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The effect of surface adsorption on tertiary structure formation

in helical polymers
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The formation of tertiary structures made up of helical polymer segments is influenced by the intro-
duction of an attractive substrate onto which the polymer can adsorb. We perform replica-exchange
Monte Carlo simulations to study the formation of helical structures in the vicinity of an attractive
generic substrate by means of a coarse-grained hybrid model and compare the structural phase space
for both adsorbed and free helical polymers. We introduce suitable structural order parameters to
understand the features of distinct structural phases. Hyperphase diagrams, parameterized by the tor-
sional energy scale and temperature, enable the investigation of structural properties of entire classes
of helical polymers. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4991564]

. INTRODUCTION

Effective-potential homopolymer models' are useful tools
for understanding macromolecular physical systems. By using
a coarse-grained approach which facilitates the formation
of helical structures, we recently investigated the formation
of tertiary helix bundles and found that bending restraints
stabilize these tertiary conformations.> The exploration of
free-energy landscapes and transition channels in general-
ized ensembles* helped in identifying helix-bundle formation
pathways.

Generic properties of polymer structure formation pro-
cesses are typically governed by cooperative effects of inter-
acting parts of the system. It is, therefore, possible to reduce
the complexity by introducing collective, relevant degrees of
freedom and effective interactions between monomers. Sim-
ulations of polymers modeled with effective potentials have
been performed to understand the structural behavior of indi-
vidual flexible>® and semiflexible polymers®~!! as well as the
aggregation of polymers.'>14

Extensive previous work has also been dedicated to the
effect of an adsorbent on the formation of stable structural
phases of macromolecules'> by means of computer simula-
tions of simplified models.'®33 It has been shown experi-
mentally that helical structures can be stabilized by adsorp-
tion onto silica nanoparticles, and it has been theorized that
this effect is a contributing factor to the evolution of early
life.3*

Helical segments, typical for biopolymers, are considered
to be generic geometries of linear polymers.>33% Microscopi-
cally, secondary structures such as single helices or sheets are
stabilized by hydrogen bonds.
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The most common process for the formation of struc-
tures with helical order is the helix-coil transition between
disordered random-coil and helical conformations. These tran-
sitions are found to exhibit features of phase transitions.>**?

Noncovalent interactions, e.g., attractive van der Waals
forces, can support the assembly of helix bundles. For poly-
mers of sufficient length, tertiary structures composed of sev-
eral helix bundles are observed.**>! Our recent work?32-3
expands on previous work studying the stability of these bun-
dles.>*>% We found that helical order is induced by the inclu-
sion of a torsion potential and tertiary structures consisting of
bundled helices are stabilized with the addition of a bending
restraint.

In this paper, we continue our investigation of helical
structure stability with the inclusion of an attractive substrate
onto which the polymer can adsorb. The presence of a sub-
strate has been shown to influence conformation geometry,
transition dynamics, and stability of structural phases.?%-1-3%-57
The impact of adsorption on helix-coil transitions has been
explored experimentally.”® Adsorption of helical polymers has
also been studied for very large systems using an exactly
solvable model.””

In this study, we use Monte Carlo simulation to exam-
ine the effect of a generic attractive substrate on the tertiary
helix-bundle formation of polymers with bending restraint.
We analyze structural stability as well as structure types for an
array of model parameters and use the results to construct and
compare hyperphase diagrams in the space of torsion strength
and temperature for free polymers and in the presence of an
attractive substrate.

The paper is organized as follows. In Sec. II, we describe
the model used in this study and the simulation methodology.
The structural properties of adsorbed polymer conformations
under the influence of torsion barriers and the thermodynamic
hyperphase diagram are discussed in Sec. III. The paper is
concluded by the summary in Sec. I'V.

Published by AIP Publishing.
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II. MODEL AND SAMPLING ALGORITHM
A. Model

We model the hybrid system of helical polymers and an
adsorbent using a standard model for elastic flexible poly-
mers with the addition of torsion, bending, and adsorption
potentials. The total energy of a polymer conformation X

= {X1,Xp, ..., Xy}, where x; is the position of the ith monomer
and N is the number of monomers, can be written as
N-1 N-2 N
EX) = Z EpeNe(riiv1) + Z Z EvLy(ri)
i=1 i=1 j=i+2

N-2 N-3 N
+ Z Epend(6k) + Z Eor(1y) + Z Eas(zi)- (D
=1 =1 =1

The finitely extensible nonlinear elastic (FENE) potential acts
between each pair of bonded monomers and is given by%%-%2

1
Eppng(r) = —zKR2 log{1 — [(r — r0)/R1*}. )

We use the typical parameter values ro = 1, R = 3/7, and K
=98/5.> Any bond which is stretched beyond the limit of the
FENE potential, having a bond length of less than ry — R or
greater than rg + R, is considered to have infinite energy and is
specifically disallowed. The FENE potential effectively makes
the polymer act as a single chain of monomers which cannot
be split.
The Lennard-Jones (LJ) potential,

ELi(r) = 4€l(o/r)'"? = (0/r)°] = Usnite, A3

describes the interaction between all pairs of non-bonded
monomers separated by a distance r less than reypefr. For
the LJ potential, we use e=1, o=2"1% r =250,
and Uspite = 4€[(0/reuotr)'> = (/7 curorr) - Because Lennard-
Jones contacts provide an energetic benefit for the polymer,
the potential is supportive of the formation of collapsed dense
structures which maximize the number of monomer-monomer
contacts.
The torsion potential is given by

Eior(T) = S [1 = cos (7 = 19)] “

for all dihedral angles.%® The reference angle 75 = 0.873 is
chosen to allow for helical segments with approximately 4
monomers per turn.

