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Chapter 1

Introduction

Macromolecules, which are large molecules with a usual diameter between 1 nm and
1 mm, are ubiquitous in nature. When we think in terms of large biomolecules, they
consist of smaller molecules like carbohydrates, lipids, proteins, or nucleic acids. The
physiological functions of these biomolecules are many-faceted and include the energy
delivery to cells based on the breakdown of sugars, [1] the formation of cell-membrane
bilayers, [2] the interplay between enzyme function and protein dynamics as regulatory
processes in organisms, [3,4] as well as genome expression in DNA. [5] In 1946, James
Batcheller Sumner, John Howard Northrop and Wendell Meredith Stanley received the
Nobel Prize in chemistry for ”the discovery that enzymes can be crystallized” and for
”their preparation of enzymes and virus proteins in a pure form”, [6] and in 1958 the
Nobel Prize in chemistry was awarded to the British chemist Frederick Sanger for his
studies on the structure of insulin. [7] Consequently, efforts to investigate the structure
and interaction of biomolecules in connection to their physiological functions persist
now for more than seventy years. [8–10]

The complexity of biomolecules can be estimated, when we realize that today, the exact
pathways for interactions and their connection to structural changes of proteins on a
molecular level is still an enormously active field of research and that many aspects of
it are not well understood. [11–14]

Several new or significantly improved experimental methods drive the research of
molecular processes together with theoretical modeling and computational simula-
tions. For the study of proteins, these methods include nuclear magnetic resonance
(NMR), [15–18] small-angle X-ray scattering (SAXS), [19–21] single molecule force spec-
troscopy (SMFS), [22–26] vibrational spectroscopy, [27–30] Förster resonance energy trans-
fer (FRET) microscopy, [31–33] the development of theoretical models to interpret energy
landscapes and to estimate transition and escape times, [34–39] as well as extensive com-
putational efforts to model systems by means of Brownian dynamics (BD) simulations,
all atom molecular dynamics (MD) simulations and ab initio or quantum mechanics
calculations. [40–51]

Another class of macromolecules relevant to this thesis are synthetic polymers which
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1. Introduction

have long been a major field of material science. [52–60] They also play a huge role in
medical applications such as tissue engineering [61–63] or the design of nanocarriers for
drug delivery. [64–66]

Throughout this thesis, experimental results from physics, chemistry, biology, and
pharmaceutical science are combined with mostly all atom molecular dynamics simu-
lations as well as theoretical descriptions to elucidate quantitative relationships or to
reveal scaling predictions. [67–71]

In chapter 2, we present MD simulations in explicit water to investigate the force-
extension relations of the five homopeptides polyglycine, polyalanine, polyasparagine,
poly(glutamic acid), and polylysine. Simulations in the low-force regime allow for the
determination of the Kuhn length, whereas analysis of the high-force regime provides the
equilibrium polymer contour length as well as the linear and non-linear stretching mod-
uli, which agree well with quantum- chemical density-functional theory calculations. We
find these parameters to vary considerably between the different homopeptides. Based
on the analysis of the dihedral angle distribution, we confirm the applicability of the in-
homogeneous partially freely rotating chain (iPFRC) model that accounts for side-chain
interactions and restricted dihedral rotation. We augment the model to implement the
force-dependent change of the polymer contour length due to the stretching-force in-
duced increase of bond angles and bond lengths. We find the simulated stretching
response to be described well by an augmented iPFRC model. Consequently, we pro-
vide analytic expressions which act as reliable model predictions for the force-extension
relations of the simulated homopeptides. We present a quantitative comparison between
published experimental single-molecule force-extension curves for different polypeptides
with simulation and model predictions. The thermodynamic stretching properties of
polypeptides are investigated by decomposition of the stretching free energy into ener-
getic and entropic contributions.

Chapter 3 is motivated by the investigation of structural signal transmission mecha-
nisms based on the two-component signaling motif of light-regulated histidine kinases
by Möglich, et al. [72] To this end, we simulate the coiled coil linker structure Ja which
is based on the light-oxygen-voltage (LOV) histidine kinase YF1. [72,73] This coiled coil
linker structure consists of two parallel alpha-helical polypeptides. The system is stable
in MD simulations in explicit water but can undergo different relative motions which
include shift, splay, and twist. We analyse the relative fluctuations of the end-termini
for the two helices concerning the relative motions shift, splay, and twist. By em-
ployment of linear response theory, we can calculate the response functions from these
fluctuations which are consequently translated in Fourier space. This approach can be
compared to the description of an alternating current circuit. The knowledge of the
linear response functions allows for the definition of a ”real” periodic driving force on
one end of one helix and a ”virtual” periodic force on another end, such that the relative
fluctuations become zero (c.f. eqs 3.5 to 3.7). This definition yields the relative motion
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specific frequency-dependent transmission functions as quotients of two response func-
tions in Fourier space. These functions provide a measure for the efficiency of a relative
motion to transmit a signal from one end of the double-helical structure to another end.
The extracted response functions are fitted to extract correlation times and strengths
inherent to the relative motions. The total simulation time of more than 10µs and the
fits of the response functions allow for the description of the transmission function for
frequencies between 100 kHz and 1 THz. The analysis provides a blueprint on how to
quantify the efficiency of signal transmission through different structural motions inside
a signaling protein complex.

In chapter 4, we investigate the effect of change in temperature on the force-extension
relation and the thermodynamic stretching properties for polyethylene glycol (PEG)
and poly(N-isopropylacrylamide) (PNiPAM) from MD simulations in explicit water.
In collaboration with the research group of Thorsten Hugel from Albert-Ludwigs-
Universität in Freiburg, these results are compared with experimental single molecule
force spectroscopy measurements. The comparison of the two water-soluble polymers
reveals an opposing temperature dependence of the stretching response for PEG and
PNiPAM. Based on MD simulations in explicit water of both PEG and PNiPAM at
a wide range of temperatures, we attribute these effects to interactions of the poly-
mers with water molecules (hydration) which impacts the mechanics of these polymers
through stabilization. Upon investigation of the stretching thermodynamic properties
by decomposition of the stretching free energy into energetic and entropic contributions,
we find that these contributions compete. For PEG, we can link the temperature-
dependent change in energetic and entropic contributions to the non-linear behavior of
the mean fraction of monomers in trans state upon an increase of the stretching force.
Below 200 pN the probability for water bridges to stabilize gauche states in PEG turns
out to be increased for lower temperatures. For both PEG and PNiPAM, hydration
effects are of such relevance that traditional polymer models such as the freely jointed
chain or worm-like chain are rendered nonphysical in their attempt to describe the
force-extension relation.

Finally, in Chapter 5 we present Brownian dynamics simulations of grafted and non-
grafted bead-spring chains under linear shear flow conditions including hydrodynamic
interactions. This bead-spring chain acts as a coarse-grained model for the von Wille-
brand factor, [74,75] a large glycoprotein whose activation is crucially involved in primary
hemostasis. [76–78] The shear-flow-increase-driven transition from a globular to an elon-
gated state has been suggested as a mechanism to activate von Willebrand factor. The
elongation leads to the exposure of cleavage sites for interaction with ADAMTS13,
enables the von Willebrand factor to bind to the vessel wall and ultimately yields the
aggregation of blood platelets at the site of an injured vessel. [68,79–83] This study pro-
vides a comparison between the previously well-studied situation of von Willebrand
factor under linear shear flow conditions in the non-grafted scenario [74,75] to the not
yet studied grafted situation where von Willebrand is bound to the vessel wall. Tensile
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1. Introduction

force profiles and the shear-rate-dependent globular-coil transition for grafted and non-
grafted chains are investigated to shed light on the different unfolding mechanisms. The
critical shear rate, at which the globular-coil transition takes place, is investigated. The
scaling of the critical shear rate with the monomer number is inverse for the grafted
and non-grafted scenarios. This implicates that for the grafted scenario, larger chains
have a decreased critical shear rate, while for the non-grafted scenario higher shear
rates are needed to unfold larger chains. Protrusions govern the unfolding transition of
non-grafted polymers, while for grafted polymers, the maximal tension appears at the
grafted end. For the grafted polymer, we discuss the interplay between drag and lift
forces that lead to a specific angle at which the polymer reaches into the solvent.

The common intention of the aforementioned projects is to provide a more robust
understanding of the underlying mechanics and thermodynamic properties for the force-
dependent and temperature-dependent response of proteins and polymers in water.

4



Chapter 2

Force Response of Polypeptide Chains
from Water-Explicit MD Simulations

Bibliographic information: This chapter and appendix A have previously been pub-
lished. Reprinted with permission from Ref. [i], https://doi.org/10.1021/acs.macr
omol.0c00138. Copyright 2020 American Chemical Society.

Author contribution statement: Richard Schwarzl carried out all simulations and the
analysis of the data except for the DFT calculations, which have been carried out by
Florian N. Brünig. Roland R. Netz supervised the project. Richard Schwarzl created
all figures und wrote the first version of the manuscript except the methods part for
the DFT calculations, which has been written by Florian N. Brünig. Fabio Laudisio
contributed to the figure A.1 in appendix A by investigation of the effect of the salt
concentration during his bachelor thesis under the supervision of Richard Schwarzl.
For the investigation of the effect of the salt concentration, Richard Schwarzl provided
the input files for the simulations and additionally carried out the same simulations
himself. All authors except Fabio Laudisio discussed the results and contributed to
the final version of the manuscript, which is published under: R. Schwarzl, S. Liese, F.
N. Brünig, F. Laudisio, and R. R. Netz, Force Response of Polypeptide Chains from
Water-Explicit MD Simulations, Macromolecules 53, 4618 (2020).

2.1 Introduction

Proteins consist of amino acids that are linked by peptide bonds. Numerous biological
processes depend on the mechanical response of proteins [84–89] and the understanding
of such processes requires as a first step the accurate description of the stretching
response of single peptide chains. The elastic response of single protein molecules has
been thoroughly investigated experimentally by atomic force microscopy (AFM). [90–96]

The experimentally measured force-stretching relations of unfolded peptide chains are

5

https://doi.org/10.1021/acs.macromol.0c00138
https://doi.org/10.1021/acs.macromol.0c00138


2. Force Response of Polypeptide Chains from Water-Explicit MD Simulations

typically compared with the freely jointed chain (FJC) [97–99] model or the worm-like
chain (WLC) [100,101] model. The WLC model has been shown to describe relatively stiff
biological polymers such as double-stranded DNA [102] very well, and the persistence
length that results from a fit to the force-extension relationship is related to the DNA
bending stiffness and thus has physical meaning. For flexible polymers, which at the
atomic scale consist of chemical bonds with a preferred bond length and preferred bond
angle, neither the FJC nor the WLC model is microscopically correct. In fact, for
the stretching of titin immunoglobulin domains, a multitude of different theoretical
polymer models have been used that account for various molecular aspects such as
fixed or extensible bond lengths, fixed bond angles, dihedral potential effects as well as
specific interactions between polymer backbone and solvent. [92,103–105]

While experimental force-extension data of polypeptides is routinely fitted with the
freely-jointed chain (FJC) model, which is equivalent to the Langevin model for the
alignment of a dipole in an external field, the bond length that results from such a
fit has no physical meaning and in particular does not agree with the actual chemical
peptide bond length. As a step towards a more accurate description of experimental
force-extension data of polypeptides, the stretching response of a freely rotating chain
(FRC) model, which includes a fixed bond angle, was favorably compared with exper-
imental data. [106,107] The disadvantage of the FRC model is that the force-extension
relation is not available in closed form but must be calculated numerically by trans-
fer matrix techniques. The resulting stretching behavior is quite complex and exhibits
three distinct scaling regimes, a low-force linear regime, an intermediate regime that
is similar to the response of a WLC chain, and finally a high force regime that can be
mapped onto the FJC model. [106] But a peptide chain is also not accurately described
by the FRC model, since the peptide backbone bond lengths and angles are not all the
same and, more importantly, strong dihedral potentials exist that are very different for
different bonds along the peptide backbone. In fact, one of the bonds, the so-called
peptide bond, is almost unable to rotate. Motivated by this, the more general inhomo-
geneous partially freely rotating chain (iPFRC) model [108] was introduced, which, in
addition to the inhomogeneous bond lengths and bond angles along the peptide back-
bone, accounts for the stiff peptide bond and fixes its dihedral angle to 180°. All these
models are ideal and neglect interactions between amino acids as well as hydration
effects, which for PEG have been demonstrated to dramatically influence the stretch-
ing behavior. [48] Particularly important for peptides are the interactions between side
chains of neighboring amino acids, which are difficult to treat in theoretical polymer
models.

In this paper, we investigate the force-extension relation of five different homopep-
tides consisting of 13 amino acids by means of molecular dynamics (MD) simulations
in explicit water. In analogy to AFM experiments, we apply a constant force to the
outermost Ca atoms and determine the average end-to-end distance between those Ca

atoms, as schematically shown in Figure 2.1a and as done earlier for PEG and PNI-
PAM. [48,71] We choose polyglycine (GLY), which consists of only the peptide backbone
and hence represents the structurally simplest peptide, and in addition polyalanine
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(ALA), polyasparagine (ASN), polyglutamic acid (GLU) and polylysine (LYS). These
peptides span a wide range from hydrophobic to hydrophilic and charged polymers.

In order to separate effects due to interactions between neighboring amino acids from
effects due to interactions between non-neighboring amino acids, we compare stretch-
ing simulations of tripeptides with stretching simulations of peptides consisting of 13
amino acids, both in water. From this comparison we conclude that interactions be-
tween side chains of neighboring amino acids are strong and modify significantly the
unstretched peptide contour length and the backbone extensibility. By comparison of
tripeptide simulations in water at room temperature and in vacuum at zero tempera-
ture, we demonstrate that hydration effects do not modify the peptide contour length
and the peptide contour extensibility, which we explain by a detailed hydrogen bonding
analysis. The comparison with density-functional quantum-chemistry calculations of
stretched tripeptides shows that the MD peptide force fields are well parameterized in
terms of the backbone contour length and its extensibility. We then extract the peptide
Kuhn length from the low-force stretching response of 13-mers. An analysis of dihedral
angle distributions in terms of Ramachandran plots demonstrates that indeed the pep-
tide bond is not rotating, which confirms the basic assumption of the iPFRC model. By
comparison of the iPFRC model with the MD simulations at large stretching force, we
determine the single undetermined parameter in the iPFRC model and show that it pro-
vides an excellent description of MD stretching curves over the entire force range if the
contour length and contour extensibility are correctly taken into account. Finally, we
compare the force-extension relations from MD simulations and the iPFRC model with
experimental AFM results obtained previously [107] for two different heteropolymers,
titin and spider silk (GVGVP), and for polylysine. The agreement is overall good but
shows some discrepancy in the 200 pN force range, which might be due to peptide bond
isomerization effects. We also determine the energetic and entropic contributions to the
stretching response and find that water bridges, where one water forms two hydrogens
bonds with the polypeptide, play only a marginal role in thermodynamically stabilizing
homopeptide conformations against stretching. We conclude that the iPFRC model is
an accurate model for the description of peptide stretching, provided that effects due
to restricted backbone dihedral rotation and side-chain interactions are accounted for
by suitably choosing the single fit parameter of the iPFRC model.

2.2 Results

In Figure 2.1a we show an MD simulation snapshot of an alanine chain with 13 residues,
which we abbreviate by ALA13, solvated in water at a stretching force of f = 1300 pN.
Constant stretching forces f , parallel to the z-axis, act in opposite directions on the
first and last Ca atoms. For each force, we calculate the time-averaged end-to-end
distance zete in z-direction between these two Ca atoms. In Figure 2.1b we present
force-extension results for all five polypeptides investigated in this study. All simula-
tions are performed without added salt, in the supplementary information, salt effects
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2. Force Response of Polypeptide Chains from Water-Explicit MD Simulations

(a)

x
z

y

ff

z#$# 𝐶&'(𝐶&'

(b)

0 1 2 3 4
zete [nm]

0

200

400

600

800

1000

1200

f[
pN

]

GLY13

ALA13

ASN13

GLU13

LYS13

4.0 4.2 4.4
0

500

1000

Figure 2.1: (a) Snapshot of an MD simulation of ALA13 at a stretching force of f = 1300 pN.
(b) Simulation results for the force-extension relation of five different polypeptides. The inset
highlights the high-stretching regime.

are shown to be negligible in the force range considered by us. Deviations between dif-
ferent peptides are revealed in the inset, where we show the large stretching regime. Of
the five polypeptides, polyglycine shows the largest end-to-end distance zete for a given
force, as we will explain based on an analysis of the contour lengths of the different
peptides later on.
To quantify the stretching response of different peptides, we first need to determine the
contour length in the absence of an external force, which need not be the same for the
different peptides. For this we probe the stretching response of a tripeptide, which is the
smallest subunit of a polypeptide for which the separation vector between the outer Ca

atoms in the stretched state is parallel to the end-to-end vector of the polypeptide. [107]

This is so because one amino acid residue consists of an odd number of backbone atoms,
namely three. Figures 2.2a and 2.2b show as solid lines the potential energy landscapes
of all tripeptides in vacuum at zero temperature as a function of the separation between
the outer Ca atoms, denoted by 2a, which are obtained from ground state optimization
of the MD force field (see Figure 2.2c for a snapshot and illustration of the geometry),
where a denotes the contour length per amino acid residue.
The results demonstrate the existence of different competing ground states that ex-
hibit sharp transitions as different ground state energies cross. The dotted lines in
Figures 2.2a and 2.2b correspond to the free energy landscapes obtained from MD um-
brella simulations of tripeptides in water at room temperature T=300 K. For large
stretching the differences between the corresponding solid and broken lines are very
small, which means that hydration as well as conformational fluctuation effects are not
important in the stretched state. For small values of 2a, i.e. in the unstretched and
compressed state, the differences between the vacuum T = 0 K results and the hydrated
finite-T results are significant and the sharp transitions between different groundstates
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Figure 2.2: (a+b) Comparison of energy landscapes in vacuum at T = 0 K (solid lines) and free
energy landscapes in water at T = 300 K (dotted lines) from MD simulations as function of
the separation between the terminal Ca atoms, 2a, for (a) GLY3, ALA3 and (b) ASN3, GLU3,
LYS3 (ALA3 in red is shown for reference). Ground state conformations for a strongly stretched
state (2a = 0.77 nm) of (c) GLY3 and (d) ALA3 obtained from the MD force field in vacuum
at T = 0 K. The structures reveal that the backbone of ALA3 is non planar, which is due to
repulsive side-chain backbone interactions. GLY3 on the other hand adopts a planar state at
the same separation. (e+f) Stretching forces of the different tripeptides, obtained by numerical
derivative of the energy and free energy landscapes in (a) and (b). The largest separation 2a0
where the stretching force in vacuum vanishes is used to define the equilibrium monomer lengths
a0, which are denoted by vertical colored arrows. Note that the range of separations shown is
decreased compared to (a) and (b) in order to focus on the equilibrium configuration with
separation 2a0. (g): Comparison of stretching forces from quantum chemistry DFT in vacuum
at T = 0 K (data points), MD force-fields in vacuum at T = 0 K (solid lines), MD force-fields
in water at T = 300 K (dotted lines) for the stretching force of alanine and glycine tripeptides.

that are visible in the T = 0 K results are expectedly washed out at room temperature.
In Figures 2.2e and 2.2f we show the stretching forces of tripeptides, which are obtained
from the numerical derivative of the tripeptide energy and free energy landscapes. We
define the equilibrium monomer contour length a0 by the largest monomer length at
which the force vanishes and base our results, which are denoted by vertical colored
arrows, on the forces obtained within the vacuum calculations (solid lines). The re-
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2. Force Response of Polypeptide Chains from Water-Explicit MD Simulations

sulting equilibrium monomer lengths are 0.74 nm for glycine, 0.72 nm for alanine and
0.70 nm for asparagine, glutamic acid and lysine. The fact that the glycine equilibrium
monomer length is significantly larger than for the other investigated peptides is ex-
plained by the fact polyglycine forms a perfectly planar structure in the ground state,
while the other polypeptides exhibit non-planar ground states due to repulsive interac-
tions between side chains and the backbone. This is illustrated in Figure 2.2c and d,
where we show MD snapshots in vacuum and at T = 0 K of GLY3 and ALA3 at the
same fixed separation 2a = 0.77 nm. This fixed separation corresponds to a significant
stretching force in the range of 2 nN. We see that the backbone of alanine is non planar
even at such a strong stretching force.
In Figure 2.2g we compare DFT results in vacuum at T = 0 K with MD force-field
results in vacuum at T = 0 K and in water at T = 300 K for the stretching force for
glycine and alanine tripeptides. DFT and MD results agree very well in the relevant
force regime between 0 pN and 1500 pN, which reflects that amber backbone force-field
parameters have been optimized using gas-phase QM calculations. [109] The DFT re-
sults confirm the increased resistance to stretching of alanine compared to glycine. An
analysis of the MD interaction energies in vacuum for ALA3 and GLY3 (cf. supporting
information) shows that the smaller contour length of alanine is caused by repulsive
Lennard-Jones interactions between the side-chain and the backbone. This means that
backbone rotational degrees of freedom are restricted by the presence of side-chains in
alanine, the same mechanism acts for the other polypeptides as well.
In order to further understand the structural differences between polyglycine and the

other polypeptides, we investigate backbone dihedral angles of polypeptides in water.
The nomenclature for the different backbone dihedral angles is defined in Figure 2.2c,
φ denotes the C–Ca –N–C dihedral angle and ψ denotes the N–C–Ca –N dihedral
angle. We calculate the dihedral angles φ and ψ for zero stretching force and for a large
stretching force of 1300 pN by averaging over all 12 equivalent dihedral angles in the
polypeptide. The resulting Ramachandran plots for zero force for GLY13 and for ALA13

are shown in Figure 2.3a and Figure 2.3b. We see that for glycine the distribution of
the dihedral φ is symmetric and rather broadly distributed, whereas for alanine the dis-
tribution is asymmetric and restricted to a smaller region of the conformational space,
which demonstrates the restricted backbone rotation due to side-chain steric hindrance.
The symmetry breaking persists to large stretching forces of 1300 pN in Figure 2.3c and
Figure 2.3d. These results show that even at large stretching forces alanine is not pla-
nar, while glycine is perfectly planar at such high forces. That this effect is not specific
to alanine but holds also for all other investigated polypeptides, except glycine, can be
seen in the plots Figures 2.3e to 2.3g. The intercept of the broken lines in Figure 2.3
indicates the planar state, where φ = 180° and ψ = 180°.

