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ABSTRACT: Using the Langevin dynamics technique, we have carried out simulations of a single-chain
flexible diblock copolymer. The polymer consists of two blocks of equal length, one very poorly solvated
and the other close to 6-conditions. We study what happens when such a polymer is stretched, for a
range of different stretching speeds, and correlate our observations with features in the plot of force vs
extension. We find that at slow speeds this force profile does not increase monotonically, in disagreement
with earlier predictions, and that at high speeds there is a strong dependence on which end of the polymer

is pulled, as well as a high level of hysteresis.

1. Introduction

Many studies have appeared in recent years on the
subject of stretching single molecules. For the most part,
these have been inspired by the development of tech-
nologies that allow the manipulation of single molecules
and studies of their elastic response—in particular,
atomic force microscopy (AFM) and optical tweezers.
Many such studies have focused on stretching proteins
such as titin1=3 with the aim of deducing clues about
the relationship between the structure and function of
these complex polymers. However, interpreting the
results of such experiments can in general be very
difficult owing to the hierarchies of secondary and
tertiary structure existing within folded proteins. At the
other end of the complexity scale, even the very simple
case of a flexible homopolymer in a poor solvent exhibits
nontrivial behavior, and new discoveries are still being
made about this system.*8 An example of relevance to
the present paper is the recent discovery (via simula-
tions) of a novel “unraveling” transition’ in which the
collapsed globule spontaneously disintegrates after hav-
ing a tether pulled from it for some critical distance.
This transition was predicted via a simple free energy
minimization and demonstrated using Langevin dy-
namics simulations of a poorly solvated homopolymer.

A diblock copolymer bridges the complexity gap
between these two extremes; while still being a much
simpler molecule than any protein, it can form multi-
domain secondary structures in the right solvent condi-
tions. Using the Langevin dynamics technique, we have
simulated the stretching of a single diblock copolymer,
one block of which is very poorly solvated and the other
close to O-conditions. Previous studies of this class of
polymer, notably the HP model of protein folding,1013
have focused mainly on random or “evolved” monomer
sequences. For simplicity, we study a polymer consisting
of only two contiguous blocks of equal length. A theo-
retical study of this system under quasi-static (equilib-
rium) pulling has been carried out previously by Lee et
al.,? at the level of scaling theory. We show that this
scaling arguments misses an important aspect of the
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equilibrium stretching behavior, namely, that the force
does not increase monotonically with the extension but
rather exhibits a strong dip corresponding to the
unraveling transition.” We also go beyond equilibrium
conditions to study the nonequilibrium effects which
become important at high speeds. We find that the
stretching behavior under these conditions can be
different depending on which end of the chain is pulled
and that these differences increase with the stretching
speed.

2. Model

We use the Langevin dynamics technique to simulate
our model polymer. The position of each monomer at a
given time step is determined by solving the discretized
Langevin equation:
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Here r, is a Cartesian component of the position vector
for the monomer (o = x, y, or z), V is the total potential
energy of the monomer, and ¢ is the friction coefficent.
The term n(t)\/ﬁ accounts for fluctuations due to ran-
dom collisions with solvent molecules; 7 is a stochastic
variable with mean 0 and variance 2A¢, and D = kT/¢
is the diffusion constant.

The monomers are treated as spherical beads inter-
acting via a Lennard-Jones (L.J) 6—12 potential:
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where r(i, j) is the distance separating monomers i and
J, and S is a scaling factor used to modify the strength
of the attractive interaction depending on monomer type
(discussed in more detail below). We set the energy scale
of the LdJ interaction to be ¢ = 3.0kT'. In our simulation
we scale all distances by o, so there is no need to
explicitly set its value.

V@i, ) = 4e

(2)

Consecutive beads are connected by springs, which
are modeled with the finitely extensible nonlinear
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Figure 1. A snapshot of the collapsed equilibrium configu-
ration of the diblock copolymer. The dark beads are type A
monomers, and the light beads type B monomers.

elastic (FENE) potential:

.. 3rmax
Vo, )) = ———In|1 — (3)

a

r(, j))

We set the bond length to be a = 20 and the maximum
extension to be rmax = 2.10. The polymer is fully flexible,
meaning there is no energy penalty for bending.