The torsion potential alone forms highly unstable struc-
tures, exhibiting some helical segments but no long-range
helical order in polymers of significant length. The instabil-
ity of the helical order can be remedied by the inclusion of a
bending potential. The bending potential reads as

Epena(0) = So [1 —cos (6 — 6o)], )

and the reference bending angle 6y = 1.4 induces the formation
of a-helix-like secondary structures.” Using a strong bending
energy scale of Sy = 200 allows for the local helical order and
the global ordering associated with helix bundles. By varying
S+, we can control the number of helical segments present in
helix bundles. Larger values of Sy produce bundles with fewer
but more stable helices. For example, at torsion strength S;
= 6, we see the formation of 3- and 4-helix bundles with dif-
ferent types of helical segment alignments at low temperatures.
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A substrate which acts as an adsorbent for the polymer
is included in our model as well, using a potential depending
on each monomer’s distance z from the surface (located at z
= 0). The adsorption energy is obtained by integration of the
LJ potential over the entire half-space of the substrate (z €
[—o0,0]),°%%* which yields

9 3
Euas(@) = S4 [%(3) -(%) ] . ®)
Z Z
In this paper, we study the adsorption behavior of the polymer
for adsorption strengths S4 € [0, 2]. The polymer is not teth-
ered to the substrate and can move freely in the available space.
Therefore, a steric, impenetrable boundary is imposed at a dis-
tance of zmax = 200 from the surface to prevent the polymer
from escaping. We primarily investigate the structural behavior
of polymers with N = 40 monomers but have performed simu-
lations of other system sizes to verify the qualitative adsorption
properties.

B. Sampling

In our study, we performed replica-exchange Monte Carlo
(parallel tempering) simulations at 32 temperatures in the inter-
val T € [0.03,2.00]. Initially, a random polymer conformation
is generated in each temperature thread and conformational
updates of the individual replica are accepted according to the
Metropolis criterion,®
= min(1, e PAE), (7

metro
P i

where 8; = 1/kgT; is the inverse thermal energy at temperature
T; of the ith thread and AE is the change of the energies due
to the update.

A significant factor in the efficiency of the simulation is
the choice of the update type. In our simulations, we used a
combination of different Monte Carlo moves. The simplest
and most common update is local monomer displacement.
An individual monomer is chosen at random and moved to
anew random location within a box of size r; surrounding the
monomer’s original position. Optimization of the box size can
lead to gains in simulation efficiency.®® At low temperatures,
where dense conformations are dominant and autocorrelation
times are supposedly large, r4 should be much smaller than at
high temperatures, where the structural phase is governed by
random-coil structures.

We choose r; such that the acceptance rate is approxi-
mately 0.5. This is done during an initialization period before
data collection begins. After every 100 updates, the displace-
ment size is changed to r:l = 14 + p(Xaccept — 0.5), where p
is a factor determining the size of each iterative adjustment
of r4 and Yaccept 1S the current measured acceptance rate of
displacement updates. It turned out that p = 0.04 was a good
choice.

Since in our adsorption study the polymer is not grafted
to the substrate, it can spend large periods of simulation time
without being in contact with the substrate, in particular, in
the entropy-dominated desorbed phases. For this reason, we
also implemented a translational update of the entire poly-
mer relative to the adsorption surface, which changes only the
adsorption energy and leaves the intrinsic monomer-monomer
interactions unchanged. While this update is not important at
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low temperatures for which the polymer is adsorbed most of
the time, it can greatly improve the efficiency of the simulation
near the adsorption transition.

As our model also contains torsion and bending restraints,
we find it helpful to also include a torsion update which only
changes one torsion angle, leaving all other torsion and bend-
ing angles unaffected. This can be done by choosing a single
bond at random and letting it act as a rotation axis around
which all monomers on one side of that bond are rotated by a
random angle.

Replica exchange between neighboring temperature
threads significantly helps overcome transition barriers.®’~"°
The 32 temperature threads run in parallel and an attempt to
exchange polymer conformations is performed periodically.
Each thread alternates between exchange attempts with its
higher and lower temperature neighbors. An exchange attempt
between threads with temperatures T'; and T; and respective
energies E; and E; of the current polymer conformations at
these temperatures is accepted or rejected according to the
acceptance probability

Py = min(1, e~ BrANEED), ®)

We find that the exchange rates are most consistent when each
temperature is chosen according to 7; = 1.15 T;_;. Using this
spacing, it is important to include enough threads so that in the
highest-temperature thread the polymer is in the random-coil
phase.

lll. RESULTS AND DISCUSSION
A. Properties of adsorbed structures

For simulations of the hybrid model with the torsion
strength S; = 6, we considered an array of values for adsorp-
tion strengths in the interval S4 € [0,2]. Examples of the
structures generated in this series of simulations are shown
in Fig. 1. Considering the top row (S4 = 0), polymer structures
at low temperatures are dominated by three-helix bundles and
exhibit variability in terms of alignment and helix segment
length. As the adsorption strength is increased, we see that
the polymer adsorbs onto the surface of the substrate at low

