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ABSTRACT Assessing the structural properties of large proteins is important to gain an understanding of their function in, e.g.,
biological systems or biomedical applications. We propose a method to examine the mechanical properties of proteins subject to
applied forces by means of multiscale simulation. Both stretching and torsional forces are considered, and these may be applied
independently of each other. As a proof of principle, we apply torsional forces to a coarse-grained continuum model of the anti-
body protein immunoglobulin G using fluctuating finite element analysis and use it to identify the area of strongest deformation.
This region is essential to the torsional properties of the molecule as a whole because it represents the softest, most deformable
domain. Zooming in, this part of the molecule is subjected to torques and stretching forces using molecular dynamics simulations
on an atomistically resolved level to investigate its torsional properties. We calculate the torsional resistance as a function of the
rotation of the domain while subjecting it to various stretching forces. From this, we assess how the measured twist-torque pro-
files develop with increasing stretching force and show that they exhibit torsion stiffening, in qualitative agreement with exper-
imental findings. We argue that combining the twist-torque profiles for various stretching forces effectively results in a combined
force-torque spectroscopy analysis, which may serve as a mechanical signature for a biological macromolecule.

SIGNIFICANCE In this work, we propose a multiscale numerical approach to assess the mechanical properties of
macromolecules such as proteins. We perform a combined force-torque spectroscopy analysis on the mechanically most
relevant domain to compute the response signature of the spatial structure of the macromolecule. This information may
lead to a better understanding of molecular structure and function in biological context and may be used toward diagnostic
and sensing applications in the biomedical field.

INTRODUCTION mune system by specifically binding to foreign structures
in the body. The fact that its binding to a particular molecule
is very specific makes the antibody protein an excellent
candidate to be employed for analyte detection in a so-
called immunoassay (2). In an immunoassay, the analyte
is targeted by an antibody molecule equipped with, e.g., a
fluorescent or radioactive label. This label can, in turn, be
detected using conventional detection methods.

To make immunoassays a viable method for point-of-care
diagnostics in medical applications, however, not only the
analysis but also all of the sample preparation, transporta-
tion, and mixing steps should be included in a “lab-on-a-

Proteins fulfill numerous different roles in organisms, such
as providing rigidity, transporting cargo through cells, or
catalyzing reactions. The functioning of a protein arises
from the folding of its intrinsic structure, a linear chain of
amino acids, into a higher-order hierarchical structure. Its
final folded structure consists of a certain shape with one
or more active sites, which facilitate the protein’s function
(1). One type of protein in particular, the antibody or immu-
noglobulin, plays an important role in the mammalian im-
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manipulated and used to, e.g., mix fluids within the sensor.
In addition, the magnetic particles may act as magnetic
tweezers to exert forces on the molecules (4—6). This exper-
imental method is used to study the structural properties and
unfolding of molecules such as proteins, DNA, and RNA
(7-11) and may be employed side by side with atomic force
microscopy (12-16) and optical tweezers (17-22) experi-
ments to assess the mechanical properties of molecules.

In recent years, van Reenen et al. (5) investigated the
torsional resistance of immunoglobulin protein complexes
using magnetic tweezers experiments. They showed that it
is possible to distinguish between different torsion profiles
for different proteins, a quality that may eventually be
employed to, e.g., identify the nature of the binding (to be
either specific or nonspecific) in immunoassays. This sug-
gests that the ability to compute or even predict the response
of a given biological macromolecule to torsional loading
might permit the identification of that molecule using a
torsional probe.

This work addresses this need for a predictive model. We
introduce a multiscale numerical approach to analyze the
mechanical properties of large molecules such as proteins.
The method serves to gain more insight into the relation be-
tween the intrinsic structure of a molecule and its mechan-
ical properties. As a proof of concept, we investigate an
immunoglobulin molecule, which we subject to externally
applied forces. Because investigating such large molecules
(~10° Da) as a whole on an atomistic level is too costly
from a computational point of view, we examine the mole-
cule on a coarse-grained mesoscopic level using fluctuating
finite element analysis (FFEA) (23-25). FFEA considers the
overall shape of the molecule and regards it as a continuum
material internally. This allows for a fast evaluation of the
molecule subject to thermal and/or external forces at the
expense of the loss of information on the internal structure.
Using FFEA, we can identify the area in which immuno-
globulin deforms the most during torsion, which is presum-
ably an essential region for the molecule’s torsional
properties; it constitutes a weak link in the rigidity of the
molecule.

Using molecular dynamics simulations, we subsequently
perform a combined force-torque spectroscopy analysis on
this domain on a microscopic, full-atom level; we investi-
gate the torsional resistance of the molecule as a function
of the rotation while a stretching force is exerted on the
structure. We extract the resulting twist-torque profile of
the molecule and learn how it develops as the stretching
force increases. This gives us information on structural
properties of the molecule, such as the preferred rotation di-
rection and the strain-induced stiffening of the structure.

