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ABSTRACT: Single-molecule force spectroscopy has become a
powerful tool to investigate molecular mechanisms in biophysics and
materials science. In particular, the new field of polymer mechanochem-
istry has emerged to study how tension may induce chemical reactions
in a macromolecule. A rich example is the mechanical unfolding of the
metalloprotein rubredoxin coupled to dissociation of iron−sulfur bonds
that has recently been studied in detail by atomic force microscopy.
Here, we present a simple molecular model composed of a classical all-
atom force field description, implicit solvation, and steered molecular
dynamics simulation to describe the mechanical properties and mechanism of forced unfolding coupled to covalent bond
dissociation of macromolecules. We apply this model and test it extensively to simulate forced rubredoxin unfolding, and we
dissect the sensitivity of the calculated mechanical properties with model parameters. The model provides a detailed molecular
explanation of experimental observables such as force−extension profiles and contour length increments. Changing the points of
force application along the macromolecule results in different unfolding mechanisms, characterized by disruption of hydrogen
bonds and secondary protein structure, and determines the degree of solvent access to the reactive center. We expect that this
molecular model will be broadly applicable to simulate (bio)polymer mechanochemistry.

1. INTRODUCTION

The stability and denaturation kinetics of macromolecules are
fundamental properties relevant to both natural polymers and
designed materials. Besides the more traditional thermal and
chemical unfolding techniques based on ensemble-averaged
observations, polymer stability has been recently probed by
mechanical manipulation at the single-molecule level, partic-
ularly by atomic force microscopy (AFM) and optical tweezer
methods.1−4

These single-molecule force spectroscopy techniques are
often applied to unfold polymers composed of repetitions of
several folded units, leading to measured force−extension
curves with a regular sawtooth pattern.5 Increments in contour
length between force peaks can be used as fingerprints to assign
the specific macromolecular region unfolded under tension and
attribute its stability to the distribution of measured peak
forces.6 Further information on the polymer unfolding kinetics
can be obtained from experiments run at different pulling rates
that depict the dependency of unfolding force on pulling
velocity, also called the (dynamic) force spectrum of the
material.5,7−9

Although studies have been performed most often in
macromolecules that mechanically unfold only due to
disruption of noncovalent interactions, there is an increasing
number of studies reporting polymer mechanochemical
activation: Si−O bond dissociation in stretched polydimethyl-
siloxane,10 poly(tetrahydrofuran) detachment from a silver(I)−
N−carbene complex,11,12 iron−catechol complex dissocia-

tion,13 and metal−amino acid bond rupture in different
metalloproteins.14−16 Another rich example is the mechanical
unfolding of the metalloprotein rubredoxin coupled to the
dissociation of ferric−thiolate (Fe−S) covalent bonds that has
been extensively studied by AFM17−22 and electronic structure
calculations.22−24

Rubredoxin is a simple iron−sulfur protein with four cysteine
side-chains Sγ bound to just one Fe atom in a tetrahedral
orientation (Figure 1). This FeS center is buried in the polymer
interior, and complete rubredoxin unfolding requires exposure
to solvent and rupture of at least two of the four Fe−S bonds.
Rubredoxin polyproteins, or polymerical constructions com-
posed of repetitions of protein units, have been prepared by
chemical cross-linking25 or genetic engineering.26 In the former
case, protein units are connected through a pair of additional
cysteine residues introduced in the rubredoxin sequence by
point mutations. Polyproteins with different topologies have
been prepared using this procedure, and their mechanical
unfolding rate and force distributions were shown by AFM to
depend on the points of force application along the rubredoxin
sequence.19

Steered molecular dynamics (SMD) simulations27,28 have
been of great aid in the interpretation of mechanical unfolding
experiments by providing a molecular picture and mechanistic
details. For instance, SMD simulations revealed the molecular
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basis for the plateau phase seen in fibrinogen force−extension
curves29 and that the mechanical stability of the titin I91
domain is due to contacts between β-strand pairs.30,31

Covalent mechanochemistry32,33 and its effect on the stability
of macromolecules34,35 cannot be modeled with SMD employ-
ing classical force fields. These phenomena have traditionally
been studied by quantum-chemical methods, where a small-
molecule model system containing the disrupted bond is
simulated by constrained geometry optimization22,23,36−40 or by
ab initio molecular dynamics.33,40 Both approaches are
computationally expensive and may not sample enough reactive
events or orthogonal degrees of freedom. Such model and
sampling limitations may hamper assignment of complete
unfolding mechanisms and determination of rupture force
spectra, distributions, and the influence of nonreactive but
structurally important regions on the activated reaction center.
Reactive force fields have recently been introduced as
computationally efficient descriptions of reactive systems,41

but, to our knowledge, this method has not yet been applied to
simulate force spectroscopy.
Here, we introduce a simple molecular mechanical method to