T=0.03 0.07
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temperatures and tends to form two-helix instead of three-helix
bundles. We also qualitatively find that the adsorbed structures
exhibit far less variability over a wider range of temperatures,
which can be interpreted as an enhanced structural stability of
the polymer in the vicinity of the attractive substrate.
To aid in classifying helix-bundle structures, we introduce
a pair of structural order parameters (g; and g») which make
a distinction between local helical order and tertiary order in
a polymer structure.” The parameter ¢ is defined as the aver-
age total Lennard-Jones potential between pairs of monomers
within 6 or fewer bonds,
N2 N
@) =5 D, Y, i Eulry). ©)
i=1 j=i+2
Conversely, g, is the average Lennard-Jones energy of pairs
of monomers more than 6 bonds distant from each other,
N2 N
0X) = Z”ZZ ©j-i7 Evy(ry). (10)

Here we have introduced the symbol

1,k>1,
O = {0, otherwise. an

Let us consider two examples to show the usefulness of this
parameter pair. In a single long helix, all monomers have
Lennard-Jones contact with other monomers within 6 bonds
along the chain but no contact with monomers outside of this
local neighborhood; ¢ is minimal and ¢, is maximal. In con-
trast, for a two-helix bundle, local LJ interaction at the joint
between the two helix segments is sacrificed for the formation
of contacts between monomers belonging to the different seg-
ments. These monomers are more than 6 bonds distant along
the chain. Therefore, compared to the single-helix case, g
decreases at the expense of g;. Similarly, higher-order helix
bundles can also be distinguished by means of these parame-
ters. In order parameter space, qualitatively similar structures
form distinct clusters.

It can be useful to calculate canonical averages for struc-
tural quantities to investigate their changes as temperature and
model parameters are varied. The parameter {(g2)/{g1) is the

0

o O & & 3

S

0.5

FIG. 1. Representative polymer conformations formed
under varied conditions. Each row shows structures for a
single value of S4 along an array of temperatures between
T =0.03 and 1.62. The adsorption strength increases from

0.75

top to bottom from S4 = 0 to 2, and the torsion strength
is fixed at Sy = 6.

Sa=2
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ratio of the global to local Lennard-Jones energy, and it allows
us to distinguish between various helical structure types. For
three-helix bundles observed at low temperatures in the case of
Sa =0, {(g2)/{q1) = 0.64. In the case of the two-helix bundles
which dominate at low temperatures when Sy > 0.75, we find
that (g2)/(q1) ~ 0.33.

Figure 2(a) shows (g»)/{q1) as a function of T for each
value of S4 which we have simulated. Towards low tempera-
tures, the curves for different values of S4 split between two-
and three-helix bundle branches. The thermal fluctuation of
the center of mass distance from the substrate (d{lcm)/dT)
is depicted in Fig. 2(b). The adsorption transition can be
identified by the peak in each curve as it corresponds to the
temperature at which there is a balance between adsorbed and
desorbed structures. There is agreement between the desorp-
tion temperature noted in panel (b) and the convergence to the
free case (S4 = 0) for the curves in panel (a). We can also
see that the desorption temperature increases with increasing
adsorption strength as is expected. More interestingly, in the
range from S4 € [0.75, 2], the low-temperature structure and
stability changes to a perturbation in temperature are small.
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FIG. 2. (a) The ratio of global and local LJ energies, (g2)/{q1), as a function
of temperature for an array of different values for adsorption strength Sy
and fixed torsion strength S; = 6. (b) Temperature variation of the center
of mass distance of polymers at several different adsorption strengths. Note
that the peak locations correspond to the temperature at which the polymer
desorbs from the surface. (c) Temperature variation of the average number of
monomer-monomer contacts vs temperature, d{N.)/dT . {(N.) decreases most
rapidly during structural transitions between solid, liquid, and gas phases
exhibiting inverted peaks or shoulders in the plot of d(N.)/dT .
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The thermal fluctuation of the average number of
monomer-monomer contacts, d{N.)/dT, is shown in Fig. 2(c)
as a function of 7. The gas-liquid transition and the liquid-
solid transition are both marked by a rapid rate of change in
the number of monomer-monomer contacts and can be located
in this plot by finding inverted peaks and shoulders. We can
see that as the adsorption strength increases, the temperature
range over which the liquid phase occurs narrows.

We can better understand the relationship between the
ensembles formed at each value of S4 by considering the struc-
tures created in each of these simulations in gi-g» space, as
depicted in Fig. 3. The low-energy structures (found at the
lowest simulation temperature) must, in general, have more
negative ¢g; and ¢, values and therefore lie towards the lower
left in this presentation.

For purely steric or weakly attractive substrates, i.e., S4
=0 and 0.5, low-temperature structures form several unique
clusters in this space. Each of these clusters represents an
individual structure type. The inset in Fig. 3 shows only the
low-energy clusters corresponding to S4 = 0 along with exam-
ple structures for each discernible cluster. While the lower
right-hand cluster is made up of three-helix bundles in which
all helices are parallel and of approximately the same length,
the cluster in the upper left contains structures in which two
long helical segments are wrapped around each other and a
short helical segment connects their ends.

