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The recent advent of experimental techniques that study biological systems
on the level of a single molecule have lead to a number of exciting new results.
These experiments have a variety of applications in understanding both the kinetics
and equilibrium properties of biomolecules. By applying the concepts of polymer
physics to these single molecule experiments, we are able to more fully understand
the physical picture underlying a number of experimental observations. In this
thesis, we use a variety of polymer models to develop a better understanding of
many single molecule experiments. We show that the kinetics of loop formation in
biopolymers can be generally understood as a combination of an equilibrium and
dynamic part for a number of different polymer models. We study the extension of
a homopolymer as a function of applied tension, and develop a simple theoretical
framework for determining the effect of interactions on the stretching of the chain.
We show that the measured hopping rates in a laser optical tweezer experiment are
necessarily altered by the experimental setup, and suggest a method to accurately

infer the correct hopping rates using accurately measured free energy profiles. We



show that the effect of the experimental setup can be understood using a novel
polymer model. Finally, we propose a Hamiltonian-based method to study the
properties of spherically confined wormlike chains, which accurately determines the
equilibrium properties of the system for strongly confined chains. In these studies,
we are able to better understand the behavior of many disparate systems using

relatively simple arguments from polymer theory.
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Chapter 1
Introduction

1.1 Single Molecule Experiments in Biophysics

The field of biophysics is broad, encompassing a number of biologically relevant
studies, from protein sequence analysis to cellular motility to protein folding and
beyond. Recent advances in single molecule experiments have allowed experimen-
talists to directly study the behavior of important biomolecules under a number of
different conditions [1, 2]. With these new experimental techniques, many properties
of biologically relevant systems can be probed in new ways, providing new informa-
tion about the structural [3] and kinetic [4] properties of biomolecules. These new
experimental advances require a similar increase in our theoretical understanding
of single molecule systems, in order to correctly interpret the experimental results,
and suggest further experiments to be attempted. Many single molecule studies can
be approached theoretically within the framework of polymer physics, providing
powerful physical insights into the complex world of biology.

The question of loop closure in biomolecules is of great interest, both experi-
mentally [5, 6, 7, 8, 9] and theoretically [10, 11, 12, 13]. The loop closure problem is
relevant to determining the kinetics of RNA or protein folding, and can be used to
determine the intrinsic stiffness of DNA. Loop closure times can be experimentally

determined on the single molecule level using the Forster Resonance Energy Trans-



fer (FRET) experimental technique [2, 14, 15]. In a FRET experiment, donor and
acceptor dyes are attached to the ends of a biomolecule, and light of a particular
wavelength is shone on the system to excite the donor dye. If the donor and acceptor
are sufficiently close together, the excited energy of the donor can be transferred to
the acceptor via a dipole-dipole interaction. The efficiency of this energy transfer
(i.e. the probability that the donor’s energy is transferred to the acceptor) is given
by E = [1+ (Rpa/Ro)%|!, with Rpa the distance between the donor and acceptor,
and Ry a constant, depending on the details of the dyes. By monitoring the emis-
sions of photons from the donor and acceptors, the time-dependent distance between
the dyes can be monitored, allowing a direct experimental measurement of endpoint
fluctuations in the biomolecule. As the timescales of loop closure are experimentally
accessible, it is of importance to theoretically understand this process [10, 11]. In
particular, can we predict the timescales of loop closure using simple polymer the-
ory? How does the loop closure process depend on the particular polymer model?
And finally, can we determine any general principles for understanding the process
of loop closure? These questions will be addressed in chapter 2, where we show that
the process of loop formation can be simply understood in terms of an equilibrium
and dynamic contribution for multiple polymer models.

With the advent of single molecule pulling experiments, it is possible to directly
measure the effect of an external tension on a biopolymer [16, 17, 18]. This allows a
direct measurement of the folding landscapes of RNA [19, 20] and proteins [21, 22],
and can estimate the bending rigidity of stiff chains. One technique for applying an

external tension to a biomolecule is a Laser Optical Tweezer (LOT) experiment [23]



Polystyrene Beads

/ Molecule of \

Interest

/

Handle Molecules

Figure 1.1: Schematic of a Laser Optical Tweezer Experiment. Labeled are the
optically trapped beads, the handle molecules, and the molecule of interest.

(shown schematically in Fig. 1.1). By shining a tightly focused laser on a polystyrene
bead, the bead becomes trapped, with a harmonic restoring force towards the center
of the beam. In a LOT experiment, handle molecules are bonded to the endpoints
of the biomolecule of interest, which are in turn attached to the polystyrene beads.
One bead is pinned at the origin by a fixed laser while the position of the other
optical trap is moved, causing an external tension to be applied to the system. One
important question one can ask about LOT experiments is whether we can predict
the behavior of the force-extension curves (FEC’s) under a constant eternal tension.
Can we develop scaling laws to understand the FEC’s? And how do the interactions
of the biomolecule change the behavior of the FEC’s? One may also wonder whether
the experimental setup changes the intrinsic behavior of the molecule of interest
(i.e. the behavior in the absence of the handles and beads). Do the handles and
beads alter the behavior of the molecule of interest? If the handles do effect the

molecule’s behavior, what choice of the properties of the handles will allow the



closest measurement of the intrinsic behavior of the biomolecule? These questions
will be addressed in chapters 3 and 4. In chapter 3, we show that the known scaling
laws for the FEC’s under constant force do not accurately reproduce the behavior
of short chains under tension, and develop a theory that does capture the essential
features of a homopolymer under tension. In chapter 4, we show that the handles
that are attached to the molecule of interest do alter the kinetic behavior of the
system, regardless of their stiffness, but stiff handles can accurately measure the
equilibrium properties of the system. We also show that the intrinsic kinetics of the
molecule of interest can be inferred from the measured free energy profiles of the
system.

The effect of confinement on biomolecules is an area of active experimental
[24, 25] and theoretical [26, 27, 28] interest. Histone wrapping of DNA and strong
adsorbtion to curved surfaces are essential in many biological processes, showing the
importance of surface confinement. The viral encapsulation of its genome [27, 28],
and the resulting structured configurations of the confined DNA [29, 30], are also of
great interest. Finally, the ability to fabricate nanochannels allows experiments of
confined biomolecules in many geometries [31]. Single molecule pulling experiments
have allowed the direct measurement of the behavior of histone wrapped DNA [24],
as well as the loading forces and encapsulated pressures in viruses [25]. However,
many aspects of confined biomolecules remain undetermined experimentally, and
poorly understood theoretically. Due to the importance of confined biomolecules, we
wish to develop a simple theory to understand the properties of these systems. Can
we determine the structures of confined biopolymers, and predict the pressure due to
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confinement? In chapter 5, we develop a simple, Hamiltonian-based theory to study
the effects of spherical confinement of a stiff chain, and show that the development

of structure can be well understood using a locally defined order parameter.

1.2 Simulation Techniques

Computer simulations have become an essential aspect of biophysics. Simula-
tions allow us to study the equilibrium and kinetic behavior of complex biomolecules
with a level of detail that is inaccessible using experimental methods. In order
to apply the principles of polymer physics to biological systems, we must treat
biomolecules on a coarse grained level. In coarse graining, we replace the complex
interactions found in the system of interest with minimal, unified interactions that
are simpler to work with, while still capturing the essential features of the system.
In our studies, we will treat biomolecules as chain of monomers, whose interactions
can be generally divided into a backbone bonding potential, which keeps the dis-
tance between neighboring monomers fixed, a bending potential if the chain is stiff,
and a non-local, inter-monomer potential, which accounts for non-nearest neighbor
interactions. Non-local potentials must be chosen such that it closely mimics the
interactions observed for the biological system of interest. The details of the models
we will use are discussed in the next section.

Monte Carlo (MC) techniques are an important method in the simulation of
polymer physics and coarse grained models of biomolecules [32, 33]. By iteratively

making small changes to the state of a polymer, the configurational space available



to the chain can be efficiently explored. The pivot algorithm, a common imple-
mentation of the MC technique, samples the conformational space iteratively as
follows: given an initial polymer, a trial polymer is generated by selecting a random
monomer ¢ and rotating the bond between monomers ¢ and :+1 or —1 by a random
angle 6. The energy of each conformation (Ey and Ej.s) is computed, and the new
configuration is accepted using the Metropolis criterion. If AE = Ey — Ejq < 0,
the trial chain is accepted, whereas if AE > 0, the new configuration is accepted
with probability P, = e #2¥ with 3 = 1/kgT. This acceptance rule ensures that
the trial chains are Boltzmann distributed, such that the average of an observable

A in the simulation is given by

1 M
(A) = /HddrnA({rn})e_/BV[{r"}]//Hddrne_ﬁv[{r”}] R MZAh (1.1)
n n =1

after M samples have been taken. The pivot algorithm implicitly takes the backbone
potential into account, by keeping the distance between neighboring monomers fixed.

Another powerful Monte Carlo technique is Configurational Bias Monte Carlo
(CBMC), which enables the generation of equilibrated and uncorrelated chains of
N bonds [32, 34]. This is accomplished by iteratively growing the chain out of a
number of generated trial bonds. The procedure is as follows: suppose we have
created n — 1 bonds of a chain, and wish to add the n*”. We generate [ trial bonds,
{u;},_,, and compute the weight for each trial bond u; as w) = exp(—FE;). A
particular trial bond m is added to the end of the chain with probability wflm) W,
with W,, = Zé‘=1 w) (effectively an estimate of the partition function for the nt®

bond). Once the full chain is grown using this method, we compute the total



weight, Wi = [1)_, Wy, and compare this to the weight of another chain, grown
with the CMBC algorithm with weight W2, The new chain is accepted using
the Metropolis criterion, P,.. = min(1, W,,;/W2d). Repeated application of this
scheme allows the creation of many chains which satisfy Boltzmann statistics, with
the advantage of each chain being completely uncorrelated from the previous chain.
Free energies are also easily computed, with SF = —log( (W;y) ). This ability to
calculate F' explicitly is another advantage of the CBMC algorithm. While the
number of trial bonds [ is arbitrary, it is essential that [ be chosen large enough such
that energetically favorable bonds are often tested (i.e. the estimate of the partition
function must be accurate).

Monte Carlo simulations are useful in the study of the equilibrium properties of
coarse grained biomolecules, but the methods above can not give us any information
about the kinetics of these systems. Instead, Langevin dynamics simulations can be
used to determine the kinetic properties of biological systems [32]. The equations

of motion of a coarse grained homopolymer in an implicit solvent can be written as

S Ora(t) _ Ora(t)  SH[m(H)]

oz ot ey ()

(1.2)

where r,(t) is the position of the n'® monomer of mass m,, and ~ is the friction
coefficient. The Hamiltonian H|r,] describes the intra-chain interactions, minimally
containing the backbone bonding of the chain, and also includes the backbone stiff-
ness and inter-monomer interactions when needed. In our work, the solvent is
addressed implicitly using the random white noise force 7, (t), with (7 (t)) = 0 and

(D) x nO)(#)) = 2kpTy X §,m0i;6(t —t') (with i and j denoting the components



of the force). In our Langevin simulations, the equations of motion are integrated
using the velocity Verlet algorithm [32]. In the case of high friction, the inertial
term is negligible compared to the dissipative term in eq. 1.2, and the equations of
motion are approximately Brownian,

8r§t(t) _ _61&%;)] 7.(4). (1.3)

We will primarily be interested in the Brownian limit of the Langevin equation
when studying the dynamics of a system, as most biological systems satisfy the high

friction requirement, and the kinetics are more accurately determined in this regime.

1.3 Polymer Models

Polymer physics involves the study of a chain of interacting monomers. One
of the simplest polymer models [35, 36] is the Freely Jointed Chain (FJC), with a
fixed bonding distance and no inter-monomer interactions, shown schematically in
Fig. 1.2a. The distribution in phase space for a FJC with N bonds and with bond

spacing a is

N
Vijo = H O(|tpr — 1| —a), (1.4)

n=1
where (--Vpjo = [I, d&rp (--)¥psc/ [ 11, d*r, ¥pjo. One experimental observ-
able of interest, which roughly measures the ‘size’ of the polymer, is the end-to-end
distance of the polymer R = ry,1 — 1y = Zﬁf:l i1 — -, = aZ,’Yzl u,, with the

bond vector u,, = (r,,+1 —r,,)/a. The FJC is rotationally invariant, so (R) = 0, but

(R?) = a? Z(un ‘u,,) = d’ Z(ui} + a? Z (u, -u,,) = Nd?, (1.5)

n#m
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where the last equality follows from the fact that (u?) = 1 for all n, and the bond

angles are uncorrelated, with (u, - u,,) = 0 for n # m.

Figure 1.2: (a) Schematic of a Freely Jointed Chain. Shown are the bond vectors and
end-to-end distance. (b) Schematic of the continuum representation of a polymer.

The FJC is closely mimicked by the Gaussian chain, which treats the bonds
between monomers as harmonic springs, rather than rigid constraints. This ap-
proximate representation for the FJC is much simpler to work with than the rigid

constraints for the FJC, and can be expressed in terms of the discrete Hamiltonian

3 N
PHe = 22 Y (rnpr — )% (1.6)
n=1

The Gaussian chain is simpler than the FJC to work with, and gives the expected
(R?) = Na?®. The end-to-end distribution function (or Green’s function) is also

simple to work out exactly,

Po(®; ) = ( ; )S/Qexp< 3R2). (1.7)

27 Na? ~ 2Na?
In the thermodynamic limit (with N — oo, a — 0, while holding the length and
Na = L fixed), the discrete Hamiltonian Hg can be written in the continuum limit

9



(with r,, — r(s) and lim,_o(r,41 — 1) /a — Or(s)/0s) as

srgle(s)) = o [“as( ) (18)

This continuum representation is often useful in obtaining analytic results for the
Gaussian chain, shown schematically in Fig. 1.2b. The continuum Gaussian chain
is equivalent to a random walk, as the Green’s function for the end-to-end distance
satisfies (0/ON — a*/6 Vi )P(ry —ro; N) = 0. The continuum representation, and
the resulting connection to the diffusion equation, is quite useful for determining
the behavior of a Gaussian chain in a variety of situations.

Many biological molecules are stiff, with an intrinsic resistance to bending
[35, 36]. This resistance to bending can be introduced through an energy penalty in
the distribution in phase space,

N l = Up41 - Uy
Uwie = [[6(u,|—1)exp <5 > az)
n=1

n=1

H (Ju,| — 1) exp( ;sz: (W1 — uy) ) (1.9)

This provides an energy penalty for inducing a bend between bonds n and n + 1,
while keeping the lengths of the bond vectors fixed. In the continuum limit (with
u, — u(s) and (w11 —u,)/a — du(s)/ds = &°r(s)/0s?), the distribution in eq.

1.9 becomes

Uy relu H(5 lu(s)| — a)exp {— l;'/OL ds(agis)>2] (1.10)

As in the case of the Gaussian Hamiltonian (eq. 1.8), eq. 1.10 is equivalent to the

diffusion equation, (9/9L — 1,/4 V2)G(uy,up; L) = 0 on the unit sphere, with the

10



resulting Green’s function [37]

o) !
G(UL7110;L) = Z Z Yzm(eo,SOO)Ylm(QL,@L)Q_Z(HI)L/%" (1-11)

=0 m=—1
This Green’s function allows the correlations in the bond vectors to be determined

(u(0) - u(L)) = e L/, (1.12)

showing that the persistence length is the range over which the bonds are correlated.
While many averages for the WLC are known exactly, the behavior of a WLC
remains poorly understood in a number of biologically relevant situations, making
the wormlike chain a fascinating system of study. Further discussion of the behavior
of a WLC can be found in chapters 4 and 5.

Single molecule techniques allow us to pull on the ends of a polymer, with
a force f applied to one end of the chain and —f to the other. This gives rise to
the additional energetic term Hlr(s),f] = H[r(s)] — £ - [r(L) — r(0)] = H[r(s)] —
f- ['dsu(s). The effect of tension on the linear extension of the flexible polymer
models (both the FJC and Gaussian chains) can be computed directly. In particular,

~

the linear extension, (R - f)

(Z), which is generally used as the experimental

observable for real biomolecules, can be determined for any polymer model as

(2) = a(zf) [ [ Dli(s)je-srs e (1.13)

In the case of the FJC, we find that (Z)r;c = Nalcoth(aBf) — 1/(aff)], with

f = |f|. For a Gaussian chain, the extension is proportional to the tension, with

11



(Z)a = Na(aff)/3. This shows that the Gaussian chain is extensible, with the av-
erage extension proportional to f for all external tension. Thus, while the Gaussian
model is extremely useful for describing a flexible chains under certain situations, it
can not fully describe an inextensible system such as the FJC. The linear extension
for a WLC is significantly more difficult to determine analytically, but is well ap-
proximated by [1] [,8f = ©—1/441/4(1 —2?), with x = (Z) /L. Further discussion
of the effect of tension on polymers can be found in chapters 3 and 4.

Additional interactions between non-nearest neighbors are essential in relating
the concepts of polymer physics to systems of real biological interest. One of the
simplest and most essential of these is the excluded volume interaction, which ac-
counts for the fact that multiple monomers can not occupy the same space. These
self-avoiding chains are difficult to deal with analytically, but a simple scaling argu-
ments due to Flory [6] allow us to determine the behavior of a self-avoiding chain
for large N. If the ‘size’ of the self avoiding polymer is R, the free energy for a

d-dimensional self-avoiding chain can be written as
(1.14)

where we have neglected all numerical coefficients. The first term is the entropy of
a simple Gaussian chain (the exponent in eq. 1.7), and the second term accounts
for the interactions of monomers with excluded volume vy, which are localized to a

volume V ~ R?. Minimization of the free energy with respect to R gives
R~ Rp ~ N7 = NV (1.15)

defining the Flory exponent v = 3/(2 + d), and Rp the Flory radius. The Flory

12



exponent has been shown to be exact in 1 and 2 dimensions, and remarkably accurate
in 3 dimensions, showing the power of such simple scaling arguments. The Flory
radius is the only scaling variable in the problem of self-avoiding chains, so the
distribution of end-to-end distances can be written in terms of z = |R|/Rp, and the
properties of self-avoiding chains will be invariant to changes in vy or N for large
enough N when written in terms of the scaled variable z. Self avoiding (purely
repuslive) homopolymers are also referred to polymers in a good solvent, in contrast
to self-attracting homopolymers, referred to as polymers in a poor solvent. In a poor
solvent, each monomer on the chain feels a short ranged attraction to every other
monomer. The scaling of a poor solvent can be determined using a Flory scaling
argument as well, with R ~ N2 for poor solvents. However, the relative attraction
between monomers decreases with increasing temperature, with a transition from
poor to good occurring at the ©-temperature. At T = ©, the homopolymer has
the scaling R ~ N1/ (identical to the random walk), and is expected to behave
similar to a FJC. The effect of solvent quality on homopolymers is further discussed
in chapters 2 and 3.

The kinetic behavior of polymers is often quite difficult to determine ana-
lytically. One simple analytic approach to determining the timescales of polymer
fluctuations is the Rouse model, which describes the time-dependent behavior of a
Gaussian chain in the overdamped limit of the Langevin equation (eq. 1.3). In the

continuum limit [35], the time-dependent Gaussian Hamiltonian is
3 (N Or(s,t)\?
Helr(s, t :7/ d () 1.16
SHelr(s.0) = o5 [ ds (P (1.16)
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If we take the center of mass of the chain to be at the origin, this can be broken into
normal modes, with r(s,t) = >N | ¥,(t) cos(nms/N), and the equations of motion

become

or,, 3n’m2D .

with the diffusion coefficient D = kgT/vy. This is exactly solvable, with t,(¢)
expressible in terms of e "**/7 giving the Rouse time 7z = N2a?/3Dn2. 75 is the
slowest mode of the Gaussian chain, and gives the timescale of global fluctuations of
the polymer. Many time-dependent averages can be computed in terms of 7z with
little difficulty. The Langevin equation can also be solved exactly in the discrete
case (eq. 1.6) using normal modes as well. Further discussion of the kinetics of

simple polymer models can be found in chapters 2 and 4.