simulate forced unfolding of macromolecules coupled to
covalent bond dissociation. The method may be used to depict
the unfolding mechanism of a complete polymer with good
sampling statistics of tens to hundreds of unfolding events. In
the following Computational Methods section, we describe the
energy model composed of an empirical all-atom force field for
nonreactive atoms and a Morse potential to describe the
reactive covalent bonds. In the Results section, the model is
applied to simulate the forced unfolding of rubredoxin in
several polyprotein constructions, and the data are compared to
a collection of AFM experiments previously available on
equivalent systems. We discuss the sensitivity of mechanical
properties to model parameters and the different mechanisms

for complete unfolding obtained. We conclude that the
presented method is appropriate to simulate force spectroscopy
and mechanochemical activation of macromolecules in detail.

2. COMPUTATIONAL METHODS

2.1. Setup of Molecular Models. Two polymer models
were used here: a single protein rubredoxin unit and a
polyprotein with three units connected in line. These models
are denoted [A,B]n, where A and B indicate the position of a
point mutation to Cys in each rubredoxin unit that allows for a
polyprotein connection to form and n = 1 or 3 indicates the
number of units in each model. The crystal structure of ferric
rubredoxin from Pyrococcus furiosus (PDB code 1BRF42) was
used for both models. Mutations were introduced manually
using PyMOL.43 In the polyprotein, rubredoxin units were
connected in the N-to-C orientation by a 1,2-diethoxyethane
linker bound to Sγ of the mutated Cys residues in each unit, as
shown schematically in Figure 2. In AFM experiments,
polyproteins are composed of 3−6 rubredoxin units connected
by maleimide−thiol cross-linking chemistry that covalently
attaches the mutated Cys residues in each unit by a linker
molecule similar to 1,2-diethoxyethane but with an unknown
(probably random) relative orientation.17

Forced unfolding of [RD1,49]1,3 and [RD15,49]1,3 models
begins with predissociation of β-strands 1−3 (Figure 1), as
suggested by the observation of prepeaks in experimental AFM
force−extension profiles.19 This was confirmed here by running
exploratory pulling simulations (section 2.3) and observing the
rupture of hydrogen bonds between β-strands 1−3. Models
[RD1,49]1,3 and [RD15,49]1,3 used here for the remaining
results were built from an initial configuration with this β-strand
already dissociated. For the other polyproteins, a predissocia-
tion of the rubredoxin β-sheet was neither observed
experimentally19 nor modeled here.

2.2. Force Field and Simulation Details.Macromolecular
interactions were described by the all-atom CHARMM27
empirical force field.44,45 For the FeS center, covalent
parameters for angles and dihedrals using the CHARMM
functional form and Lennard−Jones parameters (ϵFe = 0.048 kJ
mol−1 and σFe = 0.38 nm) were taken from previous work.46

These covalent parameters are similar to other values proposed
for rubredoxin.47,48 Partial charges qFe = 1.04, qSγ = −0.45, and
qCβ = −0.18 for Cys were based on Mulliken population
analysis of previous quantum chemical calculations on FeS
mimetic compounds.23,24 All unfolding simulations employed
implicit solvation in the generalized Born surface area (GB/SA)
form.49 This was introduced to decrease the computational cost
and allow extensive sampling of unfolding trajectories. The
GB/SA approximation assumes instantaneous solvent reorgan-
ization, which may be invalid for very fast pulling, when the
solvent distribution around the protein is not at equilibrium.

Figure 1. Rubredoxin crystal structure from Pyrococcus furiosus.42 Fe is
shown in orange; Cys bound to Fe and residues in salt bridges are
shown as sticks. β-strands 1, 2, and 3 are indicated in pink, cyan, and
brown, respectively.

Figure 2. Schematic model of polyprotein [RD1,49]3 used in the simulations. Rubredoxin units are connected by a linker (in gray). Black circles
indicate the points of mutation (residues 1 and 49), pink crosses indicate the anchoring points (residues 5 and 41), orange lines indicate the regions
under tension, blue lines indicate the regions outside the points of force application, black lines indicate the regions between anchoring points, and
Nt and Ct indicate the protein termini. Positions of the Fe and native Cys Sγ centers are also indicated.
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The Still method was used to estimate Born radii,50 a dielectric
constant εr = 80 was employed, and the nonpolar contribution
was given by a uniform surface tension of 2.1 kJ mol−1 nm−2.51

The atomic radius for Fe was taken as 0.20 nm by comparison
to other radii.
The four Fe−S bonds found in rubredoxin were represented

by a Morse potential52 to model bond dissociation during
pulling simulations. Morse parameters were adjusted to
quantum chemical calculations at the density functional level
(DFT)53 for the rate-limiting step of Fe−S bond dissociation in
water for the Fe(SCH3)4

