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1 Introduction

The persistence length is a frequently used measure of polymer
stiffness. The higher the persistence length of a polymer, the
lower is its flexibility. A raw spaghetti in a pot of water, for ex-
ample, has a very high persistence length. In contrast a cooked
spaghetti in water has a low persistence length.

A more precise definition is given via correlation of chain
segments. Two segments are correlated, if the motion of one
segment influences the motion of the other. Two points on a raw
spaghetti are highly correlated, because motion of one segment
always means motion of all other segments. For the cooked
spaghetti, in contrast, two points can move independently, if
their distance is large enough. They are therefore less correlated.
The averaged correlation of segments over the chain contour
is expected to decrease exponentially. This exponential decay
can be derived from the assumption, that the polymer performs
Brownian motion in solvent. The persistence length is defined as
the characteristic length, after which this correlation decreases
to its e-th part.

Two common ways to measure the persistence length are im-
portant. First, it can be determined by directly observing the
polymer’s equilibrium motion. For example, one can mark cer-
tain points over polymer contour and extract persistence length
from measured trajectory of these points. Second, one can pull
at both ends of the polymer measuring the force-extension curve.
This can be done by atomic force microscopy.

For most polymers, force-extension data from the latter me-
thod agrees well with the worm-like chain (WLC) model [1].
The WLC model describes a polymer as a continuous elastic
rod having a constant length [2, p. 316 — 317|. For proteins,
force-stretching measurements match well the predicted WLC
behavior [3, 4]. Therefore proteins are often described as WLCs.



Proteins can fold to highly efficient nano machines, which
play important roles in biological systems. Protein folding is a
complex process, which includes hydrophobicity and side chain
interactions. It is not yet understood in all detail. Therefore
proteins are from a biophysical point of view especially interest-
ing.

The complexity of protein folding makes proteins difficult to
be described physically. The WLC model can not describe a
folded protein, because it does not consider side chains or elec-
trostatics. Therefore the persistence length of a folded protein
can not be extracted from equilibrium measurements using the
WLC model.

There is, however, a group of proteins, which do not adopt
a unique fold under native conditions. These proteins perform
their biological function from a non-folded conformation and are
often called intrinsically disordered proteins (IDPs). We here
ask, whether we can extract the persistence length of an IDP
from equilibrium describing it as a WLC.

To address this question a 20-amino-acid peptide, which oc-
curs in an IDP sequence, is investigated in this thesis. From
equilibrium all-atom molecular dynamics (MD) simulations, the
peptide’s persistence length has been determined using the WLC
model. The result will be compared to a recent measurement
from force-stretching experiments [5]. Agreement of the two
results would be a hint, that the peptide can be successfully
described as a WLC. Disagreement would mean, that generally
equilibrium measurements of this peptide using the WLC model
do not yield a correct value for its persistence length.

As we expected marked deviations from the WLC model,
we next asked, which properties of the peptide cause these de-
viations. To that aim, we considered long-range interactions,
electrostatics and effects of side chains, which are not described
by the WLC model.



Contributions of long-range interactions and electrostatics to
the peptide’s equilibrium persistence length can be investigated
performing simulations, which do not calculate long-range inter-
actions and electrostatics. The persistence length will be com-
pared then to the persistence length obtained from standard
simulations.

From recent stretching simulations, which did also not cal-
culate long-range interactions and electrostatics, a value for the
persistence length of our peptide has been determined [6]. We
will finally compare this value to our equilibrium persistence
length.

To investigate contributions of the peptides side chains to the
effectively obtained equilibrium persistence length, simulations
of a 20-Glycine chain have been performed. This chain has the
same length like the investigated peptide, but no side chains.