We next analyze the stretching response of all tripeptides quantitatively. In Fig-
ure 2.4 we again show our results for the stretching force of tripeptides in vacuum and
at T = 0 K obtained from DFT and MD force fields as a function of the end-to-end
distance 2a. We fit the stretching force from the MD zero-temperature calculations by
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(a)

𝜓 = 180∘

𝜙 = 290∘

(b)

𝜓 = 155∘

𝜙 = 289∘

(c)

𝜓 = 180∘

𝜙 = 183∘

(d)

𝜓 = 170∘

𝜙 = 207∘

(e) (f) (g)

Figure 2.3: (a - d): Ramachandran plots for GLY13 and ALA13 at 0 pN and 1300 pN from
MD simulations in water. All φ and ψ angles of the polypeptides are averaged. Side-chain
interactions in polyalanine shift the most probable (red) region away from the symmetric planar
state φ = 180°, ψ = 180° (intercept of the broken lines). The results for polyglycine on the
other hand indicate a planar conformation. The results are in close agreement with previously
published Ramachandran plots of GLY3 and ALA3. [109–112] MD simulations snapshots in water
show the most probable conformations of a part of the polypeptides. (e - g): Ramachandran
plots of ASN13, GLU13 and LYS13 at a stretching force of 1300 pN show that all peptides except
glycine adopt non planar most probable states.
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Figure 2.4: (a) Stretching force for GLY3 and ALA3 tripeptides in vacuum and at T = 0 K
as a function of the extension 2a. Solid lines denote results from MD force fields and squares
denote results from DFT. The first order (dotted lines) and second-order (broken lines) elastic
responses defined in eq 2.5, which are fitted to the MD results, illustrate the relative importance
of the stretching moduli γ1 and γ2. (b) Results for ASN3, GLU3 and LYS3. Results for ALA3

in red are included for reference.

a second-order polynomial function, similar to a previous analysis, [107] given by

f = γ1

(
a

a0
− 1

)
+ γ2

(
a

a0
− 1

)2

, (2.1)

where we use the equilibrium monomer lengths a0 as determined in Figures 2.2e and 2.2f.
The linear stretching modulus coefficient γ1 is determined by a local fit for monomer
lengths a above the equilibrium monomer length a0 in the range 0 ≤ (a/a0−1) < 0.015.
For the non-linear coefficient γ2 the full range of data is used for fitting. The fits to the
MD results are presented in Figure 2.4 as dotted lines (including only the first order)
and as dashed lines (including first and second-order). It is seen that non-linear stretch-
ing effects are rather small for glycine while non-linear effects are important for alanine.
This can be explained by the fact that alanine is rather soft for small stretching due to
its non-planar ground state and hardens for larger stretching, similar to results observed
previously for the stretching of RNA molecules. [107] We conclude that the non-linear
model eq 2.1 fits the T = 0 K stretching response of tripeptides very well over the entire
force range.

The parameters extracted so far describe the zero-temperature stretching response
of polypeptides and thus neglect the effects of conformational fluctuations. Finite-
temperature fluctuation effects in fact become important for stretching forces smaller
than roughly 1 nN. [107] For low forces the stretching response of polymers is charac-
terized by a linear relation between the end-to-end extension zete (normalized by the
equilibrium unstretched contour length L0) and the applied stretching force f according
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to
zete
L0

=
faKuhn

3kBT
, (2.2)

which defines the Kuhn length aKuhn. [53,113,114] This relation holds if the low-stretching
condition faKuhn < kBT is satisfied and if monomer-monomer interactions are ne-
glected. [115,116] Since the polypeptides used in our simulations are rather short, the tran-
sition from the linear stretching response zete ∼ f to the non-linear Pincus stretching
response zete ∼ f2/3, which is expected to occur in the presence of repulsive monomer-
monomer interactions at very low stretching forces, cannot be observed. [117–119] In the
supporting information we demonstrate that the addition of salt into our simulations
does not change the stretching response, we conclude that electrostatic repulsive in-
teractions between charged side chains are not relevant in the force regime we are
investigating. Figure 2.5a shows the MD force-extension data in the small force regime.
We extract aKuhn from the MD simulation results by linear fits in the force range
0 ≤ f < fmax, indicated by solid straight lines. The upper bound fmax is determined by
the aforementioned condition fmaxaKuhn = kBT and is indicated by dotted horizontal
lines in Figure 2.5a. The contour length L0 at zero force in eq 2.2 is given by 12× a0,
where the equilibrium monomer lengths a0 are taken from Figures 2.2e and 2.2f. The
resulting Kuhn lengths are shown in Figure 2.5c for all different peptides. Except for
asparagine, a larger side-chain size leads to a larger Kuhn length. The inset of Fig-
ure 2.5c shows the squared radius of gyration RG at zero force as a function of the
Kuhn length. The relation between the squared radius of gyration R2

G and the Kuhn
length aKuhn is described by the heuristic relation

R2
G/N = αaKuhna0 + β, (2.3)
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Figure 2.5: (a): Low-force MD simulation results. Solid lines depict linear fits according to eq 2.2
and yield estimates for the Kuhn length aKuhn for the different polypeptides. (b): Same results
as in (a) on a double-logarithmic scale. (c): Results for the Kuhn length are shown in ascending
order, corresponding chemical peptide structures are included next to each data point. The
inset shows the correlation between the squared radius of gyration divided by N = 12 at zero
stretching force and the Kuhn length according to eq 2.3.
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2. Force Response of Polypeptide Chains from Water-Explicit MD Simulations

where α = 0.04 and β = 0.025 nm2 are the best-fit values. The presence of a finite
offset β is unexpected but obviously needed to describe the data.
We have so far determined the most important polymer parameters of the different
polypeptides investigated in this study, namely the equilibrium unstretched monomer
length a0, from which the contour length L0 = Na0 in the absence of a stretching force
can be calculated, the Kuhn length aKuhn, and the non-linear elastic coefficients that
characterize the stretching response of the contour length. Notably, all these parameters
are rather different for different polypeptides. The Kuhn length describes the low-
force stretching response, while the elastic parameters describe the high-force stretching
response of polymers. We now set out to describe the polypeptide stretching response
at intermediate forces. Based on the stretching response of a partially restricted freely-
rotating chain model, [106] a simple heuristic formula for the force-extension relation
of polypeptides, which omits the intermediate worm-like-chain stretching regime, was
given as [108]

fiPFRC =
kBT zete

L(f)

(
3

aKuhn
+

1

c a0

zete/L(f)

1− zete/L(f)

)
. (2.4)

Note that this expression is constructed such as to reproduce both the low-force and
the high-force limits of the stretching response of a rotating chain model. We here
generalize the iPFRC model by allowing the contour length L(f) to be force-dependent,
which is motivated by the results shown in Figures 2.4a and 2.4b. As a main feature, the
inhomogeneous partially freely rotating chain (iPFRC) model accounts for the fact that
the dihedral angle ω, which describes the peptide bond, defined by Ca –N–C–Ca, is
fixed at 180°, see Figure 2.2c for a graphical definition. In the original iPFRC model, the
other two dihedral angles, φ and ψ (as defined in Figure 2.2c), are free to rotate, which
clearly is an approximation. To test whether the dihedral angle ω is restricted in our
simulations, we consider Ramachandran plots of all different combinations of dihedral
angles. Two-dimensional probability histograms of dihedral angles from simulations at
zero stretching force are shown in Figure 2.6. The results support the assumption that
the dihedral angle characterizing the peptide bond ω is restricted to 180°. Furthermore,
we see that the other two dihedral angles, φ and ψ, are restricted in their rotation to
different degrees, depending on the peptide type. This suggests that the parameter
c in eq 2.4, which was determined from transfer-matrix calculations where two of the
three dihedral angles in the peptide backbone were completely free to rotate, must be
adjusted.
The relation between the force-dependent contour length L(f) and the unstretched
contour length L0 follows from eq 2.1 as

L(f) = L0

(
1 +

√
γ21 + 4γ2f − γ1

2γ2

)
, for

√
γ21 + 4γ2f − γ1

2γ2
≥ 0. (2.5)

The large force stretching response from eq 2.4 follows as
(

1− zete
L(f)

)−1
=

ca0
kBT

× f. (2.6)
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Figure 2.6: Ramachandran plots of the dihedral angles for zero stretching force demonstrate
that the dihedral angle ω that characterizes rotations around the peptide bond is restricted and
fixed to 180°. The other two dihedral angles, φ and ψ, exhibit rather broad distributions the
shapes of which depend sensitively on the peptide type.

To determine the parameter c we plot 1/(1 − zete/L(f)) as a function of the applied
stretching force f in Figure 2.7. We use a least-square fit algorithm based on eq 2.6 for
forces between 10 pN and 400 pN, since for forces above 400 pN solvation effects, finite-
temperature effects and higher-order elastic effects presumably modify the dependence
of the contour length L(f) on force compared to the elastic response we extracted from
our MD simulations of tripeptides at zero temperature. The resulting values for c are
given in Figure 2.7.

Now that we have determined all parameters of the iPFRC model from simulations,
which are compiled in Table 2.1, we can describe the simulated force-stretching data
over the entire force range without any adjustable parameters and thereby test the ap-
plicability of the heuristic force-extension relation eq 2.4. In Figure 2.8 we present the
MD simulation data by plotting the logarithm of the force versus the linear end-to-end
distance divided by the force-dependent contour length L(f). In Figure 2.8 a we com-
pare data for all different polypeptides and in the other subfigures we compare data
for individual polypeptides with eq 2.4. For comparison, we here also show results for
previously determined values of c, as predicted from the inhomogeneous partially freely
rotating chain model, ciPFRC = 0.807, and the inhomogeneous freely rotating chain
model, ciFRC = 0.515. [108] Our results show that with the c values extracted by fits
to the MD simulation data, which are generally higher than the previously estimated
values ciPFRC and ciFRC, less force is needed in the intermediate regime to stretch the
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Figure 2.7: The parameter c, which determines the large-force stretching response, is determined
by a least-square fit of the simulation results according to eq 2.6 (solid lines). For the contour
length L(f) the force-dependent expression eq 2.5 is used. The vertical dashed lines indicate
the force range that is used for the fit.

peptides. This reflects the fact that previous models have neglected side-chain interac-
tions, which of course are included in the MD simulations.
In Figure 2.9b and c we compare iPFRC modeling results (solid lines) with previ-
ously published experimental AFM results for the stretching of different single polypep-
tides [107] and with our MD simulation results, where we show the logarithm of the force
versus the end-to-end distance zete rescaled by the unstretched contour length L0. The
experimental contour length L0 we take from the original paper: [107] There, a fit of the
experimental data in the large force regime according to zete = L(f)× (1− kBT/(2bf))
with b = 0.154 nm was done, where L(f) is given by eq 2.5 with the parameters

aKuhn[nm] a0[nm] γ1[nN] γ2[nN] c

Glycine 0.45± 0.02 0.368 32.3± 0.1 78.6± 0.2 1.57± 0.06
Alanine 0.91± 0.09 0.359 9.4± 0.3 189.9± 0.7 2.07± 0.14
Asparagine 0.35± 0.04 0.351 5.3± 0.2 137.8± 1.4 1.95± 0.09
Glutamic acid 1.49± 0.18 0.351 6.2± 0.4 137.7± 0.9 2.68± 0.14
Lysine 2.92± 0.15 0.349 4.0± 1.0 136.9± 1.1 2.45± 0.22

Table 2.1: Parameters obtained from simulations including the equilibrium monomer length a0,
the Kuhn length aKuhn, the linear and non-linear stretching moduli γ1 and γ2 and the parameter
c of the iPFRC model.
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Figure 2.8: Comparison of the simulated force-stretching data to the stretching model eq 2.4
(lines). The force-dependent contour length is given by eq 2.5, for the solid lines the c parameter
values are used as deduced from the MD simulations in Figure 2.7. We also show predictions
using the previously determined parameter values for the iFRC and iPFRC models [108] (dotted
and dashed lines).

a0 = 0.365 nm, γ1 = 27.4 nN and γ2 = 109.8 nN. These parameters were determined
previously from DFT calculations of polyglycine. [107] For the rescaling of our MD simu-
lation results we use the parameters for a0, γ1, γ2 and c as derived from MD simulations
in the present paper, which for polyglycine are very similar to the parameters obtained
earlier. [107] The comparison does not employ additional fit parameters. The agreement
between experimental and iPFRC results in Figure 2.9b is fair over the experimentally
probed force range, which primarily validates the MD force-field that was used to ob-
tain the iPFRC parameters. Note that only one of the three experimental data sets,
polylysine, corresponds to a homo-polypeptide; polyGVGVP is a repeating pentameric
sequence and titin consists of a titin domain repeat, so the comparison with our ho-
mopolymeric results can strictly be done only for polylysine. In fact, the three different
experimental sequences agree with each other for forces above 30 pN, where data for
all three sets is available. Unfortunately, for smaller forces, where our results would
predict differences between different sequences to show up, data for only polyGVGVP
is available, which is seen to agree quite well with our results for polyglycine and
polyasparagine. Interestingly, deviations between the experimental and modeling re-
sults appear in the force regime around 200-400 pN. The origin of this discrepancy is
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2. Force Response of Polypeptide Chains from Water-Explicit MD Simulations

unclear, we speculate that it might be related to kinetically frozen dihedral angle flips.
Additional experiments that specifically probe aging and memory effects and that use
different stretching rates would be highly desirable in order to understand these devia-
tions.
In Figure 2.9d and Figure 2.9e we compare experimental and simulation data with
iPFRC results on a linear force scale. Here we also show in addition the force-dependent
contour length as given by eq 2.5. The contour stretching response as determined from
our simulation results is shown as broken lines, the contour stretching response for
glycine using the parameters determined previously by Hugel et al. [107] is shown as a
dashed-dotted line, these two estimates are seen to differ only slightly. This shows that
the way we compare experimental data with modeling results is consistent.
In Figure 2.9a we depict MD simulation snapshots of ALA13 for a few different applied

forces. Only for the smallest force f = 1 pN are monomer-monomer contacts seen, the
snapshots thus indicate that for the force range we are interested in, which is substan-
tially larger, interactions between amino acid residues can be neglected.
Finally, we investigate the entropic and energetic contributions to the stretching free

energy. The stretching free energy is calculated by integrating the force-extension re-
lation according to ∆F (zete) =

∫ zete
0 f(z′ete) dz′ete. The change in internal energy ∆U is

directly calculated from the simulation trajectories. The change in entropy then follows
as −T∆S = ∆F − ∆U . All contributions are divided by the number of monomeric
units and thus refer to monomeric quantities. In Figure 2.10a we show the free energy
and its decomposition into internal energy and entropy. We see that the stretching re-
sponse is mostly entropic in nature and that for alanine and glutamic acid a noticeable
attractive energetic contribution is present. All energy curves increase steeply for large
force, which in the supporting information is demonstrated to be due to backbone bond
stretching and backbone angle deformation. In Figure 2.10b we show the mean number
of hydrogen bonds per residue between peptides and water, nHB/N, as well as the ratio
between the mean number of water-bridges and the mean number of hydrogen-bonds
between peptides and water, 2nWB/nHB. A water bridge is defined as a water molecule
that forms two hydrogen bonds with the polypeptide. [48] An example of a water bridge
is shown in the inset of Figure 2.10b. We see that the number of hydrogen bonds
between peptide and water does not change with the stretching force, from which we
conclude by inversion that interactions with water do only have a marginal impact on
the stretching response of polypeptides. This is in line with our previous observation
that the stretching response of tripeptides is very similar in vacuum and in water.
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Figure 2.9: (a) Snapshots of ALA13 from MD simulations for several different applied forces.
Comparison of the iPFRC model predictions (solid lines) with (b) experimental single polypep-
tide data from AFM stretching experiments [107] (open data points) and with (c) simulation
data (filled data points) for the logarithm of the stretching force versus the end-to-end distance
rescaled by the unstretched contour length L0. (d) and (e): Same data as in (b) and (c) but
on a linear force scale. Here in addition the force-dependent contour lengths are shown as de-
termined in this study (dashed lines) and as determined by Hugel et al. for polyglycine [107]

(dashed-dotted line).

19



2. Force Response of Polypeptide Chains from Water-Explicit MD Simulations

(a)

101 103

f [pN]

0

2

4

6

en
er

gy
[k

T]

GLY13

300K, F
300K, U
300K, -TS

101 103

f [pN]

ALA13

300K, F
300K, U
300K, -TS

101 103

f [pN]

ASN13

300K, F
300K, U
300K, -TS

101 103

f [pN]

GLU13

300K, F
300K, U
300K, -TS

101 103

f [pN]

LYS13

300K, F
300K, U
300K, -TS

(b)

0

3

6

9

12

n H
B
/N

GLY13 ALA13 ASN13

GLU13

LYS13

101 103

f [pN]

0.0
0.2
0.4
0.6
0.8

2n
W

B
/
n H

B

101 103

f [pN]
101 103

f [pN]
101 103

f [pN]
101 103

f [pN]

Figure 2.10: (a) The polypeptide stretching free energy is decomposed into internal energy and
entropic contributions. The stretching free energy is calculated by the integral of the force-
extension relation. (b) The mean number of hydrogen bonds per monomeric unit between the
polypeptides and water, nHB/N, is shown to change only weakly as a function of the stretching
force. The force-dependent ratio between the mean number of water-bridges and the mean
number of hydrogen bonds between the polypeptide and water, 2nWB/nHB, depends strongly
on peptide type but only weakly on stretching force.

2.3 Conclusions

We present extensive MD simulation results for the force-extension relation of five differ-
ent homopeptides in explicit water and compare with the iPFRC model force-extension
relation, with quantum-chemistry calculations as well as with previously published ex-
perimental AFM data. The parameters for the equilibrium monomer length a0 and
the linear and nonlinear contour length stretching moduli γ0 and γ1 are determined
from tripeptide simulations in vacuum and in water. The Kuhn length aKuhn is ex-
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tracted from the linear relation of stretching force and relative extension for 13-mers
in the low-force regime. All these parameters depend strongly on the peptide type.
The applicability of the inhomogeneous partially freely rotating chain (iPFRC) model
is analyzed by detailed analysis of Ramachandran plots and it is shown that side-chain
interactions in peptides modify the iPFRC parameter c that plays a prominent role
in the high-force regime. It is shown that the iPFRC model describes the simulated
force-extension very well over the entire force range without additional freely adjustable
parameters. Agreement with published experimental data is good over the force range
where experimental data is available, but shows significant deviations in the mid-force
regime around 200-400 pN, which suggests further experimental studies in the future.
We thus demonstrate that if all relevant parameters such as the equilibrium monomer
length, the Kuhn length, the iPFRC parameter c and the stretching moduli are deter-
mined, the global force-stretching relation of peptides can be quantitatively predicted.
This will help to interpret polypeptide force-extension relations measured experimen-
tally in different applications and scenarios. The stretching of the contour length is
important in the high-force regime. The effect of amino-acid interactions is expected to
show up in the low-force regime and can be included by incorporating existing scaling
models. [115,116] A decomposition of the stretching free energy into energetic and en-
tropic contributions shows that peptide stretching is mostly entropic, which is different
from previous results found for PEG. [48,71] This result is rationalized by an analysis
of the number of hydrogen bonds between water and peptide and of the number of
water-bridges, which depend very little on the applied force.

2.4 Methods

All MD simulations are performed using the Gromacs simulation package version 5.1.5,
some simulations were additionally done with the version 2016.1. [120] The time step is
set to 2 fs, the temperature is set to 300 K and the pressure is set to 1 bar with a water
compressibility of 4.5× 10−5 bar−1. For temperature coupling we use the v-rescale [121]

and for pressure coupling the Parrinello-Rahman [122] algorithm with relaxation times of
0.1 ps and 0.5 ps, respectively. All simulations are performed using periodic boundary
conditions. The cut-off for non-bonded interactions is set to 1.0 nm. The particle mesh
Ewald method [123] is used to calculate the long-range electrostatic interactions. Except
for the tripeptide calculations, all homopeptides investigated consist of 13 amino acids.
The first and last Ca atoms along the backbone are the anchor points for constant
forces that are applied in opposite directions in the z-direction. The polypeptides are
simulated in a box with dimensions of 4.5 nm in x- and y- and 12.5 nm in z-direction.
Production runs for low forces have a simulation time of up to 830 ns, for high forces the
simulations times are at least 200 ns. The mean end-to-end distance zete in stretching-
direction is defined by the time average over the distance in z-direction between the
first and the last Ca atom of the backbone of the polypeptide as zete = 〈zC1

α−C13
α
〉. We

simulate polyalanine, polyasparagine, polyglutamic acid, polyglycine and polylysine.
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2. Force Response of Polypeptide Chains from Water-Explicit MD Simulations

The caps of the polypeptides are chosen in the zwitterionic form. All polypeptides are
simulated using the amber99sb force field. [124] The bond lengths are not constraint. In
the initial configuration of the simulations the dihedral angles are all 180°, which for
GLY13 corresponds to a length of zC1

α−C13
α

= 4.38 nm. Initial configurations are created

with Avogadro. [125] The exported pdb file is converted to Gromacs input files using
pdb2gmx. For the polypeptides with charged side chains, such as polylysine and polyg-
lutamic acid, all side chains are charged. The system is neutralized by inserting the
same number of counter ions Na+ or Cl– . Simulations with added salt are shown in the
supplementary information. For water, the recommended force field tip3p is used. [126]

To equilibrate the system before production runs, an energy minimization followed by
a 1 ns NPT simulation is performed. For a given polypeptide, the same equilibrated
configuration is used for initializing all production runs at different forces. We analyzed
the auto-correlation function of the end-to-end separation to confirm that the relaxation
time is much smaller than the simulation time. From the ratio of simulation times and
relaxation times the number of uncorrelated configurations is estimated, which is then
used for the calculation of the standard error of expectation values. For the hydrogen
bond analysis, a donor-acceptor distance cutoff of 3.5�A and an angle cutoff of 150° is
used, which agrees with cutoffs used in the definition of strong hydrogen bonds. [127–129]

The number of hydrogen bonds between water and the polypeptide is analyzed every
0.2 ns using the tools MDAnalysis.analysis.hbonds.hbond analysis. [130,131] A water
molecule that forms two hydrogen bonds with the polypeptide is denoted as a water
bridge.
For the umbrella simulations, tripeptides are put in a 2.5×2.5×2.5 nm3 box with 503 wa-
ter molecules. After energy minimization, the box is equilibrated for 1 ns in an NPT sim-
ulation. Afterwards, a harmonic potential with a force constant of 200 000 kJ/(mol nm2)
is applied between the first and the last Ca atoms. The minimum of the harmonic poten-
tial is varied between 0.50 nm and 0.80 nm in steps of 0.01 nm. The number of windows
is therefore given by 30. The simulations are analyzed using the WHAM algorithm. [132]

For the estimate of the force response of a monomer in vacuum, we perform energy
minimizations in double precision, where a single stretched tripeptide is put in a
2.5 × 2.5 × 2.5 nm3 box without any water molecules. The distance 2a between the
first and the last Ca atoms is constrained during each energy minimization. For each
value of 2a we perform two indepedent minimizations using the steepest descent method
and using the conjugate gradient method and choose the result that gives the lower en-
ergy, which helps to avoid the pitfall of being stuck in a local energy minimum. We
then change the value of 2a in steps of 0.01 nm and use the result from the previous
minimization as starting point. By starting from various different initial configurations,
we ensure to obtain the lowest energy structures for all values of 2a. For steepest de-
scent, the maximum step size is set to 0.01 nm and the maximum tolerance is set to
1 kJ/(mol nm). The same tolerance value is used for the conjugate gradient method.
The dielectric constant for the energy minimization is set to the bulk value of tip3p
water, which we found to be 106 at 300 K. This value matches reasonable well the
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2.4 Methods

reported value of 97±7 by Höchtl et al., [133] which was simulated with AMBER 4.1 [134]

in a box with 2.5 nm side length.
In order to support the results from classical simulations and exclude the possibility
that differences between glycine and other peptides are force-field specific effects, den-
sity functional theory (DFT) calculations are performed. The tripeptide structures are
simplified compared to the MD simulations by substituting the capping groups for neu-
tral methyl groups (CH3 –NH–CO–CR–NH–CO–CH3). We limit the computations
to two systems, glycine and alanine. Energy minimizations of the structures in vacuum
at fixed separations between the C atoms of the caps are performed for several values
around 2a = 0.73 nm, starting from optimized geometries of the corresponding classi-
cal simulations. For the DFT calculations, we use the CP2K 4.1 environment with a
correlation-consistent polarized triple-zeta basis set augmented with diffuse functions,
the BLYP exchange-correlation functional and D3 dispersion corrections. [135–137]
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Chapter 3

Quantification of the Frequency-Dependent
Signal Transduction for the Coiled Coil
Linker Ja

Bibliographic information: The content of this chapter is in preparation to be submit-
ted to a peer-reviewed journal (Ref. [ii]).