1.4  Summary

In this thesis, we will apply the theoretical approaches of polymer physics to
systems of biological interest. In chapter 2, we address an inconsistency between two
analytic theories to determine the loop closure time of a noninteracting Gaussian
chain. The theory of Wilemskiy and Fixman [38] (WF), which determines the loop
closure time in terms of a sink-sink correlation function, finds 7. ~ N2, which has
been shown to agree well with simulations and experiments. However, the theory
of Szabo, Schulten, and Schulten [11] (SSS), which determines the closure time
as diffusion in terms of an effective potential for the endpoints depending only on
the equilibrium properties of the chain, shows that 7, ~ N3?2. We show that, if
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the dynamics of the endpoints are correctly taken into account, using an effective
diffusion coefficient that addresses the kinetics of the endpoints, the SSS theory can
be made to agree with the WF theory, with the kinetics of loop formation broken
into equilibrium and dynamical parts. We also show that this result is quite general,
and can be used to address the closure for an interacting chain as well. The ability
to break the problem of loop closure into two experimentally accessible parts allows
for a simple and intuitive understanding of closure in real biological systems.

In chapter 3, we address the equilibrium behavior of an interacting homopoly-
mer under the application of an external tension, f. Pincus determined that, for
large N, the extension of a self-avoiding chain in the direction of the force should
scale as [39] (Z) ~ f?/3. We analytically show, using the methods of Edwards and
Singh (ES) [40], that this scaling regime does indeed exist for large N. However,
we find that ‘large N’ requires a surprisingly long chain, with the expected scaling
emerging only for N > 9 x 10*. We show using simulations that the ES theory
agrees well with simulations, and that the Pincus scaling is not observed for shorter
chains (N < 1600). We show that this is due to a failing of the scaling arguments
used to determine the f%/% scaling, which is not applicable to short chains. We also
study the behavior of a homopolymer in a poor solvent, and show that the extension
of such a chain shows rich behavior as a function of external tension.

In LOT experiments, handles are attached to the molecules of interest in order
to study the equilibrium and kinetic properties of the molecule of interest. In chapter
4, we study the effect of attaching these linkers to the P5GA RNA hairpin. We show

that the intrinsic equilibrium distribution functions are accurately reproduced only
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using very stiff handles. We also show that all handles, either flexible or stiff,
will change the kinetic properties of the system (the folding and unfolding times),
with stiff handles having the largest effect on the hopping times. We develop a
simple Generalized Rouse Model (GRM) to explain these effects, which treats the
complicated RNA interactions as a unified harmonic bond with a cutoff, and the
handles as Gaussian chains. We find that the GRM is able to almost quantitatively
reproduce the effect of attaching both flexible and stiff linkers. Finally, we show
directly that the kinetic properties of the chain under any applied force can be best
determined by accurately measuring the equilibrium distribution at the midpoint
force f,,, and using Kramer’s theory to determine the folding or unfolding rates.
In chapter 5, we study the equilibrium behavior of a spherically confined WLC.
By applying the mean field method [41, 42] to a WLC confined to the surface of
a sphere, we are able to recover all known scaling laws, as well as reproduce the
exact average end-to-end distance for the confined system. We also determine the
effect of external tension on a surface confined WLC, of interest in studying the
unravelling of DNA wrapped around a histone. Finally, we apply the mean field
method to a WLC confined to the interior of a sphere, which is of great interest in
studying the behavior of DNA encapsulated in a virus. We show that long, volume
confined WLC’s behave as a surface confined chains, and that the structure of the
encapsulated chain can be understood by examining the correlations in the local
winding axis. We also determine the pressure on the sphere due to the confined
WLC, and show that the entropy of confinement is insufficient to determine the

huge pressures observed in real viruses, with intra-chain interactions playing a huge
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role in the pressure.
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Chapter 2
The Kinetics of Loop Closure in Polymer Chains

2.1 Introduction

Contact formation between the ends of a long polymer (cyclization) has been
intensely studied both experimentally [5, 6] and theoretically [38, 11, 12, 13, 43,
44, 45]. Recently, the kinetics of loop formation has become increasingly important
largely because of its relevance to DNA looping [7, 46] as well as protein [8, 47,
48, 49, 50, 51, 52] and RNA folding [9]. The ease of cyclization in DNA, which is
a measure of its intrinsic flexibility [46, 53], is important in gene expression and
interactions with proteins and RNA. In addition, the formation of contacts between
residues (nucleotides) near the loop [44] may be the key nucleating event in protein
(RNA) folding. Experiments studying loop formation of proteins [8, 47, 54] and
RNA [3, 55] have prompted a number of theoretical studies [43, 56, 57] that build
on the pioneering work of Wilemski and Fixman [38] (WF) and Szabo, Schulten,
and Schulten [11] (SSS). The WF formalism determines the loop closure time 7.
by solving the diffusion equation in the presence of a sink term. The sink function
accounts for the possibility that contact between the ends of a polymer chain occurs
whenever they are in proximity. The time for forming a loop is related to a suitable
time integral of the sink-sink correlation function. SSS developed a much simpler

theory to describe the dependence of the rate of end-to-end contact formation in
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an ideal chain on the polymer length N. The SSS approximation [11] describes the
kinetics of contact formation between the ends of the chain as a diffusive process in
an effective potential, derived from the end-to-end probability distribution P(Re.)

The validity of using the dynamics in a potential of mean force, F'(Re.) ~
—kpT log[P(Re.)], to obtain 7. hinges on local equilibrium being satisfied, i.e. all
processes except the one of interest must occur rapidly. In the case of cyclization
kinetics in simple systems (the Rouse model or self-avoiding polymer chains), the
local equilibrium approximation depends minimally on the cyclization time 7., and
the internal chain relaxation time 7z. In the limit 7./7z > 1, one can envision the
motions of the ends as occurring in the effective free energy F(R..), because the
polymer effectively explores the available volume before the ends meet. By solving
the diffusion equation for an ideal chain for which F(R..) ~ 3kgTR?2 /2R?,, with
R.. ~ by/N, where b is the monomer size, subject to absorbing boundary conditions,
SSS showed that the mean first passage time for contact formation (~ 7.) is 7555 ~
TolN %, where 7y is a microscopic time constant The simplicity of the SSS result,
which reduces contact-formation kinetics to merely computing P(R..), has resulted
in its widespread use to fit experimental data on polypeptide chains [8, 47, 54]. The
dependence of 7. on N using the SSS theory differs from the WF predictions. In
addition, simulations also show that 7. deviates from the SSS prediction [58, 59, 60,
61], which predicts 7. ~ N2. The slower dependence of 755 on N can be traced to
the failure of the assumption that all internal chain motions occur faster than the
process of interest.

The theory based on the WF formalism and simulations show the closure time
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Twr ~ N (v ~ 3/5 for self-avoiding walk and v = 1/2 for the Rouse chain),
where D, is a diffusion constant. In this chapter, we show that the WF result
for Rouse chains, 7y r, can be obtained within the SSS framework, provided an
effective diffusion constant that accounts for the relaxation dynamics of the ends
of the chains is used, instead of simply using the monomer diffusion coefficient Dj.
Thus, the simplicity of the SSS approach can be preserved while recovering the
expected scaling result [38, 12] for the dependence of 7. on N. (ii) The use of
the Rouse model may be appropriate for polymers or polypeptide chains near ©-
conditions; however, in both good and poor solvents interactions between monomers
determine the statics and dynamics of the polymer chains. The chain will swell in
good solvents (v ~ 3/5) whereas in poor solvents, polymers and polypeptide chains
adopt compact globular conformations. In these situations, interactions between the
monomers or the amino acid residues affect 7.. The monomer-monomer interaction
energy scale, €y, leading to the chain adopting a swollen or globular conformation
influences both v and the chain relaxation dynamics, and hence affects 7.. Because
analytic theory in this situation is difficult, we provide simulation results for 7. as a

function of €7, ; and for 10 < N < 100.

2.2 Derivation of myyr for the Rouse Model using the SSS Approxi-

mation

The Rouse chain consists of N beads, with successive beads connected by a

harmonic potential that keeps them at an average separation b, the Kuhn length.
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Contact formation between the chain ends can occur only if thermal fluctuations
result in monomers 1 and N being within a capture radius a. There are three relevant
time scales that affect loop closure dynamics: 7y & b*/ Dy, the fluctuation time scale
of a single monomer, 7., the relaxation time associated with the fluctuations of the
end-to-end distance, and 7, the relaxation time of the entire chain. Because loop
formation can occur only if the ends can approach each other, processes that occur
on time scale 7., must be coupled to looping dynamics, which must be accounted
for in the kinetics of the system.

The Langevin equation for a Gaussian chain in the continuum limit is [36]

Or(s,t) _ OHo[r(s,t)]
T ot or(s,t)

+77(s, t), (2.1)

where 77(s, t) a white noise force with (7(s,t)) = 0, (7(s,t) - 7(s',t')) = 6vkpTo(t —
t')0(s — §'). ~y is the friction coefficient, and Dy = kpgT'/7 is the microscopic dif-
fusion coefficient. By writing r(s,t) = ro + 23X r,,(t) cos(nws/N), the Gaussian

n=1

Hamiltonian Hy becomes

3 (N 0r(s,t)\? 3
P By VLT S B 2>
o= o2 Jy T\ o5 OND? 2” mr(t) (22)
The equation of motion for each mode

) 3n’m2D .
rn<t) - _WQOrn(t) + 77n<t) (23)

can be solved independently, and the solutions naturally reveal the time scale for
global motions of the chain, 7 = N?b?/3Dym? ~ N?b*>/Dy. We note that 7 is
much larger than the relevant time scale for internal motions of the monomers,
71 ~ b*/Dy for large N. Solving eq. 2.3 directly, we find the fluctuations in the
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end-to-end distance R, are given by

N2 . nm —n2t/r
(6RZ.(1)) = 16ND? zcjld o sin? <N) <1 _ e R>. (2.4)
n O

with (0R2,(t)) = ([Ree(t) — Ree(0)]?). The details of the calculation leading to eq.
(2.4) are given in Appendix A.1. If we define an effective diffusion constant using

(ORZ (1))

pit) = Fettl,

(2.5)

then D(0) = 2Dy, as is expected for the short time limit [11, 60]. On time scales
on the order of 7p ~ N2, we find D(7g) ~ Dy/N. This is identical to the diffusion
constant for the center of mass of the chain [36], and is expected for the diffusion
constant for global chain motion.

The theory of Szabo, Schulten, and Schulten [11] (SSS) determines the loop
closure time by replacing the difficult polymer problem, having many degrees of
freedom, with a single particle diffusing in a potential of mean force. With this
approximation, 7., which can be related to the probability that the contact is not
formed, becomes

1 Nb 1
S TTe

where £ is the rate of loop closure given |R..| = a, P(r) is the equilibrium end-to-

( TNbdr’P(r’))Q +M, (2.6)

T =
N Ja
end distribution of the chain, and N = [N dr P(r). Here, we will consider only a
chemically irreversible process, with the binding rate constant x — oco. In the case
of the non-interacting Gaussian chain, P(r) ~ r? exp(—3r?/2Nb?), and we find (for

N > 1 and with the assumption D(r) = Dy = const, the loop closure time is [11]

1 /7 N2b3
S : 2.7
7555 % 3\'6 Dea (27)
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The scaling of 755 ~ N 3 given in eq. (2.7) disagrees with other theories [38, 43]
and numerous simulations [58, 59, 60, 61] that predict 7. ~ N? for Nb* > a? and
a > b. It has been noted [56, 62] that the SSS theory may be a lower bound on
the loop closure time for a freely draining Gaussian chain, and that an effective
diffusion coefficient that is smaller than Dy is required to fit the simulated [56] and
experimental [2] data using 7ggs.

As noted by Doi [12], the relevant time scale for loop closure is not simply
the global relaxation time. Fluctuations in R.. are given not only by the longest
relaxation time (i.e. the ground state approximation), but also from important
contributions that arise from higher modes. This gives rise to the differences between
the Harmonic Spring and Rouse models [12, 59]. In the Harmonic Spring model,
the chain is replaced with only one spring, connecting the two ends of the chain
(the spring constant is chosen to reproduce the end-to-end distribution function).
The higher order modes give rise to excess fluctuations on a scale ~ 0.4v/Nb = R/,
and their inclusion is necessary to fully capture the physics of loop closure. In the
approximation of a particle diffusing in an effective potential (as in the SSS theory),
this time scale is simple to determine. If we consider only the x component of R,
we can treat it as a particle diffusing in a potential U.ss(R,) = 3R2/2Nb* — O(1),
with diffusion constant D = 2D, (the factor of 2 arising from D(0) = 2D, see eq.

2.5). In this case, we find
2 2 2 —t/Tee
(GRA()) = S Nb <1 e ) (2.8)

and (R2 (t)) = 3(0R%(t)), with 7.. = Nb?>/6D, the natural relaxation time of the
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end-to-end distance. Because we have evaluated 7.. using diffusion in an effective
potential, the dependence of 7., on N should be viewed as a mean field approxima-
tion.

We can determine the effective diffusion constant on the time scale 7., which
includes the relaxation of R..(t) at the mean field level. We define the effective

diffusion constant as

2
D, — lim ORe®)
t~Tee o6t

(2.9)
with (dR2.(t)) given in eq. (2.4), which includes all of the modes of the chain, and
not simply the lowest one (see eq. 2.5). Noting that 7../7r ~ Nt < 1 for large N,

we can convert the sum in eq. (2.4) into an integral:

E 00 in2 £/

({R2) =~ 2v2 N%bQ/ dz 22 (bx/4 3Dot) (1 — e“2> (2.10)
T 0 x
~ 8b 3D0t. (2.11)
7r
In particular, for t &~ 7,./2 = Nb*/12Dy,
D 16D

D~ 220 1600 O(N~2). (2.12)

VN7 3N

We expect these coefficients to be accurate to a constant on the order of unity.
The effective diffusion constant D, takes the higher order modes of the chain into
account, and should capture the essential physics of the loop closure. In other words,
on the time scale 7., resulting in D, ~ N _%, the monomers at the chain ends find

3

themselves within a volume ~ a”, so that contact formation is possible. Substituting

D, into eq. (2.7) gives

N2b371
Te ~ ~ TWF,
246 Do " F
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in the limit of large N. Thus, within the SSS approximation, the N? dependence of
T. may be obtained, provided the effective diffusion constant D, is used.

The importance of using a diffusion constant that takes relaxation dynamics of
R.. into account has also been stressed by Portman [56]. However, eq. (2.13) does
not account for the possibility of 7. ~ N%7 with 1.5 < «a, < 2, as observed with
simulations by Pastor et. al. [58] when the capture radius a < b. Additionally, the
closure time in eq. (2.13) depends on the capture radius as a—!, which disagrees with
the a-independent prediction of Doi [12]. Both of these discrepancies are discussed
below, using insights garnered from simulations.

In order to measure R..(¢) and 7. for a non-interacting Freely Jointed chain,
we have performed extensive Brownian dynamics simulations, the details of which
are given in Appendix A.2. For comparison with the analytic theory, we calculated
the modified SSS first passage time, with P(r) given in eq. (A.4), and D, given
in eq. (2.12). The results are shown in Fig. 2.1. We find that the behavior of 7.
depends strongly on the ratio a/b.

For N < 100 and a > b, we find that the modified SSS theory using the
effective diffusion constant D, in eq. (2.12) gives an excellent fit to the data, as a
function of both N and a (Fig. 2.1(A)). Thus, modeling the loop closure process as
a one-dimensional diffusive process in a potential of mean force is appropriate, so
long as a diffusion coefficient that takes the dynamics of the chain ends into account
is used.

For N > 100 and a > b, we notice significant deviations in the data from

the theoretical curves. The data points appear to converge as a is varied for large
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Figure 2.1: Dependence of 7, on N for various values of a. The symbols correspond
to different values of the capture radius. (A): The values of a/b are 1.00 (4), 1.23
(x), 1.84 (%), 2.76 (A), 3.68 (V), and 5.52 (<). The lines are obtained using
eq. (2.6) with k — oo. The diffusion constant in eq. (2.6) is obtained using
D = (6R?(Tee/2)/37ce), with (ORZ,(t)) given in eq. (2.10). (B): The values of
a/b are 0.10 (+), 0.25 (x), 0.50 (%), and 1.00 (A). The lines are the theoretical
predictions using eq. (2.15). The poor fit using eq. (2.13) with a = 0.1b (solid line)
shows that the two-stage mechanism has to be included to obtain accurate values of
T.. The effective exponent «.., obtained by fitting 7. ~ N7 is shown in parentheses.
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N, suggesting the emergence of Doi’s [12] predicted scaling of 7, ~ NZ2a". This
departure from the predictions of eq. (2.13) suggests that the one-dimensional mean
field approximation, which gives rise to the a dependence of 7., breaks down. Even
our modified theory, which attempts to include fluctuations in R.. on a mean field
level leading to D.., cannot accurately represent the polymer as a diffusive process
with a single degree of freedom for large N. In this regime, the many degrees of
freedom of the polymer must be explicitly taken into account, making the WF theory
[38] more appropriate.

The condition a < b is non-physical for a Freely Jointed Chain with excluded
volume, and certainly not relevant for realistic flexible chains in which excluded vol-
ume interaction between monomers would prevent the approach of the chain ends to
distances less than b. However, that for Wormlike Chains, with the statistical seg-
ment [, > b, the equivalent closure condition a < [, is physically realistic, although
we do not address chain stiffness directly here. In this case, we find 7, ~ N with
1.5 < a, < 2, in agreement with the simulation results of Pastor et. al. [58] (see
Fig. 2.1(B)). In deriving D.., we assumed [12] that the relaxation of the end-to-end
vector is rate limiting. Once |Re.| ~ R’ =~ 0.4v/Nb, the faster internal motions of
the chain will search the conformational space rapidly, so that 7. is dominated by
the slower, global motions of the chain (i.e. it is diffusion limited). This assumption
breaks down if a < b, because the endpoints must continue their search using the
rapid internal motions on a time scale ~ /Dy (as D(0) = 2Dy; see eq. 2.5). In the
limit of small a, the memory of the relaxation of the ends of the chain is completely
lost. In this case, our derivation of D,., using a mean field approach, can not accu-
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Figure 2.2: Sketch of the two-stage mechanism for loop closure for Rouse chains
when a < b. Although unphysical, this case is of theoretical interest. In the first
stage, fluctuations in R, result in the ends approaching |Re.| = b. The search of

the monomers within a volume b® (> a?), which is rate limiting, leads to a contact
in the second stage.

rately describe the finer details when the endpoints search for each other over very
small length scales, and hence the theory must be modified in this regime.

We view the loop closure for small a as a two step process (Fig. 2.2), with
the first being a reduction to |R..| ~ b. The first stage is well modeled by our
modified SSS theory (see Fig. 2.1(A)) using the effective diffusion coeflicient in eq.
(2.12). The second stage involves a search for the two ends within a radius b, so that
contact can occur whenever |R..| = a < b. The large scale relaxations of the chain
are not relevant in this regime. We therefore introduce a scale-dependent diffusion

coefficient

8Dy/VNm r>b

Dee(r) = : (2.14)
2D0 T S b

Substitution of eq. (2.14) into eq. (2.6) (with P(r) given by eq. (A.4)) yields

N2b*r N320%(b —a)\/7

(a) ~ n 9.15
7e(a) 24v/6 Dy 6v/6 Doa (2.15)

for a < b. In Fig. 2.1(B), we compare the predictions of eq. (2.15) for the closure

time to the simulated data for a < b. The fit is excellent, showing that the simple
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scale-dependent diffusion coefficient (eq. (2.14)), that captures the two stage mech-
anism of cyclization when a < b, accurately describes the physics of loop closure for
small a. By equating the two terms in eq. (2.15), we predict that the N 3/2 scaling
will begin to emerge when N < 16b%(a/b — 1)?/a’m, consistent with the predictions
of Chen et. al. [60].