The here investigated naturally unfolded peptide is a so called
phenylalanine-glycine repeat (FG-repeat), which occurs in nu-
clear pore complexes (NPCs). NPCs are large protein complexes
comprised of 30 distinct proteins called nucleoporins (Nups). 13
of the Nups contain FG-repeats. These Nups are IDPs, which
are highly flexible and lack secondary structure [7]. The FG-
repeat, which is investigated during this thesis, is an repeated
motif of the cNup153 molecule with sequence

SDTSKPAFSFGAKPDEKKDS.

2 Theory

Several models describe the structure of polymers. From litera-
ture, there are at least two different definitions of the persistence
length, which depend on the used chain model.

First, Paul Flory gives a definition of persistence length for
an infinitely long discrete chain consisting of identical segments.
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Figure 1 — The worm-like chain model

The chain segments are connected by bond vectors. Here the
persistence length is defined as the average sum of scalar prod-
ucts of all bond vectors j > i with bond vector ¢ [8, p. 111].

Second, there is the worm-like chain (WLC) model [2, p. 316
— 317], which will be solely discussed in this thesis. The WLC
model is also referred as the Kratky-Porod model. This model
gives a definition of persistence length for a continuous chain
having a finite length. In the limit of an infinitely long WLC and
after its discretization, the two definitions of persistence length
from WLC model and Paul Flory’s model become equivalent [9].

A drawing of the WLC model is shown in figure 1. The
continuity is due to an infinitely large number of chain segments
each having an infinitesimally small segment length, while the
chain’s contour length L = fOL ds is kept constant. The chain is
described using the tangent vector

OR

The WLC model only considers the chain’s internal bending
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with a persistence length P = E/kpT.

The persistence length is interpreted as a measure of the
chain’s stiffness. The meaning of stiffness in this context can
be emphasized discussing the normalized correlation function

C(s) = (a(s) - 2(0)).

This function is assumed to decay exponentially, which can be
derived assuming the polymers motion in solvent being Brown-
ian. The rate of decay is scaled by the persistence length, which
yields the equation

(a(s) - u(0)) = exp(—s/P). (1)

Hence, a large persistence length means directional accordance
of averaged tangent chain vectors over large distances on the
chain’s contour. A large persistence length is therefore an in-
dication for stiffness. In contrast, a small persistence length
results from low directional tangent vector correlation, which
means high flexibility.

The relationship between persistence length P and the aver-
aged squared end-to-end distance (R2) can be derived directly
from the definition

o= ([ o) ([ 00))

Using equation 1, integration leads to

(R2) = 2LP — 2P? [1 — exp (-%)] : (2)
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Figure 2 — Relation between persistence length and end-to-end dis-
tance
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Figure 3 — An example of protein stretching measurement. This plot
is taken from Lim et al. [5] and shows stretching measurements for cNup153
molecules. Fits were done from equation 3.



Figure 2 shows the discussion of equation 2. For values
P/L << 1 the linear relation (R2) = 2LP is found, which
is called 'random flight limit’. The 'rigid rod limit’ for P — oo
is (R2) = L2

An example of force stretching measurements is given from
figure 3. Marko and Siggia [1] have derived a force-extension
formula from the WLC model. They considered not only the
internal bending energy, but also an affecting force, which yields
the stretching potential

1 L ou\ >
stretc =-F d - — Fz.
Ustretch 5 /0 S(@s) z

Here F'is the stretching force and z = zR,. the chain extension.
From this potential, an approximate interpolation formula

kT | z 1 1
Fz) =5 [Z T I = Z] )

was derived. This equation is asymptotically exact for large-
and small-force limits.

3 Methods

3.1 Analyzing Effects of Long-Range Interactions, Elec-
trostatics and Side Chains on Persistence Length

To investigate long-range and hydrophobic contributions to the
persistence length, two different simulation types were performed.
The first type is a standard MD simulation, which is in the fol-
lowing called full simulation. The other type calculates particle
trajectories ignoring long-range interactions and electrostatics.
This simulation type is in the following called modified simula-
tion.