The remainder of this work is organized as follows. In the
Methods, we describe the subject molecule of this work—
immunoglobulin G (IgG)—in more detail. We briefly
describe the FFEA and molecular dynamics (MD) methods
that we use in our simulations. In the Results and Discus-
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sion, we present the results from the FFEA simulations,
which we use to define the domain of interest. We discuss
our results from the atomistic MD simulations of this rele-
vant domain, in which we subject it to external forces and
torques. In the Conclusions, we summarize our findings
and draw our conclusions.

METHODS
Force-torque spectroscopy on IgG

Our subject molecule is an antibody protein, IgG, of which an atomistic
structure was found by x-ray diffraction (mouse IgG, PDB: 1IGT) (26);
see Fig. 1 (top left). The protein consists of two structurally identical heavy
chains (red and yellow) and two identical light chains (blue and green), with
a total mass of ~150 kDa. The four chains combined form three bulky do-
mains (the three branches of the typical “Y” shape) connected by a thin
linker, a feature shared by all isotypes of immunoglobulin (27).

The IgG molecule was the subject of experimental work by van Reenen
et al. (5), who investigated the torsional properties of a protein complex
formed by either two IgG molecules or an IgG and a protein G molecule.
They sandwiched the complex between a glass substrate and a magnetic
particle and found that the different protein complexes respond differently
to exerted torques and that they stiffen for increasing torsion angles; they
exhibit a torsion-stiffening behavior. We note that in practice, in addition
to the torsional forces, a stretching force may be exerted on a protein com-
plex by applying a second magnetic field that pulls the magnetic particle
away from the substrate. However, stretching forces are already inherently
present in the experimental situation because of the gravitational forces that
work on the magnetic particle and the forces that arise from the direct inter-
action between the magnetic particle and the substrate to which the protein
complex is bound.

Considering the addition of such stretching forces in the torsion experi-
ments allows for a second, independent axis to exert forces on the mole-
cules. Arguably, both the conventional stretching and torsional rigidities
of a molecule depend in fact simultaneously on both the amount of
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FIGURE 1 The overall shape of the atomistic structure (fop left) of IgG is
converted into a volume mesh (bottom right). Schematic (fop right): the
torsional force is exerted on the molecule at the bottom (red shaded
area), and the protein is fixed at the ends of the top branches (yellow shaded
areas) to mimic the fixation to a substrate. The torsion axis and rotation
direction are indicated. To see this figure in color, go online.
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stretching and the amount of torsion (28-30). This creates a direct coupling
between the stretching and the torsion in such a combined force-torque
spectroscopy analysis and may result in a more complex mechanical
“signature” of a certain structure.

As a proof of principle, we aim to numerically investigate the mechanical
properties of a single IgG molecule and to calculate the twist-torque profile
of part of IgG under the influence of stretching forces. To that end, we first
identify our region of interest on a mesoscopic level using FFEA. We briefly
discuss the method below.

Mesoscopic simulation using FFEA

FFEA is a general biomolecular simulation tool for modeling large interacting
macromolecules with continuum mechanics (23,24,31-34). An extension of
FFEA to include one-dimensional rods has been developed with a view to
modeling DNA, cytoskeletal networks, the kinetochore machinery, and poten-
tially chromatin (35). The FFEA method treats large molecules such as pro-
teins as a continuum material to simulate their behavior on a mesoscopic
scale (23,31). The underlying principle is that the overall shape of such a mole-
cule determines its function and that the intrinsic structure of the molecule is of
lesser importance at mesoscopic length and timescales: it can be represented
by system-dependent macroscopic parameters to be described below. Because
FFEA operates in the continuum limit, it is unable to capture atomically
detailed processes such as selective interactions between proteins and small
drug molecules or protein folding. We presume that the dynamics of such a
material is described by the Cauchy momentum equation,

Ju 1
ChweVu=-V- 1
6t+(u Ju p o, 1)

where u denotes the velocity at any point in the material, p is the mass density
of the material, and & is the total stress exerted by the continuum material.
Although multiple choices for the elastic material model are possible, we
employ the Mooney-Rivlin model: a general nonlinear viscoelastic model
that allows us to go to finite strains locally, leading to a total stress ¢ that
may be expressed as the sum of elastic, viscous, and thermal stress terms,

o=o0.+0,+0,. ()

As stated, the elastic stress o is computed using the Mooney-Rivlin hy-
perelastic model (36,37), a model often used for rubber-like materials at
finite strains, which is described in more detail in the Appendix. This con-
tinuum model generalizes discrete approaches to protein mechanics such as
those implemented by elastic network models. For the expressions for the
viscous and thermal stresses, we refer the reader to (23) because these
are of secondary importance for the purpose of this study. The protein’s ma-
terial properties are parameterized using continuum material parameters
such as the mass density p, the bulk modulus K, and the shear modulus
G, and we parameterize the molecule homogeneously—that is, we ignore
any structural differences between different parts of the protein. To directly
measure experimentally the values for these parameters is not straightfor-
ward, although estimations can be made by considering experimental
data on the density of proteins (roughly 1.5 g/cm®) (38,39), their internal
viscosity (~1 mPa s) (40), and their elastic modulus (order 107-10° Pa)
(40,41). We note that in principle, different parameters may be chosen
for different areas within the molecule, as demonstrated by Hanson et al.
(33). However, this requires additional information or assumptions made
on the structure, which we do not need for this proof-of-concept study.
Nevertheless, as we shall see below, it turns out that even for a homoge-
neously parameterized structure, we find a distinct region that is torsionally
sensitive. For the structural details of this area, we rely on atomistic
simulations.