In all simulations discussed in this paper, the polymer
has N = 200 monomers, split evenly into two blocks—
one of type A monomers and the other of type B. There
are three possible types of monomer—monomer inter-
action (AA, BB, and AB), and the strength of the
attractive part of the LJ interaction can in general be
set differently for each type via the S parameter in eq
2. We were interested in studying a polymer with a
specific, simple collapsed state: a hydrophobic core
surrounded by a less hydrophobic shell. We modified the
S parameter for each type of interaction by trial and
error until the desired collapsed configuration was
achieved when the polymer was allowed to equilibrate.
We chose the AA interaction to be strongly attractive
(Saa = 2) and the BB interaction to be weakly attractive
(S = 0.5), which corresponds to the type A monomers
being in a very poor solvent and the type B monomers
being in a slightly poor solvent, close to 6-conditions.
There was also a moderate attraction between type A
and type B monomers Sag = 1.5, but this was low
enough compared to the AA interaction that the types
were immiscible. In fact, our results are not very
sensitive to the choice of Sap—later tests with Sag =
Saa show almost identical behavior. The time step was
set to be 5 x 1073£02%kT. Note that our model uses
dimensionless variables, scaled by 2T where appropri-
ate, so there is no need to explicitly set the temperature
T.

In each simulation run, the polymer was first allowed
to equilibrate for 5 x 105 time steps, during which it
would quickly adopt the ground-state conformation
shown in Figure 1: a central globule of type A mono-
mers surrounded by a loose shell of type B monomers.
Note that this configuration relies on our particular
choice of monomer sequence; in general, different se-
quences of A and B monomers will have different ground
states and exhibit richer behavior on stretching. After
equilibration, the polymer was stretched by fixing the
position of the bead at one end of the chain and
gradually stepping the z coordinate of the bead at the
other end, leaving it free to move in the x and y
directions. At a given extension, the pulling direction
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was reversed and the polymer unstretched. Throughout
this cycle, the net force in the z direction acting on the
pulled bead was recorded, after averaging over every
5000 time steps (2000 time steps for the fastest pulling
speed). It is important to note that extension is the
independent variable in this stretching process, in
contrast with other studies of stretching HP protein
models in which force is the independent variable.!0:11

We simulated stretching at pulling speeds ranging
from 0.00010/At to 0.00150/At. There are two ways the
polymer can be stretched in our model: either the type
B end of the chain is fixed while the type A end is pulled,
or vice versa. In what follows, we refer to pulling the
type A end as “method A” and pulling the type B end
as “method B” . We simulated both methods at each
pulling speed for comparison. Every simulation was
repeated five times—in every case, there were no
significant differences between the results of repeats.

3. Results

At the lowest pulling speed (0.00010/A¢), there was
little difference between the force—extension curves
generated by the two methods. In both cases, the
stretching process proceeds in a number of distinct
stages, the transitions between which are clearly identi-
fied with features in the force—extension plots (Figures
2 and 3). First, the type B “shell” is unpeeled. During
this stage the force stays roughly constant on average.
Second, the unpeeled type B block is stretched out,
causing the force to increase linearly. Once the force
reached a critical value, the type A globule undergoes
the “tadpole” transition first identified by Halperin and
Zhulina,* in which a tether is pulled from the globule.
In this third stage (referred to below as the “plateau”
stage), the force drops slowly as the size of the globule
decreases. Then another transition, the unraveling
transition,’ occurs—the globule suddenly disintegrates,
and the force consequently drops suddenly as extra slack
is introduced to the chain. In the final stage of stretch-
ing, the entire chain is extended and the force once
again increases linearly. The unstretching process is
essentially the stretching process in reverse, although
there is some hysteresis in that the type A globule re-
forms at a lower extension than the one at which it
initially disintegrates during stretching. The plateau
phase is consequently shorter, as there is more slack in
the chain when the globule re-forms, and it is quickly
able to “eat” the rest of the type A block.

The stages described above correspond for the most
part with those predicted by Lee et al.? using scaling
arguments, but there are some notable differences. One
of these is our lack of an initial stretching phase before
the peeling of the type B block from the surface of the
globule. This is likely just a reflection of the relatively
low strength of the AB attraction in our simulations,
coupled with the fact that only a small fraction of the
type B monomers are adsorbed at the globule surface
at any given time. Thus, only a small force is required
to peel the block from the surface. A much more
fundamental difference, however, is the sudden dip in
the force profile corresponding to the unraveling transi-
tion. The resulting peak is the most distinctive feature
in the force profile but would be unexpected if the
unraveling transition was not taken into account.