− mimetic compound.22 Steepness β =
30 nm−1 and depth De = 90 kJ mol−1 were adjusted so that the
Morse potential reproduced the bond distance (b⧧ = 0.34 nm)
and energy barrier (ΔE⧧ = 89 kJ mol−1) calculated with DFT
for the mimetic transition state for the second Fe−S bond
dissociation [Fe(SCH3)3OH

− + H2O; see Figure 5a of a
previous publication22]. The equilibrium Fe−S bond distance
set to b0 = 0.23 nm was obtained from the isolated Fe(SCH3)4

−

optimized geometry.
Initial single rubredoxin and polyprotein models were

submitted to geometry optimization and molecular dynamics
(MD) simulation during ∼200 ns with position restraints (50
kJ mol−1 nm−2) applied to the first N-terminal and the last C-
terminal mutated Cys residue. Configurations used to start the
pulling simulations were collected at regular time intervals (4−
10 ns) after stabilization of the Cα root mean-squared deviation
(RMSD).
Potential energy curves for Fe−S bond dissociation in the

rubredoxin model were obtained by geometry optimization
with the BFGS algorithm.54,55 The Fe−S bond was scanned by
restraining the Fe−S distance of Cys41 by a harmonic potential
with force constant k = 105 kJ mol−1 nm−2.
GROMACS 4.556 was used for all simulations and for

building hydrogen atoms on the protein models. Dynamics
were carried out at 300 K with a 2 fs time step, with a leapfrog
stochastic dynamics integrator and a collision frequency τ = 10
ps−1. Covalent bonds between hydrogens and heavy atoms
were constrained with LINCS.57

2.3. Forced Unfolding Simulations. Forced unfolding
trajectories were obtained using SMD simulations.27 A time-
dependent harmonic potential (V[ξ]) was added to the system
energy function to mimic protein pulling by the cantilever or
pulling tip on force spectroscopy experiments

ξ ξ ξ= −V t
k

t t[ ( )]
2

[ ( ) ( )]p
0

2
(1)

where the reference value of the progress coordinate, ξ0,
changes linearly in time

ξ ξ= +t v t( ) (0)0 p (2)

Simulations with constant velocity were performed with vp =
10−1 m s−1 and pulling force constant kp = 83 pN nm−1.
Structures and forces were saved every 5 ps for analysis.
The progress coordinate ξ was defined as the distance

between Cα in a reference center and in a pulling center. When
pulling by the C-terminal, the reference center was set to the
first N-terminal mutated Cys residue and the pulling center was
set to the last C-terminal mutated Cys. For example, in model
[RD15,49]3 the reference center was C15 in the first
rubredoxin unit and the pulling center was C49 in the third
rubredoxin unit. Reference and pulling centers were exchanged
when pulling by the N-terminal.

SMD simulations were initialized with a different random
seed for stochastic dynamics and a different initial structure
(section 2.2). Between 35 and 40 unfolding simulations were
obtained for each polyprotein model, resulting in N = 105−120
complete unfolding events. Complete unfolding of models
[RD1,49]1 and [RD1,49]3 takes ∼150 and ∼450 ns,
respectively, with a velocity vp = 10−1 m s−1. A Fe−S bond
with a distance longer than 0.37 nm was considered broken.
After each bond rupture, the simulation was paused and the
associated angle and dihedral contributions were removed from
the system topology. The trajectory was then continued from
the same geometry.
Secondary structural content along trajectories was analyzed

by counting the involved hydrogen bonds. The sheets between
β-strands 1−2 and 1−3 (Figure 1) were considered formed
when at least two of the hydrogen bonds found in the crystal
structure were present.

2.4. Calculation of Contour Lengths. Contour length
(Lc) may be defined as the polymer extension at infinite
force.58 In AFM experiments of polyprotein unfolding, contour
length increaments (ΔLcAFM) are obtained by fitting peaks in
force−extension profiles to the worm like chain (WLC)
model59 and taking the difference between fitted Lc values
from consecutive peaks.
Here, length increments were estimated as ΔLc = Lc(u) −