Author contribution statement: Richard Schwarzl carried out all simulations and the
analysis of the data. Roland R. Netz supervised the project. Richard Schwarzl created
all figures and wrote the manuscript, which has not been handed in for publication yet.

3.1 Introduction

Physiological responses to stimuli constitute a major inherent regulatory concept in
biology. Prime examples are cell regulation [138–140] and differentiation. [141–143] At the
molecular level, such regulatory processes involve signal receptors (sensors) which can
perceive environmental changes (e.g., light, pH, hormones) and corresponding effec-
tors which are responsible for sparking a response. [144–146] Sensors and effectors can
usually be assigned to distinct domains of proteins. [145] Improvements of experimental
techniques, e.g., in the field of fluorescence resonance energy transfer (FRET), [147,148]

triggered a shift of the focus to the investigation of designated signaling pathways on
a molecular level. [72,149–155] The combination of spectroscopy techniques and all atom
molecular dynamics simulation description has led to recent insights into time-resolved
processes of allosteric regulation. [156–159]

In this study we investigate different structural signal transmission mechanisms based
on the two-component signaling motif of light-regulated histidine kinases by Möglich, et
al. [72] The design is based on the light-oxygen-voltage (LOV) histidine kinase YF1. [72,73]

Coiled coil systems are a frequently suggested signal transduction motif. [160–166]
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Figure 3.1: Photochemistry, structure, and signaling of light-oxygen-voltage (LOV)-
histidine kinases. (a) The dark-adapted state D450 with its flavin-nucleotide chromophore in
the oxidized quinone state absorbs blue light and then passes through short-lived electronically
excited singlet and triplet states. A covalent bonds forms between a conserved cysteine residue
and atom C4a of the flavin, thus giving rise to the metastable signaling state S390 , which
thermally decays to D450 over seconds to many hours, depending on residues adjacent to the
chromophore. (b) As a subfamily of the Per-ARNT-Sim domains, LOV sensor domains exhibit
a compact fold with a five-stranded antiparallel β sheet and several α helices that together
coordinate the flavin chromophore. (c) The full-length structure of the dark-adapted LOV his-
tidine kinase YF1 (PDB 4GCZ). (d) Based on electron paramagnetic resonance spectroscopy
and X-ray solution scattering, the light-induced conformational changes within the dimeric LOV
sensor have been identified as a splaying apart of the sister monomers. The N termini of the Ja
helices that form the coiled coil linker are thus moved apart by around 3�A in the light (yellow)
relative to the dark (blue).
Note: Figure and caption are taken from Möglich 2019 [73] as a reference of the investigated
coiled coil section Ja. Reprinted from A. Möglich, Signal transduction in photoreceptor his-
tidine kinases, Protein Science 28, 1923-1946 (2019), https://doi.org/10.1002/pro.3705.
Copyright 2019 by Andreas Möglich, Protein Science published by Wiley Periodicals, Inc. on
behalf of The Protein Society. Reprinted with permission. License: CC BY.
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3.1 Introduction

To investigate the fundamental mechanism of structural signaling through a coiled coil
linker, we perform molecular dynamics (MD) simulations of the coiled coil linker, which
has previously been experimentally investigated by Möglich, et al. [72] This linker con-
sists of two α-helices (c.f. Figure 3.1). It is referred to as Ja and connects two parts
of a fusion protein that is built up by the histidine kinase complex from Bradyrhizo-
bium japonicum and the LOV sensor domain from Bacillus subtilis YtvA. [72] In our
simulations, the linker is studied without the environment of the adjacent sensor and
effector domains. Each α-helix has the sequence ITEHQQTQARLQELQSELVHVSR
The N-terminus of the helices at the side of ILE is NH2 and the C-terminus at ARG is
an N-Methylamide C-terminus (CT3) which is given by CO–NH–CH3. The charge of
the NH2 terminus is artificially put to zero such that both termini are neutral in charge.
Charged residues of the sequence are the two GLU (-e) and the ARG (+e) resulting in
a total charge of -e per α-helix. Hence, the solute contains two sodium counter ions to
ensure zero total charge of the system. The two α-helices are initially arranged parallel
in the simulation box but are not additionally constrained throughout the simulation.
We provide further information on how we prepare and conduct the simulations in the
Methods section. A screenshot from simulations of the linker is shown in Figure 3.2a
without the solute.
From MD simulations results, we investigate three possible relative motions of the two
coils as modes of signal transmission, namely shift, splay, and twist (cf. Figures 3.2c
and 3.2d). All three modes will be defined in the beginning of the Results section of
this study. The self- and cross-correlations of the two shift, the two splay, and the
twist components are calculated and the numerical derivatives of the results, which
correspond to the time-resolved response functions of a designated modes, are trans-
ferred into Fourier space. Ratios of the self- and the cross-response in Fourier space
yield the transmission function, which states the effectiveness of signal transduction
from the N terminal side to the opposing C terminal side of the linker through a des-
ignated relative motion depending on the frequency of the driving force. Experimental
investigations have given rise to the proposed signal transduction pathway of a splay
motion (c.f. Figure 3.1). [73] Based on the frequency dependent force-transmit functions
deduced from our simulation, we find that the splay mode provides a rather low value
of force-transmission and that the force-transmission of the twist and shift mode are
larger by a factor between five and ten depending on the frequency range. Therefore,
the numerical results from MD simulations alone suggest the twist and shift mode to be
a more likely pathway for signal transduction. However, we point out that we neglected
the adjacent sensor and effector domains in our simulations.
We describe the numerical results with multi-exponential functions as a heuristic ansatz
based on the deconvolution theory by Hinczewski, et al. [167] to extract correlation
strengths and correlation times relevant for the modes shift, splay, and twist. These
parameters yield analytic expressions for the frequency dependent response functions
and consequently also the transmission functions, which can help to interpret noisy
regions of the numerical result.
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Figure 3.2: (a) A screenshot of the simulated coiled coil system together with the position vectors
of the end-termini as well as difference vectors describing the distances between end-termini.
(b) Histograms of the distances defined in (a) are shown as evidence for the stability of the
system over the course of the simulation length of 10µs. Note that the distributions of |~a1|
and |~a2| overlap. (c) The schematics of the definitions of shift and splay as the parallel and
perpendicular components of ~c and ~n with respect to the symmetrized axis ~a = (~a1 +~a2)/2 and
(d) the twist, which is defined based on the scalar product of the two unit vectors ĉsp and n̂sp.

3.2 Results

For the description of the dynamics of the two α-helices of the linker Ja, we define the
position vectors ~Ci of the C-terminal CH3 and ~Ni of the N-terminal NH2, where i = 1, 2
refers to the first or second α-helix. The vectors are used to construct the distance
vectors ~c = ~C2 − ~C1, ~n = ~N2 − ~N1 and ~ai ≡ ~Ci − ~Ni as shown in Figure 3.2a. To
check the stability of the simulated system, we extract the probability density function
(PDF) of each of the distance vector lengths c, n and ai. The results are shown in
Figure 3.2b and confirm a stable attraction between the two chains. The two peaks
in the distribution of n relate to the interactions of a single sodium ion with the ARG
residue at the N-termini. Starting from the end-to-end axes ~ai of the helices, we define
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3.2 Results

Figure 3.3: Time series and corresponding probability density functions for the scalar shifts,
splays and the cosine of the twist angle.

the mean-axis ~a = (~a1 + ~a2)/2. With respect to that reference-axis ~a, we separate ~c
into a shift

~csh = (~c · â) · â (3.1)

and a splay
~csp = ~c− ~csh (3.2)

contribution as shown in Figure 3.2c. â denotes the unit vector of ~a. The same is done
for ~n and consequently referred to as ~nsh and ~nsp. Finally, the twist θ of the two coils
is defined based on the scalar product of the two unit vectors ĉsp and n̂sp by means of

cos θ = ĉsp · n̂sp , (3.3)

which for 0° ≤ θ ≤ 60° can be written as θ ≈
√

2 · (1− cos θ) =
√

2 · (1− ĉsp · n̂sp).
Schematics of the definition of the twist measure are shown in Figure 3.2d. Before
the analysis, we reduce the shift to the scalar csh ≡ |~csh| and the splay to csp ≡ |~csp|.
Interchanging c with n yields the shift nsh ≡ |~nsh| and splay nsp ≡ |~nsp| at the N-
terminus. The twist is a scalar quantity by definition. In Figure 3.3, we show the
time-series as well as histograms of these quantities over the total simulation period
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of 10µs. We see shifts around zero and splays between 0.5 nm and 2 nm. The twist
predominantly resides in the range of 45°.

After having defined shifts, splays and twist, we introduce the self- and cross-
correlation functions. We adopt the references to sensor (s) and effector (e) which cor-

respond to the N-terminal and the C-terminal ends of the linker. Csh, s
self = 〈csh(0) csh(t)〉

and Csh, e
self = 〈nsh(0)nsh(t)〉 define the self-correlation functions of the shifts csh and

nsh. The cross-correlation function is symmetric and can therefore be written as
Csh, s→e
cross = 〈nsh(0) csh(t)〉 or Csh, e→s

cross = 〈csh(0)nsh(t)〉. Hence, we define the average

of the symmetric cross-correlation functions as Csh
cross =

(
Csh, s→e
cross + Csh, e→s

cross

)
/2. The

correlation functions for the splays are defined by interchanging the shift quantities by
the related splay quantities, e.g. Csp, s

self = 〈csp(0) csp(t)〉. For the twist, we define the self-
and cross-correlation functions by the scalar product of the splay unit vectors. The self-
correlation functions can be written as Ctw, s

self ≡ 〈n̂sp(0) · n̂sp(t)〉, Ctw, e
self ≡ 〈ĉsp(0) · ĉsp(t)〉

and the cross-correlation function is written as either Ctw, s→e
cross ≡ 〈n̂sp(0) · ĉsp(t)〉

or Ctw, e→s
cross ≡ 〈ĉsp(0) · n̂sp(t)〉, which leads to an average cross-correlation function

Ctw
cross ≡

(
Ctw, s→e
cross + Ctw, e→s

cross

)
/2. Based on linear response theory and the fluctuation-

dissipation-theorem, these correlation functions can be used to calculate the corre-
sponding response functions via the time-derivative of respective correlation function
as [167,168]

J(t) = − 1

kBT

d

dt
C(t) . (3.4)

These response functions J are later used to describe the shift, splay, and twist dis-
placements in Fourier space in dependence of periodic forces applied to the sensor and
effector site (c.f. eqs 3.5 and 3.6). Each response function inherits in its notation sub-

and superscripts of C, e.g., J sh, s
self (t) = − 1

kBT
d
dtC

sh, s
self (t) = − 1

kBT
d
dt〈csh(0) csh(t)〉. The

results for the correlations functions and their respective time-derivatives are shown
in Figure 3.4. To avoid any complications for the upcoming Fourier-transformation of
the derivative of the correlation function, we define a threshold from which on we pad
the time-derivative correlation function by zero up to 10µs. This threshold is defined
individually for each type of relative motion (e.g., shift or splay) and indicates where
all correlation derivatives have fallen below zero for the first time, thus corresponding
to the point where the noise is dominating. We see that all time-derivatives of the
correlation functions smoothly go to zero. The longest correlation is observed for the
twist.

For the following discussion, it will be useful to take the Fourier-transform of the
previously defined response functions. Whenever we refer to a Fourier-transform of
a response function, we will denote this by using a tilde, e.g., J̃ sh, s

self . The response
functions corresponding to the time-derivatives shown in Figure 3.4 are easily calculated
using an FFT algorithm. The results are split into a real, e.g., Re J̃ sh, s

self , and an

imaginary part, e.g., Im J̃ sh, s
self . In Figure 3.5, we show both for each of the correlation-

function derivatives shown in Figure 3.4.
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3.2 Results

Figure 3.4: Left: Results for the self- and cross-correlation functions for shift, splay, and twist.
For the splay, we have to subtract C0 = C(t = 0 s) to be able to compare all correlation
functions in one graphic. Right: Results for the numerical time derivative of the correlation
functions, shown on the left, padded by zero for t > tth, where the threshold tth (indicated by a
vertical dotted line) is defined by a common time that satisfies dC/dt ≤ 0 and tth > 10 ns. This
approach is used to prevent analysis of the noise dominated section of the correlation functions.

31



3. Quantification of the Frequency-Dependent Signal Transduction for the Coiled Coil
Linker Ja

Figure 3.5: FFT transforms of the padded correlation-function derivatives (cf. Figure 3.4) reveal
the structure of the individual response function in Fourier space.
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3.2 Results

Figure 3.6: Numerical results for the force-transmit functions defined in eq 3.7 from the ratio
of evaluated response functions (cf. Figure 3.5).

In the following, we will use the knowledge of the response functions in Fourier space
to define transmit functions. We will start with an example derivation of such a transmit
function. Let us assume we have a periodic force F̃s(2πf) that drives the sensor side of
the linker. At the same time, a force F̃e(2πf) drives the effector attached side of the
linker. The forces would engage a response at the sensor as well as at the effector side,
which in Fourier space can be written as

ñsh = J̃ sh, s
self F̃s + J̃ sh

cross F̃e , (3.5)

c̃sh = J̃ sh, e
self F̃e + J̃ sh

cross F̃s . (3.6)

The idea of a force-transmit function is to define the ratio between a “real” driving force
on one side and a “virtual” force on the other side acting such that the resulting response
is exactly zero. One example of a force-transmit function is derived by putting c̃sh in
eq 3.6 to zero. The resulting equivalent ratios define the corresponding force-transmit
function

Tsh, e
F =

−F̃e

F̃s

=
J̃ sh
cross

J̃ sh, e
self

. (3.7)

Solving eq 3.5 for ñsh = 0, we obtain the definition of the other force-transmit func-
tion with respect to shift as Tsh, s

F ≡ J̃ sh
cross/J̃

sh, s
self . In an analogous fashion, the force-

transmit functions for splay and twist are defined. The numerical results for all six
force-transmit functions are shown in Figure 3.6. We see that for lower frequencies (up
to 1× 10−3 ps−1) the twist pathway is most efficient for force-transmission, whereas
for higher frequencies (between 1× 10−3 ps−1 and 1× 10−1 ps−1) the shift pathway
becomes dominant. Splay seems to have a negligible impact on the force-transmission.
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Figure 3.7: (a) General course of the absolute values of the real and imaginary part of a single
exponential function. (b) Linear combination of two single exponential functions, where τ2 =
τ1 × 10−2 and c2 = c1 × 102. (c) Linear combination of two single exponential functions, where
τ2 = τ1×10−1 and c2 = c1×101. The narrower the gap between the maxima, the more difficult
the estimates become.

3.2.1 Correlation Parameter Analysis of the Response in Fourier Space

In the following, we characterize the response functions in terms of correlation strengths
and correlation times. Therefore, we assume a multiple exponential function for each
correlation, which can be written as

c(t) = θ(t)×
N∑

k=1

ck exp (−t/τk) =
N∑

k=1

gk(t) , (3.8)

where θ the Heaviside step function. The Fourier-transform of each summand is given
by

gk(ω) =
ck

τ−1k + iω
=

ck (τ−1k − iω)

τ−2k (1 + ω2τ2k )
=

ck τk
1 + ω2τ2k

− i ck τ
2
k ω

1 + ω2τ2k
(3.9)

For each summand, we obtain a contribution to the real part of the fit function in terms
of the frequency given as

Re [gk(f)] =
ckτk

1 + 4π2τ2k f
2
, (3.10)

and an imaginary part given as

Im [gk(f)] = − 2πckτ
2
k f

1 + 4π2τ2k f
2
, (3.11)

where k ∈ {1, 2, 3, . . . } refers to the first, second, third summand in eq 3.9, respectively.
Each contribution gk to the response function has a distinct shape in Fourier space,
which general form is shown in Figure 3.7. The frequency fk,max, at which |Im [gk] |
takes its maximum value |Im [gk(fk,max)] | ≡ rk,max, reveals the correlation time by

τk = (2πfk,max)−1 , (3.12)
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3.2 Results

Figure 3.8: This figure provides an example of the fit procedure. Starting from the absolute
value of the imaginary part of kBT J̃

sh,s
self (blue line), the global maximum (red point) provides

initial values (cf. eqs 3.12 and 3.13) for the fit of a single exponential function according to
eq 3.11. Subtracting the obtained single exponential function from the data reveals the next
correlation time. Finally, kBT J̃

sh,s
self is compared to the sum of the obtained single exponential

functions. The accuracy of the model can be tested by comparison of the real part for data,
which in this approach does not contribute to the fit.

from which one can define the remaining factor ck by

ck = 4πfk,maxrk,max = 2rk,maxτ
−1
k . (3.13)

Due to the linearity of the Fourier transformation, correlation times can be taken from
the data if they differ by at least one order of magnitude or more. However, if there
are many single exponential functions contributing to the response function and their
correlation times are of the same order of magnitude, fits become more difficult to
perform due to overlap (cf. Figure 3.7). Considering the stated theoretical approach,
the fit procedure is performed as shown as an example in Figure 3.8 for the response
kBT J̃

sh,s
self .
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Figure 3.9: Fits of the response functions from Figure 3.5 by a sum of multiple exponential
functions (cf. eq 3.8 ff.) for shift (first row) and splay (second row). Fit parameters are shown
in Table 3.1.

kBT J̃
sh, s
self kBT J̃

sh, e
self kBT J̃

sh
cross kBT J̃

sp, s
self kBT J̃

sp, e
self kBT J̃

sp
cross

τ1 [ps] 2.95 · 103 8.56 · 101 1.79 · 101 3.85 · 102 2.50 · 101 5.42 · 102

τ2 [ps] 1.39 · 101 3.18 · 103 8.48 · 102 1.44 · 101 4.22 · 102 3.08 · 101

τ3 [ps] 5.33 · 10−1 6.34 · 100 − 1.44 · 100 4.52 · 100 −
τ4 [ps] 1.63 · 102 1.70 · 101 − 5.12 · 101 6.01 · 10−1 −
τ5 [ps] 1.41 · 100 4.21 · 10−1 − 3.45 · 10−1 − −
τ6 [ps] 3.22 · 102 5.70 · 102 − − − −
τ7 [ps] 4.32 · 100 7.39 · 10−1 − − − −
c1 [nm2/ps] 3.42 · 10−6 8.96 · 10−5 1.87 · 10−4 7.81 · 10−5 7.64 · 10−4 1.84 · 10−6

c2 [nm2/ps] 7.18 · 10−4 2.13 · 10−6 1.68 · 10−6 1.31 · 10−3 2.30 · 10−5 1.97 · 10−5

c3 [nm2/ps] 7.32 · 10−3 6.45 · 10−4 − 3.84 · 10−3 1.47 · 10−3 −
c4 [nm2/ps] 2.10 · 10−5 6.12 · 10−5 − 2.69 · 10−5 3.02 · 10−3 −
c5 [nm2/ps] 9.43 · 10−4 4.42 · 10−3 − 3.90 · 10−3 − −
c6 [nm2/ps] 3.28 · 10−6 3.31 · 10−6 − − − −
c7 [nm2/ps] 1.11 · 10−4 5.71 · 10−4 − − − −

Table 3.1: Fit parameters of the Fourier transforms for the padded correlation-function deriva-
tives (cf. Figure 3.5) for shift and splay.
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Figure 3.10: Fits of the response functions from Figure 3.5 by a sum of multiple exponential
functions (cf. eq 3.8 ff.) for twist. Fit parameters are shown in Table 3.2.

kBT J̃
tw, s
self kBT J̃

tw, e
self kBT J̃

tw
cross

τ1 [ps] 3.26 · 103 3.29 · 103 3.73 · 103

τ2 [ps] 4.09 · 103 1.70 · 101 6.27 · 10−1

τ3 [ps] 2.81 · 101 1.57 · 103 −
τ4 [ps] 3.70 · 100 − −
τ5 [ps] − − −
τ6 [ps] − − −
τ7 [ps] − − −
c1 [nm2/ps] 6.12 · 10−4 6.15 · 10−4 2.17 · 10−4

c2 [nm2/ps] 1.08 · 10−5 1.01 · 10−3 3.61 · 10−4

c3 [nm2/ps] 1.05 · 10−3 1.48 · 10−5 −
c4 [nm2/ps] 2.71 · 10−3 − −
c5 [nm2/ps] − − −
c6 [nm2/ps] − − −
c7 [nm2/ps] − − −

Table 3.2: Fit parameters of the Fourier transforms for the padded correlation-function deriva-
tives (cf. Figure 3.5) for twist.

In a first step, the global maximum provides the initial guesses according to eqs 3.12
and 3.13, which we use to fit the first single exponential function. In a second step,
the first exponential fit g1(f) is subtracted from data as |Im[g(f)− g1(f) . . . ]| to obtain
the next most prominent contribution g2(f), starting from the global maximum of
|Im[g(f) − g1(f) . . . ]| for the initial values. The accuracy of the fit can be checked by
comparison of the real part of the data and the model function Re[g(f)] provided by
the fit parameters. Results of fits for all response functions from Figure 3.5 are shown
in Figures 3.9 and 3.10. We present the obtained fit parameters in Tables 3.1 and 3.2.

We use the fit parameters to calculate the force-transmit functions as explained in
eqs 3.5 to 3.7. The results are compared to the transmission functions obtained from the
MD simulations data in Figure 3.11. From the real part of the force-transmit function,
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Figure 3.11: Numerical results for the force-transmit functions (cf. eq 3.7) from MD simulations
as the ratio of the obtained response functions (cf. Figure 3.5) (upper row) in comparison to the
results from obtained fits of the response functions by multi-exponential functions (cf. eq 3.8)
(lower row).

we obtain the most efficient signaling mode for coiled coil linker example. The results
suggest that for force signals up to a frequency range of 2× 10−3 ps−1 or 2 GHz, twist
is the most efficient mode for signal transmission. For frequencies higher than 2 GHz,
the shift mode becomes more efficient than the twist mode. Throughout the frequency
spectrum analysed here, the splay mode is significantly less efficient than the other two
modes in its ability of signal transmission through the coiled coil linker. The results
for the frequency band above 3× 10−2 ps−1 or 30 GHz must be carefully interpreted
as the fits of the response functions are less accurate in that spectrum. Both the
numerical results from MD simulations and the respective fits of the response functions
suggest that for higher frequencies, twist again becomes the most efficient way of signal
transmission through the coiled coil linker. The threshold for this transition can be
roughly located at 1× 10−1 ps−1 or 100 GHz from our results.
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3.3 Conclusions

We present MD simulation results of a coiled coil linker, which consists of two α-helices,
with focus on the force transmission between two ends of the linker by one of three modes
(shift, splay, and twist). Analysis of the three modes shows that the system itself is
stable in simulations. Numerical results of the response functions for shift, splay, and
twist are translated into Fourier space and consequently used to calculate the trans-
mission function, which gives the transmission coefficient dependency on the frequency
of the driving force. These response functions are fitted by a multi-exponential model
consisting of a sum of up to seven single exponential functions. The fit parameters
allow for analytic expressions for the force-transmit functions, which help to pinpoint
transitions between the most efficient modes for signal transmission through the coiled
coil linker. Comparison of the numerical results from MD simulations and the analytic
expressions for the force-transmit functions reveal the dominant part of the twist mode
as the most efficient way of signaling over almost the entire frequency spectrum be-
tween 100 kHz and 1 THz. In the intermediate regime from 2 GHz to roughly 30 GHz,
the shift mode becomes more efficient for signal transmission than the twist mode. The
upper bound of this intermediate regime can only be interpreted as a crude estimate as
the fit functions for the response functions are less accurate in that frequency regime.
However, the qualitative result is consistent between the numerical results from MD
simulations and the results from the fitted analytic expressions, namely the twist mode
overcomes the shift modes efficiency again for higher frequencies. Therefore, only the
exact threshold must be carefully interpreted. With this analysis, we have given a road
map on how to distinguish different translational and rotational modes in their ability
to transmit signals throughout a double-helical linker depending on the frequency with
which these modes are driven. We have shown that some modes will be more likely to
be present at given parts of the frequency spectrum.