The presence of multiple low-temperature clusters for
both S4 =0 and 0.5 is due to local free-energy minima in phase
space near the ground state. Ensembles exhibiting this behav-
ior are inherently metastable due to the varied structure type
accessible at low temperatures. Additionally, they are highly
sensitive to changes to their environment, as seen by the drastic
change in structure type with the introduction of even a weak
adsorption surface.

By increasing S4 beyond a threshold value, dominant
three-helix conformations are replaced by two-helix struc-
tures. The system sacrifices nonlocal monomer-monomer con-
tacts (g» increases) in favor of reducing the torsion potential
and primarily, a larger number of contacts with the adsorp-
tion surface. The two are correlated with each other and lead

00F
05

-1.0
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FIG. 3. Aplotofgq; vs g, foracollection of example structures created across
all temperatures simulated for torsion strength S+ = 6. The color of each point
corresponds to the torsion energy scale at which the structure it represents was
formed. Conformations in a cluster belong to the same structural class. Low-
temperature structures for S4 = 0 are shown independently in the lower right
inset along with example structures for each cluster. Colors agree with the
legend shown in Fig. 2.
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FIG. 4. Putative ground states of the polymer, if no
attractive substrate is present (S4 = 0), compared with
adsorbed conformations (S4 = 2) for an array of torsion
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strengths S. This collection of structures highlights the
dependence of helical structures on the adsorption and
torsion energy scales.

to an increase in local monomer-monomer contacts as well
(associated with a decrease of gq).

The inherent instability and high sensitivity shown in the
ensembles with S4 = 0 and 0.5 are greatly reduced by the
inclusion of the adsorption surface as demonstrated by the
consistent and single-peaked clusters corresponding to two-
helix bundles formed, S4 € (0.75,2.00). At these higher values
of adsorption strength, the low-temperature conformations are
predictable, consistent, and highly resilient to changes in their
environment.

B. Torsion strength dependence of polymer structures
with and without adsorbent

In the above discussion of adsorption properties for the
particular case of a helical polymer with torsion strength
S: = 6, we already noted a dramatic qualitative change in
the structural behavior if the polymer is exposed to an attrac-
tive adsorbent. We will now explore in more detail how much
the adsorption properties depend on S;. For this purpose, sim-
ulations of the helical polymer model with adsorption were
performed for a wide array of values S; € [0, 30]. With regard
to the adsorption strength, it is sufficient to limit our discussion
to the comparison of the model with (S4 = 2) and without (S4
=0) an adsorbent.

In Fig. 4, examples of structures formed at low tempera-
tures for scenarios with and without adsorption are depicted.
We see that for the free case (top row), amorphous solids,
four-helix bundles, three-helix bundles, two-helix bundles, and
single helices are formed. If an attractive adsorbent is present
(bottom row), the types of structures formed are limited.
Above T =2, we consistently observe predominant folding
into two-helix bundles.

This is analyzed quantitatively in Fig. 5, where the two
cases are compared at different temperatures. At the lowest

temperature T =0.035, the polymer clearly tends to form three-
and four-helix bundles in the region 1 < S; < 8if no adsorbent
is present, whereas it prefers to fold into two-helix structures
otherwise. The S; range in which the two-helix bundle domi-
nates is significantly larger than that for the system without an
adsorbent. Similarly, the single-helix phase dominates over a
larger region of phase space in the adsorbed case. The binding
to the substrate entropically suppresses the two-helix confor-
mations more than single-helix structures unless different helix
segments are perfectly aligned on the substrate.

As the temperature is increased, structural variability
increases. At T = 0.45, we already observe a more gradual
transition in S; space for the free-polymer case, but if the
polymer is adsorbed, the phase structure remains very stable.
For T = 0.7, there is almost no stratification between single-,
double-, three-, and four-helix phases in the free case any-
more. In contrast, the double-helix phase remains far more
discernible in case the polymer is adsorbed at a substrate.
An attractive adsorbent apparently stabilizes double-helix
polymer conformations.

To further draw distinction between the free and adsorbed
cases, we investigate more closely the density of structural
types in ¢g1-g; space. Each panel in Fig. 6 represents all of the
structures generated in a single parallel tempering simulation.
The structures collected in the simulation at all temperatures
are projected onto the two-dimensional g;-g» space which is
divided into bins. For a given S; value, any bin which is visited
during the simulation is in black. The gray background repre-
sents the bins visited across the entire range of S; values for
which simulations were performed. It serves as reference and
shows the clear separation of entropically suppressed regions
from populated areas. Both the black (for a single S; value)
and gray regions (for the array of all S; values simulated)
represent generalized statistical ensembles since data from

12p 7=0.035

) 1
[ W free (S,=0) 1t
0.8 |- . 1
r 3-,4-helix ]

@ adsorbed (S,=2)

FIG. 5. The panel shows the dependence of structural
parameter {(g2)/{q1) on the torsion strength S, for sys-
tems with and without an adsorbent at three different
temperatures. For 7 = 0.035, the two systems depart

06f

q2) 74q1)

04F

0.0F[

from each other strongly in their behavior in the range
1 < §S¢ < 8. The free polymer forms three- and four-
helix bundles, whereas the adsorbed polymer folds into
two-helix conformations. Similar behavior is observed
for T =0.45 and T = 0.7 but exhibits progressively less
dramatic transitions as temperature is increased.
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FIG. 6. Population of states in g;-g, order parameter space. For each panel,
the gray dots represent structures found at all values of S+ and 7, for which
simulations were performed and for the two scenarios of the free polymer (no
substrate) [left column, (a)-(e)] and in the presence of an attractive substrate
with S4 = 2 [right column, (f)-(j)]. Black dots form the subset of states at the
given single S; value in each panel at all simulated temperatures. Red dots
correspond to dominant conformations at lowest temperatures (7" < 0.075).

all simulation temperatures are accounted for. Red dots are
associated with lowest-energy structures found at temperatures
T < 0.075.