Lc(f), where Lc is the distance between anchoring points before
(f) and after (u) protein unfolding. Lengths will be labeled by a
superscript indicating values obtained from sequences and
crystal structures (PDB), SMD simulations, or AFM experi-
ments. Anchoring points are the points of force application
along the polymer. For proteins, they are defined as the amino
acids enclosing the region unfolded in the corresponding peak
in force−extension profiles19 (see Table 2 for models studied
here).
Lc(f)SMD was obtained from the through-space distance

between the Cα of anchoring points one frame before the first
Fe−S bond rupture, preceding protein unfolding indicated by
the respective force peak in the force−extension profiles.
Lc(u)SMD was taken as the distance between the same Cα’s in
the frame before the next force peak is achieved. Thus, the
length increment estimated from SMD simulations (ΔLcSMD) is
slightly smaller as it corresponds to a polymer extension
released at finite force. However, the difference to the true
contour length should be small as it goes to zero with the
inverse square root of the pulling force59 and high forces
(hundreds of pN) are applied in the SMD simulations here. We
check this approximation to be valid by comparing ΔLcSMD

estimated as described with fitting the same simulation data to
the WLC model (section 3.2).
As in previous works,17,19 Lc(f)PDB was calculated as the

through-space distance between the Cα of anchoring points in
the crystal structure. Lc(u)PDB was estimated as (n − 1) × 0.365
nm, where n is the number of amino acids between anchoring
points and 0.365 nm is the average contribution in length per
amino acid.17,19,60

3. RESULTS

3.1. Analysis of Simulation Parameters. A sensitivity
analysis of calculated mechanical properties due to variations in
simulation parameters is presented in this section for the
rubredoxin model [RD1,49]1, except when noted. Only one
type of parameter was varied for each set of simulations shown
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below, while the others remained with values given in the
Computational Methods section.
Table 1 shows that average rupture forces strongly depend

on the Morse potential depth and steepness and on partial
charges for FeS atoms, particularly when more polarized
charges are used. Average forces are clearly more sensitive to
changes in the Morse depth. Increasing the depth by 1.5-fold
increases the forces by almost 6-fold. More polarized charges
lead to lower rupture forces, probably due to stabilization by
the dielectric solvent when the FeS center is exposed.
Potential energy profiles for Fe−S bond rupture are affected

by the same force field parameters (De, β, and qFe/S in Figure
S1). This is expected given the derivative relation between
dissociation energies and forces. The Morse steepness
determines both the profile inclination and the Fe−S distance
for bond dissociation.
On the other hand, Lennard−Jones σFe and ϵFe parameters

and the atomic radius for Fe used in GB calculations have a
small influence on potential energy curves for Fe−S bond
dissociation (Figure S2), except when a low GB radius and σ
were tested, which led to premature Fe−S dissociation before
force application. Values for these parameters were chosen

based on previous calibrations23,46 to avoid strong interactions
between Fe and side chains with negative charge, and an
unbalanced solvation contribution.
Figure 3 shows that the pulling velocity (vp, eq 2)

dramatically changes the distribution of rupture forces for the
Fe−S bond. For very high velocities (vp = 10 m s−1), the
distribution depends on the pulling direction. Decreasing the
velocity removes this dependency, but only velocities down to
vp ≤ 0.1 m s−1 result in a force distribution with the expected
bell shape28,61 and a standard deviation compatible with the
experimental one (∼150 pN).17

Average rupture forces obtained with a pulling velocity of vp
= 0.1 m s−1 are similar between model [RD1,49]1 (F̅ = 758 ±
127 pN, N = 11 unfolding events) and model [RD1,49]3 pulled
either by the C-terminal (F̅ = 738 ± 93 pN, N = 69) or by the
N-terminal (F̅ = 744 ± 86 pN, N = 33). Mechanistic details and
the sequence of structural changes for complete unfolding
(section 3.3) are also equivalent between models [RD1,49]1
and [RD1,49]3.
The pulling force constant (kp) does not significantly affect

the rupture force (Table S1), but it controls the shape of the
force−extension curves (Figure S3). High force constants result

Table 1. Average Rupture Forces (F̅, Average ± Standard Deviation in pN) Calculated for the First Fe−S Bond Rupture in
[RD1,49]1 (N = 10 Simulations) with Different Values of Depth (De, kJ mol−1) and Steepness (β, nm−1) of the Morse Potential
and Partial Charges qFe and qS Assigned to the FeS Centera

De F̅ β F̅ qFe qS F̅

70 415 ± 78 15 348 ± 60 1.44 −0.55 525 ± 42
90 758 ± 127 20 530 ± 35 1.04 −0.45 758 ± 127
130 1632 ± 57 30 758 ± 127 0.64 −0.35 995 ± 75
170 2437 ± 118 40 1007 ± 88 0.24 −0.25 1163 ± 65

aOnly one type of parameter was changed in each set of simulations.

Figure 3. Distribution of rupture forces obtained for N = 70−100 simulations with pulling velocities vp = 10 m s−1 (a), vp = 1 m/s (b), and vp = 10−1

m s−1 (c) of model [RD1,49]1.

Figure 4. Time evolution of the reference progress coordinate (ξ0, eq 2) and the protein extension coordinate for model [RD1,49]1 obtained with a
pulling force constant kp = 1667 pN nm−1 (a) and kp = 83 pN nm−1 (b). One representative force−extension curve simulated with kp = 83 pN nm−1

for model [RD1,49]3 is shown in panel c. Circles indicate Fe−S bond rupture.