Figure 4 shows the two types of potential curves, effectively
calculated during MD simulations. During full simulations the

9
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Figure 4 — Potentials of full simulation (red line) and modified sim-
ulation (dashed blue line)

usual Lennard-Jones potential and electrostatics from the Cou-
lomb potential were calculated. At modified simulations, the
potential V(1) = e(o/r)1? was used instead of the Lennard-Jones
potential and electrostatics were not calculated.

The modified potential only includes the Lennard-Jones re-
pulsion term. Therefore this simulation type ”ignores nonlo-
cal interactions and solvent-induced effects”, but still ”incorpo-
rates correct volume exclusion, backbone geometry and confor-
mational freedom” [10].

To investigate side chain contributions to the persistence
length, two different chains were simulated, which are shown
in figure 5. The 20-Glycine chain should imitate the FG repeat
without sidechains. It is in the following called backbone chain.
The original FG-repeat chain including all side chains is called
complete chain.

10



Figure 5 - Complete chain (left) and backbone chain (right) at ¢ = 0.
Both chains were constructed using the software SYBYL-X 1.0.

3.2 Calculation and Error Estimation of Persistence
Length

To extract the persistence length from our simulations, both
equations 1 and 2 were used. From the first, the persistence
length was extracted via an exponential fit to calculated corre-
lation values over chain contour. The persistence length from
the second equation can be obtained calculating the averaged
end-to-end distance from peptide trajectory.

For the calculation of persistence length from equation 1, the
19 bond vectors connecting the 20 amino acids were used. A
bond vector is here defined as the connection between each two
C, backbone atoms. Thus, 19 correlation values

Ci = <110 : ui> (Z = 0, 1, ceey 18)

were computed, at which for all the 19 scalar products a time
average with statistical error was calculated.

The bond vector length L/19 was used. The contour length
L = 6.631 nm was taken from Gréter et al. [6]. This value
has a deviation smaller than 1% and was therefore used without
statistical error.

11



Finally exp(—ks) fits were done to the correlation values C;.
The exponential decay rate k is equal to P~!. Because relatively
small deviations of values C; and Cy were found, which are due
to local bond geometry, non-weighted fits were calculated. The
statistical error of persistence length was calculated using the
propagation error op = oy|1/k?|.

To calculate persistence length from equation 2, the averaged
end-to-end distance (R)EF) and its statistical error were extracted
from trajectory file. The equation was then solved numerically
to obtain P. Here (B2 ) was subtracted from both sides of equa-
tion 2 and the root of the resulting function f(P) was calculated.

To find an estimation of the statistical error for the here ob-
tained persistence length, we used the general error propagation

_|df
AP

O'f op.

The function f(P) has an error oy, which is equal to the calcu-
lated mean squared error of (R2). The derivative df/dP was
calculated analytically from equation 2.

3.3 Estimation of Equilibration Time

As it is shown in figure 5, our peptides were adjusted to an elon-
gated conformation. This was done to estimate the minimum
required simulation box size.

Using the software SYBYL-X 1.0 an energy minimization was
performed. This minimization translated the system to a very
local minimum in energy landscape. The peptides in figure 5
are shown after this minimization.

Their still elongated chain conformations are energetically
not reasonable. Therefore, we expected the system to translate
to a minimum, which is lower in energy landscape, during our
simulations.

12



This translation is due to the artificially adjusted elongated
initial conformation, which does not represent natural condi-
tions. We therefore tried to estimate the required translation
time. After estimation of this time, we excluded the trajectory
during this time from evaluation.

We call this translation time here equilibration time. For a
disordered peptide, however, it is not sure, whether a unique
equilibrium conformation exists. 'Equilibration time’ is there-
fore a mistakable term. Rather the time is meant here, after
which the unnatural initial conformation has no more effects on
the peptide dynamics.

To estimate this equilibration time, we performed a num-
ber of same simulations having different initial velocity distri-
butions. Four different (Maxwell-Boltzmann) distributions were
used, which are referred as A, B, C and D in the following.