3.4 Methods

We start with the PDB structure for the blue-light photoreceptor 4GCZ [169] available
from the protein data bank. [170] The suspected coiled coil motive [72] is located between
the residues 126 and 148, which appears two times in the protein due to its dimeric
structure. For the extraction of the two coils into a new pdb-file, we consider one more
residue on each end so we can do the acetylation and amidation. Each coil is capped us-
ing the gromacs [171,172] tool pdb2gmx with the force-field CHARMM27. [173,174] The N-
terminus of the helices at the side of ILE–126 is NH2 and the C-terminus at ARG–148
is an N-Methylamide C-terminus (CT3), which is given by CO–NH–CH3. Both termini
have a neutral net charge. One α-helix consists of 23 residues comprised of 387 atoms.
The combined mass of the two coils is 5486.117 u or 9.109 91× 10−24 kg. The sequence
of each coil is ITEHQQTQARLQELQSELVHVSR. Charged residues of the sequence
are GLU (-e) and ARG (+e), resulting in a total net charge of -e per α-helix. The
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system of the two coils is put into the center of a dodecahedron box with the box vector
lengths 6.35 nm, box angles 60°, 60° and 90° which yields a box volume of 181.07 nm3

using the gromacs [171,172] tool editconf. The system is subsequently relaxed by a steep-
est descent with 20000 steps, a maximum force parameter (emtol) of 1 kJ mol−1 nm−1,
an initial step size (emstep) of 0.01 nm, Particle-Mesh Ewald electrostatics, the Ver-
let cutoff scheme and no constraints. The system is solvated by adding 5646 water
molecules using the gromacs [171,172] tool solvate with the employed water force-field
TIP3P, [175] which yields a density of 986.686 g/L. To account for the negative charge
of the coils in the system, two water molecules of the system are replaced by sodium
ions, leading to a zero total net charge. The system is subsequently relaxed again by
the same steepest descent settings as before. The simulation of the coiled coil system is
run over the course of 10µs with a time step of 2 fs. Positions of all atoms are written to
a trajectory file after every 10 ps. The center of mass translational velocity is removed
(comm-mode = linear). The Verlet cutoff scheme is used. The neighbor list is updated
every 10 steps. The neighbor search type is set to grid. Fast smooth Particle-Mesh
Ewald (SPME) electrostatics are employed with a coulomb cutoff of 1 nm. For temper-
ature coupling, the velocity rescaling method [176] is used with a reference temperature
of 300 K and a coupling time constant of 0.1 ps. Protein, solvent, and ions are set to
be three separate temperature-coupling groups. We use Parrinello-Rahman pressure
coupling which is isotropic. [177] The pressure coupling time constant is set to 0.5 ps, the
reference pressure for coupling to 1 bar and the compressibility to 4.5× 10−5 bar−1.

For fast Fourier transforms for calculations of correlations the python wrapper pyFFTW
is used to employ FFTW3, a comprehensive C library for computing discrete Fourier
transforms. [178–183]
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Chapter 4

Opposing Temperature Dependence of the
Stretching Response of Single PEG and
PNiPAM Polymers
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4. Opposing Temperature Dependence of the Stretching Response of Single PEG and
PNiPAM Polymers

4.1 Introduction

Polymer coatings, blends, and composites are common in every household and be-
came a part of our everyday life in the past century. They are fundamental for indus-
trial applications due to their unique molding ability, their robustness, and their light
weight. [184–186] Even though we benefit from all their advantages on a daily basis, their
behavior is still not completely understood. In particular, their response to external
stimuli like force or temperature change is often only understood at a phenomenological
level.
The temperature response of polymers is important for both technical applications and
the fundamental understanding of polymer physics. [187–191] Depending on the technical
application, polymer properties have to be maintained over a large temperature range
(e.g., in cars), or coil to globule transitions are used to obtain stimuli-responsive ma-
terials (e.g., for triggered drug release). [192–194] In polymer physics, temperature is a
fundamental parameter. Therefore, the dependence of polymer properties on tempera-
ture is a crucial part of the understanding of polymer mechanics.
Atomic force microscopy (AFM) based single molecule force spectroscopy (SMFS)
is a versatile tool for investigating temperature-dependent single polymer mechan-
ics in a liquid environment, in particular when combined with molecular dynamics
(MD) simulations. [48,195–201] Here we focus on two widely used water-soluble poly-
mers with different temperature response, namely, polyethylene glycol (PEG) and
poly(Nisopropylacrylamide) (PNiPAM).
In bulk experiments PNiPAM in water undergoes a transition from a coil to a globular
conformation at its lower critical solution temperature (LCST) of around 305 K. [202,203]

This LCST is close to the temperature at which most physiological processes occur,
which makes PNiPAM promising for the development of controlled drug delivery sys-
tems. [204–207] The coil conformation of PNiPAM below the LCST is thought to be
stabilized via formation of hydrogen bond bridges between water molecules and the
amide side groups. [208] The water molecules align around the hydrophobic backbone,
making the polymer soluble in water and leading to energetic stabilization. At tem-
peratures above the LCST, the entropy of the polymer-water system dominates, which
is unfavorable for the exothermic formation of hydrogen bonds. Thus, the bound wa-
ter molecules are released to increase their entropy and the polymers collapse into a
globular state. [209] It still remains unclear whether this is a bulk effect or would also be
observed for a single polymer chain. The single molecule stretching response at different
temperatures has been measured by AFM but with controversial results. Kutnyanszky
et al. have found a linear temperature response without any sign of a sharp transition
or minimum around the LCST. [210] Cui et al. have claimed that the stretching force
has a minimum at the LCST. [199] Liang et al. have found a transition of the force-
extension profile from wormlike chain behavior to a Rayleigh- Plateau of constant force
at the LCST. [200] Furthermore, Zhang et al. have investigated the solvent-dependent
single molecule stretching response of PNiPAM, observing thermally induced multisite
adsorption above its LCST. [201] The first study was restricted to a small temperature
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range of 299 K to 313 K, while the other three studies used the nanofishing method
for their AFM-based experiments. There, a polymer physisorbed on a surface, e.g.,
glass or Au(111), is randomly picked up with a cantilever tip. This leads to several
problems, namely, that interactions between different polymer chains physisorbed on
the substrate cannot be excluded (bulk effects) and that every time a different polymer
might be picked. These issues, as discussed later, led us to revisit PNiPAM's tempera-
ture behavior.
PEG is a linear macromolecule consisting of – (CH2 –CH2 –O)– repeating units. It
is used for medical and technological purposes. [211–214] Unlike most polymers, PEG is
generally soluble in water even for a high degree of polymerization. [215] PEG does not
exhibit a LCST transition and could be expected to behave like an ideal entropic elas-
tic spring. This has indeed been confirmed in hexadecane, where the force-extension
relation of PEG is in accordance with the freely jointed chain model (FJC). [216,217]

However, in water the situation changes and PEG no longer shows the characteristics
of an ideal entropic spring at high stretching forces. [48,216] The reason is found in the
structural change from gauche to trans. [217] The ratio of monomers in the trans and
gauche conformation during stretching and the number of water bridges was extracted
from water-explicit MD simulations. Altogether, a dominant solvent related effect of
energy over entropy was suggested at high stretching forces. [48] Again temperature-
dependent SMFS experiments should be able to clarify these points.
Here we compare the force response of PEG and PNiPAM at various temperatures in
a combined experimental and theoretical study. This allows us to delineate the molec-
ular details of the different temperature responses of PEG and PNiPAM. While PEG
becomes softer at higher temperatures, PNiPAM stiffens with increasing temperature.
These seemingly contradictory results can be explained in molecular detail with our
combined approach. We anticipate that this will help to guide the development of
tailored polymeric materials that have to function over a wide force and temperature
range.

4.2 Methods

Chemicals. The chemicals used for cleaning of glassware were ammonia solution
(Roth, Karlsruhe, Germany, 28.0−30.0%), hydrogen peroxide solution (Sigma-Aldrich,
St. Louis, MO, USA, ≥ 30%), and ultrapure water (Purelab Chorus 1, Elga LabWater,
Celle, Germany, 18.2 MΩ cm) for preparing RCA solution with a ratio of 1:1:5. For
the functionalization process toluene(Fisher Chemicals, Hampton, NH, USA, 99.99%),
ethanol (Roth, Karlsruhe, Germany, ≥ 99.9%), HEPES buffer (Pan-Reac AppliChem,
Darmstadt, Germany, 99.5%, 10 mM, pH = 7, 50 mM NaCl), silane-PEG-mal (NANOCS,
Boston, MA, USA, Mw = 5 kDa, lcont = 41 nm), and HEPES buffer (10 mM HEPES,
NaCl 50 mM, pH 7) were used. For the synthesis of PNiPAM all solvents and reagents
were purchased from Alfa Aesar (Haverhill, MA, USA), Sigma-Aldrich (St. Louis, MO,
USA), Fisher Scientific (Hampton, NH, USA), ABCR (Karlsruhe, Germany) and used
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as received unless otherwise stated. Deuterated solvents were purchased from Sigma-
Aldrich. N -Isopropylacrylamide (NiPAM) was recrystallized out of toluene and n-
hexane (1:1) and dried in vacuum. Cu(I)Br was washed five times with glacial acetic acid
and ethanol. Tris[2-(dimethylamino)ethyl]amine (Me6TREN), N,N -dimethylformamide
(DMF), 2 bromoisobutyric tert-butyl ester (tBbiB) were stored under argon atmo-
sphere.
Polymers. The polymer used for the PEG experiments was purchased as thiol-PEG-
thiol (HS-PEG-SH, Creative PEGWorks, NC, USA, Mw = 35 kDa). The expected mean
contour length for the experiments was calculated to 282 nm with a monomer length of
0.356 nm and a molecular weight of 44.05 Da. [48,217] Adding the silane-PEG-mal linker
length with about 41 nm leads to a total length of 323 nm.
PNiPAM was synthesized as follows. The corresponding reaction path can be found in
Figure B.1a: 9.00 g (79.53 mmol) of NiPAM and 3.20 mL (0.018 mmol) of tBbiB were
placed in a Schlenk tube, and an amount of 18 mL of a 50:50 mixture of ultrapure water
and DMF was added. The mixture was degassed twice, and the polymerization was
started by adding 90 mL (0.018 mmol) of a 0.2 M solution of CuI(Me6TREN)Br in DMF.
After 40 min an amount of 12 mg (0.075 mmol) of potassium ethyl xanthogenate was
added. After 10 min the reaction was cooled in an ice bath for 30 min. The mixture
was diluted with 160 mL of THF and filtered through an aluminum column to remove
the residual copper catalyst. The polymer was precipitated in 800 mL diethyl ether and
dried in vacuum (yield, 4.06 g; Mn = 497 kDa; D = 1.28).
An amount of 500 mg (0.001 mmol) of the CTA-end-capped PNiPAM was dissolved
in 20 mL of ultrapure water, and an amount of 100 mg (2.64 mmol) of NaBH4 was
added. After 2 h the polymer/solvent mixture was dialyzed against water for 4 days.
The polymer was obtained by lyophilization (452 mg). An amount of 300 mg of the
polymer was dissolved in 10 mL of DMF, and an amount of 45 mg (0.16 mmol) of tris(2-
carboxyethyl)phosphine hydrochloride (TCEP) was added. After 24 h the mixture was
diluted with water and dialyzed against water for 4 days again. An amount of 243 mg
of the resulting polymer was obtained after lyophilization (Mn = 510 kDa, D = 1.28;
see Figure B.1b).
For PNiPAM, the monomer length was calculated with respect to the backbone using a
C–C bond length of 154 pm and a bond angle of 109.5°. [218] With a calculated monomer
length of around 252 pm and a monomer weight of 113 Da, the average contour length
could be calculated to 1.14 mm with 4513 repeating units. Adding the silane-PEG-mal
linker length with about 41 nm leads to a total length of 1.18 mm.
Polymer Characterization. Standard size-exclusion chromatography (SEC) was
performed with a system composed of a 1260 IsoPump G1310B (Agilent Technologies,
Santa Clara, CA, USA), a 1260 VW detector G1314F at 254 nm (Agilent Technologies),
and a 1260 RI detector G1362A at 35 °C (Agilent Technologies), DMF (with LiCl, 1 g/L)
as the mobile phase (flow rate 1 mL/min) on a GRAM column set for DMF (at 50 °C)
from PSS (Polymer Standard Service (PSS), Mainz, Germany) (GRAM 30, GRAM
1000, GRAM 1000). Calibration was carried out using PMMA standards for DMF
(from PSS). Samples were measured with concentrations between 1 and 3 mg/mL. For
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data acquisition and evaluation of the measurements, PSS WinGPC UniChrom 8.2 was
used.
NMR spectra were recorded on a Bruker DRX 500 spectrometer (Billerica, MA, USA)
working at 500 MHz. NMR chemical shifts were referenced relative to the used sol-
vent (D2O). For data acquisition and evaluation of the measurements, NMR software
MestReNova 11.0 was used.
Simulation Details. All molecular dynamics simulations are performed with the
GROMACS simulation package (version 4.6.5 or newer). [219] The time step is set to 2
fs. The temperature is set to a fixed value for each individual simulation. For tem-
perature and pressure coupling, the v-rescale and Parinello-Rahman algorithms are
used. [220,221] The pressure is isotropic and set to 1 bar with a water compressibility of
4.5× 10−5 bar−1. All simulations are performed with periodic boundary conditions in
all three directions. The cutoff of nonbonded interactions is set to 1.0 nm. The particle
mesh Ewald method is used for the long-range electrostatic interactions. [222] For PEG
the force field charmm35r is used. [223] The elongated (H− [CH2 −O− CH2]12 −H)
chain is placed in a 3 nm × 3 nm × 9.6 nm box with 2900 tip3p water molecules. To
equilibrate the system, the initial energy minimization of the system is followed by
a 10 ps NVT simulation with constant volume and without pressure coupling and a
2 ns NPT simulation with an isotropic pressure of 1 bar. For the production run, the
first and the last oxygen atoms are defined as pulling groups. A constant force be-
tween 1 pN and 600 pN is applied in the z direction. For low forces, we additionally
performed simulations using a longer chain (H− [CH2 −O− CH2]24 −H) placed in a
4.5 nm × 4.5 nm × 20 nm box with 13433 water molecules. Each pulling simulation is
performed for at least 200 ns. The temperature remains unchanged throughout a single
simulation run and is set to 250, 300, 325, 350, and 400 K, respectively.
For simulations of PNiPAM, parameters remain the same as for PEG if not stated
otherwise. For PNiPAM we use a recently modified version of the OPLS-AA force
field with partial charges optimized by comparison to quantum mechanical simulations
together with the SPC/E water model. [224–227] The first and the last C atom of the
backbone of H− [C6H11NO]20 −H , which are adjacent to the side chain of the polymer,
are defined as pulling groups. A constant force between 1 pN and 500 pN is applied in
the z direction. We simulate isotactic (meso-diad) PNiPAM, where the side chains are
located on one side of the backbone, and syndiotactic (racemo-diad) PNiPAM, where
the side chains are on alternating sides of the chain. The elongated chain is placed in a
3 nm × 3 nm × 11 nm box with 3121 SPC/E water molecules. Each pulling simulation
is performed for at least 1000 ns. The temperature remains unchanged throughout a
single simulation run and is set to 288, 298, 308, and 318 K, respectively.
For both PNiPAM and PEG, the extension in the pull direction is calculated as the
time average of the separation in the z direction of the two pulling groups over the
course of a simulation. The extension of PEG is normalized by the contour length
LC,0 = 11× 0.356 nm or LC,0 = 23× 0.356 nm , depending on the polymer length and
in accordance to Liese et al. [48] For isotactic PNiPAM the contour length used for nor-
malization is LC,0 = 19× 0.266 nm and for syndiotactic PNiPAM LC,0 = 19× 0.264 nm
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in accordance to Kanduc̆ et al. [226]

AFM Cantilever Tip Functionalization. The covalent attachment of one single
polymer to a cantilever tip is decisive for single molecule force experiments. It enables
a high reproducibility when performing force spectroscopy with a certain polymer on
a specific cantilever tip. Influences on the measurements like differences in the contour
length due to different attachment points to the cantilever tip, variation of the spring
constant of the cantilever, or interactions with further polymers can be widely pre-
vented. [228] Furthermore, a high yield of single molecule events can be obtained (19%
for PEG and 42% for PNiPAM).
Silicon nitride AFM cantilevers, namely, MLCT and MLCT-BIODC (both: Bruker

AFM probes, Camarillo, CA, USA) were used for all measurements. First, the can-
tilevers were activated with oxygen plasma to gain hydroxyl groups on the surface of
the cantilever tips. While the MLCT probes were treated for 1 min with 20% power, the
thermally more stable MLCT-BIO-DC probes were treated for 2 min with 40% power,
both at a pressure of 0.1 mbar. As a next step, a 5 kDa silane-PEG-mal (NANOCS,
Boston, MA, USA) linker was bound to the cantilever tip. The linker enabled us to
couple a probe molecule to the cantilever tip via a covalent bond. Therefore, the can-
tilevers were incubated in a solution of silane-PEG-mal in toluene (1.25 mg/mL, 3 h,
60 °C). [229] Even though the cantilever tip is covered with maleimide groups, these un-
dergo a hydrolysis in water (inactive PEGs) leaving just few binding sites for the single
probe polymer to be attached. [230] The inactive PEGs serve as a passivation layer to
reduce undesirable interaction between the cantilever tip and an underlying surface as
well as between the single PEG polymer and the cantilever tip. For functionalization
with PEG, the PEGylated cantilevers were rinsed in toluene and incubated in a so-
lution of SH-PEG-SH in toluene (1.25 mg/mL, 1 h, 60 °C). For functionalization with
PNiPAM, the PEGylated cantilevers were rinsed in toluene and ethanol before incu-
bation in a solution of PNiPAM-SH in ethanol (1.25 mg/mL, 3 h, room temperature).
After a final rinsing, the cantilevers were stored in HEPES buffer at 4 °C until use in
the AFM experiment.
For every functionalization, control cantilevers were additionally prepared by the same
procedure incubating the cantilevers in the pure solvent instead of the SH-PEG-SH
or the PNiPAM-SH solution. A scheme of an AFM-based single molecule force spec-
troscopy setup can be found in Figure 4.1.
AFM Measurements. All measurements were performed with a Cypher ES (Asylum
Research, an Oxford Instruments company, Santa Barbara, CA, USA) using a heating
and cooling sample stage for temperature variation. All measurements took place in
ultrapure water on a silicon oxide wafer cleaned in ethanol using a sonicator (Elmasonic
S15, Elma, Singen, Germany). Before every measurement, the inverse optical lever sen-
sitivity (InvOLS) was determined by fitting a linear function to the repulsive regime of
a force-extension curve. In order to reduce errors, the determination of the InvOLS was
performed by using an average of at least five individual InvOLS values. The spring
constant of the cantilever was determined by the thermal noise method. [231] The mea-
surement parameters were defined as follows: force distance, 1− 3 mm; velocity, 1 mm/s;
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trigger point, 500 pN; sampling rate, 5 kHz; dwell time toward the surface, 0 − 1 s. To
minimize the influence of the probe, force-extension curves were recorded in a gridlike
manner with 10× 10 points covering 20× 20 mm (force maps). At least two force maps
were obtained per cantilever, with and without dwell. The temperature was varied in
a random order. Following a temperature change, force-extension curves were collected
after a stabilization time of at least 5 min. Prior to a series of measurements, at least
one control cantilever was measured on different spots to ensure the cleanliness of the
SiOx surface and a contamination-free functionalization. Once the control cantilevers
showed an absence of stretching events, the PEG or PNiPAM functionalized cantilevers

Figure 4.1: Scheme of an AFM single molecule setup with a zoom-in to the functional groups
(circular frames) and an exemplary monomeric unit for the PEG linker (green box) and the
polymer (blue box) at room temperature. On the right examples of force-extension curves at
298 K are shown for (a) PEG and (b) PNiPAM including snapshots of the MD simulations
at the forces indicated in the force-extension traces. These forces are 15 pN and 600 pN for
PEG (a1, a2) and 20 pN and 500 pN for isotactic PNiPAM (b1, b2). The expected monomer
numbers in the experiments are n = 114 (41 nm) for the PEG linker, u = 795 (282 nm) for the
PEG, and m = 4513 (1.14 mm) for the PNiPAM polymer. ∆z indicates a possible vertical shift
corresponding to the anchoring position of the polymer on the cantilever tip.
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were measured, respectively.
For data evaluation, a self-programmed evaluation software based on Igor Pro (Wave-
metrics, Portland, OR, USA) was used. The force- extension curves were corrected for
drift by fitting a linear function to the baseline after the last stretch. Then, the linear
function was subtracted from the force-extension curve leading to curves such as shown
in Figure 4.1a and Figure 4.1b.
Even though we used PNiPAM polymers with a low polydispersity index valueD = 1.28,
significant differences in the polymer lengths were observed in the AFM experiments.
This observation can be explained by different phenomena, which have already been
described in literature before. [48] The common method to detect the molecular weight
and the polydispersity is size-exclusion chromatography (SEC), which determines a
relative weight of the polymer compared to standards like polystyrene or poly(methyl
methacrylate). [232] As polymers can significantly differ with respect to their hydrody-
namic volume compared to these standards, a deviation of the determined molecular
weight of PNIPAM from the absolute molecular weight is expected. Another important
influence is given by the silan layer. During the functionalization process in toluene
spurious water might start an oligomerization of the silane molecules prior to the at-
tachment to the cantilever tip. This leads to a flexible silane network with fewer anchor
points. [233] Furthermore, the anchoringpoint of the polymer to the cantilever tip might
not necessarily be at the apex. [48] As the cantilever detects only a force component in
vertical direction, a nonvertical orientation of the polymer between a pinpoint on the
substrate and the cantilever tip might lead to a shift of the detected force according to
Serr et al. [234] Yet for long polymers such as the PEG and PNiPAM polymers presented
here, the deviation from a vertical orientation is expected to be less than 1°, leading
to a force variation below the detection limit of the AFM. [235] For PEG, a broad mass
distribution is expected (PDI is not indicated by the manufacturer). Furthermore, for
HS-PEG-SH it is chemically possible that the ends of two polymers oxidize and react
with each other to give a disulfide bridge. [236] That might lead to length values that are
multiples of the contour length. Even though these phenomena have an influence on
the observed absolute contour length of the polymer, they do not affect the stretching
response of the respective polymer itself. Therefore, all these effects are not expected
to show any dependence on temperature and should not affect the general results found
here.