At this low pulling velocity there are two notable
differences between the force—extension plots for each
stretching method. First, there is much more noise
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Figure 2. (a) Snapshots of the diblock copolymer during the simulated stretching—unstretching process. The stretching velocity
is vput = 0.00010/At, and pulling is from the type A end of the polymer. The dark beads are type A, and the light beads are type
B. (b) Force plotted as a function of extension for the stretching phase of the cycle. Extension is given in units of the total extended
length of the polymer, Na. The letters correspond to the snapshots in part (a). (¢) As for part (b), but for the unstretching phase

of the cycle.
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Figure 3. As for Figure 2, but pulling from the type B end of the polymer.

evident at the beginning and end of the stretching cycle
for method A, compared with method B. This is because
in the former case the pulled bead is inside the globule
of type A beads during these stages of the cycle and is
thus subjected to a rapidly varying potential energy
profile. In contrast, the pulled bead in method B is only
influenced directly by its neighboring bead. The second

notable difference is that the force goes negative at the
end of the unstretching process for method A, but not
for method B. Again, this is due to the globule, which
in method A gets dragged along with the pulled bead.
The drag force due to the globule acts in the opposite
direction to the pulling, which amounts to a negative
force (in the positive z direction) during unstretching.
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Figure 4. As for Figure 2, but with a pulling velocity of vyun = 0.001507/A¢.

In method B the globule stays stationary near the fixed
type A end of the chain and does not contribute to the
drag.

At higher pulling speeds, the differences between the
two stretching methods are much more striking, as are
the differences between the stretching and unstretching
halves of an individual cycle. This is most clearly evident
in the results for the highest stretching speed we
simulated, 0.00150/A¢. For method A (Figure 4), the
force profile immediately rises to a plateau and stays
that way for most of the stretching process. From
examining the snapshots of the polymer conformation,
we see that this is because the “tadpole” transition
occurs almost immediately after stretching begins, even
while the type B block is still partially coiled. There is
no drop in force when the globule disintegrates, in
contrast with the slow stretching case; the slack gener-
ated by the globule disintegrating is taken up im-
mediately. Only when the entire chain becomes stretched
does the force deviate from the plateau and begin rising
again. During the unstretching half of the cycle, the
force becomes strongly negative once the globule has re-
formed, in strong contrast to the behavior seen during
the first half of the cycle. This is again due to the drag
developed in having to pull the globule along with the
end bead, and clearly this drag dominates much more
here than in the slow stretching case. Also, a hairpin
bend occurs in the type A block toward the end of the
unstretching process. This is a reflection of the strongly
nonequilibrium nature of such fast stretching—the chain
has no time to relax as the end bead is rushed to and
fro, in contrast with the slow stretching case discussed
above.

The fast-stretching results for method B are given in
Figure 5. Instead of the “tadpole” transition happening
straight away, as was seen for method A, it actually
occurs slightly later in the stretching process than it
does for slow stretching. This is reflected in the force—

extension plot rising monotonically for the first two-
thirds of the process; only in the final third does the
plateau corresponding to the pull-out of a tether from
the globule occur. This plateau is at a much higher force
than was observed for slow stretching, or for method A
at any stretching speed, a point that will be discussed
further below. For the unstretching process, the force
profile is almost featureless, dropping smoothly and
monotonically (apart from random fluctuations) for the
entire process. This is due to the formation of a hairpin
bend in the type B block, which occurs before the re-
formation of the globule and other events that would
otherwise show up as features in the force profile.
Because of the hairpin, however, information about
these events does not reach the end bead, the force on
which is determined from then on only by the drag of
the rest of the chain. This drag is naturally much less
than that of the globule in method A.