The required equilibration time was then estimated quali-
tatively, analyzing root-mean-square deviation (RMSD) plots.
The RMSD was calculated from the formula

RMSD(t e Z v (t) — r1;(0)]2.

The summation up to N was calculated for 295 and 143 atoms of
complete chain and backbone chain, respectively. A low RMSD
fluctuation over time is an indication, that the peptide fluctuates
around a local minimum in energy landscape.

Not only the RMSD plots, but also plots of end-to-end dis-
tance were helpful at the estimation of equilibration time. A
low fluctuating end-to-end distance is also a hint for a tempo-
rary stable conformation.

3.4 Performed Simulations

Gréter et al. [6] have also performed MD simulations of the
investigated FG-repeat. To ensure a valid comparison of results

13



force field OPLS/AA

water model TIP4P
solvent water
salt concentration = 0.1 M
ensemble NpT
temperature Nosé-Hoover thermostat
T = 300 K, coupling time 7 = 0.1 ps
pressure Berendsen barostat

p = 1 bar, coupling time 7, = 0.1 ps
compressibility = 4 - 1075 bar~!
Lennard-Jones potential | cut-off radius = 1.4 nm

electrostatics r < 1.0 nm: explicit Coulomb potential

(full simulation) r > 1.0 nm: particle-mesh Ewald summation
electrostatics disabled

(modified simulation)

integration step dt = 0.002 ps

Table 1 — Simulation setup

from their simulations to our results, same simulation parame-
ters were chosen. These parameters are shown in table 1.

All MD simulations were carried out using the software pack-
age GROMACS 4.5.4 [11]. The OPLS/AA force field [12] and
the TIP4P [13] water model were used. Table 2 gives an overview
of the different performed simulations.

4 Results and Discussion

4.1 The Peptide Persistence Length can not be Ex-
tracted From Equilibrium Using the WLC Model

Full simulations did not yield consistent values of persistence
length from equations 1 and 2. Values of persistence length ex-
tracted from correlation fits are systematically larger than those
from averaged end-to-end distance. To have an overview of dif-
ferent obtained values for the persistence length, it is advisable

14



chain simulation velocity duration
distribution

100 ns
100 ns
100 ns
260 ns
100 ns
100 ns
100 ns
100 ns
100 ns
100 ns
100 ns

complete full

complete | modified

backbone full
backbone | modified

QT ==QF =0T >

Table 2 — Overview of performed simulations

to consult table 3 on page 21.

Figure 6 shows a representative plot of the calculated corre-
lation values at full simulations. These values do not show the
theoretically predicted exponential decay. Instead, a random
cluster of values between -1 and 1 occurs. Because of values,
which are significantly smaller than zero, an exponential behav-
ior can be excluded.

Fitting an exponential to the obtained data, is obviously not
reasonable. The persistence length can therefore not be ex-
tracted from our simulations using equation 1. The obtained
results in table 3 must therefore be refused.

The relation between persistence length and end-to-end dis-
tance is derived using the exponential decay of correlation value.
This exponential decay does effectively not exist, which explains
the deviation between results from the two equations.

Moreover, the result extracted from end-to-end distance cal-
culation can be excluded theoretically. A persistence length of
less than one angstrom would mean, that neighboring amino
acids were totally uncorrelated. This is, in fact, not the case

15
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Figure 6 — Correlation values from full simulation, velocity distribu-
tion C

because of bond constraints, which were explicitly calculated by
our MD simulations.

4.2 Mismatch of the WLC Model is due to Electro-
statics or Long-range Interactions

To perform a first qualitative analysis, the peptide’s trajec-
tory was visualized. At full simulations the peptide was ob-
served to collapse for all four velocity distributions. The peptide
then adopted different globule conformations, which occasion-
ally changed. Salt bridges often occurred, which influenced the
peptides dynamics.