4.3 Results and Discussion

Figure 4.1 shows a schematic of the AFM-based single molecule force experiments in-
cluding example traces and simulation snapshots. A single stretching event at a contour
length of about 350 nm such as given in Figure 4.1a was observed in the PEG data in
95 of the 500 measured force-extension curves (fraction of 19%). For PNiPAM, 252
out of 600 force- extension curves (42%) were found, such as shown in Figure 4.1b.
In order to discuss the temperature dependence of the force-extension traces, a single
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Figure 4.2: Experimental AFM data: (a) master curves of PEG showing a decreasing stretching
force with increasing temperature; (b) master curves of PNiPAM showing an opposite tempera-
ture dependence compared to PEG. A single master curve for every temperature was determined
based on force-extension curves comprising a stretching event to at least 500 pN. After rescaling
of the extensions to the length L0 at a force of 500 pN, the force-extension curves were averaged
by a binomial smoothing.

master curve for every temperature was determined using only those curves that show
a stretching event to at least 500 pN (see Figures B.2 and B.5). Then, the extensions
were rescaled to a length L0 at a force of 500 pN where conformational fluctuations
and solvent effects are negligible. [237] Finally, the force-extension curves were averaged
by a binomial smoothing, where a Gaussian filter convolves the data with normalized
coefficients derived from Pascals triangle at a level equal to the smoothing parameter
20. [238] These rescaled traces are shown in Figure 4.2.
For the PEG master curves depicted in Figure 4.2a we used 19 traces (4%) in total that
reached forces of at least 500 pN in order to investigate the polymer behavior at inter-
mediate and high stretching forces. We focus on the extension range from 0.4 to 1.0 L0

because the temperature effect is best identified here. Furthermore, we can be sure that
this extension range only comprises the stretching of a single molecule (for raw data see
Figure 4.2). The difference between the force-extension curves for PEG measured at
different temperatures (Figure 4.2a and Figure B.3) can be described as a decrease of
the force with increasing temperature at a given rescaled extension, which is discussed
in detail below. In other words, an increase of approximately 5% of rescaled extension
(at an applied force of 100 pN) is observed when increasing the temperature from 278 K
to 318 K. Note that it is crucial to compare the temperature dependence for data taken
with one and the same cantilever and for one identical set of polymers. Otherwise,
variations of the spring constant of different cantilevers and possibly the contour length
of polymers could mask the temperature effects (see Methods section for details). A
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second data set confirms the observed temperature response (Figure B.4).
For PNiPAM, the contour length varies significantly even for a single cantilever tip. In
order to minimize the effects of contour length, we selected only traces with contour
lengths between 1.0 mm and 2.5 mm and detachment forces of more than 500 pN. This
resulted in 20 traces (3%), which are shown in the master curves depicted in Figure 4.2b.
The raw data can be found in Figure B.5. Additionally, Figure B.6 shows all master
curves for different temperatures. Again, a temperaturedependent shift in the stretch-
ing force can be observed but this time in the opposite direction compared to PEG. The
stretching forces increase with increasing temperature, i.e., the chain becomes stiffer,
for a given rescaled extension (see Figures B.6 and B.7). In other words, an decrease
of approximately 1% of rescaled extension (at an applied force of 100 pN) is observed
when increasing the temperature from 278 K to 328 K. It is noteworthy that there is no
sudden change in the shape or frequency of the recorded force-extension curves when
comparing temperatures below and above the LCST. This agrees with the expectation
that a highly stretched single molecule does not show cooperative effects, which would
rather be expected for weakly stretched chains that can self-interact.
This is in contrast to the study by Cui et al., which claimed that the stretching force

has a minimum at the LCST when examining the temperature range of 304 K to 313 K
with a difference of relative extension of up to 10% at 200 pN. [199] Furthermore, we did
not observe any plateaus in our force- extension curves over the whole range of tem-
perature values from 278 K to 328 K such as observed by Liang et al. [200] Yet both Cui
et al. and Liang et al. performed nanofishing experiments. Zhang et al. have already
pointed out that cantilever tip functionalization might be a better way to obtain clean
and real single molecule stretching events. [201] Nanofishing might lead to cooperative
effects that strongly affect the outcome of a single molecule study due to additional
substrate-adsorbed molecules. [239] The covalent attachment of a single molecule to the
cantilever tip as presented here enables us to exclude any interactions with neighbor-
ing polymers. Therefore, our results are consistent with the study by Kutnyanszky et
al., [210] in which single molecule attachment to a cantilever tip had also been carried
out. Yet our significantly larger force and temperature ranges allow us to deduce the
molecular mechanism for this behavior. A second data set for PNiPAM taken with a
different cantilever confirms the observed temperature dependence (Figure B.7). To
deepen our understanding of these observations, MD simulations were performed and
compared to the experimental data.
Figure 4.3a shows a comparison between the experimental master curves and the MD
simulations for PEG. The distinct tripartite structure with a middle section exhibiting
an almost constant force-extension slope is well reproduced by the simulations. Also,
the temperature shift agrees well with the experimental data. This validation enables
us to extract the molecular mechanisms for PEG from the MD simulations (see below).
Figure 4.3b and Figure 4.3c show the comparison of the experimental master curves for
PNiPAM with two sets of MD simulations. As the polymer was synthesized by a con-
trolled radical polymerization without any manipulation of the propagating chain ends,
a predominantly atactic arrangement of the side groups is expected. This is confirmed
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Figure 4.3: Comparison of MD simulations (circles) with the experimental data (lines): (a) MD
simulations for a PEG molecule for a wide temperature range showing the same characteristics
as the experimental data. Note the significantly larger temperature range in the simulations.
(b) MD simulations of an isotactic and (c) of a syndiotactic PNiPAM polymer compared to the
experimental data for atactic PNiPAM, respectively. The experimental force-extension traces
are situated between the MD simulations of the syndiotactic and isotactic PNiPAM. Also, the
magnitude of the temperature-induced force shift is between the two extreme cases considered
in the MD simulations. Respective zoom-ins are shown in the bottom row for better comparison
of the relevant mid-force range.

by the 13C-NMR data, which show the expected ratios between the signals in the range
of 30 ppm to 45 ppm (Figure B.1c). [240] Accordingly, the experimental force-extension
curves are situated between force-extension curves from MD simulations representing
the extreme cases of a fully isotactic and a fully syndiotactic polymer, as shown in
Figure 4.3b (isotactic) and Figure 4.3c (syndiotactic). For the isotactic simulations,
an extremely slow relaxation of the PNiPAM chain leads to a strong variation of the
stretching force, masking any clear trend with respect to temperature. By contrast, the
syndiotactic simulations exhibit small error values and present a clear force-extension
course for the different temperatures. In particular, the temperature shift in the force
response shows the same qualitative behavior for both AFM experiment and MD simu-
lation, although differing quantitatively. The quantitative difference presumably results
from the difference between atactic (experiment) and syndiotactic (MD simulation) ar-
rangements.
The temperature dependence of the free energy per length F/L0 can generally be ap-
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proximated as Tn with an exponent n . An ideal entropic behavior is predicted by the
FJC model, [241]

zete
Lc

= coth
f b

kBT
− kBT

f b
(4.1)

while the wormlike chain (WLC) model is not purely entropic, [242]

f =
kBT
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+
1

4
(
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Lc

)2 −
1

4
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Here zete is the rescaled end-to-end distance, Lc the contour length, b the temperature
independent Kuhn length (see Table B.1 ), and f the applied force. The persistence
length is given by lp = κ/(kBT ) , where the bending rigidity κ is assumed to be
temperature independent. Next, the free energy F is given by

F = U − TS (4.3)

While the FJC model leads to U/F = 0 and −TS/F = 1, the WLC model leads to
U/F = −1 and −TS/F = 2 with the energy U and the entropy S. [48] While in both
cases TS/F is constant, F is proportional to Tn with n = 1 for the FJC model (for a
temperature independent Kuhn length, see Table B.1) and n = 2 for the WLC model
(for a temperature independent bending rigidity κ). By contrast, a purely energetic
stretching response should be temperature independent, i.e., n = 0. We name regimes
with exponents n > 1 as superentropic, n < 0 as superenergetic, and with 0 < n < 1 as
mixed.
The commonly used FJC and WLC models fail to describe the force-extension behav-

ior of both PEG and PNiPAM over the whole force range (Figures B.8 and B.9). [48] In
particular, both polymers deviate from a purely entropic spring model at intermediate
and highly stretched states. In fact, they represent superenergetic or mixed springs
with different temperature behavior, as discussed below.
The temperature-dependent force response of the PEG polymer is best analyzed by
normalization with respect to Tn in order to find the optimal exponent n. The optimal
value for n is obtained when the normalized free energy-force curves for the different
temperatures superimpose. In particular, the optimal exponent n is found by the lowest
coefficient of variation (ratio of standard deviation and mean value) for the different
temperatures at each stretching force value (Figure B.10). Thus, the different regimes
(entropic and energetic) can be distinguished along the course of the stretching force.
In Figure 4.4 the stretching free energy per length F/L0, rescaled with various scaling
exponents n, is shown in order to compare the regimes obtained from experiment and
simulation. F is determined by integration of the master curves (force vs rescaled ex-
tension) given in Figures 4.2 and 4.3. Considering the different temperature ranges for
the experiment and the MD simulation, the data agree qualitatively well. For low forces
below 150 pN , the MD simulation data are best described by a scaling exponent n = 1,
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Figure 4.4: Temperature dependence of the stretching free energy F for experimental AFM data
and the MD simulations of PEG: (a) stretching free energy F per L0 (extension at a force of
500 pN) vs force (case n = 0); (b) F per L0 divided by kBT (n = 1); (c) F per L0 divided by
kBT

−1 (n = −1). Note the significantly larger temperature range in the simulations.

indicating purely entropic behavior (Figure 4.4b). In the AFM experiments, this purely
entropic regime is already left at forces below 100 pN. Then, above 150 pN, more and
more energy-dominated behavior is found for both the MD simulations and the AFM
experiments. The AFM experiments even reach the superenergetic regime with n = −1
(Figure 4.4c). The MD simulation for the lowest temperature (250 K) shows a nonlinear
course, but this temperature cannot be probed in experiments. At higher temperatures
(300 K, 325 K, 350 K), where experiment and simulation can directly be compared, the
shape of the curves qualitatively agrees well.
Altogether, the MD simulations are best described by an entropy dominated chain
(n = 1) for forces up to 150 pN and an energetic chain (n = 0) starting at this interme-
diate force. The experiments already show significant superenergetic behavior starting
from below 100 pN and finally dominant energetic contributions (n = −1) at higher
stretching forces.
In order to understand the shift from entropic to energetic behavior, we examined the

mean fraction of gauche and trans states in the PEG chain according to MD simula-
tions. Figure 4.5a shows the mean fraction of monomers in the trans state for different
temperatures as a function of force. The initially shallower increase of Φtrans for low
temperatures can be explained by a higher number of water bridges forming two hy-
drogen bonds with the PEG backbone, as depicted in Figure 4.5b. The decrease in the
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Figure 4.5: Molecular mechanism of PEG revealed by MD simulation data: (a) mean fraction
of monomers in the trans state and (b) number of water bridges nwb vs the stretching force for
PEG at different temperatures ranging from 250 K to 400 K (with a PEG chain comprising 11
monomers). (c) Schematic picture of PEG in the gauche state with two hydrogen bonds (water
bridge) involved (left) and a water molecule forming a single hydrogen bond with PEG in the
trans state (right). [48]

number of water bridges explains the overall decrease in F/L0 with increasing temper-
ature (Figure 4.4a). In addition, the pronounced nonlinear behavior of Φtrans for low
temperatures around 250 pN can explain the increase in the slope of F/L0 observed in
Figure 4.4a at this force. Here the water bridges stabilize the gauche state, which has a
smaller contour length compared to the trans state. This also explains the temperature-
dependent crossover of PEG around 250 pN , which can be observed in Figure 4.4a and
Figure 4.5. Note that a temperature-dependent contour length can be obtained using
the FJC model to fit PEG force-extension curves (see Figure B.8) if a temperature
independent Kuhn length is assumed (see Table B.1 ). Such a temperature-dependent
contour length would just be a fit parameter with no real physical meaning, and we
therefore argue that the exponent n discussed above better describes the underlying
physical processes.

Figure 4.6 shows the stretching free energy for PNiPAM vs force for different tem-
peratures determined analogously to the PEG data. In general, AFM experiments and
MD simulations agree well. Again, we optimize the coefficient of variation to find the
exponent n in the temperature dependence (Figure B.11). For the syndiotactic MD sim-
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Figure 4.6: Temperature dependence of the stretching free energy F for the MD simulations of
isotactic PNiPAM (open diamonds) and of syndiotactic PNiPAM (open squares) compared to
experimental AFM data (atactic, lines): (a) stretching free energy F per L0 (extension at a
force of 500 pN) vs force (n = 0); (b) F per L0 divided by kBT (n = 1); (c) F per L0 divided
by kBT

1/3 (n = 1/3).

ulations, a dominance of entropy (n = 1) up to 100 pN can be observed (Figure 4.6b).
But for higher forces, n = 1/3 describes well the course of the temperature dependence
of F/L0, resulting in a dominance of the energetic character. In fact, the syndiotactic
MD simulations are quite close to the atactic experimental data. Altogether, we obtain
the best fit for n = 1/3, i.e. F/L0 ∼ T 1/3 (Figure 4.6c). In general, PNiPAM shows a
mixed behavior (0 < n < 1) for the investigated stretching forces.
At the molecular scale the temperature-dependent stretching response of PNiPAM can
be understood as follows: [208,243–246] At low temperatures, hydrogen bond bridges are
formed between water molecules and the amide side groups. Thus, the polymer com-
prising a hydrophobic backbone is made soluble in water. When the temperature is
increased, exothermic formation of hydrogen bonds becomes unfavorable. Therefore,
the bound water molecules are released leading to a partial dehydration of the poly-
mer. In parallel, intramolecular hydrogen bonding between the amide groups is favored
(attractive interaction). Therefore, the polymer tends to collapse into a globular state,
i.e., more force is required to keep the polymer at a certain extension compared to
a lower temperature. For single PNiPAM molecules, as investigated here, we do not
observe a sharp transition, which is rather attributed to cooperative effects as discussed
in Futscher et al., [209] but a gradual change.
The simulation of isotactic PNiPAM (Figure 4.6a, open rhombi) shows a similar linear
relation of free energy F/L0 with force. Here, due to the one-sided arrangement of the
NiPAM monomer units, hydrogen bond bridges can be formed between two monomers.
This presumably leads to a greater influence of the hydrogen bond bridges compared to
the syndiotactic polymer, where the NiPAM monomer units are arranged in an alter-
nating fashion with respect to the backbone leading to a less pronounced increase of free
energy F/L0 with force (Figure 4.6a, filled squares). Additionally, the magnitude of the
experimental values for free energy per length F/L0 (atactic polymer, Figure 4.6a, solid
lines) is close to the simulated syndiotactic data (Figure 4.6a, open squares) while the
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simulated isotactic values (Figure 4.6a, open diamonds) are about 1.5 times higher for
a given force in the range of 200 pN to 500 pN. In conclusion, the tactility of PNiPAM
is more important for the free energy to stretch the polymer at a given force than a
change of temperature from 278 K to 328 K.

4.4 Conclusions

In a combined experimental and simulation approach, we have scrutinized the temper-
ature dependence of single PEG and PNiPAM polymers. We have been able to develop
a reliable procedure to covalently attach long polymers (at least 300 nm) to the tip of
a Si3N4 AFM cantilever. This allows us to measure highly reproducible single polymer
force-extension curves up to high stretching forces (approximately 800 pN), excluding
any interactions with neighboring polymer chains, which proved difficult in other exper-
iments (e.g., nanofishing). Our truly single molecule experiments are consistent with
MD simulations in explicit solvent at various temperatures. For PNiPAM we could
show that neither the shape nor the frequency of the recorded force-extension curves is
significantly changed around the LCST at the investigated forces. The LCST is there-
fore indeed a cooperative effect.
In addition, we find that PEG and PNiPAM show a contrasting temperature stretching
response in water. While the stretching force increases with increasing temperature
for PNiPAM, a decrease in the stretching force for increasing temperatures can be ob-
served for PEG. The experimental temperature-dependent stretching response of PEG
and PNiPAM is also in good agreement with the MD simulation.
Furthermore, both experimental data and MD simulations show a decrease of the force
dependent stretching free energy of PEG with increasing temperature for stretching
forces starting at about 100 pN. This can be explained by the influence of temperature
on the mean fraction of gauche and trans states of the PEG chain and the corresponding
reduction of the number of water bridges during stretching. PNiPAM already shows a
nonlinear dependence of the free energy per length on temperature at the lowest probed
stretching forces (approximately 10 pN).
In summary both single PEG and PNiPAM molecules do not represent purely entropic
springs. Their stretching free energy is dominated by energetic solvation effects at a
wide range of stretching forces. This shows that although the FJC and WLC models
are very helpful for comparing polymer properties, the physical interpretation of the
resulting parameters has to be done with care. In particular, as has been found be-
fore, both models do not mimic the force- extension behavior over the full range of
stretching forces. Here we could further show that they also do not correctly describe
the temperature-dependent force-extension behavior, in particular for highly stretched
polymers under aqueous conditions.
We propose using the exponent n of the temperature dependence of the normalized
stretching free energy (F/L0) as a measure for the degree of energetic vs entropic char-
acter of a polymer. A purely entropic chain is defined by n = 1, as obtained in the FJC
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model with temperature independent Kuhn length. For PEG we find a superenergetic
stretching response with n < 0. For PNiPAM, we find a mixed stretching response with
0 < n < 1. Thus, we are able to classify the temperature stretching response of different
polymers and to show that PEG has a more dominant energetic character than PNi-
PAM. At the molecular level, both polymers lose hydrogen bonds with the surrounding
water with rising temperature. At the same time, for PNiPAM, intermolecular hydrogen
bonds are formed that compensate for that loss. Thus, PNiPAM shows an antagonistic
temperature-dependent force-extension stretching response compared to PEG.
This paves the way for understanding temperature responsive polymers and for de-
signing block copolymer structures for a tailor-made temperature behavior. Materials
comprising blocks with antagonistic temperature dependence could be used for switches
or actuators [191,247] analogous to the bimetallic effect. In molecular switches, prestressed
building blocks could be used to adjust the force range. In addition, current thermore-
sponsive materials are often cross-linked polymer hydrogels. [248] In hydrogels, tensile
stress might be concentrated on a small fraction of available chains, which locally leads
to a very high tensile stress. In addition, small molecular effects, as observed here,
might translate into significant macroscopic effects, e.g., in hierarchical structures, [249]

or the devices might be implemented at significant prestress to increase the temperature
response. Finally, some future adaptive force sensors could use a polymeric system that
can reach or operate in a highly stretched state. [250]
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5.1 Introduction

The von Willebrand factor (VWF) is a large glycoprotein that is crucially involved in
primary hemostasis. [76] The ability to mediate platelet adhesion at sites of vascular
injury depends on the activation stage of VWF [77,251,252] and its insufficiency has been
linked to bleeding disorders. [253]

The proposed mechanism for the activation of the VWF is the elongation and partial
unfolding by elevated shear flow conditions due to vasoconstriction. [74,75,251,254] This
implicates a collapsed state of VWF present under normal shear flow conditions and
a shear-flow induced transition into a partly unfolded state. [75] The behavior of col-
lapsed as well as coiled polymers in shear flow has been at the focus of theoretical and
experimental research. [74,75,255–259] Previous studies have used simulations and theoret-
ical considerations to explain the globular-coil transition due to linear shear flow for
collapsed polymers in the vicinity of the vessel wall. [74,260,261] Despite the fact that the
grafted scenario might be even more relevant, the non-grafted scenario has been studied

59

https://doi.org/10.3390/polym10080926
https://doi.org/10.3390/polym10080926


5. Hydrodynamic Shear Effects on Grafted and Non-Grafted Collapsed Polymers

intensively in simulations so far. The relevance of the grafted scenario arises from the
fact that upon activation, VWF binds to sub-endothelial collagen. [68,83,252,262–264]

In the present study, we focus on the grafted scenario, which frequently appears in
atomic force microscopy (AFM) measurements, [68,252,265] and compare it to the non-
grafted scenario. We conduct Brownian dynamics simulations including long range hy-
drodynamic interactions (HI) on the Rotne-Prager level [40,266] under linear shear flow
conditions. Although some stationary dynamic chain properties are independent of
hydrodynamic effects, [267] hydrodynamic interactions crucially influence the scaling be-
haviour of the critical shear rate of the globular-coil transition. [74,75] These results shed
light on time scales relevant for the regulatory mechanisms linked to the domain opening
of VWF in the grafted scenario. One of the additional regulatory mechanisms that has
been studied in more detail, is the cleavage of VWF by means of the enzyme ADAMTS-
13. [80,81] Relating simulations and results from atomic force microscopy (AFM) via rate
theories [68,268–271] has been argued to offer a promising route to investigate domain
specific activation times of VWF.
In the first part of this study, scaling laws for the critical shear rate are deduced from
simulation results. We find the dependence of the critical shear rate on the number of
monomers to be inverted for the grafted compared to the non-grafted scenario, i.e., for
the grafted scenario, an increase in polymer size reduces the critical shear rate while
for the non-grafted scenario the critical shear rate is increased. In the second part,
we connect the unfolding of the polymer to the tensile force profile and investigate the
interplay of drag and lift force that determines the configurations of the grafted chain.
In addition, we investigate the mean and the maximum of the tensile force profile for
the grafted and non-grafted chain at the critical shear rate. These forces and their
scaling with the number of monomers are relevant for the shear-dependent folding and
unfolding times of VWF domains.

5.2 Methods

5.2.1 The Model

We describe the VWF by a bead-spring model. The beads are numerated from 1 up
to the total number of beads, N . Each bead has a radius of a which is associated
with an effective radius of a VWF dimer of 73 nm. [81] A schematic description of the
VWF model is given in Figure 5.1. The position vectors of the beads are denoted by
r1, . . . , rN . The backbone of the chain is realized by a series of springs, with a spring
constant κ = 200 kBTa−2, that connect neighbouring beads. The potential of each
spring is given as

USP(|ri+1 − ri|) =
κ

2
(|ri+1 − ri| − 2a)2 . (5.1)
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All beads interact pairwise by a Lennard-Jones interaction with a cohesion strength ε,
which in our study is set to 2kBT,

ULJ(|ri − rj |) = ε

[(
2a

|ri − rj |

)12

− 2

(
2a

|ri − rj |

)6
]
. (5.2)

𝒓𝟐𝒓𝟏

2𝑎

Figure 5.1: Schematic picture of the bead-spring model of the von Willebrand factor. The beads
are numerated from 1 to N and their respective position vectors are denoted by r1, . . . , rN . The
harmonic springs connecting consecutive beads have a stiffness of κ = 200 kBTa−2.