An alternate (but equivalent) description of the process of loop formation
for small a can also be given. After the endpoints are within a sphere of radius
b, chain fluctuations will drive them in and out of the sphere many times before
contact is established. This allows us to describe the search process using an effective
rate constant k.f¢, schematically shown in Fig. 2.2. For small a, the loop closure
(a search within radius b) becomes effectively rate limited as opposed to diffusion
limited [2] contact formation. The search will be successful, in the SSS formalism,

on a time scale

L e (10 pon) 2.1
=0 = DN Ja P(r)(/r : (r)), (2:16)

with N/ = f; dr P(r). Again, we have taken D = 2D, in this regime, because loop
formation is dominated by the fast fluctuations of the monomers, which occur on the
time scale of b2/ Dy (see eq. 2.5). For a ~ b, Tp_.q ~ (a — b)?/6Dy, whereas 7,_,, ~
b3/6aDy as a — 0. T,_, can be used to define the effective rate constant Keff X
(b—a)/Tp—q. This can be substituted into eq. (2.6), and gives the approximate loop

closure time as a — 0

1 N3/
c — e b) ~ y 2.1
T (CL) T ( ) l{effN/P(b) X Doa ( 7)

reproducing the same scaling for small a as in eq. (2.15). The parameter ks
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is analogous to the reaction limited rate [2], reminiscent of the two-state kinetic
mechanism used to analyze experimental data. If the search rate within the capture
region (given by k.sr) is small, then we expect the exponent c, < 2. Indeed, the
experiments of Buscaglia et. al. suggest that «, changes from 2 (diffusion-limited)
to 1.65 (reaction-limited). Our simulation results show the same behavior a, = 2
for a/b > 1, which corresponds to a diffusion limited process, and «, =~ 1.65 for

a/b = 0.1, in which the search within a/b < 1 becomes rate limiting.

2.3 Loop Closure for Polymers in Good and Poor Solvents

The kinetics of loop closure can change dramatically when interactions between
monomers are taken into account. In good solvents, in which excluded volume in-
teractions between the monomers dominate, it is suspected that only the scaling
exponent in the dependence of 7. on N changes compared to Rouse chains. How-
ever, relatively little is known about the kinetics of loop closure in poor solvents
in which enthalpic effects, that drive collapse of the chain, dominate over chain
entropy. Because analytic work is difficult when monomer-monomer interactions
become relevant, we resort to simulations to provide insights into the loop closure
dynamics. We use a Lennard-Jones interaction to represent the inter-monomer in-
teractions (see Appendix A.2). The second virial coefficient, defining the solvent

quality, is given approximately by

vaers) = [ |1 = exp (= BHL )] (2.18)
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with § = 1/kgT. In a good solvent vy > 0, while in a poor solvent vy < 0. A plot
of vy as a function of €,; given in Fig. 2.3(A) shows that vy > 0 when fer; < 0.3
and vy < 0 if Ber; > 0.3. Throughout this chapter, we will refer to fer; = 0.4 as
weakly hydrophobic and fBer; = 1.0 as strongly hydrophobic. The classification of
the solvent quality based on eq. (2.18) is approximate. The precise determination
of the ©-point (ve &~ 0) requiring the computation of vy for the entire chain. For our
purposes, this approximate demarcation between good, ©, and poor solvents based
on eq. (2.18) suffices.

To fully understand the effect of solvent quality on the cyclization time, our
simulations run over ey ; = i/10, with 1 <4 < 10. In our simulations, N was varied
from 7 to 300 for each value of €5, with a fixed capture radius of a = 2b = 0.76nm,
with the loop closure time identified as the mean first passage time. In Fig. 2.3(B),
we show the scaling of the radius of gyration (R7) as a function of N. We find
(R2) ~ N3 for the good solvent and (R2) ~ N for the © solvent (Be; = 0.3). In
poor solvents (Ber; > 0.3), the large N scaling of (R2) ~ N3 is not observed for
the values of N used in our simulations. Similar deviation from the expected scaling
of (R%) with N have been observed by Rissanou et. al. [63] for short chains in a
poor solvent. Simulations using much longer chains (N > 5000) may be required to
observe the expected scaling exponent of 2/3.

The loop closure time for the chains in varying solvent conditions is shown
in Fig. 2.4(A) and (B), and it is clear that the solvent quality drastically changes
the loop closure time. The values of 7. for the good solvent (Ber; = 0.1) are
nearly three orders of magnitude larger than in the case of the strong hydrophobe
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Figure 2.3: (A): Second virial coefficient as a function of €, from eq. (2.18).
The classification of solvent quality based on the values of vy are shown. (B): The
variation of <R§> with N for different values of €;;. The value of (e ; increases
from 0.1 to 1.0 (in the direction of the arrow).
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(Bers = 1.0) for N = 80 (Fig. 2.4(A)). For N in the range of 20 to 30 (typically
used in experiments on tertiary contact formation in polypeptide chains) the value
of 7, is about 20ns in good solvents, whereas in poor solvents 7, is only about 0.3ns.
The results are vividly illustrated in Fig. 2.4(B), which shows 7, as a function of
€1y for various N values. The differences in 7. are less pronounced as N decreases
(Fig. 2.4(B)). The absolute value of 7. for N ~ 20 is an order of magnitude less
than obtained for 7, in polypeptides [2]. There could be two inter-related reasons
for this discrepancy. The value of Dy, an effective diffusion constant in the SSS
theory, extracted from experimental data and simulated P(R.) is about an order
of magnitude less than the Dy in our paper. Secondly, Buscaglia et al. [2] used
the WLC model with excluded volume interactions whereas our model does not
take into account the effect of bending rigidity. Indeed, we had shown in an earlier
study [62] that chain stiffness increases 7.. Despite these reservations, our values of
7. can be made to agree better with experiments using 7 &~ 5cP [45] and a slightly
larger value of b. Because it is not our purpose to quantitatively analyze cyclization
kinetics in polypeptide chains we did not perform such comparison.

We also find that the solvent quality significantly changes the scaling of 7, ~
N as shown in Fig. 2.4(C). For the range of N considered in our simulations,
7. does not appear to vary as a simple power law in N (much like (Rg); see Fig.
2.3(B)) for Ber; > 0.3. The values of 7. in poor solvents shows increasing curvature
as NN increases. However, if we insist that a simple power law describes the data
then for the smaller range of N from 7 to 32 (consistent with the methods of other

authors [54, 2, 50]), we can fit the initial slopes of the curves to determine an effective
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exponent a, (2.4(C)), i.e. 7. = 79N . In the absence of sound analytical theory,
the extracted values of a., should be viewed as an effective exponent. We anticipate
that, much like the scaling laws for (R), the final large N scaling exponent for
7. will only emerge for [63] N > 5000, which is too large for accurate simulations.
However, with the assumption of a simple power law behavior for small N, we find
that the scaling exponent precipitously drops from a, = 2.4 in the good solvent to
a; =~ 1.0 in the poor solvent. Our estimate of a., in good solvents is in agreement
with the prediction of Debnath and Cherayil [43] (o, ~ 2.3 — 2.4) or Thirumalai
[64] (o, &~ 2.4), and is fairly close to the value obtained in previous simulations[61]
(ar & 2.2). The differences between our results and ref. [61] may be related to the
choice of the Hamiltonian. Podtelezhnikov and Vologodskii [61] used a harmonic
repulsion between monomers to represent the impenetrability of the chain, and took
a/b < 1 in their simulations.

In contrast to the good solvent case, our estimate of . in poor solvents is sig-
nificantly lower than the predictions of Debnath and Cherayil [43], who suggested
a, ~ 1.6 — 1.7, based on a modification of the WF formalism [38]. However, fluores-
cence experiments on multiple repeats of the possibly weakly hydrophobic glycine
and serine residues in DoO have found 7, ~ N'-3¢ for short chains [54] and 7. ~ N10°
for longer chains [50], in qualitative agreement with our simulation results. The
qualitative agreement between simulations and experiments on polypeptide chains
suggest that interactions between monomers are more important than hydrodynamic
interactions, which are not considered here.

The dramatically smaller loop closure times in poor solvents than in good
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solvents (especially for N > 20; see Fig 2.4(B)) suggest further study. In poor sol-
vents, the chain adopts a compact globular conformation with the monomer density
pb3 ~ O(1), where p ~ N/ Rg. For large N, when entanglement effects may domi-
nate, it could be argued that in order for the initially spatially separated chain ends
(|Ree|/a > 1) to meet, contacts between the monomer ends with their neighbors
must be broken. Such unfavorable events might require overcoming enthalpic barri-
ers (=~ Q x €17, where Q is the average number of contacts for a bead in the interior
of the globule), which would increase 7.. Alternatively, if the ends search for each
other using a diffusive, reptation-like mechanism without having to dramatically al-
ter the global shape of the collapsed globule, 7. might decrease as €1 ; increases (i.e.
as the globule becomes more compact). It is then of interest to ask whether looping
events are preceded by global conformational changes, with a large scale expansion
of the polymer that allows the endpoints to search the volume more freely, or if the
endpoints search for each other in a highly compact, but more restrictive, ensemble
of conformations.

In order to understand the mechanism of looping in poor solvents, we analyze
in detail the end-to-end distance |R..(t)| and the radius of gyration |R,(¢)| for two
trajectories (with fSep; = 1 and N = 100). One trajectory has a fast looping
time (7.p &~ 0.003ns), while the looping time in the other is considerably slower
(Teg =~ 4.75ns). Additionally, we compute the time-dependent variations of the
coordination number, Q(t) for each endpoint. We define two monomers i and j to
be in ‘contact’ if |r; —r;| > 1.23b (chosen since V7,;(1.23b) = —er;/2, see Appendix
A.2), and define @Q1(t) and Qu(t) to be the total number of monomers in contact
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Figure 2.5: Mechanism of loop closure for a trajectory with a short (~ 0.003ns) first
passage time. The values of N and ey ; are 100 and 1.0 respectively. (A): Plots of
|Rce| and |R,| (scaled by the capture radius (a) as a function of time. The structures
of the globules near the initial stage and upon contact formation between the ends
are shown. The end to end distance is in red. (B): The time-dependent changes in
the coordination numbers for the first (Q1(¢)) and last (Qy(t)) monomers during
the contact formation.
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with monomers 1 and N respectively. We do not include nearest neighbors on the
backbone when computing the coordination number, so the geometrical constraints
gives 0 < Q(t) < 11. With this definition, an endpoint on the surface of the globule
will have () = 5. These quantities are shown in Figs 2.5 and 2.6.

The trajectory with the fast looping time 7. (Fig 2.5) shows little variation
in either |Ry| or |Ree|. We find |R..| = |R,|, suggesting that the endpoints remain
confined within the dense globular structure throughout the looping process. This is
also reflected in the coordination numbers for both of the endpoints, with both Q1(t)
and Qx(t) are in the range 5 < Q(t) < 10 throughout the simulation. The endpoints

in this trajectory, with the small loop closure time 77, always have a significant

¢
number of contacts, and traverse the interior of the globule when searching for each
other. Similarly, we also found that the trajectory with a slow looping time 77
(Fig 2.6) shows little variation in R, throughout the run. The end-to-end distance,
however, shows large fluctuations over time, and (R2) > 2(R?) until closure. This
suggests that, while the chain is in an overall globular conformation (small, constant
Rf]), the endpoints are mainly found on the exterior of the globule. This conclusion is
again supported by the coordination number, with Q(¢) < 5 for significant portions
of the simulation. While the endpoints are less restricted by nearby contacts and
able to fluctuate more (as they are outside of the globule), they spend much longer
searching for each other. Thus, it appears that the process of loop formation in
poor solvents, where enthalpic effects might be expected to dominate for N = 100
occurs by a diffusive process, with no significant entanglement effects observed in

our simulations.
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We note that trajectories in which the first passage time for looping is rapid
(with 7. < 7, for trajectory i) have at least one endpoint with a high coordination
number (@ > 5) throughout the simulation. In contrast, for most slow-looping runs
(with 7." > 7.), we observe long stretches of time where both endpoints have a low
coordination number (@) < 5). These results suggest that motions within the globule
are far less restricted than one might have thought, and loop formation will occur
faster when the endpoints are within the globule than if the endpoints are on the
surface (i.e. entanglement effects are irrelevant for loop closure with N < 100). The
longer values of 7, are found if the initial separation of the end points is large, which
is more likely if they are on the surface than buried in the interior. The absence of
any change in |R,(¢)| in both the trajectories, which represent the extreme limits
in the first passage time for looping, clearly shows that contact formation in the
globular phase is not an activated process.

The above results suggest a very general mechanism of loop closure for inter-
acting polymers. The process of contact formation for a given trajectory depends
on the initial separation R.., and the dynamics of the approach of the ends. Thus,
7. should be determined by the distribution of P(R..) (an equilibrium property),
and an effective diffusion coefficient D(t) (a dynamic property). We have shown
for the Rouse model that such a deconvolution into equilibrium and dynamic parts,
which is in the spirit of the SSS approximation, is accurate in obtaining 7. for a
wide range of N and a/b, and will see below that a similar framework is applicable
to more general chains.

The decomposition of looping mechanisms into a convolution of equilibrium
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Figure 2.7: (A): Distribution of end-to-end distances for a weakly (Ber; = 0.4)
and strongly (Ber; = 1.0) hydrophobic chain. (B): Diffusion constant D..(t) in
units of Dy for varying solvent quality. The diffusion constant is defined using
D..(t) = (0RZ2.(t))/6t. The values of €r; are shown in the inset.

and dynamical parts explains the large differences in 7. as the solvent quality
changes. We find, in fact, that the equilibrium behavior of the endpoints domi-
nates the process of loop formation, with the kinetic processes being only weakly
dependent on the solvent quality for short chains. In Fig. 2.7(A), we plot the
end-to-end distribution function for weakly (fBe;; = 0.4) and strongly (Ger; = 1)
hydrophobic polymer chains. The strongly hydrophobic chain is highly compact,
with a sharply peaked distribution. The average end-to-end distance is significantly
lower than is the weakly hydrophobic case. While the distribution function is clearly
strongly dependent on the interactions, the diffusion coefficient D(t) is only weakly
dependent on the solvent quality (Fig. 2.7(B)). The values of D(t) = (§R2.)/6t are
only reduced by a factor of about 2 between the fer; = 0.1 (good solvent, with a
globally swollen configuration) and the fer; = 1.0 (poor solvent, with a globally
globular configuration) on intermediate time scales. We note, in fact, that the good

solvent and © solvent cases have virtually identical diffusion coefficients throughout
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the simulations (Fig 2.7(B)). This suggests that the increase in 7. (Fig 2.4) between
the Rouse and the good solvent chains is primarily due to the broadening of the
distribution P(R..), i.e. the significant increase in the average end-to-end distance
in the good solvent case, (R2,) ~ N? with v = 3/5.

In fact, if we take D =~ 2Dj in eq. (2.6) and numerically integrate the
distribution function found in the simulations for N = 100, 7.(fer; = 1.0) and
T.(Bery = 0.4) differ by two orders of magnitude, almost completely accounting for
the large differences seen in Fig. 2.4(B) between the two cases. Because P(Re.)
can, in principle, be inferred from FRET experiments [65, 66] the theory outlined
here can be used to quantitatively predict loop formation times. In addition, FRET
experiments can also be used to assess the utility of polymer models in describing
fluctuations in single stranded nucleic acids and polypeptide chains.

It is also of interest to determine the mechanisms of interior loop formation.
We performed simulations for N = 80 by first computing the time for cyclization
T. using the methods above. In another set of simulations, two interacting linkers
each containing 20 beads were attached to the ends of the N = 80 chain. For the
resulting longer chain we calculated 7, for [ = 80 as a function of fFer;. Such a
calculation is relevant in the context of single molecule experiments in which the
properties of a biomolecule (RNA) is inferred by attaching linkers with varying
polymer characteristics. It is important to choose the linker characteristics that
minimally affects the dynamic properties of the molecule of interest. The ratio
Ti=s0/T. depends on [er; and changes from 2.6 (good solvents) to 2.0 under ©
conditions, becoming unity in poor solvents (Fig. 2.8). Analysis on the dependence
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of 20 beads) that are attached to beads 20 and 100. In good solvents, the interior
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same loop length. In poor solvents, however, there is virtually no difference between
the two.
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of the diffusion coefficients of interior-to-interior vector D;; (i = 20 and j = 100)
and end-to-end vector (of original chain without linkers) D,, on solvent conditions
indicates that on the time scales relevant to loop closure time (analogous to 7. for
the Rouse chain), D;; reduces to about one half of D,. in good and © solvents,
whereas the two are very similar in poor solvents. The changes in the diffusion
coefficient together with the equilibrium distance distribution explains the behavior

in Fig. 2.8.

2.4  Conclusions

A theoretical description of contact formation between the chain endpoints is
difficult because of the many body nature of the dynamics of a polymer. Even for
the simple case of cyclization kinetics in Rouse chains, accurate results for 7. are
difficult to obtain for all values of N, a, and b. The present work confirms that, for
large N and a/b > 1, the looping time must scale as N2, a result obtained using the
WF formalism [38, 12]. Here, we have derived 7. ~ N? (for N > 1 and a > b) by
including the full internal chain dynamics within the simple and elegant SSS theory
[11]. We have shown that, for N < 100 and especially in the (unphysical) limit
a/b < 1, the loop closure time 7, ~ 1oN®™ with 1.5 < a, < 2. In this limit, our
simulations show that loop closure occurs in two stages with vastly differing time
scales. By incorporating these processes into a scale-dependent diffusion coefficient,
we obtain an expression for 7. that accurately fits the simulation data. The resulting

expression for 7, for a < b (eq. (2.15)) contains both the N2 and N? scaling behavior,
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as suggested by Pastor et. al. [5§]

The values of 7. for all N change dramatically when interactions between
monomers are taken into account. In good solvents, 7. ~ 70N (a,; ~ 2.4) in the
range of NV used in the simulations, in reasonable agreement with earlier theoretical
estimates [64, 43]. The simulation results for 7. in poor solvents show a rich behavior,
with 7. decreasing over two orders of magnitude as the solvent quality changes. In
the range of N considered here, a power law fit of 7. with N (7. ~ N?7) also shows
that the exponent a, depends on the solvent quality. Analysis of the trajectories
that monitor loop closure shows that contact between each end of the chains is
established by diffusive, reptation-like motion within the dense, compact globular
phase.

The large variations of 7. as the solvent quality changes suggests that there
ought to be significant dependence of loop formation rates on the sequence in
polypeptide chains. In particular, our results suggest that as the number of hy-
drophobic residues increase, 7. should decrease. Similarly, as the number of charged
or polar residues increase, the interactions between amino acids will become more
repulsive, increasing 7.. Our work, however, neglects sequence effects, which are
also likely to be important. It may be possible to directly test the predictions in
Fig. 2.4(B) by varying the solvent quality for polypeptides. A combination of de-
naturants (makes the solvent quality good) and PEG (makes it poor) can be used
to measured 7. in polypeptide chains. We expect the measured 7. should be quali-
tatively similar to the findings in Fig. 2.4(B).

The physics of loop closure for small and intermediate chain lengths (N < 300)
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is rather complicated, due to contributions from various time and length scales
(global relaxation and internal motions of the chains). The contributions from these
sources are often comparable, making the process of looping dynamics difficult to
describe theoretically. To better understand the interplay of these scales, we have
explored wide ranges of conceivable parameters, namely the chain length N, capture
radius a, and conditions of the solvents expressed in terms of €;;. By combining
analytic theory and simulations, we have shown that, for a given N, the looping
dynamics in all solvent conditions is primarily determined by the initial separation
of the end points. The many body nature of the diffusive process is embodied in
D(t), which does not vary significantly as the solvent quality changes for a fixed
N. We find that the process of loop formation can be divided quite generally into

equilibrium and kinetic contributions.
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Chapter 3
The Extension of a Homopolymer Under an External Tension

3.1 Introduction

Single molecule nanomanipulation methods have been used to measure the
response of biological macromolecules to mechanical force. Such measurements give
direct estimates of the elasticity of DNA [67], RNA [68], proteins [69, 70], and
polysaccharides [71]. Single molecule experiments allow the study of the tension-
induced stretching of RNA [17, 18, 72] and proteins [18, 73]. A theoretical under-
standing of the resulting force-extension curves (FECs) is desired. Sequence effects
[74] make this a very difficult problem, but stretching of homopolymers by force
provides a potentially simpler case for which the FECs can be calculated.