Journal of Chemical Theory and Computation Article

DOI: 10.1021/acs.jctc.7b00805
J. Chem. Theory Comput. 2018, 14, 282−290

285

http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00805/suppl_file/ct7b00805_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00805/suppl_file/ct7b00805_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00805/suppl_file/ct7b00805_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00805/suppl_file/ct7b00805_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.7b00805/suppl_file/ct7b00805_si_001.pdf
http://dx.doi.org/10.1021/acs.jctc.7b00805


in distinct peaks for each Fe−S bond rupture and hence result
in multiple peaks for a complete protein unfolding event. One
peak followed by a continuos relaxation curve, as observed
experimentally,17,19 is obtained from simulation only when
decreasing the force constant to about twice the experimental
value (40 pN nm−1).17

Figure 4 shows that the protein extension measured from
termini Cα distances follows the harmonic pulling potential or
reference coordinate (ξ0, eq 2) only when a high pulling force
constant is used. When a low force constant similar to the
experimental value is used, the protein extension does not
strictly follow the reference pulling coordinate. Figure 4 also
shows that the maximum force in force−extension profiles is
reached just before the first Fe−S bond rupture.
Slower pulling velocities and lower force constants

considerably increase the amount of computer time necessary
for simulating protein unfolding. For instance, complete
unfolding of the [RD1,49]1 model with a pulling velocity vp
= 10−2 m s−1 takes about 3 weeks of wall-clock time on modern
Intel Xeon processors using 4 CPU cores, which is the highest
number of cores that a decent parallel scalability was observed
for such a molecular model with a relatively small number of
particles.
3.2. Comparison between SMD and AFM Data. A

comparison between unfolding forces observed in SMD
simulations and AFM experiments is not straightforward as
simulations have to be conducted at much higher pulling
velocities than AFM, except in (rare) experiments when high
speeds are realized.7,62 For rubredoxin unfolding, there is a gap
of almost 4 orders of magnitude between our slowest pulling
simulation and the fastest measurement,19 as shown for the
force spectrum in Figure 5.

However, the dependency of unfolding forces on pulling
velocities has been studied by theory in detail.28,61,63−66 In
Figure 5, we also show adjustment of the full microscopic
theoretical model derived by Hummer and Szabo61 to fit SMD
and AFM force spectra for rubredoxin unfolding. The fit quality
is rather good with a mean deviation of 22 pN between the
model line and data points. The theoretical model predicts an
unfolding barrier position Δx⧧ = 0.17 nm and a spontaneous
unfolding rate k0 = 0.22 s−1, in good agreement with the barrier
position and spontaneous rate obtained by fitting the AFM data
alone either with the same theoretical model (Δx⧧ = 0.11 nm

and k0 = 1.0 s−1) or with a simplified phenomenological
theory64 (Δx⧧ = 0.11 nm and k0 = 0.15 s−1).19

Additionally, by assuming the microscopic theoretical
model61 is valid, the force field parameters (for instance,
Morse β and De as shown in Figure S4) can be refined by
comparison of the experimental AFM force spectra with SMD
simulations obtained with different sets of parameters.
Comparison between simulated and AFM contour length

increments in Table 2 shows excellent agreement for
polyproteins [RD15,49] and [RD15,35] and good agreement
for polyprotein [RD1,49], considering one standard deviation
and the two experimental results available.17,19 Simulated and
AFM increments only disagree for [RD1,35].
It should be noted that the procedure based on WLC fits to

obtain ΔLc from AFM data and that based on Cα distances
described in section 2.4 give equivalent results when applied to
the same set of simulated force−extension profiles. For
example, the same set of N = 8 simulated unfolding events
for model [RD1,49]3 resulted in ΔLcSMD = 12.2 ± 0.5 nm when
using Cα distances and ΔLcSMD = 12.5 ± 0.7 nm when using
WLC fits. Equivalent results are observed for other rubredoxin
polyproteins.
Table 2 shows that length increments expected from crystal

structures (ΔLcPDB) are overestimated in comparison with the
increments obtained from simulations (ΔLcSMD) for all
polyprotein models, except [RD1,49]3. Closer inspection
indicates that Lc(u)PDB and Lc(u)SMD are in very good
agreement. Thus, discrepancies in ΔLc increments are due to
underestimated Lc(f)PDB values, based on the unperturbed
crystal structure.