We create the volume mesh for the molecule by considering the atomistic
model, converting it to an electron density map and meshing its surface
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(31), as illustrated in Fig. 1. We coarsen the surface until the shortest
edge is 7 A while maintaining the volume (40) and create the volume
mesh using the Netgen open source software package (42). We investigate
the IgG molecule in numerical torsion simulations by exerting an external
torque on the bottom branch of the molecule (see Fig. 1). To mimic the fix-
ation to a substrate, we immobilize the ends of the top two branches. We
note that we do not exert stretching forces on the molecule in these
FFEA simulations, in contrast to the molecular dynamics simulations
described below.

We exert the torque by adding an additional torsion force to all the mesh
nodes within the red shaded area in Fig. 1, where the magnitude depends on
the distance to the torsion axis. The choice for this area is based on the
experimental situation, in which the torque is exerted by a magnetic particle
bound to the bottom region of the molecule (5). The size of the area is cho-
sen such that the forces on the individual nodes do not become so strong that
they cause an inversion of the elements. We point out that the extent of the
region appears to be not all that important because (as we shall see) the
strongest deformations occur in the thin linker region, outside of the forced
area of Fig. 1. For definiteness, we disregard the thermal stresses in the ma-
terial and focus instead on the viscoelastic response of the structure to the
external torque. To that end, we set the thermal stresses in our simulations to
Zero.

By studying the internal stresses in the molecule during torsion using
FFEA, we find the domain of interest for this protein. We isolate the domain
and analyze it using molecular dynamics simulations, which we briefly
describe below.

Atomistic simulation using MD

We perform MD simulations on the relevant domain of the molecule using
the GROMACS software package (43). The simulations are performed us-
ing an implicit solvent model (generalized Born formalism, Onufriev-Bash-
ford-Case (OBC) method (44)), at 100 mM monovalent salt, using a
Langevin thermostat with a high friction constant y = 5 ps™' to ensure a
strongly damped dynamics. This is prudent to suppress the influence of
the high rotation rate (as discussed below) and to minimize inertial effects
in our analysis of the mechanical response. We note that in reality, the sol-
vent properties (e.g., surfactants) affect the torsional properties of proteins.
As Gutiérrez-Mejia et al. (6) show, the presence of surfactants does not
significantly affect the proteins’ structure; it may, however, induce a local
denaturation near a binding site. Because our domain of interest is not
near a binding site, we assume that it is not significantly affected by the
presence (or absence) of a surfactant. We employ the Amber ff99SB-
ILDN force field for the parameterization of the interactions in the atomistic
representation of the protein (45).

By simultaneously exerting a stretching force f and a torque 7 on the
structure, we are able to explore its mechanical properties in this combined
force-torque spectroscopy analysis (46). We exert various stretching forces f
on the molecule, ranging from 0 to 3200 kJmol ' nm ™" (~5.3 nN). This is
strong (equivalent to about 100 kg7, with kg Boltzmann’s constant and 7 the
absolute temperature) from the perspective of a single covalent bond (typi-
cally =40 kgT (47)). Typical forces applied in protein unfolding studies
range up to ~2.5 nN (14,16). We note, however, that we investigate the me-
chanical response of a domain without inherent folding (i.e., the domain
does not undergo a structural change) and that the stretching force is effec-
tively distributed over the domain. A strong stretching force may help eluci-
date details in the structure that are important in the twist-torque response.

We initially exert the stretching force f without applying a torque to
equilibrate the extension of the chains along the torsion axis. Subsequently,
we exert the torque 7 on the molecule by rotating a harmonic potential well
V around the central axis of the molecule, which the forced residues of the
structure are pulled into (GROMACS: V™2 (48)); see Fig. 2. The potential
minimum is indicated by the dashed line, and the blue and red colors repre-
sent low and high potential energy, respectively. The rotation rate is 100°
ns~'. We are aware that this is rather fast from an experimental perspective,
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FIGURE 2 Schematic of the potential well V, which rotates in a counter-
clockwise direction with a rate of 100° ns~". Blue indicates low potential
energy, and red indicates high potential energy. The potential minimum is
indicated by the dashed line. The forced residue, indicated by the blue cir-
cle, is pulled toward the bottom of the well, resulting in the torque 7. The
central axis (the gray dashed line in Fig. 4) is indicated by ©O. To see
this figure in color, go online.

which is why we choose a high friction coefficient v in the simulations to
suppress part of the inertial effects. The magnitude of the torque depends on
the positions of the residues, as well as the spring constant k associated with
the potential well. k ranges from 0 to 3000 kJmol ' nm 2 (~5 Nm ') in our
simulations, resulting in torques 7 up to ~2000 kJmol ' (~3300 pN nm).
For reference, in the experiments by (5), the maximal exerted torques are
of the order of 4000 pN nm.