The result is that, in this representation, the value of
q» increases for low-energy structures as S; is increased.
By establishing local helical order along the chain, ener-
getic contacts between nonbonded monomers are sacrificed.
There are distinct branches which can be associated with dif-
ferent structure-formation scenarios. Note that, in principle,
there are no limitations for any gj-g, pair of values. The
blank regions in the figure mean that structures in these areas
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are statistically highly suppressed and were not found in the
simulations.

To get a first idea, let us discuss the well-studied case of
the free, semiflexible polymer (S4 = 0, S; = 0) [Fig. 6(a)].
The black dots represent the generalized ensemble of confor-
mations sampled in our simulations in g1-g» space. Structures
dominant at lowest temperatures gather at smallest ¢, val-
ues, i.e., structures are compact but not helical. The structural
analysis reveals that the lowest-energy states do not have a
preferred order, and we classify them as amorphous solids.
Values of g; of the sampled structures do not vary much at all
temperatures, i.e., at increased temperatures larger ¢, values
simply correspond to less compact structures (“liquid”) and
fully extended, random-coil conformations towards ¢, — O.
If the torsion strength S is increased in the free case S4 = 0,
the ¢; parameter becomes more relevant and allows for the
discrimination of different types of helix bundles. In the exam-
ples shown, we find that at S; = 2 [Fig. 6(b)], ground states
are predominantly four-helix bundles, and at S; = 4, we find
primarily three-helix bundles in the solid phase [Fig. 6(c)], at
S: = 8, we find double-helical conformations [Fig. 6(d)], and
at S; = 30, we find a stable single helix [Fig. 6(e)]. The free
case has been discussed in detail elsewhere recently.?>>33

By comparing the gray areas of the free case with those
when adsorption can occur [Figs. 6(f)-6(j)], we find that the
distribution of structures exhibits noticeable differences. The
branch that leads into the sector of amorphous low-energy
structures shows more details, which is due to different domi-
nant metastable non-helical conformations (wetting and layer-
ing effects) of the adsorbed polymer, which we do not further
pursue here. What is more interesting in our context is the
almost complete disappearance of the four-helix phase. Fur-
thermore, three-helix bundles turn out to be more like an
irrelevant artifact of the all-dominant two-helix conformations.
We can conclude that the two-helix phase almost completely
preempts the more complex structural phases if the polymer
adsorbs at an attractive substrate with sufficiently high adsorp-
tion strength. If the torsion barrier is strong enough, single-
helix conformations become the dominant structure type and
the conformational behavior of the adsorbed polymer is similar
to that of the free one.

Figure 6 provides an in-depth insight into details of the
different structural behaviors of a semiflexible polymer in
the presence of an attractive adsorbent. However, we would
now like to go a step further and investigate the thermody-
namic phase behavior more systematically by constructing
the structural phase diagrams for classes of polymers in both
scenarios.

By studying the locations of structures generated within
the gi-g» space and by making use of the transition sig-
nals in order parameters and fluctuating quantities like those
shown in Fig. 2, we can analyze the ensemble of struc-
tures in multiple simulations at different constant S; values
and determine the character of the structural transitions and
their locations in temperature space. Considering the branch
along which the majority of structures in Fig. 6 occurs can
help distinguish between single helices, two-helix bundles,
three-helix bundles, four-helix bundles, and amorphous solids.
For polymers of length N = 40, which we study here, the
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branches formed by three- and four-helix bundles are over-
lapping and difficult to distinguish in all but the lowest-
temperature cases. This means that these structures are not
very stable. The area of the plots where the regions converge
represents the liquid phase of globular conformations with
no helical order. Upon further temperature increase, struc-
tural compactness is lost and g and ¢» converge to zero. This
region in the g -g, diagrams is therefore dominated by random
coils.

By systematically changing the torsion strength S; in our
simulations, we can analyze the transition behavior more quan-
titatively and identify the regions in S;-T" parameter space in
which certain polymer structures dominate. For both scenar-
ios, S4 =0 and S4 = 2, the results are shown in Fig. 7. Colors
represent different structural phases, and by comparing the
color patterns, we immediately note that the areas covered by
the most compact phases such as A (amorphous), 4h, and 3h
(four- and three-helix bundles, respectively) shrink if adsorp-
tion competes with internal structure formation processes.
Given the rather short polymer length with 40 monomers, it
is not surprising that the higher-order helix bundles are desta-
bilized by the perturbation caused by the attractive adsorption
force exerted upon the compact structures. Two-helix struc-
tures (2h) become dominant at lower torsion strengths, but at
higher S; values, single helices (1h) intrude into former 2h
terrain. Overall, the ordered phases are shifted to smaller S;
values. The disordered phases dominated by liquid-like (L)
and random-coil conformations are less affected.