In contrast, at modified simulations no enduring globule con-
formations were adopted. Instead, the peptide collapses and
elongates alternately.

These observations can be confirmed, comparing the end-to-
end distance plots from figure 7. At full simulations (left) the
peptide does not elongate to conformations with end-to-end dis-

16
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Figure 7 — Plot of R.. from full simulations (left) and modified sim-
ulations (right)

tances longer than half its contour length after initial collapse.
The very short end-to-end distances are due to the observed
globule conformations.

At modified simulations (right), very short end-to-end dis-
tances do not occur enduring. Instead, the plot confirms the
observed alternation of collapsed and elongated states over time.

The occurring globule conformations obviously cause the de-
viations from the WLC model. From the snapshot of a globule
state from full simulations in figure 8, one can explain the sig-
nificantly negative correlation values from the plot in figure 6.

To calculate the correlation, we defined vectors connecting
two neighboring C, atoms. The snapshot shows, that some of
these vectors show in opposite directions of the first one uy,
which yield negative scalar products. If similar globule confor-
mations are adopted most over time, average scalar products
can become negative.

Figure 9 shows, in contrast, correlation values calculated from
a modified simulation. All 6 performed modified simulations, at
which no enduring globule conformations occur, did not yield
significantly negative values. Exponential fits were much more
reasonable. Thus, values from equation 1 and 2 agree well with

17



Figure 8 — Snapshot of a dense globule conformation (top) and its
C. atoms (black points) connected by the vectors u; (bottom).
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Figure 9 — Correlation values from modified simulation, velocity dis-
tribution A
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each other at modified simulations.

This agreement was a result both at complete chain and back-
bone chain. At backbone chain simulations the agreement holds
for 5 of 6 values. There is only one conspicuously irregular value
from velocity distribution B, which causes a deviation between
the two weighted averages.

We can conclude that the electrostatics and long-range inter-
actions make the peptide collapse to enduring globule conforma-
tions. These conformations obviously lead to correlation values,
which do not match an exponential decay. This mismatch means
a deviation from the WLC model.

4.3 Side Chains do not Cause a Mismatch to the WLC
Model, but Increase Persistence Length

We have seen, that the peptide at modified simulations can be
well described as a WLC, because of the exponential decay in
correlation values. This result is independent of existent side
chains, although side chains are not considered by the WLC
model.

For the complete chain we extracted a persistence length
around roughly 5 nm, whereas, without side chains, five of six
values are distributed around roughly 3,5 nm. Therefore we can
conclude, that side chains — even in absence of electrostatics —
have an effect on the persistence length.

This effect is obviously increasing, which is maybe due to a
kind of mechanical friction of side chains with the solvent. The
side chains obtain a certain volume within the solvent bulk and
therefore confine the chain freedom.

Besides, we found, that the collapsing behavior does not re-
quire the presence of side chains. The plot in figure 10 shows
the end-to-end distance of the backbone chain. Including elec-
trostatics and long-range interactions, the backbone chain col-
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Figure 10 — End-to-end distance plot from backbone chain

lapses similar to the complete chain. Without electrostatics and
long-range interactions also a behavior was found similar to the
complete chain.

4.4 Improvements

First, the estimation of equilibration time is improvable. To
demonstrate this, figure 11 shows the RMSD plots for the com-
plete chain. For full simulations, the required equilibration time
was estimated from this plot to be 50 ns, because up from here
relatively low fluctuations occured. This was found similarly at
R.. plots. Data was therefore evaluated up from 50 ns.

This method is obviously a very rough estimation, which is
done from only three different velocity distributions. It is for no
reason clear, if three distributions can be a sufficient sample.

Especially at the modified simulations the estimation of equi-
libration time is disputable, because large RMSD fluctuations
occur during the whole simulation time (figure 11, right). Thus,
we could not even apply the criterion of low RMSD (or R..)