3.3. Microscopic Mechanism for Forced Macromolec-
ular Unfolding. Pulling simulations of polyprotein models
were also used to describe the detailed mechanism of
rubredoxin mechanical unfolding. In the beginning of all
simulations, linker and protein regions connecting rubredoxin
units were first extended without much perturbation in the rest
of the molecular structure (time t < 50 ns in Figure 4b). Then,
tension starts to build up and little extension is gained until the
Fe−S bonds are broken (50 < t < 250 ns in Figure 4b). During
this second phase, structural fluctuations are relatively small in
the regions under tension and between anchoring points (see
these regions depicted in Figure 2).
Table 3 shows the stability of secondary structures and salt

bridges found in rubredoxin along pulling simulations. Contacts
between β-strands 1−2 are preserved before Fe−S bond
rupture in all [RD1,49]3 and [RD1,35]3 simulations, but they
are disrupted in all [RD15,49]3 and [RD15,35]3 simulations.
Hydrogen bonds between β-strands 1−3 are preserved before
Fe−S bond rupture in half of the simulations for [RD15,35]3
and for the majority of [RD1,35]3 simulations. The stability of
salt bridges A1−E14 and K6−E49 follows the same qualitative
pattern, although they are less stable. Notice that the wild-type
salt bridge between residues 6 and 49 is not present in
[RD1,49]3 and [RD15,49]3 due to the E49C mutation.
Exploratory pulling simulations showed that contacts

between β-strands 1−3 are disrupted early for models
[RD1,49]3 and [RD15,49]3 during the first extension phase
described above. Low force peaks corresponding to dissociation
of hydrogen bonds between β-strands 1−3 are observed in the
simulated force−extension profiles only for these models
([RD1,49]3 and [RD15,49]3, data not shown), in agreement
with experimental AFM data.19

Figure 5. Force spectra or average rupture forces obtained at different
pulling velocities for AFM experiments19 and SMD simulations (N =
20) of model [RD1,49]1. The dashed line shows the full microscopic
model derived by Hummer and Szabo61 fitted to both AFM and SMD
data. Error bars in SMD points indicate one standard deviation.
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Cooperativity in the stability of salt bridges and secondary
structures before Fe−S bond rupture also depends on the
polyprotein connectivity. For instance, in model [RD15,35]3
the survival of interactions overlap for the salt bridge A1−E14
and the hydrogen bonds holding together β-strands 1−2,
meaning that these contacts are disrupted simultaneously
(Figure S6). However, in model [RD15,49]3, the salt bridge is
disrupted first, followed sequentially by disruption of hydrogen
bonds in β-strands 1−2. When salt bridges and secondary
structures are disrupted before Fe−S bond dissociation,
disruption is observed at the first half of the simulation time
necessary to break the Fe−S bond (Figure S6).
Hydrogen bonds are found in the rubredoxin crystal

structure (Figure 1) between Sγ in the FeS center and
backbone amides. SγCys41 makes one hydrogen bond that is
broken before Fe−S bond rupture during all pulling simulations
for models [RD1,49]3 and [RD15,49]3. Tension is applied to
the Fe−SγCys41 bond on these models. SγCys8 also makes one
hydrogen bond, and it is equivalently disrupted in [RD15,35]3
and [RD15,49]3. On the other hand, SγCys5 and SγCys38 make
two hydrogen bonds each, and these two are preserved before
Fe−S bond rupture in all pulling simulations, except for 20% of
the [RD1,35]3 trajectories. Consequently, solvent access is
considerably higher near SγCys41 in [RD1,49]3 and
[RD15,49]3 and near SγCys8 in [RD15,35]3 and [RD15,49]3.
For polyprotein [RD1,35]3, solvent access is similar for both
SγCys5 and SγCys38.

4. DISCUSSION
We have presented a molecular model to study the mechanical
unfolding of a macromolecule coupled to covalent bond

rupture and shown its application to simulate the forced
unfolding of the rubredoxin metalloprotein.
A sensitivity analysis of calculated properties shows that

parameters for the reactive center describing partial atomic
charges and the Morse potential for bond dissociation have to
be carefully calibrated as they have a large influence on rupture
forces (Table 1 and Figure S1). Here, these parameters were
adjusted to quantum chemical calculations at the DFT level
performed on an isolated mimetic molecule and further refined
in comparison to experimental data. In particular, the force
spectra can be used to distinguish which parameter set better
fits a microscopic theoretical model in comparison to AFM data
(Figure S4). Less sensitive parameters such as those describing
Lennard-Jones interactions can be retrieved from force fields
previously parametrized for equilibrium properties.
This model for bond dissociation and the proposed approach

for calibration are viable only if the chemical bonds disrupted
upon mechanical unfolding are previously known or at least
suggested. If two or more bonds can dissociate, each of them
would have to be calibrated to a characteristic set of Morse
parameters, as is often done in reactive force fields.41 Here, the
four Fe−S bonds found in rubredoxin were proposed to
dissociate and treated with the same Morse potential. Of course
it is expected that the force field description for the remaining
nonreactive atoms in the macromolecule can properly model
their interactions.44,45

