
tified suggest new mutagenesis experiments that could
probe how these secondary structures contribute to firefly
luciferase mechanostability. The consistency of these piece-
wise all-atom steered molecular dynamics simulations com-
bined with the added detail they provide vis-à-vis native
structure-based coarse-grained models suggest the utility
of using piecewise all-atom steered molecular dynamics
simulations alongside force spectroscopy experiments to
probe the dynamics of proteins.
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