Next, we present our results on the mesoscopic FFEA simulations to
identify the domain of interest in the molecule. We isolate this area and
perform full-atom MD simulations on it, subjecting it to external forces
and torques. We analyze the torque as a function of the torsion of the mole-
cule and the exerted stretching force, resulting in a combined force-torque
spectroscopy analysis of the domain.

RESULTS AND DISCUSSION
Mesoscopic FFEA simulations

We perform mesoscopic simulations of the IgG molecule
subject to torsional forces using FFEA while applying tor-
ques with various magnitudes up to 598 pN nm. Although
FFEA can in principle be used to study the dynamics of
large molecules such as proteins, for this proof-of-concept
study, we are mainly interested in the viscoelastic
response of the protein to externally applied torques to
identify the torsionally most sensitive domain. Using
FFEA to perform a full analysis of the torsional rigidity
of the molecule turns out to not be possible within our
simulation setup; for high values of the torsion angle ¢
(resulting from high values of the torque 7), the molecule
relaxes its internal stresses by twisting back the linker re-
gion and thereby moving through its own surface, which
is a nonphysical phenomenon. Although our method is
very well suited to model large-scale deformations of
macromolecules, incorporating steric surface-surface
interactions to prevent such unphysical late-time configu-
rations is challenging. Instead, we take care to run our
simulations only up until times when such errors occur,
making sure that only physically admissible configura-
tions are included in our analyses.

Spectroscopy via Multiscale Simulation

In Fig. 3, we show snapshots of a typical torsion simula-
tion for various values of the torsion angle ¢. An example
FFEA simulation can be found in Video S1. We measure
the stress at each position in the molecule and shade the
stressed regions in gray. The shade of gray indicates the
amount of stress, which is normalized to the maximal stress
in the simulation o, = 1.0 GPa. We note that this trans-
lates to ~10 kgT per element, which contains multiple (on
the order of five) atoms. This implies that the energy per
atom or covalent bond is well below the bond breaking en-
ergy, which is typically >40 kgT (47). For different magni-
tudes of the applied torque (up to 598 pN nm), we find
qualitatively similar results.

We find that for increasing torsion angles ¢, the stress in
the linker area between the three bulky domains strongly in-
creases. The high stress indicates a strong deformation in
this area, which hints at this region being critical for the
torsional resistance of the molecule as a whole: it constitutes
the softest area in the structure. We note that in this partic-
ular case this is not entirely surprising, considering that it is
a relatively thin linker in the otherwise bulky geometry of
the molecule. However, we argue that in general, this need
not be the case. The use of the FFEA continuum model to
assess the magnitude of the stress as a function of position
within a molecule enables us to select which region is neces-
sary to consider for more detailed analysis using atomistic
simulations, which account for the internal structure of the
protein.

We further investigate the linker domain and its mechan-
ical properties on a microscopic level: we isolate the linker
region and subject it to torques and stretching forces in
molecular dynamics simulations to extract its twist-torque
profile for various stretching forces. We discuss the results
below.
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FIGURE 3 Snapshots of a typical FFEA torsion simulation of the IgG
molecule for various torsion angles ¢, for a total torque 7 = 299 pN nm.
The surface elements shaded in gray indicate the areas in which the total
stress is relatively high. The intensity of the shade of gray is scaled to the
maximal stress magnitude in the simulation ¢,,,x = 1.0 GPa. The areas
of high stress indicate strong deformations.
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Atomistic MD simulations

The flexible linker region of the IgG molecule consists of
two identical peptide chains with 13 residues each, running
from residue number 229-243 from chains B and D in the
Protein Data Bank (PDB) file by Harris et al. (26), intercon-
nected by three disulfide bonds (see Fig. 4). Note that only
two of the disulfide bonds (indicated in yellow) are clearly
visible in the figure.

By way of initialization, we first perform an energy mini-
mization and subsequently an NVT MD simulation while
keeping the ends of the chains immobilized to equilibrate
the molecule. After that, we perform a molecular dynamics
simulation while subjecting the molecule to a stretching
force f along its central axis in the absence of a torque.
We fix the top residues (indicated in red in the figure) in
place to mimic the fact that in reality, they are connected
to the rather bulky top two branches of the molecule. For
the initial stretching, we allow the bottom residues (indi-
cated in blue in the figure) to only move strictly in the direc-
tion of the stretching force because this serves as an
equilibration for the extension of the chains along the tor-
sion axis. As we briefly discuss below, the extension of
the chains is connected to the amount of twist in the struc-
ture. After the initial stretching, the bottom residues are
released, and a torque 7 is exerted on them along the mole-
cule’s central axis, which causes the structure to rotate.