The major limitation of our energy model is the classical
description of the disrupted bond. The lack of an electronic
structure or quantum chemical description prevents the
inclusion of charge and spin reorganization effects in the
simulation. These effects are important to model reactions
involving organic and metal centers23 and to discern details of
reaction mechanisms and of the directionality of metal−ligand
interactions. Thus, we are unable to use the rubredoxin
simulations shown here to distinguish the order that each of the
four possible Fe−S bonds is broken to complete protein
unfolding.
The effect of the pulling force constant (kp) on the simulated

force−extension curves can be rationalized. When a high
constant is used, protein extension strictly follows the harmonic
pulling reference coordinate (Figure 4a) and samples only local
forces, similar to the drift regime proposed before.28 Complete
unfolding is observed after multiple bond rupture steps, leading
to multiple force peaks in force−extension curves. When a low
force constant is used, the protein extension can fluctuate more
and does not strictly follow the harmonic pulling coordinate
(Figure 4b), similar to an activated regime.28 The reaction

Table 2. Contour Lengths (Lc, Average ± Standard Deviation in nm) before (f) and after (u) Polyprotein Unfolding and
Increments (ΔLc) Obtained from the Crystal Structure (LcPDB), AFM Experiments (LcAFM),19 and SMD Simulations (LcSMD, N
= 70−80 Values)a

model ΔLcPDB ΔLcSMD ΔLcAFM

[RD1,49]3 12.2 12.0 ± 0.1 13.0 ± 0.819 and 12.6 ± 1.317

[RD15,49]3 7.4 6.0 ± 0.1 6.4 ± 0.7
[RD15,35]3 5.3 2.7 ± 0.1 2.7 ± 0.4
[RD1,35]3 10.4 9.0 ± 0.1 11.1 ± 1.2

Lc(f)PDB Lc(f)SMD Lc(u)PDB Lc(u)SMD anchoring points

[RD1,49]3 0.9 1.0 ± 0.1 13.1 13.0 ± 0.1 5, 41
[RD15,49]3 2.1 3.3 ± 0.1 9.5 9.3 ± 0.1 15, 41
[RD15,35]3 2.0 4.5 ± 0.1 7.3 7.2 ± 0.1 15, 35
[RD1,35]3 2.0 3.3 ± 0.1 12.4 12.3 ± 0.1 1, 35

aResidue number of anchoring points is also indicated.

Table 3. Fraction of Proteins with Salt Bridges and
Secondary Structure Preserved before the First Fe−S Bond
Rupture along Pulling Simulations (N = 105−120 Unfolding
Events)a

salt bridges β-sheet

model A1−E14b K6−E49 strands 1−2 strands 1−3

[RD1,49]3 0.34 − 1.00 −
[RD15,49]3 0.00 − 0.00 −
[RD15,35]3 0.00 0.37 0.00 0.52
[RD1,35]3 0.38 0.67 1.00 0.81

aResidue and β-sheet numbering and positions are shown in Figure 1.
Salt bridge K6−E49 and the contact between β-strands 1−3 were
absent by construction in models [RD1,49]3 and [RD15,49]3.

bC1−
E14 in [RD1,49]3 and [RD1,35]3.
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coordinate may also sample thermal forces, and more tension
may accumulate. Complete unfolding is observed in one step,
leading to one force peak in the force−extension curves, which
corresponds to the first Fe−S bond rupture, quickly followed
by disruption of other Fe−S bonds.
The force spectrum obtained from SMD and AFM data on

rubredoxin unfolding was well adjusted here by the full
microscopic model proposed by Hummer and Szabo61 that
assumes the rupture energy is described by a cusp potential.
Although similar theoretical models based on smooth potentials
have also been proposed,66 their adjustment to force spectra
obtained at high speeds did not lead to significant changes on
the derived barrier position and unfolding rate.7 This suggests
some independence of adjusted parameters on the exact form
of the rupture potential. Thus, the microscopic model61 can be
employed to fit the force spectrum when unfolding is coupled
to covalent bond dissociation as modeled here by a smooth
Morse potential.
Simulated and experimental contour length increments are in

very good agreement for three of the four polyproteins studied
here. Lengths before unfolding [Lc(f)] have traditionally been
estimated from through-space distances between anchoring
points on the macromolecular crystal structure. This may not
be a reliable practice, as our comparison of Lc(f)PDB and
Lc(f)SMD suggests. The coupling of protein units and force
application before bond rupture perturb the structure of each
unit and hence the distance between anchoring points (Table
2).67 On the other hand, construction and simulation of
polyprotein models require more labor than inspecting the
crystal structures.
Notice the excellent agreement between lengths after