In a pioneering paper, Pincus [39] considered the strong stretching of ho-
mopolymers in a good solvent. The strong stretching limit corresponds to a large
enough force, f, such that NVa < (Z) < Na, where v = 3/5 is the Flory exponent,
N is the number of monomers, a is the size of a monomer, and (Z) = (zy — z) is
the mean tension-induced end-to-end distance (with f = fz). Pincus showed that
the size of the stretched polymer should be determined by an interplay between
the Flory radius Rr = N”a and the tensile screening length (or the blob size) [39],
¢&p = kgT/f. When f is small, then z = Rp/{p < 1, while in the opposite limit,

x > 1. The scaling assumption is that for arbitrary f, the average end-to-end
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distance can be written as

(Z) = Rr®(Rp/p) (3.1)

Assuming such a scaling argument holds, the FEC can be divided into three regimes.

(1) For small f, we expect a linear increase in the extension of the chain. At
low forces, ®(x) ~ x, and hence (Z) o< R% x (aff). (ii) In the strongly stretched
limit, which arises for intermediate forces, the value of (Z) can be obtained by
dividing the chain into a sequence of aligned tensile blobs (along the force axis)
whose size is [75] £p ~ (Bf)~!. The monomers contained within each blob behave
as an unperturbed self-avoiding walk. In this case {p = (8f)~! ~ NY, with N, the
number of monomers in a blob. The linear extension of the chain is then given by
(Z) ~ Epx N/Ny ~ N(Bf)r= ~ N(Bf)5. We will refer to this intermediate scaling
regime as the Pincus regime. It should be stressed that this argument is valid only if
¢p/a > 1, which may not be satisfied for a stiff polymer, or a flexible polymer with
small N (see below). (iii) For extremely large forces (beyond the strong stretching
regime), we expect the excluded volume to become irrelevant, as the bonds between
monomers become fully aligned with the z-axis, and inter-monomer interactions
become rare. The FEC in this regime will be model-dependent, with (Z) ~ Na?3f/3
for an extensible chain, and (Z) &~ Na for a inextensible chain. We will refer to this
behavior as the non-universal regime.

The Pincus scaling description of the stretching of homopolymers is well known.
However, as far as we are aware, a microscopic derivation of the FEC anticipated

by Pincus has not been directly shown. More importantly, it is unclear how the
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FEC of polymers with finite N compares with the predictions of the scaling theory.
In other words, for finite values of N (on the order of 1000), how pronounced is
the Pincus regime? In this paper, we develop a self-consistent, variational theory
based on the Edwards-Singh method [40] to determine the average extension of a
homopolymer in a good solvent. The theory gives excellent agreement with simu-
lations. Surprisingly, neither the theoretical predictions nor simulations display the
Pincus regime for N = 100 or N = 1600. We show that this is due to a finite-size
effect, and show that the Pincus regime emerges only for N > 10°. Only when N is
sufficiently large is the concept of the tensile blob (with {p ~ aN}) satisfied, where
N > N, > 1. Additionally, we show using both theory and simulations that the
tension induced stretching of homopolymers in a poor solvent exhibits a first order
transition between an ensemble of collapsed states and rod-like conformations. The
nature of the transition is dependent on the solvent quality, which is measured in
terms of the relative attraction between the monomers. The theoretical predictions
for the poor solvent case are only in qualitative agreement with the simulations, with
simulations showing that tension-induced transitions occur via a hierarchy of struc-
tures, depending on the solvent quality. Force-dependent structure factors show
that, for a weakly hydrophobic polymer, the transition to the fully extended state

occurs through a variety of structures, depending on the length scales of interest.

3.2 Polymers Under Tension in a Good Solvent

Eaxtensible Polymer: The continuum Hamiltonian for a self-avoiding Gaussian
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chain under tension is taken to be

3 (N N
Hy, = ﬁ/o ds f2(s)—ﬁf/0 ds 3(s) + Ao, (3.2)

where f is aligned with the z-axis, § = 1/kgT. The excluded volume is represented

by

Uo

Ny = 0 ds/ ds' [r(s) — r(s)], (3.3)

with vy the strength of the self-avoiding interaction, with vy > 0 in a good solvent.
To compute the force-extension curves (FECs) and compare them to simulations, we
use a self-consistent variational method, originally proposed by Edwards and Singh
[40]. Following the convention in single molecule experiments, we use the term FEC
for the extension changes upon application of force. However, throughout the paper,

we will derive and plot the extension (Z) as a function of f. A reference Hamiltonian

N N
GH, = 2;;)A2/0 ds ¥ (s) —6f/0 ds 3(s), (3.4)

is chosen, and the parameter A is determined self-consistently. Because we are
interested in calculating the FEC of a self-avoiding chain, the relevant quantity is
the dependence of (Z(f))o = (2x — 20) = Ji ds (3(s))o on f, where (- --)¢ indicates
the average with respect to the Hamiltonian SHy (eq. 3.2). Because it is not possible
to compute the exact average (Z), we calculate the difference between (Z), and
(Z)1 (where (---); is the average with respect to SH;), assuming that A; + A, is

small, with

A= o (1—)/ ds i( (3.5)

20



To first order in A; + Ay, we obtain [40]

(Z)o = (Z)1 = (Z(A1 + Ag))1 — (Z)1(A1 + Ag);. (3.6)

A self-consistent equation for A is obtained by insisting that (Z)q ~ (Z);, which

leads to the condition

(Z(A1+ A2))1 = (Z)1(A1 + Ag)y. (3.7)

Throughout this work, we compute averages with respect to SH; only, so the sub-

scripts on (---) will be dropped. The terms involving A;, A, are easily calculated

using

(z81) — (2 = sapr 1) WAL X DNE g
and

(280 = (2)(8) = [ s [T a GES ) —x()) (69

with (6[r(s) —r(s)]) = (3/2ma2A2|s — '|)2 exp (—|s — s'|\2a23%£2/6) (the details of
the calculations are given in Appendix B.2). Using Eqs. (3.7), (3.8), and (3.9), the

self-consistent equation for A becomes

é u

g

P (1 ) [ ) - et )]}

where we have defined the dimensionless excluded volume parameter v = (3/2)2 vy/a?,

the dimensionless force ¢ = aff, and where erf(z) is the error function. We have
also included a cutoff, 4, in the integral over u (with u = |s — §'| /N), to account for
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the finite separation between the monomers, which is neglected in the continuum
representation of the Hamiltonian in Eq. 3.4. As the system is truly discrete in
both simulations and experiments, such a cutoff may be necessary in the continuum
limit. We expect 6 ~ A/N, since the discrete monomers are separated by a distance
Iris1 — r;| &= Aa on an average in the reference Hamiltonian, SH;. The cutoff is
usually only imposed in theories that have a self-energy divergence [40, 76, 77, 78],
and is generally not required if there is no divergence inherent in the theory, as is the
case here. However, we will see that this cutoff is essential in order to reproduce the
FECs obtained in simulations. Given a solution A to the SCE, the linear end-to-end
distance is given by (Z) = Na*\*3f/3 (see Appendix B.2).

It is not difficult to show that, as f — 0, a solution to Eq. 3.7 is A =~
Ao o (v2N)16, giving the expected linear regime, (Z) ~ Nsvia x (aBf). We
immediately see that this gives the correct scaling with N and v for low forces, with
(Z) =~ (R*) =0 x (Bf)/3. We also note that, if we set § = 0, we exactly recover
(in our notation) the original, tension-free (f = 0) self-consistent equation for a
self-avoiding chain, A —1 = /6 N/73 vga®/\* developed by Edwards and Singh [40].

For intermediate f, we can obtain the correct Pincus scaling for large N. If
we assume A & ), we find NA\3¢? > 1 when ¢ ~ affr ~ N_%v_%, defining the
transition force fr into the strongly stretched Pincus regime. For f > fr, we can
neglect terms of order N~! and exp(—NA?¢?/6) for large N, and set erf(AgoM) ~

1. This gives the approximate SCE

P PN “Xf; [1 . erf()\ga N‘Sﬂ +O(NY. (3.11)
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With 6 ~ A/N, we see that we can neglect the error function in this regime as well
if aBfr ~ Ay %U%ON “» < 1. If N is sufficiently large to satisfy this requirement,
the SCE becomes A2 — 1 &~ v/61 /A + O(vN~1). We thus find the approximate
solution in the Pincus regime A & A\p  (v/¢)s. For large N and intermediate
forces, we find (Z) o« Nvs f3, as is expected of the Pincus scaling [39]. Note that
neglecting terms of order v /N - may be valid only for extremely large N (on the
order of N ~ 10°). Thus, the onset of the non-linear scaling regime depends on
both v and N, as was anticipated by Pincus.

For sufficiently large ¢, we can neglect terms of order ¢! in Eq. 3.10, to find an
extended or rod-like solution A &~ A\g = 1. This root gives (Z) ~ Na?3f/3, identical
to the non-interacting average for an extensible chain. This is not surprising; as the
tension becomes large, the excluded volume interaction is not relevant. We also note
that, in this regime, the chain will become greatly overextended. As was shown by
Pincus, the extension beyond the non-linear regime is non-universal and depends on
the precise model used for the homopolymer [39].

Inextensible Polymer: Because the extensible polymer can overstretch for large
forces, which does not occur for real polymers that are linked by covalent bonds,
we wish to develop a theory for an approximately inextensible model. We were
also motivated to consider the inextensible model because Monte Carlo simulations
(which are less computationally expensive, allowing for longer chains to be studied)

hold the distance between successive beads fixed at precisely a, independent of f.
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From the discrete, non-interacting, spring-like Hamiltonian

k
H[{r,}] = 527 > (JAr,| —a)® = Bf > Az, (3.12)
the average end-to-end distance, as well as the fluctuations in the transverse and

longitudinal directions can be computed exactly. Defining X = xy — 2o (with x

transverse to the force axis), we find

§VZ£ _ /i/ /0°° I xze—ux—l)?/zcosh(w)_; (3.13)
ADE L[ e tere e — ()72 (D)1

where N = [° dx ze *@=1*/2ginh(px), and we have used (Z2) = N(22) + N(N —
1){(z,)? in Eq. 3.14. We approximate the Hamiltonian in Eq. 3.12 with a continuous

chain using an Inextensible Gaussian Hamiltonian (IGH) [79, 80]

_ B N (B ) | ()
Hile(s)] = 2a2/o a < ailkg)  odlh.)

where a; and ag are the effective spring constants in the longitudinal and transverse

) — Byg(k, ) /ON dsz(s) (3.16)

directions, respectively, and ¢ is an effective tension. The spring constants a; and
a, and the effective tension g, are functions of both k£ and ¢. Using the IGH in eq.
3.16, we find
(Z) = Naajfg/3,
(2°) = (2)* = Na’a3/3,
(X?*) = Nda%a?/3. (3.17)
Equating the averages in Eq. 3.17 with those in Eqgs. (3.13)-(3.15) explicitly gives

the desired IGH in terms of k£ and f. The full expression for the a;’s and g are
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quite lengthy for general k£ and f, and we omit them here. However, in the limit as
k — o0, we recover the Freely Jointed Chain (FJC) averages. In the FJC limit, the

expressions for the a;’s and g are quite simple, and we find

3
af = 2(s0coth(90)—1),
2
3
a3 = @2(1—¢2C8Ch2(g0)>,
of
aflg = 90?. (3.18)
3

These spring constants, «;(k — oo, f), were derived by Hatfield and Quake using a
different method [80], but the effective tension g has been thus far unreported.

We note that this approximate FJC Hamiltonian gives the simple Gaussian
behavior for ¢ — 0, whereas in the limit of ¢ — o0, we can easily show that
the distributions give the expected form of P(X) = §(X), P(Y) = §(Y), and
P(Z) =6(Z — Na), with X = xy — z9, and Y = yy — yo. We therefore expect that
the IGH to be an good approximation for an inextensible chain in the limits of small
and large f, with possible deviations from the correct distribution for intermediate f.
Because of the more complicated form of the Hamiltonian in Eq. 3.16, exact analytic
work is difficult in the inextensible case. We can, however, generate a self-consistent
equation using Eq. 3.7 to determine the FEC of a self-avoiding inextensible chain

in a manner similar to the extensible case. Using the reference Hamiltonian

3 /ON ds(a’:“’(s) +2y2(s) N z2(s)> _@/{)N ds %(s), (3.19)

r= 5573 2
2a2 )\ o as

and defining

A = 3(1 - 1) /ON ds(iz(s) T, 22(8))7 (3.20)

2a?
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we can, to first order in AﬁIGH) + Ay (with Ay the excluded volume interaction, eq.
3.3), develop the self-consistent equation (Z (AgIGH) + Ay)) = (2) <A§IGH) + Ay),
similar to Eq. 3.7. The final form of the inextensible SCE is similar to that of eq.

3.10, with

/ 1 _
vV N 1 U~ NX2aZy?u/6
Y

A2 1= du —— "
Natasz Js " Vu

(3.21)

with v = af¢g the dimensionless effective tension. It is possible, albeit complicated,
to show that the solution to Eq. 3.21, with k£ > 1, will be divided into approximately
the same scaling regions as we found in the extensible case (which we do not explicitly
show here). The roots to the inextensible SCE, determined using Eq. 3.21, are
similar to the extensible roots from Eq. 3.7, with significant differences in the two
models occurring only for aGf > 1. As in the case of the extensible chain, the
expected Pincus scaling of (Z) ~ f 5 emerges only for very large N. Thus, both
for the extensible chain and the IGH with excluded volume interactions, the linear
behavior and the Pincus regime are obtained (for large N). The behavior of the
FEC in the limit of very large force is clearly model dependent, as predicted by
Pincus [39].

In order to determine if the extensible theory accurately predicts the effect
of excluded volume on a self-avoiding polymer under tension, we have performed
Langevin simulations with N = 100 at various stretching forces (the details are
given in Appendix B.1. To compare our theory (with the self consistent equation
given in eq. 3.10) to simulations, we need two fitting parameters, vy and 6. We

determine vy by fitting the simulated FEC in the linear, low force regime, and
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obtain ¢ by a global fit of the theoretical predictions of the FEC to the results of
the simulation. The scaling laws for the extension as a function of force can not be
accurately determined by simply fitting a linear [33, 81, 82] or log-log [83] plot of
the FEC. Such fits implicitly assume that there exists a well-defined scaling regime,
where (Z) ~ fY with y constant. In order to determine the various scaling regimes
of the FEC without imposing such an assumption, we will define the force dependent

effective scaling exponent y(¢) such that

y(p) = dlog((Z) )/d1og(¢). (3.22)

For a true scaling regime to exist, we expect y(¢)=const for a non-vanishing range
of ¢. In Figure 3.1, we show the best fit of the extensible theory (eq. 3.10) compared
to the simulations for the polymer in a good solvent (vy > 0). We find v &~ 58.6 and
§ = 1.6A\/N agrees well with the simulation data. We note that this gives vy & 178a3,
significantly larger than the hard-core second virial coefficient of vy = 4ma®/3. It is
known from the Edwards-Singh calculation [40] (with f = 0) that if higher order
terms are included in deriving the self-consistent equation (Eq. 3.7), they merely
renormalize v without altering the scaling behavior. A similar behavior is expected
when f # 0. As a result of the renormalization of v, we find that the extracted value
of v from simulations is larger than the value calculated directly from the second
virial coefficient.

We see that the theoretical predictions depend very strongly on the choice of
cutoff, with the § = 0 theoretical FEC showing very poor agreement with the simu-

lated data for a3 f > 0.1. This is somewhat surprising, as a cutoff in the continuum
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Figure 3.1: (Z) as a function of ¢ for varying ¢. The dots are the simulation results
with NV = 100. The linear regime corresponds to the dimensionless excluded volume
parameter v ~ 58.6. The best visual fit (solid line) is obtained with 6 = 1.6A/N.
Also shown are the fits with 0 = 0 (dotted line). The inset compares the theoretical
predictions (solid line) and the simulations results (dots) for the effective scaling
exponent, y(¢).
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limit approximation generally is used only to avoid self-energy divergences in the
theory [40, 76, 77, 78], which are not present here. We also note that neither the
theory nor the simulation predicts a Pincus-like scaling of y ~ 2/3. We will find
that this is due to the fact that the notion of the unperturbed tensile blob is not
applicable for N = 100 (see below).

In order to asses the conditions under which the Pincus regime can be ob-
served, we plot the theoretical effective scaling exponent y(p) for increasing N in
Fig. 3.2(a). While there is no clear Pincus regime for N=100, the expected 2/3 scal-
ing emerges for larger N. Variation in v (i.e. changing repulsion between monomers)
only effects the depth of the trough in the non-universal regime (see Fig. 3.2(a)), so
adjusting v can not yield the expected Pincus scaling for smaller N. Figure 3.2 also
shows that a very large N ~ 106 is required in order to see the 2/3 scaling over a
large force range. For small values of N, the inequality N > (£p/a)v > 1 required
to observe the Pincus scaling is not satisfied, and the tensile blobs are thus effec-
tively stretched. The width A f over which the strong stretching is observed can be
computed using the self-consistent theory. If we define the Pincus regime such that
0y(p)/0p < e (with y defined in Eq. 3.22) for some tolerance €, we can numerically
determine the dependence of the width of the Pincus regime with respect to N. The
width of the Pincus regime, Af, is shown in Fig. 3.2(b) for e = 0.05, along with a
fit Af ~ 0.018 —1600N 1. In the inset, we show the transition force into the Pincus
regime, fr, along with the expected scaling of N ~%. We can extrapolate that the
minimum number of monomers, N,,;,, for a self-avoiding polymer to show that the
Pincus regime emerges only when N,,;, ~ 9 x 10* for ¢ = 0.05. Larger values of N
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Figure 3.2: (a) The effective scaling exponent y(¢) for N = 10% (—), N = 10* (- -),
N =10° (——), N = 10® (—-—), and N = 10'° (— - -—), all with v = 58.6 and

= 1.6\/N obtained theoretically. The inset shows the log-log plot of the extension
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function of N for e = 0.05. The inset shows the initial Pincus transition force fr as
a function of N. Also shown is the predicted N -3 scaling.
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are required for the Pincus scaling to continue over an observable interval of f. This
finite size effect is remarkable, because when f = 0 the Flory exponent (v =~ 0.6) can
be accurately obtained with N < 100 [84]. Because Ny, is too large for accurate
simulations, it is not possible to explicitly demonstrate the Pincus scaling of f*%in
silico. In principle, single molecule AFM or optical tweezer experiments can be used

to confirm the predictions for such large N.

In order to test our inextensible theory, we determine the best fit to a Monte
Carlo simulation of a thick chain [33, 81] with N = 1600. The thick chain is
an inextensible, hard-core excluded volume model, with a configuration rejected if a
triplet of monomers lie within a circle of radius a (see Appendix B.3 for details). Our
variational Hamiltonian in Eq. 3.19 is generated using the spring constant k& = 10*
in Eq. 3.16. In Fig. 3.3, we compare the FEC and effective scaling exponent (Eq.
3.22) for the simulations and the inextensible theory, in Eq. 3.21. The theoretical
predictions are in very good agreement with the FEC obtained using Monte Carlo
simulations (Fig. 3.3(a)). We find v & 15.7 gives a good fit for the simulation data
for low forces, and again 6 = 1.6A/N gives a good global fit to the simulated data.

In Fig 3.3(b), we see that there is a deflection in y(p) ~ 2/3 at ¢ ~ 0.1
(denoted Pincus-like), corresponding to a Pincus-like regime observed in the simula-
tions, and accurately predicted by the theory based on Eq. 3.21. Such a deflection
near y = 2/3 is predicted by the theory for both the extensible and inextensible
Hamiltonians, and can be clearly seen in Fig. 3.2(a) for N = 10*. This deflection
shows that the Pincus regime is beginning to emerge, but the width of the regime
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Figure 3.3: (a) Force extension curve for an inextensible chain with N = 1600.
Shown are the simulation data (dots), along with the best fit for the IGH (solid
line) and extensible Hamiltonian (dashed line), with v = 15.7 and § = 1.6A/N. (b):
Effective scaling exponent y(¢) for the inextensible FJC. Shown are the theoretical
exponents for the IGH (solid) and extensible Hamiltonian (dashed). Also shown is
the non-interacting FJC exponent (dotted line).
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Af is vanishingly small. We also see the expected return to the non-interacting
FJC behavior for large f. The fit is, however, quite poor for aff ~ 1 — 4, where
the effective scaling exponent differs greatly from the simulation data. Figure 3.3(a)
shows that the poor fit for intermediate f originates with a slight overestimation in
(Z) vs. fnear aff ~ 1, followed by an underestimation in (Z) near agf ~ 3. This
over- and underestimation produces a FEC that is not monotonically increasing with
f, a completely non-physical result. The small differences between the theoretical
and simulated FECs are greatly exaggerated by the effective scaling exponent in the
intermediate force range.