Directly calculating the rotation angle ¢ of the bottom
residues around the torsion axis is only sensible if the
molecule remains reasonably stretched during the torsion.
Because of the double-chain nature of the structure,

FIGURE 4 The linker region, consisting of two identical protein chains
(indicated by the red and blue ribbons), in a full-atom representation.
The central axis of the molecule is indicated (gray dashed line), as well
as the direction of the torque 7 and the pulling forces f. The residues at
the top (red circles) are fixed to their position, and the torque and force
are exerted on the residues at the bottom (blue circles). To see this figure
in color, go online.
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however, exerting a strong torque on the molecule not
only results in a rotation around the torsion axis but also
causes additional coiling of the central axis of the molecule.
This coiling is not accounted for if we directly measure ¢.
To capture all of the torsion in the structure, we consider
the twist T of the backbones of the chains in the linker re-
gion as a measure for the amount of rotation contained in the
molecule. The twist is a quantity of a mathematical ribbon,
independent of an external reference axis, that describes the
winding of the ribbon around itself with respect to the rib-
bon axis (49). We note that the value for 7w becomes nega-
tive if we move along the ribbon in the opposite direction.
We construct the ribbon by considering the pairs of corre-
sponding atoms between the backbones of the two identical
chains, from the lowest disulfide bond up to the top residues.
We define the ribbon axis as the average positions of each
pair of atoms, and the ribbon boundary consists of one of
the two peptide chains. The protocol to calculate the twist,
as well as the notion that using the writhe as an alternative
measure of the torsion of the molecule turns out to not be
viable, are discussed in detail in the Appendix.

In our torsion simulations, we calculate the twist 7w of the
structure for each snapshot of the simulation and track the
exerted torque 7. We perform a single simulation per combi-
nation of force and torque; however, as we shall see below in
Figs. 6 and 7, we do combine multiple simulations into one
twist-torque profile per applied force. Fig. 5 shows the data
from a typical simulation, for which we arbitrarily set the
stretching force f = 800 kJmol~' nm~" and the spring con-
stant k = 50 kJmol ' nm ™2, which results in a regularly
oscillating behavior. An example MD simulation can be
found in Video S2. We show the data for the twist 7w in
blue and the torque 7 in red. The light color represents the
original data, and the darker color shows a weighted running
average of the data over time to highlight the trends. The

torque [kJ mol™

0 10 20 30 40 50
time [ns]

FIGURE 5 The twist Tw (blue) and applied torque 7 (red) for a single
simulation as a function of time, for a stretching force f = 800 kJmol ™'
nm~ " and a spring constant k = 50 kJmol ' nm 2. The light color repre-
sents the original data, and the darker color shows a weighted running
average of the data over time, calculated using Eq. 3, to show the trends.
To see this figure in color, go online.



weighted running average X; at a point in time i is calculated
by taking 2N data points surrounding i and weighing them
by the inverse distance to the point,

> i/ (] + 1)
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where x; is the original data at the point in time i. For the
trends in Fig. 5, we set N = 30. Note that this choice for
N is arbitrary. However, because the terms are weighed
with the inverse distance to the point, the exact value of N
is irrelevant as long as it is sufficiently large.

We see that the data for both the twist and the torque
strongly fluctuate as a result of the Brownian motion of
the molecule, but that overall, the twist and torque show
coherent behavior. At very short times (t < 100 ps), we
see a fairly constant value for 7w, and no torque 7 is exerted.
This corresponds to the equilibration of the extension of the
chains, in which we stretch the molecule using a force f
without exerting a torque. Subsequently, we release the bot-
tom residues and rotate the potential well V. As a result, we
see an increase of both 7w and 7 in time. After a while, the
molecule reaches a state of oscillatory motion as both Tw
and 7 reach a maximal value, after which the molecule
partially relaxes to a less strained state. Parenthetically,
the same trend shows up in the extension of the chains along
the torsion axis; they shrink as they coil around each other
and extend back to a more relaxed state as the molecule re-
laxes its twist.

The process repeats for each (half-)cycle of the rotating
potential well; as long as the rotated residues remain near
the potential minimum, hardly any torque is exerted. Upon
further rotation, however, the torsional resistance increases,
and a torque is exerted on the residues to enforce the rota-
tion. As the torsional resistance of the molecule then be-
comes too strong for the potential well to overcome, the
residues move out of the well, and the structure is allowed
to partially relax until the rotating potential catches up to
it again. Because the potential well is symmetric with
respect to the central axis (as is schematically shown in
Fig. 2), this results in a period for the oscillatory motion
of half a rotation of the well, corresponding to 1.8 ns for a
rate of 100° ns™".