Single-Helix Two-Helix @ Three-Helix @ Four-Helix

Amorphous Solid @ Liquid @ Random Coil

T

300 s,=0
251 1h

T T v v T T ———

FIG. 7. Hyperphase diagrams in S;-T space. Colors represent the dominate
structural phases present at each S--7 combination for both free (S4 = 0)
and adsorbed cases (S4 = 2): yellow—single helix (1h), green—two-helix
(2h), blue—three-helix (3h), magenta—four-helix (4h), cyan—amorphous
solid (A), orange—liquid (L), red—random coil (C).

J. Chem. Phys. 147, 024902 (2017)

IV. SUMMARY

By employing replica-exchange Monte Carlo (parallel
tempering) across a wide range of temperatures, we have sim-
ulated a model for semiflexible, helical polymers. We extend
previous studies of the structural behavior of the free chain
by introducing an adsorbent to which the polymer can bind by
means of attractive van der Waals forces. In this paper, we sys-
tematically analyze the competition of adsorption effects upon
polymeric structure formation in the folding process and the
structural phases under thermodynamic conditions for entire
classes of helical and nonhelical semiflexible polymers (by
varying the torsion strength). These simulation results enable
the construction of the structural hyperphase diagram in the
combined parameter space of torsion strength and temperature
under the influence of an attractive adsorbent.

In comparison with the free polymer case, we find that
adsorption has a significant impact on the dominant types
of polymer structures. Compact conformations such as amor-
phous solids (no torsion) or helix bundles with three or more
helices (moderate torsion strengths), which are found domi-
nant and stable in regions of the phase diagram for the poly-
mer without facing an adsorbent, are strongly suppressed by
adsorption effects. Under the influence of attractive substrate
interaction, the “flatter” double-helix structures with parallel
alignment of the helices and single-helix conformations cover
almost entirely the parameter space that is dominated by folded
and adsorbed structures.

As the phase diagram shows, the single- and two-helix
structures are more stable in the presence of an adsorbent; the
transition temperature towards disordered phases increases.
Effectively, this can be interpreted in a way that an attractive
substrate supports the formation of simple helical structures.
The stabilization of functional protein structures by its envi-
ronment may have been an influential step at an early stage of
the evolution of primitive life forms.>* To pursue further, how
environmental factors have helped stabilizing helical and other
secondary structures common to functional biomolecules is
an exciting topic for future research. Furthermore, hyperphase
diagrams, which parametrize the phase space with respect to
model and thermodynamic control parameters, are supportive
of hybrid materials’ design as studies of coarse-grained models
provide a general insight into the types of possible structural
phases of polymers.

ACKNOWLEDGMENTS

This work has been supported partially by the NSF under
Grant No. DMR-1463241.

TA. Y. Grosberg and A. R. Khokhlov, Statistical Physics of Macromolecules
(AIP Press, New York, 1994).

2M. J. Williams and M. Bachmann, Phys. Rev. Lett. 115, 048301 (2015).

3K. A. Dill and H. S. Chan, Nat. Struct. Mol. Biol. 4, 10 (1997).

4M. Bachmann, Thermodynamics and Statistical Mechanics of Macromolec-
ular Systems (Cambridge University Press, Cambridge, 2014).

5S. Schnabel, M. Bachmann, and W. Janke, J. Chem. Phys. 131, 124904
(2009).

M. P. Taylor, W. Paul, and K. Binder, J. Chem. Phys. 131, 114907 (2009).

7S. Schébl, J. Zierenberg, and W. Janke, Phys. Rev. E 84, 051805 (2011).

8). Gross, T. Neuhaus, T. Vogel, and M. Bachmann, J. Chem. Phys. 138,
074905 (2013).


http://dx.doi.org/10.1103/physrevlett.115.048301
http://dx.doi.org/10.1038/nsb0197-10
http://dx.doi.org/10.1063/1.3223720
http://dx.doi.org/10.1063/1.3227751
http://dx.doi.org/10.1103/physreve.84.051805
http://dx.doi.org/10.1063/1.4790615

024902-8 M. J. Williams and M. Bachmann

91, A. Martemyanova, M. R. Stukan, V. A. Ivanov, M. Miiller, W. Paul, and
K. Binder, J. Chem. Phys. 122, 174907 (2005).

10p_ A, Wiggins and P. C. Nelson, Phys. Rev. E 73, 031906 (2006).

lp, T, Seaton, S. Schnabel, M. Bachmann, and D. P. Landau, Int. J. Mod.
Phys. C 23, 1240004 (2012).

2¢, Junghans, M. Bachmann, and W. Janke, Phys. Rev. Lett. 97, 218103
(2006).

13]. Zierenberg and W. Janke, Europhys. Lett. 109, 28002 (2015).

14T, Koci and M. Bachmann, Phys. Rev. E 95, 032502 (2017).

I5Sg, Eisenriegler, K. Kremer, and K. Binder, J. Chem. Phys. 77, 6296 (1982).

16T, Vrbova and S. G. Whittington, J. Phys. A: Math. Gen. 29, 6253 (1996).