One intriguing aspect of the force—extension plots for
method B, touched on earlier, is that the height of the
force plateau corresponding to the tadpole transition
(the pull-out of a tether from the globule) depends on
the pulling velocity. This trend is shown explicitly in
Figure 6, which plots the height of the force plateau vs
pulling speed. We saw no such trend for method A—the
tadpole transition always occurred at a force of (35 +
5)kT/o regardless of the pulling speed. The trend plotted
in Figure 6 tends to this same value in the limit of zero
pulling velocity; it corresponds closely to the maximum
attractive value of the LJ force between two type A
beads, which is 32.3kT/o (corresponding to a bead
separation of about 1.10). The presence of this trend in
the method B results seems to be due to the drag of the
type B block itself as its free end is pulled away from
the globule. At slow speeds, this drag is negligible, as
is reflected in the initial flatness of the force profile in
Figure 3b; at this speed, the force only starts to go up
once the type B block is extended and the begins to pull
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Figure 5. As for Figure 2, but with a pulling velocity of vpun = 0.00150/A¢ and pulling from the type B end of the polymer.
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Figure 6. Plot of the observed “plateau” force (the force at
which the tadpole transition occurs during stretching) vs
pulling speed for stretching method B (pulling the type B end
of the polymer).

on the type A globule. As the stretching speed is
increased, however, the type B block has more and more
difficulty keeping up with the pulled end. The resulting
drag generates a significant restoring force on the pulled
bead well before the type B block is extended, as is
evident in Figure 5b. When the tadpole transition
occurs, the force on the pulled bead is due not only to
deforming the globule but also to this drag force, and
thus the height of the force plateau increases as the
stretching speed (and therefore the drag on the type B
block) increases.

We identify two primary shortcomings with our
simulations. The first relates to the time scale. The
slowest pulling speed that we can conveniently simulate,
0.00010/At, corresponds to a real velocity on the order
of 1 mm/s if typical values of o, {, and kT for a protein

in water are chosen (0 = 1 nm, { = 2 x 10711 kg s71,
and kT = 4.2 x 10721 J). In comparison, typical AFM
stretching experiments stretch at rates on the order of
1 um/s, 3 orders of magnitude slower. Thus, the results
seen in our fastest-stretching-speed simulations are
probably not accessible to current experimental meth-
ods. However, we expect that our slowest stretching
speed is still close to quasi-static conditions and that
results would not be qualitatively different for much
slower speeds. Evidence that this is so comes from the
height of the force plateau, discussed in the previous
paragraph. At our slowest stretching speed, vy =
0.00010/At, the plateau force is about the same (around
35kT/o) for both stretching methods, suggesting that in
method B the type B block has sufficient time to relax
as it is stretched. We ran a single simulation run at the
much slower speed of vpun = 1 x 107%0/A¢ and found
that the same was true in this case as well. In fact, there
were no other significant differences between the stretch-
ing behavior at this very slow speed and at vpu =
0.00010/At, which suggests that at this speed and below
nonequilibrium effects are negligible and stretching
behavior converges to that expected for quasi-static
stretching. We stress that the dip in the force profile
due to the unraveling transition has been predicted from
purely equilibrium considerations” and is not an artifact
of high stretching speeds.

The second shortcoming of our simulations is that
hydrodynamic screening is not included in our model.
This means that the drag generated by the collapsed
type A globule in our simulations is significantly higher
than it should be. This should not affect our method B
results, since the globule is always stationary, but it
does mean that our method A results would probably
require faster pulling speeds to reproduce if screening
was taken into account.
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4, Summary

We have simulated the stretching of a diblock copoly-
mer, with one block very poorly solvated and the other
close to O-conditions. At slow pulling speeds we have
shown that for the most part stretching proceeds in the
distinct stages identified by Lee et al., regardless of
which end of the chain is pulled. However, in disagree-
ment with their prediction of a monotonically increasing
force with extension, we find that the occurrence of the
unraveling transition at a critical extension leads to a
sudden and significant drop in the restoring force. Thus,
the force profile has a prominent peak at intermediate
extension. At very fast pulling speeds, the combined
effects of drag and nonequilibrium conditions lead to
pronounced differences in the stretching behavior de-
pending on which end of the chain is pulled. In particu-
lar, when pulling from the uncollapsed (type B) end of
the chain we find that the force at which the Halperin—
Zhulina “tadpole” transition occurs increases with pull-
ing speed, while no such trend is evident when pulling
from the collapsed (type A) end. There is also strong
hysteresis with respect to stretching and unstretching
at high speeds.

In general, our results highlight the difficulties inher-
ent in predicting and interpreting the elastic response
of even such a simple system as a diblock copolymer—
let alone a highly structured protein molecule. Although
there have been spectacular advances in this field over
the past several years with regards to experiments,
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progress will rely just as much on theory and modeling
to flesh out our understanding of the range of things
that can happen when a molecule is stretched and
thereby provide a firmer foundation for extracting what
does happen in a given specific case from experimental
results.
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