We repeat the torsion simulations for various values of the
spring constant k for the rotating potential well V. We track
the twist 7w and the torque 7 during the simulations and
combine the results into a single twist-torque profile for a
given stretching force f; we show the exerted torque 7 as a
function of the twist 7w of the molecule. In Fig. 6, we
show the twist-torque profiles for various values of the
stretching force f: (Fig. 6 a) 0, (Fig. 6 b) 200, (Fig. 6 ¢)
800, and (Fig. 6 d) 3200 kJmol™' nm~'. All individual
data points are shown with 5% opacity, which effectively re-
sults in a configuration density plot of the molecule in twist-
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FIGURE 6 The development of the twist-torque profile for increasing
stretching force; the exerted torque 7 is shown as a function of the twist
Tw for various stretching forces f: (a) 0, (b) 200, (c) 800, and (d)
3200 kJmol ' nm™'. The points in the graphs are individual data points.
The darker lines are averages and the error bars represent the standard de-
viation around the averages. (¢) Snapshots of the torsion simulation are
shown, illustrating the conformation of the molecule at specific values of
the twist Tiw = —1, 0, 1 for £ = 3200 kJmol ' nm ', To see this figure in
color, go online.
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torque space. The darker lines are trends, which we calcu-
late by averaging the torques 7 for twists 7w between
—1.5 and 1.5, in steps of 47w = 0.02. The error bars shown
are the standard deviations around the averages of the
torque. Fig. 6 e shows typical snapshots of the simulations
for specific values of the twist Tw = —1, 0, 1 for f =
3200 kJmol ' nm ™.

From Fig. 6, we can make a few observations that we
discuss in more detail below, giving us mechanical informa-
tion about the structure of the protein at hand. Let us first
focus on the point clouds and disregard the trend lines,
which we discuss later:

1) the slope of the torque versus twist curve at 7w = 0 in-
creases with f;

2) the range with a quasilinear dependence of T on 7w de-
creases with increasing f}

3) the spread increases with increasing Tiv;

4) the spread seems to depend nonmonotonically on f; and

5) the twist-torque profiles are asymmetric for positive and
negative twist.

Let us now discuss these observations point by point.
First, the slope at zero twist increases with increasing
stretching force. This indicates that the torsional resistance
of the structure increases as the structure is stretched more
strongly. If we consider that pulling on the two chains brings
the individual residues and atoms closer together, we would
indeed intuitively expect the torsional resistance to increase
with a stronger stretching force f. In addition, the individual
bonds between the atoms become more stretched, which
limits their extensibility during the rotation, likely leading
to a higher torsional resistance.

The second point closely relates to this because the more
strongly we pull the chains together, the less space the
atoms have to move around in. If the structure is subse-
quently twisted, the chains collide at lower values of the
twist 7. The increase in the torsional resistance likewise
occurs for smaller values of 7w. The torsional stiffening
behavior we report agrees qualitatively with the experi-
mental results of van Reenen et al. (5), which show that
the torsional resistance of an IgG-IgG complex starts out
fairly constant but rises strongly as it is rotated. Note
that the stiffening of biopolymers under strain is seen in
many biological materials (50). In the experiments of (5),
the stiffening is found at larger torsion angles, from
~200°, compared with ~40-200° in our simulations, de-
pending on the stretching force f. We note, however, that
in our study, we examine a small domain in IgG, in
contrast to the full IgG-IgG protein complex studied in
the experiments. The combination of multiple proteins
arguably leads to a higher flexibility because multiple
“torsional springs” are joined in series. Interestingly, in
our analysis, for even greater rotations, the twist-torque
profile appears to flatten off. We return to this in our dis-
cussion of Fig. 7.
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The third observation that we would like to point out is
that the spread in the data increases as the twist increases.
This hints at the fact that the structure visits different confor-
mations when twisting, such that the amount of torque
needed to reach a certain twist varies significantly. The
spread of the data indicates a variation in conformations
of the structure at a certain value for the twist. For small
twists, the structure has not been deformed so much, and
therefore, the structural conformation is of lesser impor-
tance for the required torque. In general, twisting the mole-
cule may unlock conformations that correspond to local
minima in the free energy but are not thermally accessible
from the untwisted ground state.

Fourth, the spread in the data seems to depend nonmono-
tonically on the stretching force f. We find that for f = 0, in
Fig. 6 a, the spread is relatively large. This is likely to be
caused by the circumstance that the molecule may become
strongly supercoiled and the configuration of the molecule
regularly becomes inverted, i.e., the bottom residues end
up above the top residues because of the strong internal
stresses caused by the exerted torque and the absence of a
stretching force. As a result, the torque needed to reach a
certain twist varies rather strongly.