17T, Vrbové and S. G. Whittington, J. Phys. A: Math. Gen. 31, 3989 (1998).

18y, Singh, D. Giri, and S. Kumar, J. Phys. A: Math. Gen. 34, L67 (2001).

R, Rajesh, D. Dhar, D. Giri, S. Kumar, and Y. Singh, Phys. Rev. E 65,
056124 (2002).

20M. Bachmann and W. Janke, Phys. Rev. Lett. 95, 058102 (2005).

2IM. Bachmann and W. Janke, Phys. Rev. E 73, 041802 (2006).

2y, Krawczyk, T. Prellberg, A. L. Owczarek, and A. Rechnitzer, Europhys.
Lett. 70, 726 (2005).

23y, Krawczyk, T. Prellberg, A. L. Owczarek, and A. Rechnitzer, J. Stat. Mech.:
Theory Exp. 2004, P10004.

24M. Bachmann and W. Janke, Phys. Rev. E 73, 020901(R) (2006).

255, Luettmer-Strathmann, F. Rampf, W. Paul, and K. Binder, J. Chem. Phys.
128, 064903 (2008).

26A. D. Swetnam and M. P. Allen, Phys. Chem. Chem. Phys. 11, 2046 (2009).

27Y. W. Li, T. Wiist, and D. P. Landau, Phys. Rev. E 87, 012706 (2013).

2M. P. Taylor and J. Luettmer-Strathmann, J. Chem. Phys. 141, 204906
(2014).

29P. H. L. Martins and M. Bachmann, Acta Phys. Pol., B 46, 1219 (2015).

30M. Moddel, M. Bachmann, and W. Janke, J. Phys. Chem. B 113, 3314
(2009).

3IM. Moddel, W. Janke, and M. Bachmann, Phys. Chem. Chem. Phys. 12,
11548 (2010).

32M. Moddel, W. Janke, and M. Bachmann, Macromolecules 44,9013 (2011).

33M. J. Williams and M. Bachmann, Phys. Procedia 68, 130 (2015).

3M. Lundqyvist, P. Nygren, B.-H. Jonsson, and K. Broo, Angew. Chem., Int.
Ed. 45, 8169 (2006).

3D, Poland and H. A. Scheraga, Theory of Helix-Coil Transitions in
Biopolymers (Academic Press, New York, 1970).

36 A. Maritan, C. Micheletti, A. Trovato, and J. R. Banavar, Nature 406, 287
(2000).

3T, Vogel, T. Neuhaus, M. Bachmann, and W. Janke, Europhys. Lett. 85,
10003 (2009).

38T, Vogel, T. Neuhaus, M. Bachmann, and W. Janke, Phys. Rev. E 80, 011802
(2009).

3B. H. Zimm and J. K. Bragg, J. Chem. Phys. 28, 1246 (1958).

J. Chem. Phys. 147, 024902 (2017)

40B, H. Zimm and J. K. Bragg, J. Chem. Phys. 31, 526 (1959).

417, P. Kemp and Z. Y. Chen, Phys. Rev. Lett. 81, 3880 (1998).

A2AL V. Badasyan, A. Giacometti, Y. S. Mamasakhlisov, V. F. Morozov, and
A. S. Benight, Phys. Rev. E 81, 021921 (2010).

43T, Bereau, M. Deserno, and M. Bachmann, Biophys. J. 100, 2764 (2011).

48, R. Presnell and F. E. Cohen, Proc. Natl. Acad. Sci. U. S. A. 86, 6592
(1989).

437. Guo, C. L. Brooks, and E. M. Boczko, Proc. Natl. Acad. Sci. U. S. A.
94, 10161 (1997).

46C. Zhang, J. Hou, and S.-H. Kim, Proc. Natl. Acad. Sci. U. S. A. 99, 3581
(2002).

475, W. Bruun, V. IeSmantavicius, J. Danielsson, and F. M. Poulsen, Proc.
Natl. Acad. Sci. U. S. A. 107, 13306 (2010).

48, Bereau, M. Bachmann, and M. Deserno, J. Am. Chem. Soc. 132, 13129
(2010).

49P. Palenéar and T. Bleha, Comput. Theor. Chem. 1006, 62 (2013).

307. Qin, A. Fabre, and M. J. Buehler, Eur. Phys. J. E 36, 53 (2013).

Slgz, Luthey-Schulten, B. E. Ramirez, and P. G. Wolynes, J. Phys. Chem. 99,
2177 (1995).

52M. J. Williams and M. Bachmann, Phys. Rev. E 93, 062501 (2016).

53M. J. Williams and M. Bachmann, Polymers 8, 245 (2016).

34N. L. Harris, S. R. Presnell, and F. E. Cohen, J. Mol. Biol. 236, 1356
(1994).

S3A. Irbidck, F. Sjunnesson, and S. Wallin, Proc. Natl. Acad. Sci. U. S. A. 97,
13614 (2000).

oy, Varshney and G. A. Carri, Phys. Rev. Lett. 95, 168304 (2005).

S7N. Killrot and P. Linse, Macromolecules 40, 4669 (2007).

58W. Norde and J. P. Favier, Colloids Surf. 64, 87 (1992).

3G. A. Carri and M. Muthukumar, Phys. Rev. Lett. 82, 5405 (1999).