20
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Figure 11 - RMSD plot from full simulations (left) and from modi-
fied simulations (right)

fluctuation. The fluctuation of first 10 ns is conspicuously high-
frequent for all three velocity distributions and therefore this
data was excluded.

More quantitative criteria and larger samplings would there-
fore be an improvement for the estimation of equilibration time.

Second, longer simulations would improve our simulations.
This can be demonstrated, analyzing the 260 ns R.. plot in
figure 7 on page 17. This plot shows, that even after 200 ns
relatively high fluctuations can occur.

5 Conclusion

In this thesis the question was, whether the persistence length of
an intrinsically disordered peptide can be extracted from equi-
librium simulations using the WLC model. We expected devi-
ations from the WLC model and therefore asked, which effects
cause these deviations.

The persistence length of the investigated peptide is not ex-
tractable from our equilibrium simulations. Electrostatics and
long-range interactions make the peptide perform collapses to
dense globule conformations. These conformations are adopted

22



most over time. This effect is not included within the WLC
model and, therefore, causes an effective deviation from this
model.

As we could not extract the equilibrium persistence length of
our peptide, we can not compare it to recent stretching measure-
ments. These stretching measurements have found a persistence
length of 0.39 £+ 0.14 nm [5].

However, we can compare our found persistence length, which
we found from simulations without calculating long-range in-
teractions and electrostatics to a value from Griter et al. [6].
Surprisingly, the results do not match. We have found an equi-
librium persistence length of 5.05 4= 0.38 nm, whereas stretching
simulations yield a persistence length of 1.79 4+ 0.77 nm.

This large deviation can be due to the fact, that Grater et al.
applied fits to a low-force regime. The force stretching formula
by Marko and Siggia is known to be inaccurate at forces far from
high- and low-force limits [14]. The fit by Gréter et al. had a
poor match to their force-stretching values, which explains the
large relative statistical error of their value.

We tried to figure out more in detail, which kind of electro-
statics and long-range interactions lead to deviations from the
WLC model. Interacting side chains (salt bridges) and backbone
hydrophobicity can come into consideration.

Because of long-range interactions and electrostatics, we could
also not apply the WLC model to simulations of a 20-Glycine
peptide, which has no side chains. We can therefore conclude,
that long-range interactions and electrostatics only from back-
bone are sufficient to cause deviations to the WLC model. For
the 20-Glycine chain, long-range interactions and electrostatics
can be summarized as hydrophobicity, as Glycine is a hydropho-
bic amino acid.

Our investigated intrinsically disordered peptide consists of
hydrophobic residues distributed over two-thirds of the chain.
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Its collapsing behavior confirms the observation, that the hy-
drophobicity of the backbone causes deviations from WLC model.
This result is supported by recent studies, which also found in-
trinsically disordered peptides collapsing especially because of
hydrophobicity [15].

For experimentalists, our results mean, that the persistence
length extracted from equilibrium measurements using the WLC
model not necessarily represents the persistence length in its
model independent meaning.

Recent studies gave strong hints, that this problem can also
occur extracting protein persistence length from stretching mea-
surements. The force-extension formula by Marko and Siggia is
derived by the WLC model and does therefore not consider elec-
trostatics and long-range interactions. During stretching mea-
surements, however, these effectively influence the protein.

Contributions of electrostatics and long-range interactions on
persistence length of ubiquitin were investigated during stretch-
ing simulations. These simulations revealed, that electrostatics
and long-range interactions cause a decrease of the effectively
measured value [10]. Our equilibrium simulations confirm the
tendency, that effectively obtained values of persistence length
are smaller than those ignoring electrostatics and long-range in-
teractions.

Thus, both at stretching and at equilibrium measurements
the meaning of the obtained ’persistence length’ is not clear.
For future works, it is therefore a task to develop a protein
model, which includes hydrophobicity and gives an applicable
definition of persistence length.
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