Consequently, we expect the spread to decrease with
increasing f because thermal energy becomes subdominant
in comparison to the energy associated with the mechanical
deformation. Indeed, in Fig. 6 b, the spread in the data is
significantly smaller than in Fig. 6 a. For stronger stretching
forces, however, it appears to increase again, most notably
in Fig. 6 d. We presume that although the thermal forces
become less relevant for stronger stretching forces f, the
detailed conformation of the structure actually becomes
more important; if we pull on the chains strongly, we effec-
tively “lock” the structure in a particular configuration as it
is twisted. This may be an explanation for the variable
shapes in the point clouds in Fig. 6 d.

The fifth and last observation we discuss here is the asym-
metry in the twist-torque profiles. For all values for the
stretching force f in Fig. 6, we find that stronger torques
are needed to reach a certain negative twist than the equiv-
alent positive value. This hints at a preferred rotation direc-
tion for the molecule, which may indicate that the helicity of
the structure is slightly right-handed.

To further illustrate the dependence of the twist-torque pro-
file of the structure on the stretching force, we combine the
trend lines for different stretching forces, as shown in Fig. 6,
a—d, without error bars, into one graph (see Fig. 7). We empha-
size that the full twist-torque profile point clouds contain more
detailed information about the structure than the trend lines
alone. The trend lines, however, allow for a more transparent
comparison between the profiles for different forces.

From Fig. 7, we learn that the molecule indeed gradually
stiffens as the stretching force f increases. It exhibits a
torsional stiffening behavior for small twists, after which
the resistance flattens off and the torsional resistance
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FIGURE 7 The trends (averages) of the combined force-torque spectros-
copy profile of the IgG linker region; the exerted torque 7 is shown as a
function of the twist Tw for various values of the stretching force f. For
clarity, the individual data points and the standard deviations are not shown.
To see this figure in color, go online.

remains approximately constant. Geometrically speaking,
given the double-chain structure of the molecule, we may
in fact expect the profiles to show an additional torsional
stiffening for even greater values of |Ti|. As the chains
coil around each other, the structure becomes supercoiled.
If it is twisted further, this supercoiled structure may in
turn coil around itself, resulting in a second torsional stiff-
ening. However, we have not investigated greater rotations.
Note that the flattening off and “second stiffening” in the
twist-torque profiles are not observed in the experiments
(5). We speculate that this may be due to the torsion angles
reached in experiments not being sufficiently large. Alterna-
tively, the detailed mechanical response of a subdomain of
the protein may not explicitly show up in experiments on
a protein complex made up of two molecules.

Fig. 7 indicates that the end of the torsion-stiffening
regime, represented by the inflection point of the twist-tor-
que curve, gradually shifts to smaller values of |Tw| as f in-
creases. This is likely related to the second observation with
Fig. 6, in which the quasilinear regime shrinks as the chains
are pulled closer together by the stretching force. This leads
to a build-up in the torque at smaller values of the twist. In
addition, the asymmetry between the magnitude of the ex-
erted torques for positive and negative twists is apparent.

We argue that the twist-torque profiles (as shown in
Fig. 6) and their dependence on the stretching force
(Fig. 7) compose a mechanical signature for a molecule.
Hence, our method may facilitate the development of an
automated multiscale simulation procedure for the charac-
terization of proteins, protein complexes, or other large
molecules for which we can predict and/or explain the me-
chanical response by performing this numerical force-
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torque spectroscopy analysis. The ability to identify and
isolate the most deformable domains allows for a detailed
study of a molecule’s mechanical response.

This concludes the discussion of our results. Next, we
summarize our main findings and draw our conclusions.

CONCLUSIONS

We put forward a multiscale molecular simulation method
to perform a combined force-torque spectroscopy analysis
of large molecules such as proteins; we analyze the mechan-
ical response of a molecule when subjected to external
torques and stretching forces. We combine 1) FFEA simula-
tions with 2) MD simulations that incorporate external
forces. In our proof-of-concept study, we find that using
FFEA, we are able to indicate the region within an IgG
molecule that is crucial for its torsional rigidity; while sub-
jecting the molecule to torques, we locate the area of stron-
gest deformation, suggesting that this linker domain is likely
to be the most flexible. We subsequently isolate the relevant
domain and investigate its torsional properties using MD
simulations while subjecting it to stretching forces and
torques. We make five observations on the twist-torque pro-
file for the linker domain and how it develops as the stretch-
ing force increases: 1) the slope at zero twist increases with
the force, 2) the regime with a quasilinear dependence of the
torque on the twist decreases in size with increasing force,
3) the spread in the data increases with increasing twist,
4) the spread in the data appears to depend nonmonotoni-
cally on the force, and 5) the profiles are asymmetric for
positive and negative twist angles.

We find that the linker region exhibits a torsion-stiffening
behavior, a result that is in qualitative agreement with exper-
imental results on IgG-IgG complexes by van Reenen et al.
(5). For stronger rotations, the exerted torque flattens off and
the torsional resistance remains approximately constant.
Combining the twist-torque profiles for different stretching
forces effectively results in a combined force-torque spec-
troscopy analysis of the molecule, and we argue that this
composes a mechanical signature for the examined struc-
ture. Our method sheds light on molecular properties such
as the location of a molecule’s most deformable domains,
strain stiffening behavior, maximal rotation and/or exten-
sion, helicity, and so on.