The value for the cohesion strength was previously obtained by fitting simulation re-
sults of the bead-spring model for the globule-to-coil transition to experimental data. [75]

Note that for the relatively large VWF monomers considered here, the dispersion in-
teraction will, for small separation, lead to a different interaction potential than the
Lennard-Jones interaction given in eq 5.2. We thus view eq 5.2 as a model potential,
in line with previous work. The total potential energy of our system follows as

U(r1, ..., rN ) =

N−1∑

i=1

N∑

j>i

ULJ (|ri − rj |) +

N−1∑

i=1

USP (|ri+1 − ri|) . (5.3)

5.2.2 Simulation Details

We perform Brownian dynamics simulations of a single chain using a discretized version
of the over-damped Langevin equation, [40,261]

ri(t+ ∆t)− ri(t)

∆t
= γ̇ziµ

−1
0 µii·x̂−

N∑

j=1

µij ·
[
∇rj(t)U(r1, ..., rN )

]
+kBT

dµzzii
dz

∣∣∣
z=zi

ẑ+ξi(t),

(5.4)
which is used to recursively calculate the displacement of a bead i in a specified time
step ∆t. The first term on the right-hand side of eq 5.4 accounts for the linear shear
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flow proportional to the shear rate γ̇. The direction of the flow is given by the unit
vector in x direction, denoted as x̂. The mobility tensor µ and random velocity ξi are
different for the grafted and non-grafted scenarios.
For the non-grafted situation, we use the Rotne-Prager-Yamakawa tensor to calculate
the mobility of all beads. Due to the absence of a no-slip boundary in this scenario, the
third term on the right side of eq 5.4 vanishes. The Rotne-Prager-Yamakawa tensor is
given by [272]

µij = µRPY (rij = ri − rj) =





1
8πηrij

[(
1 + 2a2

3r2ij

)
1 +

(
1− 2a2

r2ij

)
r̂ij ⊗ r̂ij

]
if rij > 2a

1
6πηa

[(
1− 9rij

32a

)
1 +

3rij
32a r̂ij ⊗ r̂ij

]
if rij ≤ 2a

,

(5.5)
where rij = |ri − rj |.
For the grafted scenario which includes a no-slip boundary at z = 0, we use the Rotne-
Prager-Blake tensor that was previously derived, [266]

µij = µRPB (ri, rj) = µRP (ri − rj)− µRP (ri − r̄j) + ∆µ (ri, rj) , (5.6)

where r̄j = (xj , yj ,−zj)T is the mirror image position and µRP is the Rotne-Prager
tensor. The explicit terms of the Rotne-Prager-Blake tensor are given in the supple-
mentary material.
The random velocity in eq 5.4, ξi, follows from the fluctuation-dissipation theorem,

〈ξi(t)⊗ ξj(t′)〉 = 2kBTµijδ(t− t′). (5.7)

We use the Cholesky factorization to decompose the entire mobility matrix µ into a
lower triangular matrix L and its transposed. The lower triangular matrix is then
multiplied with a random Gaussian vector to obtain correlated values that obey the
required variance condition given by eq 5.7.
For the grafted scenario, we introduce an additional repulsive potential that prevents
the beads to cross the no-slip boundary at z = 0. This potential is given by [273]

UR(ri) =





2πkBTσR
a

[
2
5

(
σR
zi

)10
−
(
σR
zi

)4
+ 3

5

]
if zi ≤ σR

0 if zi > σR

(5.8)

where σR is chosen to be 1.5 a. This repulsive potential makes sure that the approx-
imation made for the parallel and perpendicular self-mobilities in the derivations of
the expressions obtained by Perkins, Jones, Stimson and Jeffery remain valid (cf. von
Hansen, et al., Figure 1). [266,274,275]

In simulations for the grafted scenario, the first bead is modelled as an anchor point.
The position of the first bead is therefore not updated in the simulation. There is also
no hydrodynamic interaction between the first bead and any other bead in the simula-
tion. Hence the mobility matrix for this case is not 3N dimensional but rather 3(N−1)
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dimensional.
Simulation parameters and results are given in rescaled units. These units are the
bead radius a, the thermal energy kBT and the diffusion time τ = 6πη a3/(kBT ) =
a2/(µ0kBT ). The simulation time step is consistently chosen to be ∆t/τ = 5×10−4 and
simulations are run for at least 2 × 108 steps, resulting in a minimum simulation time
of 105τ . Positions of all beads are saved at least every 105 steps. When we calculate
an observable from trajectories, we always omit the first 106 steps for equilibration.
Throughout our simulations, we do not observe self-entanglement effects, which exper-
imentally are known to exist for DNA. [276] Note that in similar simulations at larger
cohesion strength, a non-monotonic behaviour of the chain size on shear rate has been
reported and rationalized by entanglement effects. [277]

5.3 Results

In our study, we systematically vary the shear rate, γ̇, as well as the number of beads, N ,
of the bead-spring chain and therefore its contour length which is given as L = 2(N−1)a.

5.3.1 Scaling of Critical Shear Rate

As we show in Figure 5.2, both the grafted as well as the non-grafted scenarios exhibit
a shear-induced globule-to-coil transition. We identify this transition by calculating the
mean-squared radius of gyration of the chain for different shear rates defined as

R2
G =

1

2N

N∑

i=1

N∑

j=1

(ri − rj)2. (5.9)

In Figure 5.2, we see a narrow shear rate range over which a significant increase of the
time-averaged radius of gyration is observed. This reflects a conformational change of
the bead-spring chain from a collapsed state caused by cohesion, which is verified by
the scaling relation of R2

G ∼ (N−1)2/3 at γ̇ = 0 shown in Figure 5.3, to a non-collapsed
state.
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Figure 5.2: An increase of the shear rate γ̇ above a certain threshold, which depends on the size
of the chain, initiates a transition from a collapsed to a coiled or extended state. The vertical
dashed lines relate to the steepest increase of the mean-squared radius of gyration as a function
of the shear rate. We present results for different monomer numbers N . Subfigures (a,b) show
the grafted and non-grafted cases, respectively. We also show simulation snapshots for N = 30
below, at and above the critical shear rate of γ̇∗ = 0.24 τ−1 for the grafted and γ̇∗ = 13 τ−1

for the non-grafted scenario.

Chains in shear flow show large size fluctuations. [278] To determine the transition
between the collapsed and non-collapsed states, we analyse quantities that characteris-
tically depend on the shear rate and exhibit an extremum at the transition. Previous
publications used R2

S, a quantity that measures the mean-squared extension of the bead-
spring chain in flow-direction. [81,260,261] This quantity is defined as the maximal squared
distance between any two beads after projecting their positions onto the flow-direction:

R2
S(t) = max

i,j∈{1,...,N}

[
(rij · x̂)2

]
. (5.10)

The motivation behind this definition is that the relative fluctuation of the squared
extension in flow direction, defined as

σR2
S
/R2

S =
√
〈R4

S(t)〉 − 〈R2
S(t)〉2/〈R2

S(t)〉, (5.11)
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Figure 5.3: Equilibrium results for zero shear rate (γ̇ = 0): The mean-squared radius of gyration,
R2

G, as function of the monomer number, N − 1, is described by the expected scaling law for
collapsed polymers, R2

G ∼ (N − 1)2/3, shown as a blue line both in (a) the grafted and (b) the
non-grafted scenarios.
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Figure 5.4: The maximum of the normalized standard deviation of the mean-squared elongation
of the chain in flow direction,

√
〈R4

S(t)〉 − 〈R2
S(t)〉2/〈R2

S(t)〉, has previously been used to define
the critical shear rate indicated by dashed lines. [260] Subfigures (a,b) depict the grafted and the
non-grafted scenario, respectively.

is maximal, when the probability of the bead-spring chain for changing from a collapsed
to a non-collapsed state is the highest. For comparison with previous publications, we
show σR2

S
/R2

S over γ̇ in Figure 5.4.

In addition to the relative fluctuations σR2
S
/R2

S, we analysed several other quantities
in terms of their dependence on the shear rate which we present in the supplementary
material. In Figure 5.5, we compare the results for the critical shear rate as a function
of N deduced from the maximum of the relative fluctuations and from the maximum
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of the numerical derivative of the two measures, R2
S and R2

G, with respect to γ̇. Note
that the grafted and the non-grafted scenario show qualitatively different behaviours
of the critical shear rate upon increasing the chain length. In the non-grafted case,
an increase of the chain length leads to an increase in critical shear rate, whereas for
the grafted scenario, an increase in chain length actually decreases the critical shear
rate. Our results for the critical shear rate in the non-grafted case are in reasonable
agreement with the previously derived scaling relation in the presence of hydrodynamic
interactions, γ̇∗ ∼ (N − 1)1/3. [260] From our simulation results, we find that the grafted
scenario exhibits a different scaling according to γ̇∗ ∼ (N − 1)−1/3 which we show
Figure 5.5a. This scaling can be explained by the fact that the anchor of the chain forms
a protrusion, as soon as the cohesion force, FC ∼ ε/a ∼ kBT/a, can be overcome. Below
the critical shear rate, the drag force acting on the globule is given by FD ∼ γ̇ (N−1)1/3

assuming that the drag force is proportional to the flow velocity at the position of the
center of mass of the chain. Equating these two forces, we find γ̇∗ ∼ (N − 1)−1/3.
Hence, we find the scaling laws

γ̇∗ ∼
{

(N − 1)−1/3 (HI, grafted)

(N − 1)1/3 (HI, non-grafted)
, (5.12)

which in Figure 5.5 are presented as solid lines and shown to describe the simulation
data well.
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Figure 5.5: The critical shear rate, γ̇∗, for the grafted and non-grafted scenarios as determined
by four different criteria. We present the numerical derivatives and the normalized standard
deviations of R2

G and R2
S, indicated by dashed vertical lines in Figures 5.2 and 5.4, as a function

of N − 1. The scaling predictions according to eq 5.12 are shown as solid lines.
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Figure 5.6: Squared radius of gyration slightly above the critical shear rate at γ̇ ≈ 2γ̇∗: The
course of R2

G as a function of N − 1 suggests for (a) the grafted scenario that the chain is fully
stretched, R2

G ∼ N2, and (b) the non-grafted scenario that the chain is swollen, R2
G ∼ N6/5.

The scaling relations shown as blue lines are given in eq 5.13.

In Figure 5.6, we present R2
G at twice the critical shear rate in dependence of N − 1.

This characterizes the chain conformation slightly above the critical shear rate. We find
a fully stretched conformation for the grafted scenario, while for the non-grafted case
the conformation corresponds to a
swollen polymer:

R2
G ∼

{
(N − 1)2 (at γ̇ = 2γ̇∗, grafted)

(N − 1)6/5 (at γ̇ = 2γ̇∗, non-grafted)
. (5.13)

We note that shear-induced transitions are usually referred to as globular-coil transi-
tions. [75,81,279] However, in the grafted scenario the transition turns out to be rather a
globular-stretch transition.

5.3.2 Tensile Force Profiles

The transition from a collapsed to a coiled or a stretched polymer upon increase of the
shear rate is driven by a change in the tensile force profile inside the chain. The linear
springs that connect the polymer beads act as force sensors for the tensile stress which
counteracts the sum of shear stress and Lennard-Jones interactions. The absolute value
of the distance between two beads along the chain contour determines the tensile force
as

fi = κ (|ri+1 − ri| − 2a) , i ∈ {1, . . . , N − 1}. (5.14)

Tensile forces shown in the following are always averaged over the course of a simulation
by averaging the distance between consecutive beads.
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Figure 5.7: Comparison of tensile force profiles of a bead-spring chain with N = 50 for different
shear rates in the vicinity of the critical shear rate γ̇∗ = 0.168 τ−1 for the (a) grafted and γ̇∗ =
13 τ−1 for the (b) non-grafted case. These critical shear rates are based on the maximum of the
numerical derivatives of R2

S. We also present simulation snapshots that illustrate the different
unfolding mechanisms in the grafted and non-grafted scenarios.

In Figure 5.7, we show the tensile force profiles in a small shear rate range around the
critical shear rate for N = 50 of γ̇∗ = 0.168 τ−1 in the grafted and γ̇∗ = 13 τ−1 in
the non-grafted scenarios. These tensile force profiles significantly differ between the
grafted and non-grafted scenarios. The grafted case shows a maximum of the tensile
force at the grafted monomer, followed by a monotonic decrease along the chain. Below
the critical shear rate γ̇∗ = 0.168 τ−1, most of the beads on average feel no tensile
force. In the vicinity of the critical shear rate, the number of stretched bonds increases.
What this shows is that depending on the shear rate, a subsection of the chain is
elongated while the remaining part is still collapsed. In contrast, for the non-grafted
case the maximum of the tensile force propagates towards the middle of the chain with
increasing γ̇, consistent with the protrusion mechanism for shear-induced unfolding
introduced previously. [75,81,260]
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Figure 5.8: Grafted scenario: Tensile force profiles (N = 50) for shear rates (a) far below and
(b) far above the critical shear rate γ̇∗ = 0.168 τ−1. In subfigure (c), we demonstrate the
strong-stretching scaling collapse fi ∼ γ̇ predicted by Sing and Alexander-Katz. [280] Deviations
from the scaling collapse coincide with a strong increase in mean radius of gyration shown in
Figure 5.2a and are due to the extensible chain model.

When γ̇ becomes significantly larger than γ̇∗, the tensile force profile takes a charac-
teristic form, shown in Figure 5.8b, which has been studied in detail both theoretically
and in simulations by Sing and Alexander-Katz. [280] Figure 5.8c demonstrates the pre-
dicted scaling relation, fi ∼ γ̇. Above a certain shear rate value, we see deviations from
the strong stretching scaling fi ∼ γ̇, which is accompanied by a steep increase of R2

G

with γ̇ in Figure 5.2a and which is due to our usage of an extensible chain model.

5.3.3 Scaling of Lift and Drag for the Grafted Chain

In Figure 5.9b, we show the mean positions of individual beads in the x − z plane for
a chain with N = 50 for different shear rates. In Figure 5.9a we also add the standard
deviations, which demonstrates that the chain positions fluctuate significantly. To
characterize the change in conformation of the bead-spring chain for the grafted case,
we calculate the mean center of mass of the chain, which is defined as

〈rcom〉 =
1

N

N∑

i=1

〈ri〉, (5.15)

and project it onto the plane of the shear flow. We define the angle α between the wall
and the center of mass as shown in Figure 5.9c. To determine the scaling of α with
N in different shear rate regimes, we examine the scaling of the projected center of
mass positions 〈rcom,x〉 and 〈rcom,z〉. Figure 5.10 shows simulation results from which
we extract the following heuristic scaling relations,

〈rcom,x〉 ∼





(N − 1) γ̇ (below γ̇∗)

(N − 1) (above γ̇∗)

(N − 1)2 γ̇ (far above γ̇∗)

(5.16)
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and

〈rcom,z〉 ∼
{

(N − 1)1/3 (below γ̇∗)

approximately independent of (N − 1) and γ̇ (above γ̇∗)
. (5.17)

We discuss the scaling of the angle α by considering the geometric relation tan(α) =
〈rcom,z/rcom,x〉. Note that tan(α) directly relates to the force balance between the drag
force, FD, exerted on the chain by shear flow, and the hydrodynamic lift force, FL.
As long as that angle is much larger than 45◦, which corresponds to the regime below
the critical shear rate, we can use the relation arctan(x) ≈ π/2 − 1/x to deduce from
eqs 5.16 and 5.17 the scaling of α as

α ≈ π

2
− 〈rcom,x〉〈rcom,z〉

=
π

2
− const γ̇ (N − 1)2/3 (below γ̇∗), (5.18)

which is confirmed in Figure 5.11b. This means that for low shear rates the change in
angle α is governed by the drag force FD ∼ vR ∼ γ̇(N − 1)2/3.
When we consider shear rates slightly above the critical shear rate, where α becomes
significantly smaller than 45◦, we can use arctan(x) ≈ x, to derive the scaling given as

α ≈ 〈rcom,z〉〈rcom,x〉
∼ (N − 1)−1 (above γ̇∗), (5.19)

which is confirmed in Figure 5.11c. For shear rates far above the critical shear rate,
simulation results suggest the scaling α ∼ (N−1)−2 γ̇−1 which is deduced from eqs 5.16
and 5.17. In Figure 5.12a, we show the results for the dependence of the critical angle
α∗ on the monomer number, which is well described by the scaling relation α∗ ∼ (N −
1)−2/3. To derive this, we use that for the grafted scenario at the critical shear rate, the
chain is already significantly stretched, i.e. we can use the same approximation for α∗
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Figure 5.9: Grafted scenario: Subfigure (a) depicts the shear-rate-dependent mean position of
individual beads of a chain with N = 50 in the x−z plane together with the respective standard
deviations. Subfigure (b) only shows the mean positions. The mean center of mass coordinates
in x and z direction, 〈rcom,x〉 and 〈rcom,z〉, are exemplarily shown for the shear rate γ̇ = 10 τ−1

in subfigure (c).
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Figure 5.10: Grafted scenario: Subfigures (a,b) show the scaling collapse of 〈rcom,x〉 and 〈rcom,z〉
with respect to the monomer number as a function of the shear rate γ̇ according to eqs 5.16
and 5.17. The dashed lines in subfigure (a) have slopes one and illustrate the proportionality
to γ̇.
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Figure 5.11: Grafted scenario: Subfigure (a) shows the dependence of the angle α, graphically
defined in Figure 5.9c, on the chain length and on the shear rate. The scaling relations for the
projections of the center of mass positions given by eqs 5.16 and 5.17 lead to the scaling of α
below the critical shear rate, given by eq 5.18 and shown in subfigure (b) and above the critical
shear rate, given by eq 5.19 and shown in subfigure (c).
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Figure 5.12: Grafted scenario at the critical shear rate γ̇∗: Subfigure (a) depicts the simulation
results for the angle α, subfigure (b) for the mean-square radius of gyration R2

G and subfigure
(c) for the projection 〈rcom,z〉 depending on the monomer number, N−1. The deduced heuristic
scaling relations which are indicated by dashed lines are α ∼ (N − 1)−2/3, R2

G ∼ (N − 1)2 and
〈rcom,z〉 ∼ (N − 1)1/3.

as in eq 5.19, α ≈ 〈rcom,z/rcom,x〉 which is equal to the ratio between lift and drag force
magnitudes, FL/FD. Assuming Stokes’s law for the drag force, F ∗D ≈ 6πηR∗γ̇∗〈rcom,z〉∗,
where η is the viscosity, the scaling of

(
R2

G

)∗
and 〈rcom,z〉∗ in Figure 5.12b,c with the

monomer number, given as
(
R2

G

)∗ ∼ (N − 1)2 and 〈rcom,z〉∗ ∼ (N − 1)1/3, and the

dependence γ̇∗ ∼ (N − 1)−1/3 in eq 5.12 allow us to deduce the dependence of the drag
force at the critical shear rate on the chain length as

F ∗D ∼ (N − 1). (5.20)

This relation arises due to the fact that the dependences of γ̇∗ and 〈rcom,z〉∗ on N − 1
cancel each other. When we combine the results for the scaling relations of F ∗D and α∗

in eqs 5.19 and 5.20, we find for the grafted scenario that the lift force at the critical
shear rate is proportional to the mean z-position of the center of mass,

F ∗L ≈ (α∗ F ∗D) ∼ (N − 1)1/3. (5.21)

A similar result has previously been derived by Sing and Alexander-Katz for the strong
stretching limit [280] and apparently also is a good approximation at the critical shear
rate. Note that the approximation becomes better for an increasing number of beads
because the angle α∗ decreases and we move closer to the strong stretching limit.

5.3.4 Comparison of Mean and Maximal Tensile Forces at Critical
Shear Rate

Finally, we analyse the dependence of the tensile force profile in terms of its maximum
and the mean value at the critical shear rate, defined as

f∗max = max
i∈{1,...,N−1}

(f∗i ) , (5.22)
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f∗mean =
1

N

N−1∑

i=1

f∗i . (5.23)

Note that these quantities and their dependence on the number of monomers are rele-
vant in relation to mechanosensitive folding and unfolding of VWF domains. [68,268–271]

In Figure 5.13a, we show the mean positions of the beads for the grafted scenario at
the critical shear rate. We analyse the corresponding tensile force profiles, shown in
Figure 5.13b, in terms of their maximum values, shown in Figure 5.13c, and in terms
of their mean values, shown in Figure 5.13d. The numerical results for the maximum
and mean tensile forces for the grafted scenario at the critical shear rate suggest the
following heuristic dependencies on the number of monomers:

f∗max ∼ (γ̇∗)−1 ∼ (N − 1)1/3 (grafted), (5.24)

f∗mean ∼ (γ̇∗)−1/3 ∼ (N − 1)1/9 (grafted). (5.25)

The small range of monomer numbers considered for the scaling law shown in Fig-
ure 5.13d limits the precision with which we are able to determine the scaling exponent.
Hence, we would argue that the exponent we use in the heuristic law in eq 5.25 is merely
meant to be a satisfactory fit to the existing data. We find that for the grafted scenario
at the critical shear rate, f∗max, which corresponds to the tensile force acting on the
grafted monomer, is directly proportional to the radius of the collapsed chain while the
mean tensile force becomes almost independent of the chain length, even though the
drag force increases. The simulation results in Figure 5.14 for the tensile force profiles
show that the maximum and the mean tensile forces are almost identical. Heuristically,
we find for N ≥ 20 the relation

f∗max/mean ∼ (γ̇∗)3/2 ∼ (N − 1)1/2 (non− grafted), (5.26)

which is shown to describe the simulation results well in Figure 5.14.
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Figure 5.13: Grafted scenario at the critical shear rate γ̇∗: Subfigure (a) shows the mean
monomer positions 〈x〉(i) and 〈z〉(i). The resulting tensile force profiles are depicted in sub-
figure (b). Subfigures (c,d) show how the maximum and the mean of the tensile force profiles
scale with the monomer number N − 1. The simulation results suggest heuristic scaling laws,
indicated as dashed lines, which are given in eqs 5.24 and 5.25.
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Figure 5.14: Non-grafted scenario at the critical shear rate γ̇∗: Subfigure (a) shows the tensile
force profiles at the critical shear rates for different monomer numbers. In subfigure (b) we show
the maximum of the tensile force profiles in colour and the mean of the tensile force profiles in
grey. For the non-grafted case, the maximum and mean tensile forces are very similar and are
described by the same heuristic scaling given by eq 5.26.
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5.4 Conclusions

The grafted scenario for collapsed polymers under the influence of a constant linear
shear flow exhibits very different unfolding behaviour compared to the scenario where
the polymer is detached but in the vicinity of the vessel wall. Quantitatively, we find
that the critical shear rate in the grafted case is inversely proportional to the size of the
collapsed polymer. In comparison, we find the critical shear rate for the non-grafted
scenario to increase proportionally with the size of the collapsed polymer which is in
accordance to previous studies. [74,75,260] The general understanding is that shear acti-
vation of VWF is a key factor for the ability to bind blood platelets and thus to initiate
the clot formation process and that the activation of VWF is accompanied by binding
to exposed sub-endothelial collagen. [68,75,83,251] Hence, the two investigated scenarios
are relevant cases to understand VWF’s involvement in coagulation especially when
discussing possible cooperative effects. Recent studies have investigated the role of sin-
gle domains of the VWF dimer in the activation process and their ability to bind to
certain types of collagen. [68,83,265] Because there is only a preliminary understanding
of the binding process and energies, cooperative effects are not at the focus of present
VWF studies. However, when we put in physiological relevant parameters for the size
of VWF (N = 50 and a = 73 nm [75,81]), we find that the critical shear changes from
γ̇∗non−grafted = 11,000 Hz for the non-grafted scenario to γ̇∗grafted = 140 Hz in the grafted

scenario, where we use η = 0.6913 mPa s for the dynamic viscosity of water at 37 °C. [281]

By this consideration, we expect the attachment of VWF at the site of an injured vessel
to considerably promote unfolding and to possibly lead to a cascade of activations of
different sub-domains. While the shape of the tensile force profile significantly differs
depending on the scenario, we show that the maximum of the tensile force profile at the
critical shear rate is rather similar in both scenarios. By comparing the tensile force
profiles for shear rates in the vicinity of the critical shear, we are able to illustrate the
mechanisms responsible for unfolding in the two different scenarios. We reproduce the
previously proposed protrusion mechanism [75,81,260] that governs the turn-over for the
non-grafted scenario. We show that for the grafted scenario the mechanism is dominated
by the tensile force acting on the grafted monomer and that unfolding of a subsection
of the polymer, the size of which depends on the shear rate, characterizes the unfolding
mechanism. Simulated tensile forces can be related to rupture forces of VWF domains
from AFM measurements to estimate folding and unfolding times when we use transi-
tion rate theories. [68,265,268–271] Our analysis of the center of mass position dependence
on the shear rate reveals the approximate angles at which the grafted polymer reaches
into the solvent and allows for the determination of the relation between acting drag
and lift forces. The reason for the opposite dependence of the critical shear rate on the
size of the collapsed polymer originates in the distinctively different mechanisms that
initiate unfolding. In the non-grafted scenario, protrusions have to build up and due to
the rotational motion of the chain become wrapped around the
chain. [74,75,260] Thus, the unfolding mechanism has been described as a nucleation pro-
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cess that depends on the sufficiently large size of the protrusions. [74,81,260] For the grafted
scenario the chain cannot rotate since the first monomer is anchored. Hence, protru-
sions do not have to spontaneously occur in this scenario but are inherently present at
all times for sufficiently large shear rates. Future work could investigate cooperative
effects that might arise from a transition of the non-grafted scenario of VWF to the
grafted scenario.
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Chapter 6