The reason for the discrepancy between theory and simulation for intermedi-
ate forces is that, in the approximate representation for the (nearly) inextensible
chain, extensions from |Ar,| = a are allowed (see Appendix B.3). As a result,
the chain can stretch somewhat, with an average monomer spacing exceeding a.
For this reason, less force is required to extend the chain at intermediate forces,
producing an overestimate of the FEC. The consequences of the minor disagree-
ment between theory and simulations are exaggerated when the effective exponent
y(p) = 0log((Z))/0log(p) is computed (Fig 3.3(b)). We see, however, that both
the extensible and inextensible polymer models in a good solvent accurately predict
the Pincus-like regime observed for a3f ~ 1072 — 10!, At high forces, the response
to the force depends on the precise model used to account for chain connectivity.
As a result, the predictions for the extensible and inextensible polymer models are

vastly different when aGf > 1.
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3.3 Reexamination of the Blob Concept for Finite NV

In order to better understand the unexpected scaling behavior of the FEC’s for
finite NV, a more detailed study of the physical processes of extension are required.
There are three mechanisms by which the average extension of an extensible chain
can increase as a function of force. The first is orientation of the polymer along the
force axis. We expect that, for small f, the force will cause alignment with the z
axis, with little perturbation of the chain conformation. In the second mechanism,
the extension of the polymer is determined by an interplay between {p (a length
scale below which f is not relevant), and NV (which effectively determines the number
of aligned blobs along the force direction). We expect this mechanism will occur for
intermediate forces, and for sufficiently large N, cause the emergence of the Pincus
regime. As these blobs are stretched, (Z) will increase without significantly affecting
the alignment along the f axis. For large forces we expect overextension to dominate,
when the chain is fully aligned and the monomers on a length scale £p are stretched.
In order to see these physical mechanisms of the extension in the simulations of
finite, extensible polymers with N = 100, we compute the effective force-induced
alignment exponent w, given by (Z/|R|) ~ f“, and the effective overextension
exponent u, given by (Z/L) ~ f#. If the polymer is perfectly aligned along the
z-axis, we expect that the exponent w — 0 (i.e. (Z/|R|)=const). Likewise, if
the extension is dominated by the overextension of the chain, we expect yu — 1
(i.e{Z) ~ L(f) < f)The variations of the effective exponents w and p for N = 100

as [ changes are shown in Fig. 3.4(a). We see that the polymer aligns with the z
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Figure 3.4: (a) Contributions to the effective scaling exponent y(¢). Shown are y(p)
(dots), as well as the alignment exponent w (solid line) and overstretching exponent
i (dashed line). (b) The ensembles of structures at a@f = 0 (red), 0.5 (green), and
8.0 (blue) are given to demonstrate the three step mechanism of the extensible chain
stretching, i.e., (i) alignment, (ii) disruption of tensile blob, and (iii) overstretching.
(c) The blob density as a function of force. The inset shows a log-log plot of the
monomer density inside the blob, showing three distinct scaling regimes. Scaling
relation p,, vs f is obtained by fitting the data above red line in the inset.

axis at relatively small forces, with full alignment (w — 0) occurring for ¢ =~ 0.1.
Overextension does not begin until ¢ ~ 3 (in the non-universal regime, see Fig
3.4(a)), giving a wide range of forces in which stretching of the monomers inside of
the blobs contributes to the behavior of (7). Representative snapshots of the chain
configuration in the three regimes are shown in Fig. 4(b).

The absence of a clear signature of the Pincus regime, even for N = 1600, is

intimately related to the breakdown of the inequality N > (£p/a)v > 1. For large
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enough N, when the Pincus regime in the FEC is observed (Fig 3.2(a)), the size
of the blob &p &~ kpT'/f is expected to scale as £p ~ aN}, where N, (presumed to
be much greater than unity) is the number of monomers inside of the blob. The

monomer density, p,,, inside the blob will scale as

P~ NoJ&y ~ &7~ (f [ksT)* 7. (3.23)

In good solvents, v = 3/5, and hence p,, is given by p,, ~ f4/3 = f*. If the effective
value for w with finite N exceeds w = 4/3, as could be the case when the force
locally stretches the chain segments inside {p, we will find (Z) ~ f¥ with y # 2/3
in the intermediate force regime.

In order to provide insights into the effective blob response to f for the self-
avoiding extensible polymer of the finite size (N=100), we have calculated the de-
pendence of the monomer density inside the blob on f. To obtain the scaling
behavior between monomer density and the force from the simulations, we perform

the following steps:

1. Make a sphere of radius b = £p/2, with Ep(= kpT/f), centered on the i"
monomer and count the number of monomers (NN,) within the sphere whose

volume is b*. The density of monomers within the sphere center at i** monomer

is pun(i) ~ Ny
2. Move to the (i + 1) monomer, and compute the density again.
3. Wheni = N, the average density is computed using {p,,(f)) = 1/N SN pm(4).

4. Repeat this procedure for the ensemble of structures obtained at each force.
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Although this method of computing the monomer density from the polymer struc-
tures is very crude, the scaling exponent between p,, and f should not be affected
by the details of the calculation. The results are shown in Fig. 3.4(c). We find that
pm ~ 1€ in the intermediate force regime (data above the red base line in the inset
of Fig. 3.4(c)) . From Eq. 3.23, a density scaling of f¢ implies &, ~ N> ™ # NP-60)
which indicates that there is no force range in which ideal blobs can be observed
for small N. The observed scaling exponent for N, is greater than that for a sim-
ple self-avoiding walk, which suggests that the monomers inside of the blob do not
behave as unperturbed SAW’s. Thus, the fundamental premise used in the blob
argument used to derive the Pincus regime breaks down for small N. The tensile
force is felt by the monomers within the blobs, which swell due to the stretching
of monomers inside £p. The density of monomers inside the blob scales differently
than is expected for large values of N, and provides the microscopic reason why
(Z) ~ f* with © < 2/3 for a finite-sized self-avoiding chain. As N increases, the
intermediate force regime can be large enough so that p,, ~ f %, which is needed to

see the Pincus scaling (Z) ~ f3.

3.4 Homopolymer in a Poor Solvent

In a poor solvent, the second virial coefficient (vy) becomes negative, with the
strength of the attractive interactions between monomers exceeding those between

the monomers and the solvent. As a result, the polymer adopts collapsed, globular
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conformations at temperatures below the Flory © temperature. In poor solvents, the
Edwards model is modified to include an effective three-body interaction, to ensure
that averages of physical observables are convergent. The extensible Hamiltonian

in a poor solvent is GHp = BHy + As, where Hj is defined in Eq. 3.2 and

a =" [ " ds | s / a5 5le(s) — v(s)] S[x(s)) — x(s")] (3.24)

The self-consistent equation for the extension in this case becomes (Z(A; + As +
A3)) = (Z)(A1 + Ay + As), similar to Eq. 3.7. We have already determined the A;
and A, terms, and need only compute (ZA3) — (Z)(As3) = ad/dp(As). The SCE

for an extensible polymer in a poor solvent can then be written

vop o= N / Cdu LT e (3.25)
5 Vu

)\3
w [l 1—uq (1 — Uy — UQ)(Ul + u2) —NA2p? 6
+*/ dul/ dus ¢ e,
A6 Js 5 U?/ng/z

where we have defined the dimensionless w = (3/27)% w3/a% The inextensible self-
consistent equation is similar, with a similar root structure, and we will therefore
omit such a calculation here. Again, we have included a cutoff § in the integrals,
as was done for the two-body case. However, the three-body integral in Eq. 3.25
is clearly divergent for § = 0 (scaling as ~'/?), unlike the two-body term. This
divergence must be removed for the self-consistent equation to converge in the limit
of N — o0, by renormalizing w. For f = 0, we can evaluate the three-body
integral exactly, and find that, with § ~ A/N and as N — oo, it diverges as
~ 16/3v/5. The N — oo divergence is therefore removed if we renormalize w =

w/vN. It can be shown that the self-consistent equation has a globular solution
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A= A, = (4w/[v])N~s for f =0 and large N, giving the expected (R?) ~ N for
a homopolymer in a poor solvent. However, the final term of Eq. 3.25 can not be
evaluated exactly for non-zero ¢, so we must resort to numerical work in order to
determine the roots for larger forces.

We find that Eq. 3.25 has three unique roots beyond a critical force f., which
correspond to collapsed (A.), extended (Ag), and intermediate (\y) structures. Nu-
merically, we find 0 < A, < Ay, and Ag = 1 for f > f.. Our interpretation of A.
as corresponding to a collapsed state is only qualitative, because an extensible ho-
mopolymer (used as the reference Hamiltonian in the calculations) in a poor solvent
does not have a unique ‘collapsed’ state. With the interpretation of A\, and Ag as
the roots signifying the two local minima of the free energy for the collapsed and
extended states, we can interpret the intermediate root A\, as a local maximum of the
free energy, i.e. the barrier (or saddle point) between the two states. Again, this in-
terpretation is qualitative only, because there is no well defined ‘barrier’ between the
collapsed and extended states. In Fig. 3.5(a) we show the extension (Z)/L = ¢\?/3
for the three solutions to the self-consistent equation (3.25) for v = —5 and w =1
(arbitrarily chosen), and with § = 1.6A/N. We see aff, ~ 3.5 is the critical force
at which the extended and intermediate roots emerge. We expect f. to depend on
the particular values of v and w, and expect it will be an increasing function of
|v|/w. In this triple-root regime, the polymer will be in bistable equilibrium be-
tween the collapsed ensemble and extended state, suggesting the development of a
pearl-necklace structure for intermediate f. The collapsed and intermediate solu-
tions coalesce for a finite f = fg (Fig 3.5(a) inset). For f > fg, A. and A\, vanish,
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leaving the extended root Ag the only solution to Eq. 3.25. This shows, as ex-
pected, that the inter-monomer interactions become irrelevant for sufficiently high
force, and (Z) ~ Nax (aBf)/3 as f — 0o. A schematic picture of the free energy as
a function of the extension (Z) is shown in Fig. 3.5(b-e), for varying force, showing
our qualitative interpretation of the solutions to the self-consistent equation (3.25).

A similar multi-root structure has been previously predicted for a polymer in
a poor solvent with electrostatic interactions [78, 85, 86]. These references note the
emergence of multiple roots beyond a critical value of the backbone charge density
(in this respect, equivalent to the tension), and qualitatively identify the meaning
of the multiple roots as we have. However, because the Edwards Singh method can
not predict the barrier height or the depth of the minima, we can not quantitatively
predict (Z) for a polymer in a poor solvent. This qualitative picture, namely the
tension-induced globule to rod transition which should occur when f > f., is con-
firmed using explicit simulations of force-induced stretching of a homopolymer in a
poor solvent. The simulations (see below) also provide a microscopic picture of the

structural transitions that occur as ws, appearing in Eq. 3.25, increases.

In Figure 3.6, we show the average linear extension for weakly hydrophobic
(a) and strongly hydrophobic (b) polymers as a function of force. The weakly hy-
drophobic polymer does show a transition between two linear scaling regimes, with
the low force behavior of (Z) ~ (R?);—o x (8f)/3, and the high force behavior
returning to the non-interacting (Z) = Na?3f/3. The transition is very smooth,
and does not show the expected first order transition due to the weak nature of the
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Figure 3.5: (a): The extension (Z)/L = (aff)A\?/3 for the three roots of the self-
consistent equation in a poor solvent for v = —5 and w = 1, with 6 = 1.6\/N:
Ay (solid line), A, (dashed line), and Ap (dotted line). The three values for A are
shown in the inset. (b) For f < f., the polymer is globular. (c) In the force range
fe < f < fg, the chain conformations are a combination of globular and extended
(d) at f = fg, the globular configuration is marginally stable.

states.

<Z>

f > fg, the chain is in the fully extended state.
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(¢in Eq. B.21is0.5). (b) Same as (a), except the chain is strongly hydrophobic (¢ =
1.5). The insets show the effective scaling exponent y(¢) (Eq. 3.22). The transition

to the extended state in (a) appears continuous.

For the strongly hydrophobic

polymer, the globule — rod like transition is sharp. The transition force depends on
the energetic details of the globule. The heterogeneity of the transition is manifested

as the broad variations of transition force. The ensemble of structures found at the

globule-to-rod transition force (f. = 1.8kgT/a) are shown in (c).

72



interactions, as shown in the inset. The strongly hydrophobic chain does show a
first order transition around aff. ~ 1.8, but with broad dispersion. Variations in
the critical unbinding force are substantial from molecule to molecule, due to the
microscopic heterogeneity of the globular structures. The observed plateau in Fig
3.6(b) is due to full alignment of the globule along the z-axis, as was the case for
the self-avoiding polymer (Fig 3.4(a)), and seen in the theoretical predictions (Fig
3.5). There is a large range of forces over which the FEC does not resemble either
the globular or fully extended states, showing the bistable equilibrium between the

two.

3.5 The Scattering Function Under Force

The analysis using scattering experiments is extremely useful for investigating
the overall polymer configurations, because the scattering intensity as a function
of transfer momentum (I(q) = (1/N?3_,_; exp (iq - ry;))) provides structural infor-
mation on all length scales, while the FEC only provides information about the
extension of the chain. By comparing with the well-known scaling relations of 1(q)
with respect to ¢, one can envision the configurations of the polymer over all length
scales. For example, for the various structures we expect 1(q) ~ ¢~*, with z = 2
(Gaussian chain), = 1 (rod), z = 4 (globules), and z = 5/3 (polymer in a good

solvent) [87]. We calculated the scattering intensity by integrating the distance
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Figure 3.7: (a) I(¢) for a homopolymer in good solvent under varying tension,
(b) I(q) for weakly hydrophobic homopolymer under tension, (c) I(g) for strongly
hydrophobic homopolymer under tension. The arrows in (a), (b), and (c¢) indicate
increasing f values. The tension-induced structural changes of a homopolymer are
illustrated in three solvent conditions (good, near theta, and poor solvent conditions)

distribution function obtained from the ensemble of structures,

(g, f) = / PrP(r, f)e9T = 4n /0 S dr 12P(r, f) Sizrqr, (3.26)

with ¢ = |q|. In our simulations performed under varying tension values, we obtained
4nr? P(r, f) directly from the ensemble of structures by collecting the histograms
between the interval of (r,r + dr) with dr = 0.2a.

An inspection of the scattering intensity I(g) of a homopolymer in different sol-
vent conditions, shown in Fig. 3.7, along with snapshots of representative structures,
succinctly summarizes the series of dynamic processes during the tension-induced
structural transitions. (i) In good solvents (Fig 3.7(a)), the entire chain of N=100 is
characterized by the tensile blob under a small force (I(q) ~ ¢~°/3 for ¢ ~ (0.1—1)).
As f increases, the tensile blobs continuously change to the rod state, which is in-

dicated by I(q) ~ ¢! (ii) For the weakly hydrophobic condition (with ey = 0.5,
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see Fig. 3.7(b)), the chain has hierarchy of structures in terms of distinct length
scales. When f is small, both signatures of Gaussian (I(q) ~ ¢~ 2) and globule
structure (I(q) ~ ¢=*) are found on small length scales ¢~! < 1, while the chain
is characterized by the polymer in a good solvent for g=! > 1. As f increases, the
globule to rod transition of the self-avoiding chain takes place continuously. (iii)
For the strongly hydrophobic condition (Fig (c)), the whole chain is collapsed to
compact globule (I(q) ~ ¢~*. The globular structure is maintained so that all 7(q)’s
are practically identical for ¢! > 1 as long as f < f.. When f becomes greater
than f., a sharp transition occurs, reflecting the globule (I(q) ~ ¢~*) to the rod
(I(q) ~ ¢ ') transition. The first order nature of force-induced stretching has been

previously described using scaling arguments [88].

3.6  Conclusions

We have developed a general theory for describing the response of homopoly-
mers to an external force for arbitrary values of N, the number of monomers. By
using both an extensible and inextensible model for the polymer in a good solvent,
we show that the theoretical results are in accord with the predictions of the Pincus
scaling laws for large N. The mean chain extension depends linearly on the force
at small f, and scales as (Z) ~ f3 for intermediate f and sufficiently large N.
Simulations of an extensible chain with N = 100 and the thick chain model with

N = 1600 were performed to validate the theory. The theoretical predictions for
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the force-extension curves are in excellent agreement with the simulation results.
Surprisingly, the expected Pincus scaling is not observed in simulations, even for
N = 1600. The theory predicts that the width Af for observing the Pincus regime
for N ~ O(10%) is vanishingly small. Only when N exceeds ~ 10° can the strong
stretching limit ((Z) ~ f3) be unambiguously observed. The failure to observe the
Pincus scaling is linked to the breakdown of the notion that the monomers inside
the well-defined tensile blobs are unperturbed. For N ~ O(10?), the monomers
inside each blob feel the effect of force, which essentially violates the required in-
equality N > (¢p/a)v > 1. Other scaling theories that depend on the unperturbed
tensile blob concept, such as the statistics and dynamics of a cylindrically confined
self-avoiding chain [77, 89, 90], may also show a similar finite size effect.

Applying tension to a polymer in a poor solvent produces a much richer set
of structures, because of the attractive monomer-monomer interactions that, with
f =0, leads to globule formation provided T' < Tg. For this case, the theoretical
analysis predicts that the globule to stretched (i.e. rod-like conformation) transition
should occur abruptly via a first-order transition when f exceeds a critical force.
While the simulation results are in accord with the theoretical predictions, they
show several structural transformations, depending on the quality of the solvent.
The hierarchy of structures are reflected in the force-dependent structure factor.
For weakly hydrophobic polymers (T' & Tg) at small forces, the scattering function
I(q) shows signatures of Gaussian and globular structures at large length scales
(small ¢), whereas at small length scales the polymer behaves as a self-avoiding

chain. At large forces, the transition to a rod-like conformation occurs. These
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structural transitions occur continuously as f increases for a weakly hydrophobic
chain. Strongly hydrophobic chains (T < Tg) adopt globular structures at small
forces. The conformation remains globular as long as f < f. ~ kgTeo/R,. The
globular nature of the conformation is reflected in the I(q) ~ ¢~* scaling. If f > f.,
there is an abrupt transition to the rod-like state, which is reflected in the I(q) ~ ¢!
scaling.

The predictions made here can be, in principle, validated with single molecule
AFM or optical tweezers experiments. Our simulations show that the forces required
to stretch the homopolymer (N & 100) is on the order of about 30 pN, which are

easily accessible in current experiments.
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Chapter 4
The Effect of Linkers on the Equilibrium and Kinetic Properties of
RNA Hairpins

4.1 Introduction

A greater understanding of the process of protein or RNA folding, needed to
understand many biologically relevant systems [91, 92| and diseases [93], can be
attained by the study of the underlying energy landscape of the system [94, 95, 19].
It is possible to construct the shape of the energy landscape, including the energy
scales of ruggedness [96, 97|, using dynamical trajectories that are generated by
applying a constant force (f) to the ends of proteins and RNA [98, 20, 99, 23]. For an
experiment spanning a time such that the system samples the conformational space
ergodically, the distribution P(X) should converge to the equilibrium distribution
function P,,(X). Using this strategy, laser optical tweezer (LOT) experiments have
been used to obtain the sequence-dependent folding landscape of a number of RNA
and DNA hairpins [100, 20, 101, 23], using X = R,,, the end-to-end distance of the
hairpin that is conjugate to f, as a natural reaction coordinate.

In LOT experiments, the hairpin is held between two long handles (DNA [23]
or DNA/RNA hybrids [100]), whose ends are attached to polystyrene beads (Fig.