In conclusion, our study serves as a proof of concept for
an efficient numerical evaluation of the mechanical response
of a large molecule. This method facilitates the automation
of the multiscale procedure for a high-throughput computa-
tional analysis of multiple proteins subject to stretching and
torsional forces. If the atomistic structure of such a molecule
is known, we may disregard the domains less relevant to the
torsional stiffness and focus on the softest areas from the
perspective of the torsional rigidity, aided by the FFEA
method. Bulky domains within the molecule that consist
of many atoms and are likely to be relatively rigid do not
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need to be taken into account explicitly. This is a consider-
able advantage for the atomistic molecular dynamics simu-
lation that is subsequently used to investigate the torsional
properties of the relevant domain in more detail.

APPENDIX
The elastic stress

The elastic energy of the molecule is based on a Mooney-Rivlin hyperelas-
tic model for the stress (36), with an adaptation proposed by Gent (37) to
introduce a maximal deformation for the structure. The strain energy den-
sity function W is as follows:

G L, -3\ 3K-2G,,
= ——(In—3)n( 1- —1
W 2( 3)n< Im3)+ B (2=1)
3K +4G
_KdG,,

“

with G and K the shear and bulk moduli, respectively, and /; and J two
invariants of the deformation gradient tensor F:

I, = Tr(FF") 3)

and

J = Det(F) = V/Vo, ©)

with Vand Vj, the instantaneous and initial volumes, respectively. Iy, is
the maximal value for /; for the structure. In our analysis, to strongly limit
the deformations and to emphasize the stressed regions, we set I;,, = 3.1. F
describes the deformation for a mapping of a position X to a new position x,
X — x(X):

o ('9x,-
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The elastic stress tensor is derived from the strain energy density func-
tion as follows:

=7 ®)

O

which results in
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with I the identity matrix.

Calculating the twist

The twist of a ribbon indicates the amount of (right-handed) winding of the
ribbon around itself, along the central axis. We can define a ribbon by
considering the central axis C; and the boundary C, (see Fig. 8).

We indicate the unit tangent to the central axis #(s) and the normal unit
vector n(s) perpendicular to ¢, pointing from C; to C,. They share a common
arc length parameter s. The twist Tiv of the ribbon can be calculated as (49)
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FIGURE 8 A ribbon with central axis curve C; and boundary curve C,.
The unit tangent to the central axis ¢ and the unit normal vector n pointing
from C; to C, are indicated. This particular ribbon contains a twist Tw = 1.
To see this figure in color, go online.

1 dn
w 27r/(xn) 9 (10)
C

To calculate the twist contained in the linker region (see Fig. 4), we first
need to transform this region to a ribbon representation. We consider only the
backbones (consisting of carbon and nitrogen atoms) from the lowest disul-
fide bond up to the top. These are the atoms corresponding to the green rib-
bons in Fig. 6 e. Taking into account the dangling ends at the bottom of the
two chains in the twist calculation would result in overestimations of the
intrinsic twist of the protein because these are hindered less by the two-chain
structure. Because the two chains are structurally identical, it is prudent to
connect the corresponding atoms to form a ribbon. We define the central
axis A; as the average positions of the connected atoms in each chain,

_ryitr;

A= an

where r;; denotes the position of the i-th atom in chain j. The discrete
ribbon is now defined by the central axis A; and the boundary B; = ry;
(see Fig. 9).

We calculate the twist Tiv of the discrete ribbon as

1 n—1
Tw = o ; ayarccos(v; = w;), (12)
where

a; = sgn[A A+ (vi x w))], (13)

BA; x BA;,
v, = ) (14)

IBiA; x BA ||

BI' Al‘ X B,‘ Al'
W +1 +1A4i11 (15)

B ||Bi+1Ai X Bij1Aig ||,

A;

FIGURE 9 A discrete ribbon with central axis positions A; and boundary
positions B;. To see this figure in color, go online.



and AA; | ; indicates the segment from position A; to A; | | (49). The
factor «; accounts for the direction of the twist, i.e., whether the respective
segments cause a positive or negative contribution to the total twist.

Considering the writhe

In our analysis of the rotation of the molecule, we also considered using the
writhe of the structure. To calculate the writhe, we construct a closed loop
consisting of the two backbones of the chains, the lowest disulfide bond
connecting the two chains, and an artificial connection between the top
two residues. The writhe is a quantity of a closed loop, which means that
it is independent of any external reference axis or orientation. However,
it turns out that the writhe is rather sensitive to fluctuations in the positions
of the atoms. This results in uncertainties and inaccuracies in determining
the rotation of the molecule and we therefore deem it unsuitable for our
analysis.

SUPPORTING MATERIAL

Supporting Material can be found online at https://doi.org/10.1016/j.bpj.
2020.09.039.
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