unfolding Lc(u) obtained from SMD simulations and estimated
from the formula (n − 1) × 0.365 nm, where n is the number of
amino acids between anchoring points (Table 2). Here, (n − 1)
is used in the formula instead of n adopted before17,19 because
the combined extension of the two residues in anchoring points
will contribute only one length unit to Lc(u). Other values of
contour length per amino acid proposed in the literature (0.38
and 0.40 nm)58,67 result in disagreement between Lc(u)PDB and
Lc(u)SMD, either using n or (n − 1) as the number of amino
acids.
Cavagnero et al.68 proposed a mechanism for thermal

denaturation of rubredoxin in three steps: rubredoxin first loses
part of the secondary structure; Fe−S bonds are broken, iron is
released, and more secondary structure is lost; and the
hydrophobic core is exposed, leading to the unfolded state.
This is based on data obtained by several optical spectroscopy
methods at low pH, when Glu14 and Glu49 side chains should
be protonated and their respective salt bridges should be
broken.69 Nevertheless, this proposed mechanism is roughly
the sequence we obtain from mechanical unfolding simulations
in polyproteins [RD15,35]3 and [RD1,49]3. Solvent exposure
of the hydrophobic core varies for each polyprotein model, but
it is also correlated with disruption of secondary structure.
The mechanism of macromolecular unfolding simulated here

clearly depends on the points of force application along the
polymer. Salt bridges and hydrogen bonds holding secondary
structures together may be completely disrupted before
covalent bond dissociation, as seen in rubredoxin model
[RD15,49]3, or almost entirely preserved, as seen in model
[RD1,35]3. The fraction of these intramolecular contacts
present before Fe−S bond rupture in the four polyprotein
models tested here increases in the order [RD15,49]3 <

[RD15,35]3 < [RD1,49]3 < [RD1,35]3. This is approximately
the same order found for the average rupture force and the
reverse order found for the intrinsic rate of unfolding k0 on
AFM measurements,19 suggesting that the stability of intra-
molecular noncovalent contacts plays a role on macromolecules
subject to mechanochemical activation.
Solvent exposure of the macromolecular interior and water

access to the reactive FeS center in rubredoxin are controlled
by partial protein unfolding, with disruption of secondary
structures and of native hydrogen bonds between Sγ and
backbone amides. Our simulations show that water penetration
is higher near SγCys41 and SγCys8, suggesting the respective
Fe−S bonds would be more reactive than the other two. In fact,
it has been shown by quantum-chemical calculations that water
substitution leads to faster Fe−S bond cleavage in rubredoxin
models.22

Thus, the mechanical anisotropy previously observed in
rubredoxin polyproteins19 may not be only due to differences in
the intrinsic stabilities among the four Fe−SCys bonds17,19 but
also because of the variable degree of solvent access to the FeS
center found here between different polyproteins.
Two types of mechanism for Fe−S bond rupture in

mechanical unfolding of rubredoxin have been observed for a
structural variant of rubredoxin.20 A concurrent process, where
multiple Fe−S bonds rupture simultaneously, was observed in
80% of AFM force−extension profiles, and a sequential
mechanism, where rupture of different Fe−S bonds can be
individually distinguished, was observed in the other 20% of
AFM profiles. Observation of simultaneous processes depends
on the time resolution of measurements, which is on the order
of microseconds or slower for the mentioned AFM experi-
ments. In our simulations, bond ruptures in the same protein
unit are separated by tens of picoseconds. Therefore, within a
microsecond time window, bond rupture occurs simultaneously
in all simulations. It is possible that the sequential process
observed in the AFM experiments is due to the protein
construction containing an extra unnatural loop elongation in
the studied rubredoxin variant.20

We conclude that the molecular mechanical model presented
here may be applied to study the forced unfolding of
macromolecules coupled to covalent bond rupture. Empirical
force field parameters for bond dissociation can be obtained
from quantum-chemical calculations on model compounds and
further refined in comparison to experimental force spectra.
SMD simulations revealed the mechanism of macromolecular
unfolding and the sequence that intramolecular contacts are
disrupted for four different polyproteins. Solvent penetration
near the reactive center may be determinant for the mechanical
stability of each polymer.
The simulation methods presented here are not limited to

proteins. They can be applied to simulate forced unfolding and
mechanochemical activation of any macromolecule for which
an appropriate model of the molecular structure and a set of
cleavable covalent bonds are known.
Given the lack of an electronic structure description of the

reactive center in our classical model, the detailed mechanism
and sequence of Fe−S bond rupture in the stretched
rubredoxin models could not be analyzed. These would require
a hybrid quantum chemical/molecular mechanical energy
model, which we have been investigating in our laboratory.23

Nevertheless, unfolding trajectories extensively sampled here
with a computationally cheap method may be of great value as
initial reactive conformations in future studies.
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