4.1a). The dynamics of the RNA extension (z,, = z33—25 ~ R,,, provided transverse
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Figure 4.1: a. A schematic diagram of the optical tweezers setup used to measure
the hairpin’s folding landscape. Two RNA/DNA hybrid linkers are attached to
the 5" and 3’ ends of the RNA hairpin, and a constant force is applied to one end
through the bead. b. The ensemble of sampled conformations of the H-RNA-H
system during the hopping transitions obtained using L=25 nm and [, = 70 nm.
The illustration is created using the simulated structures collected every 0.5 ms.
An example of the time trace of each component of the system, at f = 15.4 pN, is
given L for both linkers is 25 nm. z,,(= 25 — 23) and zss(= 2, — 2,) measure the
extension dynamics of the RNA hairpin and of the entire system respectively. The
time averaged value Zp(t) = 1 [§ d7zys(7) for the time trace of zy,, is shown as the
bold line, displaying the ergodicity of the system. The histograms of the extension
are shown on top of each column.
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fluctuations are small) in the presence of f can not be observed directly in an exper-
iment, and is indirectly obtained in a LOT experiment by monitoring the distance
between the attached polystyrene beads (255 = 2, — 2,), one of which is optically
trapped at the center of the laser focus (Fig 4.1a). The goal of these experiments is to
extract the intrinsic folding landscape (3F2, (2n) = —10g[Peg(2m)] = —log[Peg(Rm)])
and the intrinsic dynamics of the hairpin (intrinsic meaning in the absence of han-
dles), using the f-dependent trajectories z,s(t). To achieve these goals in a LOT
experiment, the fluctuations in the handles should minimally perturb the dynamics
of the hairpin in order to probe the true dynamics of a molecule of interest. How-
ever, depending on the handle length, L, and the handle stiffness, /,, the intrinsic
fluctuations of the handles can not only disort the signal from the hairpin, but also
directly affect its dynamics. The first is a problem that pertains to the measurement
process, while the second is a problem of the coupling between the instruments and
the dynamics of RNA.

Here, we use coarse-grained molecular simulations of a RNA hairpin to show
that in order to obtain accurate SF.,(R,,) under a constant external tension, the
linkers used in the LOT must be stiff, i.e., the value of L/l, has to be small. Sur-
prisingly, the force-dependent folding and unfolding rates that are directly measured
using the time traces, z,,(t), are closer to the intrinsic values (the rates as measured
without handles attached) for larger L/l,, i.e. more flexible handles. Most impor-
tantly, accurate estimates of the f-dependent hopping rates over a wide range of
f-values, in the absence of handles, can be made using BF,,(R), in the presence
of handles obtained at f = f,,, the transition midpoint at which the native basin
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of attraction (NBA) and the unfolded basin of attraction (UBA) of the RNA are
equally populated. The essential physics of the system is captured using a gener-
alized Rouse model (GRM), in which there is a favorable interaction between the
two non-covalently linked ends. The GRM gives quantitative agreement with the
simulation results. We provide a framework for using the measured folding land-
scape of nucleic acid hairpins at f = f,, to obtain f-dependent folding and unfolding

times and the transition state movements as f is varied [102, 103, 104, 105, 106, 107].

4.2 Modeling the LOT experiments

In order to extract the folding landscape from LOT experiments, the time
scales associated with the dynamics of the beads, handles, and the hairpin have to
be well-separated [108, 109, 110]. The bead fluctuations are described by the over-
damped Langevin equation vdz,/dt = —kx, + F(t) where k is the spring constant
associated with the restoring force, and the random white-noise force F'(t) satisfies
(F(t)) = 0 and (F(t)F(t') = 2vkgTé(t — t'). The bead relaxes to its equilibrium
position on a time scale 7, = /k. In terms of the trap stiffness, k,, and the stiffness
k., associated with the Handle-RNA-Handle (H-RNA-H; see Fig. 1), k = k, + kyy,.
With v = 6mna, a = 1lum, n ~ 1cP, k, ~ 0.01 pN/nm [111}, and k,, ~ 0.1 pN/nm,
we find 7, < 1 ms. In LOT experiments [108, 110], separation in time scales is
satisfied such that 77, =~ 7% > 7, at f = f,,, where 7 and 75 are the intrinsic values

of the RNA (un)folding times in the absence of handles.
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Since z,, is a natural reaction coordinate in force experiments, the dispersion
of the bead position may affect the measurement of F,,(z,). At equilibrium, the
fluctuations in the bead positions satisfy dx2, ~ kgT/(ky + k) ~ kpT/ky, and
hence k,, should be large enough to minimize the dispersion of the bead position.
The force fluctuation, 6f2, ~ kgTk}/(kp + kn), is negligible in the LOT because
k, <k, and as a result d f,/ fn ~ 0, since ¢ fo, = 0.1 pN while f,,, ~ 15 pN. Thus,
we model the LOT setup by assuming that the force and position fluctuations due
to the bead are small, and exclusively focus on the effect of handle dynamics on the

folding landscape and hopping kinetics of RNA (Figs. 4.1a-b).

To study the effects of handles on hairpin formation, we used the self-organized
polymer (SOP) model of the P5GA hairpin [72], and applied a force f = f,, ~ 154
pN (see Appendix C.1 for details of the simulation). The force is exerted on the end
of the handle attached to the 3’ end of the RNA (point P in Fig.4.1a), while fixing
the other end (point O in Fig.4.1a). Simulations of P5GA with L=25 nm and [, = 70
nm show that the extension of the entire system (z5,s = 2, — 29) fluctuates between
two limits centered around zs,, ~ 50 nm and 2z, ~ 56 nm (Fig. 4.1b). The time-
dependent transitions in zy,, between 50 nm and 56 nm correspond to the hopping
of the RNA between the NBA and the UBA. Decomposing the system’s extension
as Zays = 2 + Zm + 23, Where 2% (= 25 — 2,) and 23 (= z, — 23/) are the extensions of
the handles parallel to the force direction (Fig. 4.1a), shows that z,,(t) accurately
reflects the transitions in z,,(t) (Fig. 4.1b). Because the simulation time is long
enough for the harpin to ergodically explore the conformations between the NBA
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and UBA, the histograms collected from the time traces amount to the equilibrium
distributions P,,(X) where X = z4,s or z, (Fig 4.1B. To establish that the time
traces are ergodic, we show that Zp(t) = 1 [J d72,(7) reaches the thermodynamic
average (R [0 Zoys Peq(2sys)d2sys=53.7 nm) after t > 0.1 sec (the magenta line on
Zeys(t) in Fig. 4.1b).

Fig. 4.1b shows that the handles fluctuate along the force axis, even in the
presence of tension, which results in slight differences between P, (zsys) and Pey(zm,).
Comparison between the free energy profiles obtained from z,,(¢) and z,,(t) can be
used to investigate the effect of the characteristics of the handles on the free energy
landscape. To this end, we repeated the force-clamp simulations by varying the
contour length (L = 5 — 100 nm) and persistence length (I, = 0.6 and 70 nm) of
the handles. Fig. 4.2 shows that the discrepancy between the measured free energy
F.,(zsys) (dashed lines in green) and the molecular free energy Fi,(z,,) (solid lines in
red) increases for the more flexible and longer handles The solid black lines show the
intrinsic free energy (with no handles), and shows that attaching handles stabilizes
the folded state. For large L and small [,, the basins of attraction in F,,(z,,) are not
well resolved. The largest deviation between Fi,(zsys) and Feq(2y,) is found when
l, = 0.6 nm and L = 25 nm (L/l, ~ 40) (the graph enclosed by the orange box in
Fig. 4.2a). In contrast, the best agreement between Fi,(2sys) and Fey(zm) is found
for [, = 70 nm and L = 5 nm (the graph inside the magenta box in Fig. 4.2),
which corresponds to L/l, ~ 0.07. Thus, measurement of the free energy landscape

requires the use of stiff handles. In the LOT experiments, L/l, ~ 6 —7 [100, 20, 23].
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Figure 4.2: The free energy profiles, F,,(2sys) (dashed line in green) and Fi,(z)
(solid line in red), calculated using the histograms obtained from the time traces
Zeys(t) and z,(t) for varying L and [,. Fi4(zsys) and Fey(z,) for a given [, and
different L are plotted in the same graph to highlight the differences. The intrinsic
free energy F¢ (zp), the free energy profile in the absence of handle, is shown in
black. The condition that produces the least deviation (I, = 70 nm, L = 5 nm) and
the condition of maximal difference (I, = 0.6 nm, L = 25 nm) between F,,(2,,) and
F.,(zsys) are enclosed in the magenta and orange boxes, respectively.
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4.3 The Generalized Rouse Model

In order to establish the generality of the relationship between the free energy
profiles as measured by z, and those measured by z,,s, we introduce an exactly
solvable Generalized Rouse Model (GRM) that minimally represents the system of
RNA and handles (Fig. 4.3a). We mimic the hairpin using a Gaussian chain with
Ny bonds and Kuhn length a. The endpoints of the RNA mimic are harmonically
trapped in a potential with stiffness k, as long as they are within a cutoff distance
¢ = 4nm. Two handles, each with N;, bonds and Kuhn length b, are attached to the
ends of the RNA. We fix one endpoint of the entire chain at the origin, and apply

a force f,, = 15.4 pN to the other end. This gives the discrete Hamiltonian

3 Nh 2Nh+N0
ﬁH = ﬁ Z(ri+1 - ri)2 -+ @ Z (ri+1 — I‘i>2 _ 6f . (I-N — I'l) + /Bkori
=1 i=Np+No+1

3 Npr+No

tos o @ =)+ VN N~ vl (4)
a i=Np+1

where
kr? |r| <c

Vir] = : (4.2)

ket |r| > c
The first two terms in equation (4.1) are the discrete connectivity potentials for
the two handles, each with N;, bonds (NN, + 1 monomers), and with Kuhn length
b. The mechanical force f in the third term is applied along the z direction, with
If| = f = 15.4 pN. We also fix the 5’ end of the system with a harmonic bond of
strength kg = 2.5x10% pN-nm~? in the fourth term of eq. 4.1. The fifth term mimics

the RNA hairpin with Ny bonds and spacing ¢ = 0.5 nm. Interactions between
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the two ends of the RNA hairpin are modeled as harmonic bond with strength
k ~ 0.54 pN-nm™! that is cut off at ¢ = 4 nm (eq. 4.2). When |R,,| exceeds
4nm, the bond is broken, mimicking the unfolded state. This minimal model treats
the complicated interactions of the P5GA hairpin as a unified interaction at the
endpoints, appropriate because of the all-or-none transition from the extended to
the folded state seen in the simulations (Fig. 4.1).

The distribution functions of both R,, (= z,, at high f) and Ry, (= zsys at

high f) are exactly solvable in the continuum representation,

BH[r(s)] 3 [ ds v*(s) + 3 /N_Nh ds v*(s) + 23b? /N ds r*(s) (4.3)

202 Jo 2a% Jn, N—N,

+Bkory /2 — Bf (21 — 20) + BV [r(N — Ny) — r(Ny)]

with V[r] given in eq. 4.2. The condition that the 5’ end of the chain is fixed
(i.e. kg — o0) can be easily satisfied in the continuum limit with a delta function
restriction (d[rp]) in the averages. As each segement of the chain is Gaussian, we

can then compute

(- )arm = /d3r1d3r2d3F3(' ) Za(r1; Ny, b) Za(ra — 115 No, a) (4.4)

X Za(rs — ro; Np, b)eﬁf'r?’_/@v[m—rl}

where r(Ny,) = ry, r(N —2N},) = rg, and r(N) = r3, and where each segment of the

chain has the Gaussian propagator

(NI

3r?
exp ( — 2Na2) (4.5)

We are interested in the distribution functions P.,(Rsys) = (0[r(N) — Rys))arm

3
Za(r; N, a) = (27rNa2>

and P, (R,,) = (§[r(N — N) —r(Ny) — Ry])erm. Because of the relatively high
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Figure 4.3: Free energy profiles for the GRM. a. A schematic diagram of the GRM,
showing the number of monomers (Ny and N,) and Kuhn lengths (a and b) in
each region of the chain, the harmonic interaction between the ends of the RNA
mimic, and the external tension. b. The free energy profile for a fixed b(= a/3) and
increasing NV, as a function of Ry, = zss. The barrier heights decrease and the well
depths increase for increasing Nj. c: The free energy profile for fixed N, = 20 and
varying b. The barrier heights decrease and the well depths increase for increasing
b. In both b and ¢, the profiles are shifted so that the positions of the local maxima
and minima coincide with those of the intrinsic free energy (with N, = 0).
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external tension (15.4pN) applied to the system, we note that P.,(zm,) = P.y(Rn)

and Pr.,(2zsys) & Peg(Rsys). Both of these averages can be computed directly, with

Ry _ap2 sy .
Peg(zm) = We_?’Rm/Z“ No=BVIEml sinh(B8f Ryn) (4.6)
3 sinh(BfRsys) [ . 3y Rsys
Po(zeys) = 4/ y / d h( y)
a(2s0s) 2N, N o YYSEEUTN,p
w 3% /2Noa® =3(y—Rsys)* /ANpb> ~ BV [y] (4.7)
N = [T dyye N Vb sink (5 y) (438)

To model the P5GA system using the GRM, we choose our parameters (k, Ny, and
a) such that the handle-free distributions are closely matched by P.,(z,). Note
that P.,(R,,) in the GRM, eq. 4.6, is independent of the handle characteristics (NN,
and b), which agrees with the relative invariance of P.,(R,,) seen in the simulations
(solid red lines in Fig. 4.1). We find that choosing Ny = 20, ¢ = 0.5nm, and
k = 0.54pN/nm gives good agreement with the P5GA free energies (solid black line
in Fig. 4.3b-c).

While the stiffness in the handles of the simulated system (Fig. 4.1) cannot
be accurately modeled using a Gaussian chain, the primary effect of attaching the
handles is to alter the fluctuations of the endpoints of the RNA. By equating the
longitudinal fluctuations for the WLC, (0R})wre ~ Li,/2(6f)~*/2, with the fluc-
tuations for the Gaussian handles, (5Rﬁ)g ~ Lb, we estimate that the effective
persistence length of the handles scales as l;f F ~ b=2f73. Thus, smaller spacing in
the Gaussian handles in the GRM will mimic stiffer handles in the H-RNA-H sys-
tem. The free energies computed for the GRM, shown in Fig. 4.3b-c, are consistent
with the results of the simulations. The free energy profiles deviate significantly
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from FY (zm) as N}, increases or ‘stiffness’ decreases. The relevant variable that de-
termines the accuracy of Fi,(2sys) is Npb* ~ L/ l;f 7. with the free energies remaining
unchanged if N,b? is kept constant. The GRM confirms that accurate measurement

of the folding landscape using z,,s requires stiff handles.

4.4 The Effect of Handles on the Kinetics of Hairpin Formation

Because LOT experiments can also be used to measure the force-dependent
rates of hopping between the NBA and the UBA, it is important to assess the
influence of the dynamics of the handles on the intrinsic hopping kinetics of the
RNA hairpin. In other words, how should the structural characteristics of the linkers
be chosen so that the measured hopping rates using the time traces z(¢) and the
intrinsic rates are as close as possible?

We first performed force clamp simulations of P5GA in the absence of handles
to obtain the intrinsic (or ideal) folding (75) or unfolding (75) times, that serve
as a reference for the H-RNA-H system. To obtain the boundary conditions for
calculating the mean refolding and unfolding times, we collected the histograms of
the time traces and determined the positions of the minima of the NBA and UBA,
zp = 1.9 nm and zy = 7.4 nm (Fig. 4.4a). The analysis of the time traces provides
the transition times in which z,, reaches z,, = zy starting from z,, = zr. The mean
unfolding time 7/ is obtained using 7y = 1/N ¥, 7y(7), with the mean folding time

similarly calculated. The values of 7 and 7% computed from the time trace of z,,(t)
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Figure 4.4: a. The free energy profile for P5GA with L = 0 nm. b. The transition
times at f = f,,,, obtained using z,,(t) (filled symbols) and z,s(t) (empty symbols).
The ratio 77/p / TijsF) ~ 1, which shows that zs,(t) mirrors the hopping of P5GA.
c. Folding rate k;"éL) JE7(0) as a function of L for varying b, using the GRM. The
plots show b/a =1, 1/2, 1/5, and 1/10. The simulation results for P5GA are also
shown as symbols, to emphasize that the GRM accounts for the hopping kinetics in

the H-RNA-H system accurately.
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are 2.9 ms and 1.9 ms, respectively. At f,, = 15.4 pN and L = 0 nm, the equilibrium
constant K., = 75 /17 = 0.67, which shows that the bare molecular free energy is
slightly tilted towards NBA at f = 15.4 pN (see also Fig. 4.2).

The values of the folding (7") and unfolding(7(}") times were also calculated
for the P5GA hairpin with attached handles (Fig. 4.1). As the length of the handles
increases both 77/ and 77 increase gradually, and the equilibrium distribution shifts
towards the UBA, ie. K., = 77'/7/) increases (Fig. 4.4b). Strikingly, the use
of flexible handles results in minimal deviations of 77/ and 77" from their intrinsic
values (Fig.4.4b). The attachment of handles (stiff or flexible) to the 5’ and 3" ends
restricts their movement, which results in a decrease in the number of paths to the
NBA and UBA. Thus, both 7/} and 7 increase (Fig.4.4b). As the stiffness of the
handles increases, the extent of pinning increses. These arguments show that flexible
and short handles, that have the least restriction on the fluctuations of the 5’ and
3’ ends of the hairpin, cause minimal perturbation to the intrinsic RNA dynamics,
and hence the hopping rates.

Because the experimentally accessible quantity is the extension of the H-RNA-
H system (zyys), it is important to show that the transition times can be reliably
obtained using z,,(t). Although z,(t) differs from z,,(¢) in amplitude, the “phase”
between the two quantities track each other reliably throughout the simulation, even

* and 777° by analyzing

when the handles are long and flexible. We calculated 77/
the trajectories zy,(t) using the same procedure used to compute their intrinsic
values. Comparison of 7/ (7/°) and 1} (73) for both stiff and flexible handles

shows excellent agreement at all L values (Fig.4.4b). Thus, it is possible to infer
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the RNA dynamics z,,(t) by measuring z,,(t). However, attaching handles will still
alter the hopping times, increasing both the folding and unfolding rate noticeably
(see Fig. 4.4), so that 755 = e < (k)

The simulation results can be fully understood using the GRM (Fig 4.3a), for
which we can exactly solve the overdamped Langevin equation using the discrete
representation of the Gaussian chain. We can use the theory of Wilemski and
Fixman (WF) [112] to determine an approximate loop closure time for the H-RNA-
H system. The WF theory writes the loop closure time in terms of a sink-sink

correlation function
7~ [ dt C(Ron) Poy(Rop, 1R, )C(RY,) Poy(RY,) (4.9)
0

with Py (R, t|RY) the time-dependent propagator for R,,, giving the probability
of finding ry_n,+1(t) — ra,+1(f) = Ry, given the initial separation ry_p,11(0) —
ry_n,+1(0) = R%. This propagator is calculated exactly in terms of the GRM
interaction matrix M (given in Appendix C.2, eq. C.5 with k = 0), with

3 >3 exp < — 3
2ma J1— 120 282,11 — 12(1))

P, (R, t/RY) = (

X

(R®)? + R2, — 2h(1)R?, - RmD (4.10)

with Ry, = R, — (Ry) (see Appendix C.3 for details). Ax,, and h(t) can be written

in terms of the interaction matrix M, given in Appendix C.2. We find

adty = a(M) () -2(M) |
Np+1,Np+1 N—Np+1,N—Np,+1 Np+1,N—Np+1

a2

ht) = KM‘IG(t)> + (M—lG(t)) (4.11)
Ax2, Np+1,Np,+1 N—Np,+1,N—Np+1

—2<M‘1G(t))

Np+1,N—Nj,+1
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and where G(t) = exp(—3DMt/a?) (see Appendix C.3). Ax, and h(t) are most
easily determined by diagonalizing the matrix M, which must be done numerically
for b # a. We take C(R,,) = §[|R| — ¢], i.e. the GRM is considered ‘folded’ when
the interactions in the RNA mimic are turned on (see eq. 4.2). Because of the high
external tension (15.4pN), we approximate P.,(R,, t|RY,) & Pey(2m,t]20). We then

finally find
o / dt P.,(c,t|c) (4.12)
0

The refolding rate of the RNA hairpin under tension is analogous to k' = 7. A
plot of k(L)/kw(0) versus L (Fig. 4.4c) illustrates that smaller deviations from
the handle-free values occur when [, is small. We use the WF theory to determine
an approximate time of contact formation (77 = (k%)~!) as a function of b (i.e.
increasing handle ‘stiffness’) and N,. Moreover, Fig. 4.4c shows that the refolding
rate decreases for increasing N}, regardless of the stiffness of the chain. The satu-
rating value of k7 as N, — oo depends on b, with ‘stiffer’ handles having a much
larger effect on the folding rate, as seen in the simulations.