Summary and Outlook

In this thesis, several research topics relevant to biophysics and medicine like the force-
stretching relation of polypeptides, the efficiency of signaling modes in proteins or the
unfolding mechanism of collapsed polymeric chains in linear shear flow are elucidated
from a physical point of view based on computational simulation results. Quantitative
model predictions are deduced. For each study, the model is either based on experi-
mental data or on a theoretical framework which is supported by the comparison of the
model predictions with available experimental results. This provides a reference for the
accuracy of the models.
In chapter 2, five different homopeptides polyglycine, polyalanine, polyasparagine,
poly(glutamic acid), and polylysine are simulated employing all-atom molecular dy-
namics computations including explicit water. The MD simulation results are com-
pared with the inhomogeneous partially freely rotating chain (iPFRC) model which
accounts for the fixed dihedral angle due to the restricted peptide bond configuration.
The accuracy of the model is verified by Ramachandran plots of the dihedral angle
which characterizes rotations around the peptide bond. The influence of side-chain
interactions on the elongation of polypeptides is reviewed. The results shine a light on
the fact that those interactions impact the stretching moduli and lead to a significantly
different high-force stretching responses between polyglycine, which has no side-chains,
and homopeptides with present side-chains. In addition to the stretching moduli, poly-
mer characteristics like the Kuhn length, the equilibrium contour length and the iPFRC
model-specific parameter c, which impacts the high-force stretching response, are de-
duced from the simulation results. We show how to implement the force-dependent
contour length stretching into the iPFRC model. The resulting model predictions of
the force-extension relation for homopeptides are compared with experimental single
molecule force spectroscopy results based on atomic force spectroscopy from Hugel, et
al. [107] The comparison yields very good agreement over the entire force-regime with-
out additional freely adjustable parameters. However, the experimental data show a
noticeable deviation from the model prediction in the mid-force regime around 200 pN
to 400 pN. We cannot link this discrepancy to any underlying physical mechanism.
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Further experimental studies in the future could help to resolve this issue. Analysis
of the thermodynamic properties by decomposition of the stretching free energy into
energetic and entropic contributions shows that the stretching responses of homopep-
tides are mostly entropic and that water bridges do not occur frequently and thus are
unlikely to have the same stabilizing effect that we found for PEG. [48,282]

In chapter 3, MD simulation results of a coiled coil motif for signal transduction in
proteins are presented. The system consists of two parallel α-helices in water and two
counter-ions as the solvent. Based on linear response theory, the fluctuations of relative
motions are deduced from simulations and analyzed to yield response functions that
quantify the response of such a relative motion to a periodic force applied to one side
of one the two helices. The analyzed relative motions based on simulation results are
shift, splay and twist. By definition of a ”virtual” periodic force on the opposing sig-
naling site of the coiled coil system, such that the signaling response is suppressed, one
can define a frequency-dependent force-transmission function. This force-transmission
function quantifies the effectiveness of either shift, splay, or twist to transfer a signal
from one end of the coiled coil system to the other as a function of the frequency of
the signal itself. Results for the particular coiled coil linker Ja, which is designed based
on the light-oxygen-voltage (LOV) histidine kinase YF1, [72,73] suggest that in the fre-
quency range between 100 kHz and 100 MHz the twist mode is double as effective as
the shift mode and that the splay mode is only one-tenth as effective as the shift mode.
In the frequency range between 1 GHz and 10 GHz, a crossover of the transmission
functions of twist and shift appear due to the twist mode becoming much less effective
to a point where at 10 GHz it is not significantly more effective for signaling than splay.
For frequencies above 10 GHz, the noise of the resulting data coerces the report of no
significant difference between the effectiveness of the three modes. Analytic fitting of
the response functions and the consequent extraction of correlation parameters suggest
that the twist mode could become relevant again towards the far-infrared regime from
100 GHz to 1000 GHz, which reportedly can be attributed to vibrations of weaker inter-
molecular interactions (e.g., hydrogen bonds). [283–287] Interestingly, based on electron
paramagnetic resonance spectroscopy and X-ray solution scattering, the light-induced
conformational changes within the LOV sensor have been reported as a splay motion. [73]

This could point to either the LOV sensor domain to have a significant impact on the
signaling motion pathway or a cooperative effect of several relative motions.
In chapter 4, experimental and simulation results of PEG and PNiPAM are used to
reveal temperature-dependent cooperative effects between the solvent and the polymer.
We show that these cooperative effects lead to an opposing temperature stretching re-
sponse of PEG and PNiPAM in water. For PNiPAM, the stretching force increases with
increasing temperature, whereas for PEG we obtain a decrease in the stretching force
for increasing temperature. The cooperative effect for PEG is linked to the stabilization
of the gauche state through water bridges. This effect is quantified by extraction of
the fraction of trans states of PEG as a function of the stretching force. The steep
non-linear increase of this fraction at roughly 100 pN is temperature-dependent and
coincides with the difference in force-extension relation. The slightly shorter gauche
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state explains shorter extensions while high fractions of trans states yield longer exten-
sions for the same applied stretching force. [48] The presence of cooperative effects for
PNiPAM in water is displayed by the fact that the single molecule force spectroscopy
measurements provide no significant change of the shape of the recorded force-extension
curves around the lower critical solution temperature (LCST). [282] The analysis of the
thermodynamic properties by decomposition of the stretching free energy into energetic
and entropic contributions gives evidence for the strong energetic solvation effects es-
pecially in the intermediate to large force regime. Comparison of the force-extension
curves with predictions for the freely jointed and the worm-like chain model based on
parameters obtained from the MD simulations show the discrepancy of descriptions
by these models that take only the entropic or energetic properties of the chain itself
into account. This demonstrates the importance of validating the applicability of a
polymer model for the fit of the force-extension curve. In disregarding this step, one
can yield reasonable resulting fits, but the obtained parameters might entail no physical
meaning. Our experimental and simulation results show that standard models like the
freely-jointed and the worm-like chain model are not sufficient to predict the temper-
ature dependence of the stretching behavior and that the temperature dependence is
very much determined by hydration or dehydration of the polymer. An improved un-
derstanding of the temperature-dependent stretching behavior of polymers will help to
advance the application of thermoresponsive polymers, which could be especially useful
in medicine. [288–291]

In chapter 5, collapsed polymers under constant linear shear flow are studied for two
relevant scenarios for the shear activation of von Willebrand factor, a large glycoprotein
involved in primary hemostasis. In the first scenario, the collapsed polymer is attached
to the vessel wall on one side. The other scenario describes the collapsed polymer in a
detached scenario in the vicinity of the vessel wall. The critical shear rate is obtained
for both scenarios, where the polymer changes from a collapsed to a coiled state. We
show that the critical shear rate in the grafted case is inversely proportional to the
size of the collapsed polymer. In comparison, we find the critical shear rate for the
non-grafted scenario to increase proportionally with the size of the collapsed polymer.
From the finding that the grafted scenario significantly lowers the critical shear rate, we
expect the attachment of VWF at the site of an injured vessel to considerably promote
unfolding and to possibly lead to a cascade of activations of different sub-domains. We
determine the mechanical response of the polymer by obtaining the tensile-force profiles
as well as the angle, at which the attached polymer reaches into the stream, depending
on the shear rate. Even though the tensile-force profiles differ for the grafted and non-
grafted scenario, we find that the maximum of the tensile force profile at the critical
shear rate is rather similar in both scenarios. The different unfolding mechanisms for
the two scenarios are discussed. For the non-grafted scenario, the previously proposed
protrusion mechanism is reproduced. [75,81,260] For the grafted scenario, the unfolding
mechanism is dominated by the tensile force acting on the grafted monomer. We be-
lieve that the elucidation of these two mechanisms could lead to the investigation of
cooperative effects of the two mechanisms, which are very likely to both occur during
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the activation of von Willebrand factor. [292–295]

In summary, we demonstrate the distinct influences of real polymer properties as
opposed to ideal polymer assumptions for the stretching of the contour length depend-
ing on the applied stretching force or the hydration and dehydration effects, which
render commonly used polymer models insufficient in their description of the force-
extension relation for many water-soluble polymers. [282,296] We give insights into the
thermodynamic properties of stretched polymers in explicit water by decomposition of
the stretching free energy into energetic and entropic contributions. This allows for the
distinction of real polymers from polymers that can be described as purely entropic
(freely jointed) or by a fixed rigidity (worm-like). [282,296] Mechanical relative motions
in two parallel α-helices are modeled to give further insights into possible pathways
of signaling in protein structures. [145,154,155,297] Finally, the response of attached and
detached polymers under constant linear shear flow conditions is investigated to provide
a broader understanding of the role of von Willebrand factor in initiating the blood
coagulation process. [76–78,298]

This work contributes to the expansion of the theoretical framework which describes
the response of polymers to external forces. We provide quantitative models which can
act as references for the improvement of mechano- and thermoresponsive materials.
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Appendix A

Force Response of Polypeptide Chains
from Water-Explicit MD Simulations

A.1 Stretching Response in Salt Solutions

The single-molecule AFM peptide stretching data by Hugel et al. [107] were obtained
in phosphate-buffered saline (PBS) with additional 500 mmol/L sodium chloride. To
check for possible effects of salt on the stretching response of polypeptides, we performed
additional stretching simulations in water with sodium and chloride at a concentration
of 500 mmol/L. Note that for the charged peptides an additional number of counter
ions is present in order to neutralize the peptide charge. From the results shown in
Figure A.1 we can conclude that the addition of sodium chloride at a concentration of
500 mmol/L has no significant effect on the stretching response of the polypeptides in
the force range we investigate in our simulations.
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Figure A.1: Comparison of the stretching response from MD simulations for polypeptides at
NaCl concentrations of 500 mmol/L (triangles) and for pure water (spheres). Note that in
addition 13 counter ions are present in the system for poly-lysine and poly-glutamic acid in
order to make the system charge neutral.
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A.2 Origin of Different Backbone Stretching Moduli

A.2 Origin of Different Backbone Stretching Moduli
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Figure A.2: Comparison of the energetic contributions in the MD simulations of GLY3 and
ALA3 in vacuum at a fixed distance 2a = 0.736 nm (corresponding to the equilibrium value
2a0 for glycine) and at a significantly stretched distance 2a = 0.799 nm. Upon stretching, we
observe a significant increase of the bond length and bond angle energies. For glycine we see
that the Lennard Jones 1-4 interaction between further neighboring atoms almost vanishes at
large stretching. For alanine on the other hand, we see a much less pronounced drop of the
Lennard Jones 1-4 interactions, which reflects a much stronger interaction between side-chains
and backbone. As can be seen in the snapshots (a) and (b), these interactions prevent a planar
conformation of alanine even for the strongly stretched state.

87





Appendix B

Opposing Temperature Dependence of the
Stretching Response of Single PEG and
PNiPAM Polymers
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B. Opposing Temperature Dependence of the Stretching Response of Single PEG and
PNiPAM Polymers

(a) (b)

(c)

Figure B.1: Synthesis of SH-PNiPAM. (a) The reaction path in modification of the following
references. [299,300] (b) Resulting GPC data leading to Mn = 510 kDa, D = 1.28. (c) 13C-NMR
data (125.8 MHz, D2O as solvent) of the product with a zoom-in in the region between 22 ppm
and 45 ppm, indicating that the SH-PNiPAM is atactic according to Idota et al. [301]
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Figure B.2: Experimental force-extension curves and master curves of PEG at different temper-
atures. For a master curve all traces with rupture events higher than 500 pN were selected (left).
The extension of each trace was then rescaled to its extension at 500 pN followed by binomial
smoothing with a smoothing parameter of 20 (right). The rescaled curves used to obtain the
master curves are given as dots while the master curves are shown as solid lines. The number
of forceextension curves used for master curve determination is: 278 K – 3 curves, 298 K – 7
curves, 308 K – 5 curves, 318 K – 4 curves.
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PNiPAM Polymers

Figure B.3: Master curves for different temperatures obtained experimentally for PEG (left)
and zoom-in (middle) corresponding to Figure S2. The rescaled curves used to obtain the
master curves are given as dots while the master curves are shown as solid lines. The order
of data acquisition is given in brackets, i.e. force-extension curves were first taken at 298 K,
then at 278 K, followed by 308 K and 318 K. Furthermore, force-temperature curves for relative
extensions of 0.70, 0.80 and 0.90 are shown, respectively (right). The broken lines serve as a
guide to the eye and the error bars represent the standard deviation.

Figure B.4: Master curves for different temperatures for a second experimental PEG data set
(left) and zoom-in (middle). The number of force-extension curves used for the master curve
determination is: 288 K – 7 curves, 298 K – 7 curves, 318 K – 9 curves. The order of data
acquisition is given in brackets. Furthermore, force-temperature curves for relative extensions
of 0.70, 0.80 and 0.90 are shown, respectively (right). The broken lines serve as a guide to the
eye and the error bars represent the standard deviation.
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Figure B.5: Experimental force-extension curves and master curves of PNiPAM at different
temperatures. For a master curve all traces with rupture events higher than 500 pN were
selected (left). The extension of each trace was then rescaled to its extension at 500 pN followed
by binomial smoothing with a smoothing parameter of 20 (right). The rescaled curves used to
obtain the master curves are given as dots while the master curves are shown as solid lines.
The number of force-extension curves used for master curve determination is: 278 K – 4 curves,
288 K – 3 curves, 298 K – 3 curves, 308 K – 4 curves, 318 K – 3 curves, 328 K – 3 curves .
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PNiPAM Polymers

Figure B.6: Master curves for different temperatures obtained experimentally for PNiPAM (left)
and zoom-in (middle) corresponding to Figure B.5. The rescaled curves used to obtain master
curves are given as dots while the master curves are shown as solid lines. The order of data
acquisition is given in brackets. Furthermore, force-temperature curves for relative extensions
of 0.90, 0.94 and 0.98 are shown, respectively (right). The broken lines serve as a guide to the
eye and the error bars represent the standard deviation.

Figure B.7: Master curves for different temperatures for a second experimental PNiPAM data set
(left) and zoom-in (middle). The smaller effect compared to Figures 2 and S6 can be explained
by the smaller temperature range of 40 K and the different lengths of the measured polymers.
The first data set shows contour lengths of about 1.0 to 2.5 mm which is approx. two to four
times longer than the contour lengths of the second data set. The number of force-extension
curves used for rescaling is: 288 K – 18 curves, 308 K – 18 curves, 318 K – 16 curves. The order
of data acquisition is given in brackets. Furthermore, force-temperature curves for relative
extensions of 0.90, 0.94 and 0.98 are shown, respectively (right). The broken lines serve as a
guide to the eye and the error bars represent the standard deviation.

B.1 Polymer Elasticity Models

To further investigate the elasticity of the polymers, the MD simulation data of PEG
was fitted with the linear forceextension relation (linear response theory) in the limit
of f b� kBT : [100,302,303]

zete

LC
≈ f b

3kBT
. (B.1)
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B.1 Polymer Elasticity Models

Temperature (K) Kuhn length b (nm)

250 0.74± 0.02
300 0.75± 0.05
350 0.73± 0.03
400 0.76± 0.02

Table B.1: Kuhn length fit parameter obtained by fitting the low force – extension (1 pN to
4 pN) range of MD simulation data for PEG using eq B.1. No significant change of the Kuhn
length over a temperature range of 150 K could be found.

This allows for the determination of the Kuhn length b by fitting the force-extension
data in the range of 1 to 4 pN. The fitting of the slope has been done using the
conventional method of weighting each point by its squared error, which was obtained
by block averaging. [304] The course of the Kuhn length suggests no significant change
over a wide range of temperatures (Table B.1). Therefore, we use the mean of the
simulated Kuhn lengths, namely b = 0.75 nm to fit the experimental data.

Figure B.8: (a) Master curve of PEG at 308 K with an exemplary FJC fit (blue line, eq B.1.
The parameter for the Kuhn length is b = 0.75 nm (see Table B.1) and the fit range was chosen
between 0 and 80 pN. (b) The resulting rescaled contour length Lc (with respect to the extension
at a force of 500 pN) for each master curve is plotted against the respective temperature. The
FJC model fits the experimental traces very well at low and intermediate forces. For higher
forces the bond elasticity has to be taken into account. [48,100,304,305] Furthermore, fitting the
force-extension curves of PEG for different temperatures using the FJC model leads to clear
increase of the contour length with increasing temperature. This is consistent with the change
of the fraction of monomers that are in the trans conformation, as discussed in the main text.
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B. Opposing Temperature Dependence of the Stretching Response of Single PEG and
PNiPAM Polymers

Figure B.9: (a) Master curve of PNiPAM at 308 K with an exemplary WLC fit (dashed blue
line, eq. 2). The parameter for the persistence length was kept constant at 2.5 nm 10 and
the fit range was chosen between 0 and 80 pN. (b) The resulting rescaled contour length Lc
(with respect to the extension at a force of 500 pN) for each master curve is plotted against the
respective temperature. Keeping the persistence length constant there is very little variation for
the rescaled contour length for different temperatures. (c) Master curve of PNiPAM at 308 K
with an exemplary WLC fit (dashed blue line). The parameter for the contour length was kept
constant at 0.9995 nm (average value of data points shown in b). (d) The resulting persistence
length for each master curve is plotted against the respective temperature. Here we keep the
rescaled contour length constant (0.9995nm) for each of the WLC fits and obtain the respective
persistence lengths for the different temperatures. In summary, the temperature-dependent
stretching response of PNiPAM can neither be clearly assigned to the contour length nor to the
persistence length if the WLC model is applied.
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B.1 Polymer Elasticity Models

Figure B.10: Coefficient of variation vs force for the PEG data given in Figure 4.4 for (a)
AFM experiments and (b) MD simulations. The coefficient of variation indicates the standard
deviation over the mean value and is presented for: the stretching free energy F per L0 (the
extension at a force of 500 pN) which represents the case of n = 0, the stretching free energy
F per L0 divided by kBT (n = 1) and the stretching free energy F per L0 divided by kBT

−1

(n = −1). For experimental data the coefficient of variation was determined in steps of 10 pN
while for the MD simulations each data point was used. The lines between the points are a
guide to the eye
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B. Opposing Temperature Dependence of the Stretching Response of Single PEG and
PNiPAM Polymers

Figure B.11: Coefficient of variation vs force for the PNiPAM data given in Figure 4.6 for (a)
AFM experiments and (b) MD simulations. The coefficient of variation indicates the standard
deviation over the mean value and is presented for: the stretching free energy F per L0 0 (the
extension at a force of 500 pN) which represents the case of n = 0, the stretching free energy
F per L0 divided by kBT (n = 1) and the stretching free energy F per L0 divided by kBT

1/3

(n = 1/3). For experimental data the coefficient of variation was determined in steps of 10 pN
while for the MD simulations each data point was used. The lines between the points are a
guide to the eye.
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Appendix C

Hydrodynamic Shear Effects on Grafted
and Non-Grafted Collapsed Polymers

C.1 Hydrodynamic Mobility Tensors

Let us quickly motivate our over damped Langevin equation by sketching how we arrive
at the formula given in the main text,

ri(t+ ∆t)− ri(t)

∆t
= µ−10 µii γ̇ ri(t)−

N∑

j=1

µij ·
[
∇rj(t)U(r1, ..., rN )

]
+vcorrection

i (t)+ξi(t).

(C.1)
The first term is the drag force introduced by the background flow field, v∞(z), without
any disturbances. The velocity of the flow field is assumed to depend linearly on z as
we want to describe a linear shear flow in x direction in vicinity of a no-slip boundary.
The shear tensor is given as

γ̇ =




0 0 γ̇
0 0 0
0 0 0


 (C.2)

The mobility tensor depending on the situation is either given by the Rotne-Prager-
Yamakawa tensor (non-grafted)

µij = µRPY (rij = ri − rj) =





1
8πηrij

[(
1 + 2a2

3r2ij

)
1 +

(
1− 2a2

r2ij

)
r̂ij ⊗ r̂ij

]
if rij > 2a

1
6πηa

[(
1− 9rij

32a

)
1 +

3rij
32a r̂ij ⊗ r̂ij

]
if rij ≤ 2a

,

(C.3)
or by the Rotne-Prager-Blake tensor (grafted, no-slip at z = 0)

µij = µRPB (ri, rj) = µRP (ri − rj)− µRP (ri − r̄j) + ∆µ (ri, rj) , (C.4)
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C. Hydrodynamic Shear Effects on Grafted and Non-Grafted Collapsed Polymers

where r̄j = (xj , yj ,−zj)T is the mirror image position and he Rotne-Prager tensor used
in this definition is given as

µRP (r) =
1

8πηr
(1 + r̂⊗ r̂) +

a2

12πηr3
(1− 3 r̂⊗ r̂) . (C.5)

The modification term arises from the Stokes and source doublets and has the following
specific entries, as derived by von Hansen, et al., [266]

∆µαα =
1

4πη

[−zizj
R3

(
1− 3

R2
α

R2

)
+
a2R2

z

R5

(
1− 5

R2
α

R2

)]
, if α ∈ {x, y}, (C.6)

∆µzz =
1

4πη

[
zizj
R3

(
1− 3

R2
z

R2

)
− a2R2

z

R5

(
3− 5

R2
z

R2

)]
, if α = z, (C.7)

∆µαβ =
1

4πη

[
3zizjRαRβ

R5
− 5a2RαRβR

2
z

R7

]
, if α ∈ {x, y} , α 6= β,

(C.8)

∆µαz =
1

4πη

[
zjRα
R3

(
1− 3

ziRz
R2

)
− a2RαRz

R5

(
2− 5

R2
z

R2

)]
, if α ∈ {x, y}, (C.9)

∆µzα =
1

4πη

[
zjRα
R3

(
1 + 3

ziRz
R2

)
− 5

a2RαR
3
z

R7

]
, if α ∈ {x, y}, (C.10)

where R = ri − r̄j . For the limit of rj going to ri, the Rotne-Prager-Blake tensor
reduces to the self mobility which is different for the directions parallel to the no-slip
boundary and the perpendicular direction:

µii = µRPB
self (z) = lim

rij→0
µRPB (ri, rj) =



µRPB
‖ (z) 0 0

0 µRPB
‖ (z) 0

0 0 µRPB
⊥ (z)


 , (C.11)

where the parallel self mobility is given by

µRPB
‖ (z) =

1

6πηa

[
1− 9a

16z
+

1

8

(a
z

)3]
+O(a4), (C.12)

and the perpendicular self mobility by

µRPB
⊥ (z) =

1

6πηa

[
1− 9a

8z
+

1

2

(a
z

)3]
+O(a4). (C.13)

This symmetry-breaking leads to a correction term vcorrection
i that is given by [266]

vcorrection
i = kBT

dµRPB
⊥ (z)

dz

∣∣∣
z=zi

ẑ. (C.14)
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C.1 Hydrodynamic Mobility Tensors

So consequently the drag force defining the first term (drag term), depending on the
situation, is given as

FD,i = µ−10 vi,∞ =

{
γ̇ µ0 zi x̂ (non-grafted)

γ̇ µRPB
‖ (z) zi x̂ (grafted)

. (C.15)

The second term of Eq. (C.1) is the velocity of bead i due to the forces exerted by
all other beads j. The last term of Eq. (C.1) follows from the fluctuation-dissipation
theorem

〈ξi(t)⊗ ξj(t′)〉 = 2kBTµijδ(t− t′). (C.16)

To create random velocities that satisfy the correlation given by Eq. (C.16), we use the
Cholesky decomposition of a matrix that is given as

µ =



µ11 . . . µ1N

...
. . .