60K . Kremer and G. S. Grest, J. Chem. Phys. 92, 5057 (1990).

IR, B. Bird, C. F. Curtiss, R. C. Armstrong, and O. Hassager, Dynamics of
Polymeric Liquids, 2nd ed. (Wiley, New York, 1987).

624, Milchev, A. Bhattacharya, and K. Binder, Macromolecules 34, 1881
(2001).

63D. C. Rapaport, Phys. Rev. E 66, 011906 (2002).

64W. A. Steele, Surf. Sci. 36, 317 (1973).

65N, Metropolis, A. W. Rosenbluth, M. N. Rosenbluth, A. H. Teller, and
E. Teller, J. Chem. Phys. 21, 1087 (1953).

66K. Qi and M. Bachmann, J. Chem. Phys. 141, 074101 (2014).

67C. J. Geyer, Computing Science and Statistics: Proceedings of the 23rd Sym-
posium on the Interface, edited by E. M. Keramidas (Interface Foundation,
Fairfax Station, VA, 1991), p. 156.

%8R. H. Swendsen and J.-S. Wang, Phys. Rev. Lett. 57, 2607 (1986).

69K . Hukushima and K. Nemoto, J. Phys. Soc. Jpn. 65, 1604 (1996).

T0K. Hukushima, H. Takayama, and K. Nemoto, Int. J. Mod. Phys. C 07, 337
(1996).


http://dx.doi.org/10.1063/1.1888525
http://dx.doi.org/10.1103/physreve.73.031906
http://dx.doi.org/10.1142/s0129183112400049
http://dx.doi.org/10.1142/s0129183112400049
http://dx.doi.org/10.1103/physrevlett.97.218103
http://dx.doi.org/10.1209/0295-5075/109/28002
http://dx.doi.org/10.1103/physreve.95.032502
http://dx.doi.org/10.1063/1.443835
http://dx.doi.org/10.1088/0305-4470/29/19/011
http://dx.doi.org/10.1088/0305-4470/31/17/009
http://dx.doi.org/10.1088/0305-4470/34/8/102
http://dx.doi.org/10.1103/physreve.65.056124
http://dx.doi.org/10.1103/physrevlett.95.058102
http://dx.doi.org/10.1103/physreve.73.041802
http://dx.doi.org/10.1209/epl/i2004-10524-7
http://dx.doi.org/10.1209/epl/i2004-10524-7
http://dx.doi.org/10.1088/1742-5468/2004/10/p10004
http://dx.doi.org/10.1088/1742-5468/2004/10/p10004
http://dx.doi.org/10.1103/physreve.73.020901
http://dx.doi.org/10.1063/1.2837459
http://dx.doi.org/10.1039/b818067a
http://dx.doi.org/10.1103/physreve.87.012706
http://dx.doi.org/10.1063/1.4902252
http://dx.doi.org/10.5506/aphyspolb.46.1219
http://dx.doi.org/10.1021/jp808124v
http://dx.doi.org/10.1039/c002862b
http://dx.doi.org/10.1021/ma201307c
http://dx.doi.org/10.1016/j.phpro.2015.07.122
http://dx.doi.org/10.1002/anie.200600965
http://dx.doi.org/10.1002/anie.200600965
http://dx.doi.org/10.1038/35018538
http://dx.doi.org/10.1209/0295-5075/85/10003
http://dx.doi.org/10.1103/physreve.80.011802
http://dx.doi.org/10.1063/1.1744378
http://dx.doi.org/10.1063/1.1730390
http://dx.doi.org/10.1103/physrevlett.81.3880
http://dx.doi.org/10.1103/physreve.81.021921
http://dx.doi.org/10.1016/j.bpj.2011.03.056
http://dx.doi.org/10.1073/pnas.86.17.6592
http://dx.doi.org/10.1073/pnas.94.19.10161
http://dx.doi.org/10.1073/pnas.052003799
http://dx.doi.org/10.1073/pnas.1003004107
http://dx.doi.org/10.1073/pnas.1003004107
http://dx.doi.org/10.1021/ja105206w
http://dx.doi.org/10.1016/j.comptc.2012.11.012
http://dx.doi.org/10.1140/epje/i2013-13053-8
http://dx.doi.org/10.1021/j100007a057
http://dx.doi.org/10.1103/physreve.93.062501
http://dx.doi.org/10.3390/polym8070245
http://dx.doi.org/10.1016/0022-2836(94)90063-9
http://dx.doi.org/10.1073/pnas.240245297
http://dx.doi.org/10.1103/physrevlett.95.168304
http://dx.doi.org/10.1021/ma0702602
http://dx.doi.org/10.1016/0166-6622(92)80164-w
http://dx.doi.org/10.1103/physrevlett.82.5405
http://dx.doi.org/10.1063/1.458541
http://dx.doi.org/10.1021/ma000645j
http://dx.doi.org/10.1103/physreve.66.011906
http://dx.doi.org/10.1016/0039-6028(73)90264-1
http://dx.doi.org/10.1063/1.1699114
http://dx.doi.org/10.1063/1.4891800
http://dx.doi.org/10.1103/physrevlett.57.2607
http://dx.doi.org/10.1143/jpsj.65.1604
http://dx.doi.org/10.1142/s0129183196000272