We also find the dependence of kr on L agrees well with the behavior observed
in the simulation of P5GA. The ratio k% (L)/k}(0) for b = a agrees well with the
trends of the flexible linker (I, = 0.6 nm) for all of the simulated lengths, with
both saturating at kr(L) ~ 0.35kp(0) for large L. The trends for ‘stiffer’ chains
(smaller b) in the GRM qualitatively agree with the P5GA simulation with stiff
handles (I, = 70 nm), with remarkably good agreement for 0.1 < b/a < 0.2 over the

entire range of L. The GRM, which captures the physics of both the equilibrium
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and kinetic properties of the more complicated H-RNA-H, provides a theoretical
basis for extracting kinetic information from experimentally (or computationally)

determined folding landscapes.

4.5 Free energy landscapes and hopping rates

Stiff handles are needed to obtain I (z.ys) [23] that resembles F, (z,), whereas
the flexible handles produce hopping rates that are close to their handle-free val-
ues. These two findings appear to demand two mutually exclusive requirements in
the choice of the handles in LOT experiments. However, if z,, is a good reaction
coordinate, then it should be possible to extract the hopping rates using accurately
measured Fog(2oys) (R Feg(2m) = FS,(2m)) at f & fn, using handles with small L/1,,.
The (un)folding times can be calculated using the mean first passage time (Kramers’

rate expression) with appropriate boundary conditions [113],

z2U 1 Y
Té(R = /Z dy@BFEq(y)Di/ dl'e_ﬂFeq(x)a

U Jzmin

T}(R = /; dyeﬁFe‘J(y)DlF /yzmw dme‘ﬁp@qm, (4.13)
where Z,in, Zmaz, 2v and zp are defined in Fig. 4.4a. The effective diffusion
coefficient Dp(Dy) is obtained by equating 7A% (/%) in equation (4.13), with
Feg(2m) = F2,(2m), to the simulated 73 (7). We calculated the f-dependent 777 (f)
and 73 (f) by evaluating equation (4.13) using F5, (2m|f) = F2,(zm|fm) = (f = fm) 2m-
The calculated and simulated results for P5GA are in good agreement (Fig 4.5a-b).
At the higher force (f = 16.8 pN), the statistics of hopping transition within our
simulation time is not sufficient to establish ergodicity. As a result, the simulation
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Figure 4.5: a. Comparison of the measured free energy profiles (symbols) with the
shifted free energy profiles GF°(zy|fm) — B(f — fm) * 2m. b. Folding and unfolding
times as a function of force f = 14 pN < f,,,, f =154 pN = f,,, and f = 16.8 pN >
fm- i) 18 obtained from the time trace in Figure 2B in Ref [72] at each force, while
Tiw) 18 computed using the tilted profile BF, (21| f) = BEE, (2m| frm) — B(f — fm) - 2m
in equation (4.13). c. Folding and unfolding times using the GRM. Symbols are
a direct simulation of the GRM (error bars are standard deviation of the mean).
The solid lines are obtained using the Kramers theory (equation (4.13)). We choose
Dy ~ 3Dy, so that that the simulated and Kramers times agree at f = f,,. The
position of each basin of attraction as a function of force for the GRM is given by

2y & Noa?ff /3 and zp = Noa®Bf /(3 + 2Noa?Bk).
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results are not as accurate at high forces (data not shown). To further show that the
use of I (2,,|f) in equation (4.13) gives accurate hopping rates, we calculated 77 ( f)
for the GRM and compared the results with direct simulations of the handle-free
GRM, which allows the study of a wider range of forces (using the Hamiltonian in
eq. 4.1). The results in Fig. 4.5¢ show that Fy, (2,|f) indeed gives very accurate

values for the transition times from the UBA and NBA over a wide force range.

4.6 Conclusions

The self-assembly of RNA and proteins may be viewed as a diffusive process
in a multi-dimensional folding landscape. To translate this physical picture into a
predictive tool, it is important to discern a suitable low-dimensional representation
of the complex energy landscape, from which the folding kinetics can be extracted.
Our results show that, in the context of nucleic acid hairpins, precise measurement
of the sequence-dependent folding landscape of RNA is sufficient to obtain good
estimates of the f-dependent hopping rates in the absence of handles. It suffices
to measure Fey(2sys) ~ Fog(zm) = Fo(2m) at f = fn, using stiff handles, while
Foi(zm|f) at other values for f can be obtained by tilting Fi.,(zp,|fm). The accurate
computation of the hopping rates using Fi,(2,,) show that z,, is an excellent reaction
coordinate nucleic acid hairpins under tension. Further theoretical and experimental
work is needed to test if the proposed framework can be used to predict the force
dependent hopping rates for other RNA molecules that fold and unfold through

populated intermediates.
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Chapter 5
Spherical Confinement of Wormlike Chains

5.1 Introduction

The Wormlike Chain (WLC) model [114] has been shown to accurately model
the intrinsic stiffness (or resistance to bending) of DNA [115, 1] under a variety of
conditions. The WLC model incorporates this stiffness into a persistence length [,
(=~ 50nm~ 150bp for DNA), the length scale over which the polymer is difficult
to bend. When confined upon or within a curved geometry, the interplay between
the intrinsic stiffness of the polymer and the curvature of the confinement may
drastically change the behavior of the polymer.

Confinement of a polymer to a curved surface has been an area of active in-
terest. In eukaryotes, the first level of chromosomal compaction of DNA is histone
wrapping, with the DNA wrapped around the cylindrical histone (with radius 4.2nm
and height 2.4nm) about 1.7 times [116, 24, 26]. The stability of this tightly bent
structure is essential in understanding the development of the chromosome. Many
authors have studied theoretically the behavior of polymers confined to cylinders
[117, 118, 119] and spheres [117, 120, 121, 122]. The symmetry of spherical con-
finement An exact solution for the end-to-end distance R of a WLC confined to
the surface of a sphere [120] from a microscopic Hamiltonian has been shown to be

correct using simulations [121].
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Cylindrical confinement is of particular interest due to the change in the effec-
tive dimensionality of the system [77] (with tight cylindrical confinement becoming
effectively one dimensional as the radius vanishes), inducing changes in the length
scales of the system [123, 124, 125, 34, 126]. The ability to fabricate nanochannels
allows direct study of such a confined system, and many theoretical results have
been confirmed [127, 31].

Experiments on the dsDNA-containing bacteriophages ¢29 [128, 129] and €15
[29], as well as the T" [130, 131, 30, 132, 133], P [134], and A [135, 136, 137, 138] phage
classes, have all determined a number of details of the structures, pressures, and
ejection timescales of many viruses. Regardless of the shape of the viral capsid, it is
generally seen that the DNA orders itself in concentric rings [130, 135, 29, 131, 30,
136, 139], with the spacing between rings ~0.3nm. The 5" endpoint of the DNA has
been shown to be found near the center of the encapsulated mass of DNA [132, 133],
with the 3’ end found near the capsid wall [138]. Single molecule experiments
[67] have shown the pressure on the capsid walls to be on the order of 60atm,
inducing a significant resistance to the DNA encapsulation. These observations
have generated a number of theoretical studies, primarily interested in the packaged
structure [28, 140, 141, 142, 143], inter-strand spacing [144, 27, 145], energy or
pressure [146, 144, 28, 142, 147, 148, 149, 150], and the loading or ejection process
[27, 151, 28, 140, 152, 142]. These studies have predicted a number of properties
of an encapsulated chain. While the specific geometry of the confining viral capsid
varies from phage to phage, the properties of the encapsulated DNA can be studied

using spherical [141, 152, 140] or cylindrical [144, 145] to a very good approximation.
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The study of confined WLC’s in these simple geometries is thus of great relevance
to improving our understanding of the properties of viruses.

In order to study the effects of both surface and volume confinement on the
behavior of a WLC, we will use the mean field method [41, 153, 42] of Ha and
Thriumalai. This method has been successful in computing a number of different
properties of a WLC in a number of different situations [153, 62], and can be used
to approximate the effect of intra-chain interactions [154]. Additionally, the mean
field method has been shown to produce a tractable theory for a closed, smooth
chain on the surface of a sphere [122]. This chapter is organized as follows. In
Sec. 5.2, we determine the mean field theory for an open WLC, and show that
it reproduces all known averages and scaling laws. We also show that the mean
field theory accurately reproduces the correct scaling coefficient of the free energy
of confinement. In Sec. 5.3, we determine the behavior of a surface-confined WLC
under the application of an external force. In Sec. 5.4, we adapt the mean field
theory to the case of volume confinement. We show that the volume confined chain
behaves similar to a surface confined chain, and explicitly determine the pressure
due to confinement. The mean field theory is able to accurately reproduce a number
of properties observed in the simulations. We also show that the structural order of
the confined WLC can be understood by defining a local winding axis a;. Finally,
in Sec. 5.5, we consider a self-avoiding WLC confined to the interior of a sphere.
We show that the the development of ordered shells can be again understood via
the local winding axis, and find that ordered structures depend sensitively on the

relative stiffness (I,/R).
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Figure 5.1: (a) Schematic of the problem of surface confinement, showing the po-
sition and bond vectors r,, and u,. (b) One structure of a surface confined WLC,
with R = 8a and [, = 20a. (c) Same as (b), with R = 8a and [, = 100a.

5.2 Confinement to the Surface of a Sphere

We will begin by developing the Mean Field formalism for a WLC with per-
sistence length [, fixed inter-monomer spacing a, and length L = Na, confined to
the surface of the sphere of radius R. We define r,, = (x,,, yn, 2,) the position of the
h

n' monomer, and the bond spacing u,, = Ar,, = r, 1 — r,, with |u,| = a. (shown

in Fig. 5.1). The distribution of the chain in phase space is

\I/S({rn}) x H(S(I‘i - RQ) (S(AI'2 — a2) e_lp/2a3 (Arpy1—Ary,)?

n

ioo NVt 1 1 . (Ar,; — Ar,)? Ar?
[ I dhudn.exp |- Sab = —an (2 1)

—akn<;§; - 1)} (5.1)
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where the second line follows from the first after a Fourier transform of the delta
functions (with the Fourier variables {\,} and {k,}. Following Ha and Thiru-
malai [41, 42], we can write the partition function as Z = [[], d®r,Ys({r,}) =
S I1,, d\ndknexp(—Fs[{\n, kn}]), which defines the free energy functional for surface
confinement, Fs. We can write F = F, + F, + F, —a >, (A, + k), with the free

energy functional F, given by

_ _ [ (AZL‘ — Al’ )2 Al’2 3172
Fo _ Ha _ n+1 n n n
e = / |n| d.ﬁ(}n e Hz =a En (5 a4 + )\nia2 + k‘nR2>(52)

In the Mean Field approximation, we assume F is sharply peaked around {\,, k,} =
{\: kXY, so that Z ~ exp(—F*). The optimal values of A\ and k& will occur when
F is minimized, so we must solve 0F /0N, = 0F/0k, = 0 (i.e. a saddle point
approximation). In this approximation, we have dropped the integrals over k, and
An, 0 that these Fourier variables play the role of spring constants restricting the
position and bending of the chain, respectively.

Since the discrete Hamiltonian is quadratic in the z,’s, we can write F =
3/2 log[Det(Q)] — a >, (An + ky) + const, with Q a symmetric (N + 1) x (N + 1)
tridiagonal matrix, given in Appendix D (eqs D.2-D.4). Solving these coupled equa-
tions becomes intractable for large N, and we must make additional approximations.
The symmetry of the matrix is respected by the substitution A\, — A and k,, — k,
except for exactly three elements near the endpoints (see Appendix D for more
details). This is similar to the excess endpoint fluctuation terms found in the un-
confined theory[41, 42], where A was shown to be constant except at the endpoints,

requiring an additional mean field variable to suppress endpoint fluctuations, §. A
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Constant k and A
For Interior Monomers

N\ /

Excess Endpoint Fluctuations
Requires y, Y, and &

Figure 5.2: Schematic of mean field variables. k£ and A\ are constant for all interior
points, with 1, 72, and § suppressing excess fluctuations at the endpoints

similar and suggests choosing ky = ky = k+v1/a — y2/R, ko = kn_1 = k+ /R,
A =Ayv_1 = A+ 6/a—avys/R? with k, = k and )\, = )\ otherwise (see Fig. 5.2).
The specific forms of \;, kq, and ky are chosen to ensure convergence of the contin-
uum limit. With this assumption, we need only minimize F with respect to these
new mean field variables in order to determine F*. Substitution of these values into
the Hamiltonian in eq. 5.2 and taking the continuum limit (with a — 0, N — oo,
and Na — L) we can separate the Hamiltonian into interior and endpoint terms,

H = Ho + H,, with

L
Ho = / ds <Z5 i2(s) + Ai?(s) + K$2(8)> (5.3)
0
xd ad T T
e = o) (gt ) pom(ny ) 6O

where we have defined uy = #(0) and u;, = #(L), with & = 0z(s)/0s. The free
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energy functional F, in the continuum limit then becomes

Fo=log | [d'x [ Dlals))exp(-~Ho ~ 1), (5.5)

with x = (20, 1, uo, ur), and the total free energy becomes Fs = F, + F, + F, —
AL — KL — 2§ — 27,. The path integral in eq. 5.5 can be evaluated exactly [155],

and we find

Zo(x) = /D[x(s)] exp(—Ho[z(s)]) = K exp (X . 1\/Ix)7 (5.6)

where M is a 4x4 matrix. M and K are evaluated in Appendix D, and given
explicitly in eqs. D.9 and D.16. This relatively simple propagator allows us to
calculate many averages with little difficulty. In computing M and K, we find that

the confined wormlike chain depends on the two frequencies

A 2kl \3
w= (T )" (57
p

with averages on the mean field level expressed in terms of cosh(Lw;) and sinh(Lw;).
These quantities can greatly simplified in the limit of large Lw;, which we will term
strong confinement (see below).

The total free energy functional now becomes
Fs = —3log (/d4x Z(x)> — AL — KL — 20 —2vy1  Z(x) = Zo(x)e " (5.8)

with Z; given in eq. 5.6. The optimal parameters A, k, 9, 71, and v are obtained

by solving the five coupled Mean Field equations,

0Fs _0Fs _0Fs _0Fs _0Fs _, 59)
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Note that the A\, k, 6 and ~; derivatives immediately imply, respectively,
1t 2 _ 1t 2 _ 2 2 2\ _ 2 2\ op2
7 ) ds (u®(s)) =1 7 ) ds (r*(s)) = R (ug+ug) =2 (rg +r7) =2R

This suggests that the Mean Field approximation is equivalent to replacing the local
requirements u?(s) = 1 and r?(s) = R? to the global conditions (u%(s)) = 1 and
(r?(s)) = R?. X plays the role of a spring constant that keeps the bond spacing fixed
on average, while k is a spring constant that keeps (r’) = R on average. The 7,
derivative in eq. 5.9 implies (ro-ug—rz-uz) = 0, which is expected for confinement
to the surface of a sphere, as u(s) is always tangential to the surface of the sphere
(i.e. u(s) Lt for all s).

The solutions to the mean field equations (eq. 5.9) can be determined exactly

for all L, [,, and R, giving

9, o, 3 B
8, R FTap 071 MT

Ly

—5% (5.10)

Y2 =

We note that A, the effective spring constant between monomers which ensures in-
extensibility globally, becomes negative if R < 2\/§lp/ 3. For a free WLC, X is
found to be strictly positive, and creates an attractive interaction between neigh-
boring monomers. Without this attractive interaction, the chain tends to ‘explode’
on average for the free chain, with (u?(s))x—o > 1. If the radius is sufficiently small,
though, the bond vectors will be compressed, and we find (u?(s))y—o < 1. A re-
pulsive interaction between monomers, with a negative value for A, is required to

prevent the chain from ‘imploding’ for R < 2\/§lp/ 3. With the solutions to the
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mean field equations in eq. 5.10, eq. 5.7 becomes

3 1672

We note that, in the limit of large R, Lw; ~ L/l, and Lwy ~ Ll,/R*. Our de-
marcation of strong confinement, Lw; > 1, then requires stiff chains (L > [,) and
sufficiently small radii (R < \/LT,,) The w;’s become complex if R < 4l,/3, which
leads to oscillatory behavior in both the partition function (see Appendix D), and
the resulting average properties of the system.

The correlation functions in both position and bending can be computed, using

the solutions to the mean field equations (eq. 5.10), giving

(r(s) -r(s")) = RZe1Asl/Ss [cosh (‘?j QS) + le sinh <|?SS| Qsﬂ
(u(s) -u(s)) = e 1Asles [cosh (%:’ QS> - le sinh (‘?? QS)], (5.12)

with (¢ = 41,/3, Qg = \/TZI%/QR?, and As = s — s'. We can also explic-
itly confirm that the Mean Field roots satisfy the inextensibility and confinement
constraints on average, finding (u?(s)) = 1 and (r?(s)) = R? for all s. Thus, the
Mean Field theory replaces the rigid local constraints on the system by average lo-
cal constraints. Note that, while our theory gives the exact second moment in both
position and bending, we find (u*) = (r*)/R* = 5/3 # 1 as the rigid constraints
would require.

In the limit as R — oo, we find (u(0) - u(L)) — e~3%/?%» in eq. 5.12, which is
not the expected limit of the bending correlation function. We would instead expect

the bending correlations for surface confinement to converge on the two dimensional
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solution ((u(0)-u(L)) = e~*/?» in two dimensions) for large radius. This suggests a
mean field persistence length, [y, much like in the unconfined theory of Thirumalai
and Ha [41, 42]. Substitution of [, = 3y into eq. 5.12 results in the expected limits
of the correlation function as R — oco. Thirumalai and Ha found a similar result for
a three dimensional unconfined WLC, [, = 3ly/2. Their argument was that, since
additional forbidden configurations have been allowed by replacing the ¢ functions
in eq. 5.1 with Gaussians, the mean field persistence length is smaller than the true
persistence length. In the confined theory, we allow three dimensional configurations
by replacing the confining § functions with Gaussians, which would be forbidden by
the surface confinement in addition to relaxing the rigid inter-monomer constraints.
For this reason, we would expect more permitted configurations, so l,/ly in the
confined case should be greater than that of the unconfined case. In practice, [, is
often determined by fitting experimental or simulation data to a suitable polymer
model. Here, the renormalization of [, within the mean field theory is not a serious
concern. With these definitions for the mean field persistence length, we find Qg =
\/m and the decay length of the correlations becomes (s = 1/41,. After
substitution into eq. 5.12, we find that the exact calculation of Spakowitz and Wang
[120] is reproduced, valid for all values of L, ly, and R. The ability to calculate these
averages exactly shows the power of the mean field method.