...
µN1 . . . µNN


 (C.17)

which returns a lower triangular matrix, L, that satisfies the relation L LT = µ. If we
now define a normal random vector x that satisfies the conditions of gaussian white
noise, meaning 〈x xT〉 = 1, then one can write

〈µ〉 = 〈(L x) (L x)T〉 = 〈Lx xTLT〉 = L〈x xT〉LT. (C.18)

So consequently, we used the following method to calculate the random velocities for
each step:

ξ =



ξ1
...
ξN


 =

√
2kBT

∆t
L x. (C.19)
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C.2 Simulation Parameters

∆t/τ nt/τ nw/τ
N

10 0.0005 4000000000 100
20 0.0005 4000000000 1000
30 0.0005 1000000000 10000
75 0.0005 500000000 100
100 0.0005 500000000 10000

Table C.2: Explicit simulation parameters for the time step ∆t, the total number of simulation
steps nt and the number of steps between each saving of positions of all beads nw for the grafted
scenario.

∆t/τ nt/τ nw/τ
N

10 0.0005 4000000000 10000
30 0.0005 2000000000 10000
50 0.0005 1000000000 10000
75 0.0005 500000000 10000
100 0.0005 200000000 100000

Table C.4: Explicit simulation parameters for the time step ∆t, the total number of simulation
steps nt and the number of steps between each saving of positions of all beads nw for the
non-grafted scenario.

C.3 Estimate Standard Error of the Mean

Time dependent quantities such as the squared radius of gyration and the end to end
distance in pull direction are analyzed using the gromacs tool gmx analyze. [306] The er-
ror estimate of the time averaged quantity is calculated using the block average method
according to the definition by Berk Hess, [307]

err.est.(x(t)) = σ

√
2(ατ1 + (1− α)τ2)

T
, (C.20)

where σ is the standard deviation of the sample and T = nt∆t is the total time of the
simulation run. The quantities τ1, τ2 and α are estimates for the short correlation time,
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C.4 Determining Critical Shear Rate

the long correlation time and a weighting factor which are fitted using the auto corre-
lation function of the observable in question. Note that we define the auto correlation
function such that it decays to 0, meaning we actually look at the mean fluctuations of
the observable minus its mean value over the sample,

C(τ) =
1

(T − τ)σ2

∫ T−τ

0
[x(t)− µ] [(x(t+ τ)− µ] dt. (C.21)

A full derivation of the error estimate given in Eq. (C.20) can be found in the appendix
of the 2002 article by Berk Hess. [307]

C.4 Determining Critical Shear Rate

Determining the critical shear rate

Determining the critical shear rate, γ̇∗, should in principle be possible by evaluating any
reasonable quantity that is directly effected by the change in shear rate that becomes
maximal or minimal at the point of transition between the collapsed and non collapsed
state. Previous publications used the elongation of the chain in direction of the shear
flow to pinpoint the transition. [81,260]

In this section we compare a number of different quantities, which naively we would
expect to give similar results for the critical shear rate. We mainly show both the
squared radius of gyration, R2

G, as well as the squared elongation in flow direction, R2
S.

We look at both their relative fluctuations, defined as

√
〈R4

G/S(t)〉 − 〈R2
G/S(t)〉2/〈R2

G/S(t)〉2, (C.22)

we further calculate a relative error using the error estimate, defined in the previous
section and in addition we show both the numerical derivative, ∆(RG/S)/∆(γ̇) and the
numerical derivative in the double logarithmic depiction, ∆ log(RG/S)/∆ log(γ̇).

Looking at the results in Tab. C.5 and Tab. C.6, we see that the results for γ̇∗ become
disengaged, when we compare the relative fluctuation of R2

G and R2
S for either low (for

bulk) or high (for grafted) number of beads, depending on the scenario. Judging from
the comparisons in Fig. C.1 and Fig. C.2, we come to the conclusion that the numerical
derivatives, ∆(RG/S)/∆(γ̇), are a more reliable estimator for the critical shear rate, γ̇∗.
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C. Hydrodynamic Shear Effects on Grafted and Non-Grafted Collapsed Polymers

Figure C.1: Grafted scenario: a comparison of different quantities that can be used to pinpoint
the critical shear rate, γ̇∗, as a function of the number of beads in the bead-spring chain.
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Figure C.2: Non grafted scenario: a comparison of different quantities that can be used to
pinpoint the critical shear rate, γ̇∗, as a function of the number of beads in the bead-spring
chain.
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from from from from from from from from
σR2

G
/ err. est.R2

G
/ ∆ log(R2

G)/ ∆(R2
G)/ σR2

S
/ err. est.R2

S
/ ∆ log(R2

S)/ ∆(R2
S)/

R2
G R2

G ∆ log(γ̇) ∆(γ̇) R2
S R2

S ∆ log(γ̇) ∆(γ̇)
N

10 0.25 0.29 0.32 0.32 0.21 0.25 0.29 0.32
20 0.24 0.22 0.26 0.26 0.22 0.24 0.26 0.26
30 0.2 0.2 0.22 0.24 0.19 0.2 0.2 0.24
40 0.175 0.175 0.19 0.195 0.077 0.175 0.19 0.195
50 0.1575 0.06 0.1675 0.1675 0.06 0.1575 0.1675 0.1675
75 0.077 0.06 0.115 0.125 0.046 0.06 0.115 0.125
100 0.085 0.046 0.1 0.115 0.028 0.046 0.1 0.115

Table C.5: Grafted scenario: comparison of the critical shear rate results, γ̇∗ · τ , by evaluation
of different characteristic quantities.

from from from from from from from from
σR2

G
/ err. est.R2

G
/ ∆ log(R2

G)/ ∆(R2
G)/ σR2

S
/ err. est.R2

S
/ ∆ log(R2

S)/ ∆(R2
S)/

R2
G R2

G ∆ log(γ̇) ∆(γ̇) R2
S R2

S ∆ log(γ̇) ∆(γ̇)
N

10 4.9 4 4.9 2.6 2.6 2.1 2.6 2.6
20 6.7 6 9.2 9.2 5 4 6 9.2
30 10 10 10 17 7.8 7.8 7.8 13
40 13 11.2 9.7 20 11.2 10.3 9.7 11.2
50 16 17 13 24 13.5 13.5 13 13
75 21 19.5 19 22 21 18 22 22
100 21.5 15.5 18 28 21.5 15.5 20 28

Table C.6: Non grafted scenario: comparison of the critical shear rate results, γ̇∗·τ , by evaluation
of different characteristic quantities.
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C. McLeavey, M. A. Moraes, R. Mueller, E. C. Priest, Y. Shan, J. Spengler,
M. Theobald, B. Towles, and S. C. Wang, Anton, a Special-Purpose Machine
for Molecular Dynamics Simulation, SIGARCH Comput. Archit. News 35, 1–12
(2007).

[45] K. A. Dill and J. L. MacCallum, The protein-folding problem, 50 years on, Science
338, 1042 (2012).

[46] E. Schneck, D. Horinek, and R. R. Netz, Insight into the Molecular Mechanisms
of Protein Stabilizing Osmolytes from Global Force-Field Variations, The Journal
of Physical Chemistry B 117, 8310 (2013).

[47] K. Lindorff-Larsen, P. Maragakis, S. Piana, and D. E. Shaw, Picosecond to
Millisecond Structural Dynamics in Human Ubiquitin, The Journal of Physical
Chemistry B 120, 8313 (2016).

[48] S. Liese, M. Gensler, S. Krysiak, R. Schwarzl, A. Achazi, B. Paulus, T. Hugel,
J. P. Rabe, and R. R. Netz, Hydration Effects Turn a Highly Stretched Polymer
from an Entropic into an Energetic Spring, ACS Nano 11, 702 (2017).

[49] J. Gao and D. G. Truhlar, Quantum Mechanical Methods for Enzyme Kinetics,
Annual Review of Physical Chemistry 53, 467 (2002).

[50] H. Hu and W. Yang, Free Energies of Chemical Reactions in Solution and in En-
zymes with Ab Initio Quantum Mechanics/Molecular Mechanics Methods, Annual
Review of Physical Chemistry 59, 573 (2008).

120

http://dx.doi.org/10.1063/1.4936408
http://dx.doi.org/ 10.1063/1.436761
http://dx.doi.org/10.1021/ma802017g
http://dx.doi.org/10.1021/ma802017g
http://dx.doi.org/ 10.1073/pnas.1722327115
http://dx.doi.org/ 10.1073/pnas.1722327115
http://dx.doi.org/10.1038/35066056
http://dx.doi.org/10.1038/35066056
http://dx.doi.org/10.1145/1273440.1250664
http://dx.doi.org/10.1145/1273440.1250664
http://dx.doi.org/ 10.1126/science.1219021
http://dx.doi.org/ 10.1126/science.1219021
http://dx.doi.org/10.1021/jp400790f
http://dx.doi.org/10.1021/jp400790f
http://dx.doi.org/ 10.1021/acs.jpcb.6b02024
http://dx.doi.org/ 10.1021/acs.jpcb.6b02024
http://dx.doi.org/10.1021/acsnano.6b07071
http://dx.doi.org/ 10.1146/annurev.physchem.53.091301.150114
http://dx.doi.org/ 10.1146/annurev.physchem.59.032607.093618
http://dx.doi.org/ 10.1146/annurev.physchem.59.032607.093618


BIBLIOGRAPHY

[51] J. O. Daldrop, M. Saita, M. Heyden, V. A. Lorenz-Fonfria, J. Heberle, and R. R.
Netz, Orientation of non-spherical protonated water clusters revealed by infrared
absorption dichroism, Nature Communications 9, 311 (2018).

[52] A. Tobolsky and H. Eyring, Mechanical Properties of Polymeric Materials, The
Journal of Chemical Physics 11, 125 (1943).

[53] P.-G. de Gennes, Scaling Concepts in Polymer Physics (Cornell University Press,
1979).

[54] E. Chiellini and R. Solaro, Biodegradable Polymeric Materials, Advanced Mate-
rials 8, 305 (1996).
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H. Machelska, and R. Haag, Tailor-Made Core-Multishell Nanocarriers for the
Delivery of Cationic Analgesics to Inflamed Tissue, Advanced Therapeutics 2,
1900007 (2019).

[71] A. Kolberg, C. Wenzel, K. Hackenstrass, R. Schwarzl, C. Rüttiger, T. Hugel,
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in a light-oxygen-voltage photoreceptor by random mutagenesis and covariance
analysis, Journal of Biological Chemistry 288, 29345 (2013).

[146] M. Yamamoto, T. W. Kensler, and H. Motohashi, The KEAP1-NRF2 System:
a Thiol-Based Sensor-Effector Apparatus for Maintaining Redox Homeostasis,
Physiological Reviews 98, 1169 (2018).

[147] A. W. Nguyen and P. S. Daugherty, Evolutionary optimization of fluorescent pro-
teins for intracellular FRET, Nature Biotechnology 23, 355 (2005).

[148] A. J. Lam, F. St-Pierre, Y. Gong, J. D. Marshall, P. J. Cranfill, M. A. Baird, M. R.
McKeown, J. Wiedenmann, M. W. Davidson, M. J. Schnitzer, R. Y. Tsien, and
M. Z. Lin, Improving FRET dynamic range with bright green and red fluorescent
proteins, Nature Methods 9, 1005 (2012).

[149] D. Mochly-Rosen, Localization of protein kinases by anchoring proteins: a theme
in signal transduction, Science 268, 247 (1995).

[150] G. M. Barton and R. Medzhitov, Toll-Like Receptor Signaling Pathways, Science
300, 1524 (2003).
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[226] M. Kanduč, R. Chudoba, K. Palczynski, W. K. Kim, R. Roa, and J. Dzubiella,
Selective solute adsorption and partitioning around single PNIPAM chains, Phys.
Chem. Chem. Phys. 19, 5906 (2017).

[227] V. Palivec, D. Zadrazil, and J. Heyda, All-atom REMD simulation of poly-N-
isopropylacrylamide thermodynamics in water: a model with a distinct 2-state
behavior, arXiv , arXiv:1806.05592 (2018).

[228] T. Pirzer and T. Hugel, Atomic force microscopy spring constant determination
in viscous liquids, Rev. Sci. Instrum. 80, 035110 (2009).

134

http://dx.doi.org/https://doi.org/10.1016/B978-0-444-53349-4.00049-2


BIBLIOGRAPHY

[229] R. Walder, M.-A. LeBlanc, W. J. van Patten, D. T. Edwards, J. A. Greenberg,
A. Adhikari, S. R. Okoniewski, R. M. A. Sullan, D. Rabuka, M. C. Sousa, and
T. T. Perkins, Rapid Characterization of a Mechanically Labile a-Helical Protein
Enabled by Efficient Site-Specific Bioconjugation, J. Am. Chem. Soc. 139, 9867
(2017).

[230] R. G. Barradas, S. Fletcher, and J. D. Porter, The hydrolysis of maleimide in
alkaline solution, Can. J. Chem. 54, 1400 (1976).

[231] J. L. Hutter and J. Bechhoefer, Calibration of atomic-force microscope tips, Rev.
Sci. Instrum. 64, 1868 (1993).

[232] B. Trathnigg, Determination of MWD and chemical composition of polymers by
chromatographic techniques, Prog. Polym. Sci. 20, 615 (1995).

[233] J. Blass, M. Albrecht, G. Wenz, Y. N. Zang, and R. Bennewitz, Single-molecule
force spectroscopy of fast reversible bonds, Phys. Chem. Chem. Phys. 19, 5239
(2017).

[234] A. Serr and R. R. Netz, Pulling adsorbed polymers from surfaces with the AFM:
stick vs. slip, peeling vs. gliding, EPL 73, 292 (2006).

[235] B. N. Balzer, M. Gallei, M. V. Hauf, M. Stallhofer, L. Wiegleb, A. Holleitner,
M. Rehahn, and T. Hugel, Nanoscale friction mechanisms at solid-liquid inter-
faces, Angew. Chem., Int. Ed. 52, 6541 (2013).

[236] A. Fava, A. Iliceto, and E. Camera, Kinetics of the Thiol-Disulfide Exchange, J.
Am. Chem. Soc. 79, 833 (1957).

[237] T. Hugel, M. Rief, M. Seitz, H. E. Gaub, and R. R. Netz, Highly Stretched Single
Polymers: Atomic-Force-Microscope Experiments versus Ab-Initio Theory, Phys.
Rev. Lett. 94, 048301 (2005).

[238] P. Marchand and L. Marmet, Binomial smoothing filter: A way to avoid some
pitfalls of least-squares polynomial smoothing, Rev. Sci. Instrum. 54, 1034 (1983).

[239] B. Li, X. Wang, Y. Li, A. Paananen, G. R. Szilvay, M. Qin, W. Wang, and
Y. Cao, Single-Molecule Force Spectroscopy Reveals Self-Assembly Enhanced Sur-
face Binding of Hydrophobins, Chem. - Eur. J. 24, 9224 (2018).

[240] N. Idota, K. Nagase, K. Tanaka, T. Okano, and M. Annaka, Stereoregulation of
Thermoresponsive Polymer Brushes by Surface-Initiated Living Radical Polymer-
ization and the Effect of Tacticity on Surface Wettability, Langmuir 26, 17781
(2010).

[241] S. B. Smith, L. Finzi, and C. Bustamante, Direct Mechanical Measurements of
the Elasticity of Single DNA Molecules by Using Magnetic Beads, Science 258,
1122 (1992).

135



BIBLIOGRAPHY

[242] J. F. Marko and E. D. Siggia, Stretching DNA, Macromolecules 28, 8759 (1995).

[243] Y. Katsumoto, T. Tanaka, H. Sato, and Y. Ozaki, Conformational change of
poly(N-isopropylacrylamide) during the coil-globule transition investigated by at-
tenuated total reflection/infrared spectroscopy and density functional theory cal-
culation, J. Phys. Chem. A 106, 3429 (2002).

[244] S. Y. Lin, K. S. Chen, and R. C. Liang, Thermal micro ATR/FT-IR spec-
troscopic system for quantitative study of the molecular structure of poly(N-
isopropylacrylamide) in water, Polymer 40, 2619 (1999).

[245] Y. Maeda, T. Nakamura, and I. Ikeda, Changes in the Hydration States of Poly(N-
alkylacrylamide)s during Their Phase Transitions in Water Observed by FTIR
Spectroscopy, Macromolecules 34, 1391 (2001).

[246] A. Percot, X. X. Zhu, and M. Lafleur, A simple FTIR spectroscopic method for the
determination of the lower critical solution temperature of N-isopropylacrylamide
copolymers and related hydrogels, J. Polym. Sci., Part B: Polym. Phys. 38, 907
(2000).

[247] J. Chen, M. Liu, H. Gong, Y. Huang, and C. Chen, Synthesis and Self-Assembly
of Thermoresponsive PEG-b-PNIPAM-b-PCL ABC Triblock Copolymer through
the Combination of Atom Transfer Radical Polymerization, Ring-Opening Poly-
merization, and Click Chemistry, J. Phys. Chem. B 115, 14947 (2011).

[248] J. Es Sayed, C. Lorthioir, P. Perrin, and N. Sanson, PEGylated NiPAM microgels:
synthesis, characterization and colloidal stability, Soft Matter 15, 963 (2019).

[249] B. Zhu, N. Jasinski, A. Benitez, M. Noack, D. Park, A. S. Goldmann, C. Barner-
Kowollik, and A. Walther, Hierarchical Nacre Mimetics with Synergistic Mechan-
ical Properties by Control of Molecular Interactions in Self-Healing Polymers,
Angew. Chem., Int. Ed. 54, 8653 (2015).

[250] R. Merindol, G. Delechiave, L. Heinen, L. H. Catalani, and A. Walther, Modular
Design of Programmable Mechanofluorescent DNA Hydrogels, Nat. Commun. 10,
528 (2019).

[251] V. Huck, M. F. Schneider, C. Gorzelanny, and S. W. Schneider, The various states
of von Willebrand factor and their function in physiology and pathophysiology,
Thrombosis and Haemostasis 111, 598 (2014).
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Abstract

Understanding the mechanical response of polymers to external force gives crucial in-
sights into physiological processes. In this thesis we present the force extension relation
of homo- and polypeptides as well as two synthetic polymer examples. Our findings rely
on a combination of molecular or Brownian dynamics simulations, analytical modeling,
and comparison to experimental results.
First, we present the force-extension relations for the five homopeptides from molecular
dynamics simulations in explicit water. The Kuhn length, equilibrium contour length
and linear and nonlinear stretching moduli are deduced. An augmented freely rotating
chain model, which accounts for side-chain interactions and restricted dihedral rotation,
is shown to describe the simulated force-extension relations very well. We present a
comparison between published experimental single-molecule force-extension curves for
different polypeptides with simulation and model predictions. The simulations allow
for the disentanglement of energetic and entropic contributions to the stretching energy
of the polypeptides.
Secondly, molecular dynamics simulations of a coiled coil linker present in photorecep-
tor histidine kinases are evaluated in terms of three different mechanical modes which
are candidates for signal transmission. The levels of the output signals of shift, splay,
and twist on one end of the coiled coil linker are quantified as a function over a wide
range of frequencies for the driving force input on the other end of the coiled coil linker
by investigation of response functions.
Thirdly, the opposite temperature dependence of polyethylene glycol and poly(N-
isopropylacrylamide) is investigated from a basis of single molecule force spectroscopy
and molecular dynamics simulations in explicit water. Energetic and entropic contri-
butions are deduced from simulations and compared for PEG and PNiPAM. Hydration
effects are shown to explain the different temperature dependent responses.
Finally, the response of the glycoprotein von Willebrand factor to linear shear flow
is examined by a coarse-grained model in Brownian dynamics simulations including
long range hydrodynamic interactions. Tensile forces and the shear-rate-dependent
globular-coil transition are investigated. The scaling of the critical shear rate for the
globular-coil transition with the monomer number is inverse for the grafted and non-
grafted scenarios. This implicates that for the grafted scenario, larger chains have a
decreased critical shear rate, while for the non-grafted scenario higher shear rates are
needed to unfold larger chains.
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Kurzfassung

Ein Verständnis der mechanischen Antwort von Polymeren auf eine äußere Kraft gibt
wichtige Einblicke in physiologisch relevante Prozesse. In dieser Arbeit präsentieren
wir Kraft-Dehnungs-Kurven von Homo- und Polypeptiden und von zwei synthetischen
Polymeren. Unsere Ergebnisse basieren auf computerbasierten Simulationsmethoden,
analytischen Berechnungen und Vergleichen mit experimentellen Daten.
Zuerst zeigen wir die Kraft-Dehnungs-Kurven für fünf Homopeptide aus Molekulardy-
namiksimulationen in explizitem Wasser. Ein abgewandeltes Polymermodel der frei
rotierenden Kette, das die sterische Wechselwirkung der Seitenketten und die Ein-
schränkung der Torsionswinkel berücksichtigt, liefert eine sehr gute Übereinstimmung
mit den simulierten Kraft-Dehnungs-Kurven. Wir präsentieren einen Vergleich von ex-
perimentellen Daten für verschiedene Polypeptide mit unseren Simulations- und Mo-
dellvorhersagen. Die Simulationen ermöglichen es, die entropischen und energetischen
Beiträge zur notwendigen Arbeit für die Dehnung der Peptide auseinanderzuhalten.
Als zweites zeigen wir Ergebnisse aus Simulationen eines molekularen Verbindungs-
stückes, das aus zwei nebeneinander verlaufenden α-Helices besteht. Dieses Verbin-
dungsstück ist bei der Signalweiterleitung in einer Kinase beteiligt. Wir untersuchen
die Effektivität verschiedener mechanischer Moden wie Verschiebung, Spreizung oder
Verdrillung für die Signalweiterleitung. Aus dem Verhältnis einer Kreuzkorrelations-
funktion und einer Eigenkorrelationsfunktion der Enden wird die frequenzabhängige
Effizienz der Signalübertragung ermittelt.
Als drittes betrachten wir die gegensätzlichen Temperaturabhängigkeiten der Kraft-
Dehnungs-Kurven von Polyethylenglycol und Poly-N-Isopropylacrylamid in einem Ver-
gleich aus Molekulardynamiksimulationsdaten und Rasterkraftmikroskopie einzelner
Moleküle. Wir ziehen entropische und energetische Beiträge zur Arbeit, die zur Deh-
nung der Polymere benötigt wird, aus den Simulationen. Hydrationseffekte erklären die
Temperaturabhängigkeiten.
Zuletzt betrachten wir das Blutprotein Von-Willebrand-Faktor unter Einfluss von Scher-
fluss in Simulationen eines vereinfachten Models auf Basis der zufälligen Molekularbewe-
gung. Dabei werden langreichweitige hydrodynamische Wechselwirkungen berücksichtigt.
Wir präsentieren die Zugkräfte und die kritische Scherrate, bei der ein Übergang des
Polymers von einem Globul- in einen Coil-Zustand zu beobachten ist. Wir zeigen, dass
der Einfluss der Länge der Kette auf die kritische Scherrate gegensätzlich ist, je nachdem
ob das Polymer an einem Ende befestigt ist oder nicht.
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führte die Simulationen zusätzlich auch selbst durch. Alle Autoren mit Ausnahme von
Fabio Laudisio diskutierten die Ergebnisse und trugen zur endgültigen Fassung des Ma-
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Verfügung. Bizan N. Balzer schrieb die erste Version des Manuskripts mit Ausnahme
des Methodenteils zu den Simulationen, der von Richard Schwarzl geschrieben wurde.
Bizan N. Balzer erstellte alle Grafiken mit Ausnahme der Grafik 4.5 a und 4.5 b und
der Snapshots der Molekulardynamiksimulationen in Figur 4.1, die Richard Schwarzl
bereitstellte. Die Tabelle B.1 in Appendix B wurde von Richard Schwarzl erstellt und
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