We can determine the Free Energy and pressure for a WLC confined to the

surface of a sphere (which does not require the substitution of [, = 3ly),

9L Ll Ll
BEF ~F = 3L + TRI; + const BPV ~ 37Rp2 (5.13)
p
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Figure 5.3: Free energy SAF = BF(R) — BF(c0) as a function of R for a surface-
confined wormlike chain. Shown are [,,/a=20, 10, 5 and 2. The inset shows log(BAF)
as a function of R, displaying the good agreement even for large R.

where the pressure is computed from P = —90F/0V. This is identical to the
scaling predicted by Odijk for a tightly bent WLC [117] as is expected. Addition-
ally, the coefficient of the scaling law agrees with that predicted by Mondescu and
Muthukumar [119] for the Freely Jointed Chain. The accuracy of the correlation
functions in eq. 5.12 have already been explicitly shown using Monte Carlo sim-
ulations [121]. However, it is of interest to show that the coefficients of the free
energy determined by the mean field method agree well with simulations. We use
the Configurational Bias Monte Carlo (CBMC) method [156] to determine the free
energy of a surface confined wormlike chain with L = 50a, for various values of [,
and R. The theoretical curves for SF ~ Ll,/2R* + const are accurate to within

~5%.
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5.3 Surface Confined Stiff Chains under Tension

The true utility of the mean field method is in its ability to study the effect
of additional potentials in problems involving confined WLC’s with relatvie ease.
In this section, we will study the effect of an external tension, f, on a surface
confined WLC. For the free chain, the Mean Field method has been shown [153] to
give excellent agreement previous theoretical and experimental results [1]. Such a
calculation for the surface-confined WLC will also verify that the mean field method
satisfies the confinement on average, even under the extreme situation of a strong
pulling force.

The distribution in phase space of a confined WLC under tension can be
written as W, (f) = U exp[—f - (r1 — ryy1)], with 5 = 1/kgT and Uy given in eq.
5.1. Because the external tension does not induce an energetic term quadratic in
{r,}, the mean field theory in the previous section can be used with little change.
The discrete free energy functional can be written as F = F, +F,+F, — Bf (2n41 —
z1)—a Y, (An+ky,), with F, given in eq. 5.2 (F, and F, are defined similarly), and we
have taken f = fz. None of the terms involving &, or A, are altered with the addition
of force, and we can again rewrite the quadratic terms of the Hamiltonian in terms
of a symmetric, tridiagonal matrix Q (explicitly given in Appendix D, eqs D.2-D.4).
We again make the substitution k1 = ky = k+v1/a—/R, ko = ky_1 = k+ /R,
A = Ayv_1 = A+d/a—av?/R?, with k, = k and A\, = )\ otherwise. In the continuum

limit (N — o0, a — 0, and Na — L), we find

-F _ e—fz —Fy—F.—Bf(z,—20)+AL+kL+26+2v,
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2
= (/d4x Z(X)) </d4z Z(z) e_ﬁf(ZL_Z°)> e)‘L+“L+25+271, (5.14)

with Z(x) is given in eq 5.8. The mean field free energy can be evaluated, yielding

-0 ) )] e

where F(0) is the free energy at f =0 (eq. 5.8), and we have used

/de ex (—X-Mx+v-x)—( i >éex <1V M_1V>
P ~\det(v)) “P\1

Under the assumption that Lw; > 1 (a strongly confined chain, see eq. 5.7),

it is not difficult to show that the solutions to the mean field equations (eq. 5.9)

become
9 1, l 3 3 A(BfR)? l
_ 2 _ F=-—P  5=2 =414 22 =251
8L,  R? 2R 7 =g l0)

Under the application of a force, only the behavior of the endpoints of a strongly
confined chain is effected, reflected in the fact that only 7; depends on f. The
interior monomer behavior should be insensitive to the force, so it is not surprising
that A and k£ are independent of the force. The extension as a function of the
external tension can be computed via (R) = —0F /0(pf). For a strongly confined

chain, we find

(21 — 20)

R

LT

= Rof S (1- 4 [1—¢1+4<Rﬁf>2/9})_1, (5.17)

with (R?)g the average end-to-end distance with f = 0 (we note that (R?), =
2R*(1 — (rg - rz)) # 0 for all non-vanishing L, see eq. 5.12). While the force-

extension curves for a confined WLC increase monotonically as a function of f, the
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system has rather complicated behavior as a function of R. In Fig. 5.4, we see
the extension of the chain as a function of R is oscillatory for small R, due to the

non-monotonic values of (R?),.

1.5 /a\ —
Y v/
o
< | -
V 0.5 - -7
7N // ST
~ ~ -
ff/v\/\
0 10 20 30 40 50

Figure 5.4: Linear extension under a constant external tension as a function of the
radius. For all curves, L = 250a and [, = 50a. The applied tensions are aff= 10
(solid), 1 (dashed) and 0.1 (dotted).

Eq. 5.17 has the asymptotic limits

Bf(R?)o/3 RAf <1
(21 — 20) ~ (5.18)

2R — %(4&% -1)+0(f%) R3f>1
The extension in the low force limit is identical to the expression found for a Gaussian
chain under tension, with (R-2)(©) = Na28f/3 = 3f(R2)\" /3. The large force limit
has the expected limiting extension of z; — zg = 2R for a chain that is confined to the
surface of a sphere. Surprisingly, though, the scaling of (27 — zy) — 2R ~ f~! differs
from the scaling of the unconfined chain in the high force limit, (z; —z)—L ~ f~/2.
The change in the large-force scaling laws is linked to the fact that only the endpoints
are affected by the force for a surface confined chain. In interior, the extension of
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the chain comes about by alignment of all bonds with the force axis. However,
when confined to the surface of the sphere, the extension occurs primarily by to
the translation of the endpoints to the poles of the sphere, rather than a global
realignment in the bond vectors. This is reflected in the fact that 1, which controls
the position of the endpoints, is the only mean field parameter dependent on f. We
note as well that the f~'/2 scaling is seen in the unconfined mean field theory, and
comes about due to the fact that A (which determines the behavior of all of the
bonds) becomes a function of f.

It is also possible to numerically solve the mean field equations for small L/R,

and at very high external tensions we find

2Rsin(L/2R) L <7R
(z1, — 20) = (5.19)

2R L>71R
This is the exact end-to-end distance of a fully stretched chain confined to the
surface of a sphere. The mean field method thus satisfies the confining constraints
on average, even under extreme pulling, and again predicts the lower moments

exactly.

We can also determine the Free Energy of a confined WLC under tension:

A(BfR)?

R
+310g{1+ 14 9

} + const, (5.20)

where we have neglected terms of order O(e=3F/4).

The force-dependent terms
in the free energy are not extensive because the tension only strongly effects the
endpoints of the chain. [F becomes tension-dominated when f exceeds a critical

force RBf. ~ Ll,/4R?. Because the only force-scale in the problem is SPA ~
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Ll,/R?, with A the surface area of the sphere, the scaling of this critical force is
expected. We expect the leading coefficient to be correct, due to the accuracy of
our expression for the free energy of a WLC without the external tension (see Fig.
5.3). It It is amusing to estimate f, for a strand of DNA wrapped around a histone
(116, 24, 26], with [, ~ 50nm, L ~ 43nm, and R ~ 4nm. We find the tension
dominates the free energy when f > f. &~ 34pN, which is significantly larger than
the force required at each unwrapping event seen in single molecule experiments on
histones [24]. However, as it has been observed that the tilting of the histone with
respect to the force axis is of great importance when determining the behavior of
the system [116], which the mean field theory does not take into account, we can

view our result only as an upper bound on the unravelling force.

5.4 Wormlike chains confined to the interior of a sphere

The mean field theory for computing the average properties of a surface con-
fined chain can be extended to studying the effects of volume confinement. The

distribution in phase space of a WLC confined to the interior of a sphere is

n

Uy ({r,}) oc [ O(R? —r2) §(Ar? — a?) ¢ lr(Arnn—Arn)?/a® (5.21)

where O(x) is the Heaviside step function, ensuring that each monomer is contained
within the sphere. The other two terms in eq. 5.21 are identical to the ones in
Vs (eq. 5.1). The similarities between the two distributions suggest that volume
confinement can be treated on the mean field level as well. Two configurations for
a volume confined WLC are shown in Fig. 5.5 for R = 8a for two different values
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of the persistence length (I,/a = 20 and 100), and are qualitatively similar to the
structures seen for the surface confined chains (Fig. 5.1). Unfortunately, the ©
function in eq. 5.21, ensuring the chain is within the interior of the sphere of radius
R, can not be dealt with as simply as the § functions in eq. 5.1 at the mean field
level. It is not difficult to show that, for a single particle confined within a sphere,
simply minimizing the Fourier Transform of the © function does not give the correct
value of (r?). However, the similarities between eq. 5.21 and eq. 5.1 suggest that

we can formally write

— 2 2
(Ar, ;1 — Ary,) —a)\n(Ar” B 1)

at

|
Uy / TT dknds exp {— Saly

~ kT g(akn)}, (5.22)

where ¢ is an undetermined function, chosen such that free energy minimization
will satisfy the constraints (u?(s) = a? and r’*(s) < R?) on average. This form
is identical to the surface confinement case, except for g. Because of this, we can
immediately see that the same substitution of interior (i.e. k, — k and A\, — \)
and endpoint terms will satisfy the symmetry of the Q (see Appendix D, and eqs
D.2-D.4). This allows the problem of volume confinement in the continuum limit
to be written in terms of the mean field variables A, k, d, 71, and s, with the Free
Energy expressible as F = F, + F, + F, — G[\, k,,7,7). F, is defined in eq.
5.5, and G constrains the minimization of F (i.e. contains the as yet undetermined
Lagrange multipliers).

The treatment of volume confinement at the mean field level is more difficult

than the case of surface confinement for a number of reasons. In the case of surface
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Figure 5.5: Two configurations for a stiff chain confined to the interior of a sphere.
Shown are L = 200a, R = 8a, and [,/a = 20 (a) and 100 (b).

confinement, we replaced the strict constraint of r?(s) = R with the global constraint
% fOL ds{r*(s)) = R?. It was possible to show, however, that the mean field solution
implied (r?(s)) = R? for all s under surface confinement. A similar condition will

hold for the volume confined chain, with

11;/0L ds <r;(;9)) = p, (5.23)

where pR? is the average monomer position (with the average taken over both
configurational space as well as along the chain). p can not be determined from

the mean field theory itself, and must be supplied using some other method (see

below). Eq. 5.23 is equivalent to the requirement at the mean field level

oF

(see eq. 5.3). The average position of the endpoints within the sphere need not be

identical to the average position for interior points of the chain, i.e. (r?(s)) # const
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for volume confinement. At the mean field level, this can be treated approximately

by the restriction

(rg) _ (i) _
= = o, (5.25)

with pg # p. This is implemented at the mean field level using

(see eq. 5.4). Much like p, we can not determine py theoretically, and additional
information is required to determine it. Because u(s) need not be perpendicular
to r, (u(s) - r(s)) # 0, which must be accounted for at the mean field level as well.
There is an inherent asymmetry in the quantity r(s) - u(s), that can be seen as
follows: If we simply relabel the monomers, such that s — L — s, we find rg — ry,
and uy — —uy, (since u(s) = dr(s)/ds). As the average behavior of the endpoints
is independent of the labeling, this immediately implies that (ug-ro) = —(uy - rp).
We then restrict

<uLérL> _ _<uo]~%ro> e (5.27)

pe represents the average correlation between the position and the bending at the
endpoints of the chain. If the endpoints of a confined chain are found near the wall
of the sphere, the direction of the bond vectors at the endpoint will be restricted,
pointing away from the wall of the sphere and giving (r; - uz) > 0. For the free
chain, we expect p.(R — 00) = 0, since there is no restriction on the direction of

the bending. Eq. 5.27 is expressed at the mean field level as

OF

—~ = —4p, 5.28
9 p (5.28)

115



(see eq. 5.4). The lagrange multipliers for both A and § remain unchanged at the
mean field level, with 0F /OX = L and 0F /0§ = 2 (see eq. 5.8).
Up to the three undetermined mean field parameters (p, poy, and p.), we can

write the mean field free energy for volume confinement as
Fv=Fo+F,+F.— AL —20 — pkL — 2poy1 + 4pcy2 (5.29)

where F, is identical to the one dimensional free energy functional for the surface
case (eq 5.5). The three mean field parameters p, pg, and p. can not be determined
using the mean field theory, and are found using simulations. We use Langevin
dynamics simulations to determine the equilibrium behavior of a WLC confined to
the interior of a sphere. The details of our simulations are given in Appendix D.3.

The mean field equations for volume confinement, given in eq. 5.9, are quite
similar to the surface confinement equations, and can be solved in the limit of strong

confinement (i.e. large Lw;, see eq. 5.7). We find

A N (R
8l, pR? 2p*R? 4(po — p2)
3 3 l 3.
SR oy = — P & (5.30)

2pR 2(po— p2)

which gives w; = 3/41,(1+ \/1 — 1612/9pR?). The solutions for the w;’s, which define

dp -~ 2(po — p?)

the average behavior over the entire length of the chain, are identical to those found
for a wormlike chain confined to the surface of a sphere of radius \/p R (see eq. 5.11).
However, the endpoint terms differ from the surface confined system, allowing for
fluctuations in the average monomer positions near the ends of the chain.

In Figure 5.6, we show the average monomer positions as a function of s
for varying R and [,. Fig. 5.6a shows that “interior” monomer behavior (where
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(r?(s)) = const) begins to emerge within the range 2R > s > L — 2R, with endpoint
effects clearly dominating the behavior over the range 2R on either end. In Fig.
5.6b, we see that increasing the persistence length of the chain while keeping R fixed
changes the values of p and py (reflected in the increase of (r?(s))i./R?, (r3)/R?,
and (r?)/R?) but does not significantly alter the qualitative behavior of (r?(s)) as
a function of s. We note that the average position of the interior monomers is
approximately constant (i.e. (r?(s))in &~ pR?, consistent with the fact that the w;’s
suggest confinement to a sphere of radius /p R.

The range of the endpoint effect makes physical sense: if ry is near the bound-
ary of the sphere, the bending energy near the endpoint will be lower if ug is directed
towards the center of the sphere, as opposed to being directed towards the wall. This
implies that monomers near the endpoints will be found closer to the origin of the
sphere on average, as is seen in Fig. 5.6. This endpoint effect will dominate the
behavior of the chain until another monomer comes into contact with the wall, a
distance of at most 2R.

We perform a number of simulations in order to determine the mean field
parameters p, pp and p., varying L, l,, and R. We find that, for large L, there is
virtually no variation in any of the mean field parameters. Since p determines the
effective surface confinement (see Fig. 5.6b), increasing L does not change p, as
the chain simply wraps further around the effective surface at \/p R. pg and p. are
likewise independent of the length of the chain, as they dominate the behavior of
the endpoints, and have only a strong effect over a length 2R along the chain (see
Fig. 5.6a). Since the only remaining length scales are [, and R, we expect that all
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Figure 5.6: (r?(s)) vs. s. (a): L = 100a and [, = 100a, with (from highest to lowest)
R/a=5, 10, and 20. The average monomer position is dominated by endpoint effects
for s < 2R and s > L —2R. (b): L = 200a and R = ba, with (from highest to
lowest) 1,/a=100, 50, and 20. With R fixed, variations in [, change only the value
of p, but does not alter the behavior of the monomers.

of the mean field parameters depend only on the ratio [,/R. In Fig. 5.7, we show
the behavior of the three mean field parameters (p, po, and p.) as a function of [,/ R,
determined from a simulation with L = 80a and R = 5a. Changing the values of L
or R do not change the measured values of p, py and p,, as long as [,/ R is held fixed,
as expected (data not shown). We find for long, stiff chains (with L/R > 1 and
l,/R > 1) that p < 0.9, py < 0.8, and p. < 0.5. Most physical systems of interest
(the viral packing of DNA, for example) will be in this strongly confined regime.
Another difference between surface and volume confinement is the relationship
between the true and mean field persistence lengths. In the limit as R — oo, we
expect to recover the unconfined three dimensional correlation function (ug-uy) =
et/ For the interior monomers (where the system is confined approximately to a
sphere of radius /p R, see Fig 5.6), we can determine the bending correlation func-
tion as we did for the surface confined chain, which gives (u(s) - u(s’)) ~ e=318s1/2b

in the limit of R — oo. This only converges to the correct correlation function if
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Figure 5.7: The mean field parameters p, pg, and p. as a function of R. p (solid line)
defines the radius of the effective surface confinement for the interior monomers (eq.
5.23). po (dashed line) is the average scaled endpoint distance (eq. 5.25). p. (dotted

line) gives the correlation between the position and bond vector at the endpoints
(eq. 5.27).

the volume-confined mean field persistence length is Iy = 31,/2 for large R, the
same relation between the [, and [y in the unconfined theory [41, 42]. However,
because the system is approximately confined to the surface of a sphere of radius
VPR, and the surface-confined mean field persistence length is I§ = 31, # [}, the
relationship between [y and [, is R-dependent. The ratio ly/l, to be independent of
L for large L, since we have seen that the development of near-surface confinement
depends only on the raito I,/ R (Fig 5.7). We then define Iy = a(l,/R)l,, and expect
3/2 < a(l,/R) < 3 for all [,/R, i.e. a wormlike chain confined to the interior of
a sphere will behave somewhere in between a free wormlike chain in 3 dimensions,
and a surface confined wormlike chain. This gives the correlation functions for the

interior monomers (i.e. s, > 2R and s, < L — 2R),

(r(s)-r(s)) = pR2e18s1/¢v {cosh <|?jQV> + le sinh (@Qvﬂ
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(u(s)-u(s)) = e‘ASl/CV[cosh (|AS|QV> ! sinh (|AS|QV) . (5.31)

v CQy (v

with ¢y = 4al,/3 and Qy = \/1 — 16a212/9pR?. Near the endpoints, the correlation

functions become more complicated, due to the dependence of the behavior of the

endpoints on py and p..

1.5} ee

0 10 20 30 40
I /R
Figure 5.8: a(l,/R) = ly/l, as a function of [,/ R. Points are the results of simula-

tions, the line is the approximate limiting value for strong confinement (I,/R > 1)
of o =248 = 5/2.
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Figure 5.9: Bending correlation function (u(L/2)-u(s)) as a function of s for a chain
with L = 200a. The points are simulation data, the solid lines are the theoretical
results in eq. 5.31. (a) has [, = 20a and R = 8a, and (b) has [, = 100a and R = 5.

In order to determine ly/l, = a(l,/R), we must again turn to our simulation
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results. We perform a number of low friction Langevin Dynamics simulations (see
Appendix D.3 for details) with L = 80a and R = 5a, with varying [,. The bending
correlation function is fit using eq. 5.31, with only « as a fitting parameter. The
resulting values are shown in Fig. 5.8. We find that « does indeed vary with only
l,/R (changing R does not change a as long as [,/R is held constant), and the
saturating value becomes a(00) ~ 5/2. It is not surprising that a never reaches the
surface-confined value of & = 3: since p < 1 for all values of [,/ R, the conformational
space available for the chain is larger than a truly surface-confined chain. The
decay length ¢y = 4al,/3 ~ 3.3l,, which is the length scale over which the bending
and positions become decorrelated, is strictly less than than the decay length for
surface confinement, (g = 4[,,, due to the larger number of configurations that are
available to volume confined chains. Using the values of o (Fig 5.8) and p (Fig.
5.7) determined from the N = 80 simulations, we compare the bending correlation
functions for a simulation with L = 200a to the results of eq. 5.31, shown in Fig.
5.9. The agreement between simulation and theory is excellent with no additional
fitting parameters, and the agreement the position correlation function is equally as
good (data not shown).

Further information about the structure of a stiff chain confined to a sphere
can be determined using the local winding axis of the chain. The unit local winding
axis of bonds ¢ and ¢ + 1 (the axis about which u; and u; 41 wind) is given by [121]

éi = ai/|ai|, with

a;, =u; X u;—q1, (532)
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Figure 5.10: (a) Average correlations in the nearest neighbor winding axis as a
function of [,/R. The average is taken over interior points only (ie. 2R < s <
L — 2R). The inset shows the average nearest neighbor correlation for L = 200a,
R = ba, and [,/a = 100, 50, and 20. The correlations drop sharply near the
endpoints. (b) (a(L/2) - a(s)) as a function of s for L = 200a and R = 5. From
highest to lowest, 1,/a=100,50, and 20. The points are simulation data, the lines
the theoretical curves, (a(s) - a(s')) oc e~44s1/3l0 A typical structure for the cases
l, = 100a and [, = 20a are shown on top; the clear correlation of the winding axis

is evident for the stiffer chain.
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Analytical work with the local winding axis is difficult, because

COS<9i—1,i+1>
Sin(ﬁi,u) sin(@i,iﬂ)

A1 =

- COt(eiJrl’l') Cot((%,l,l-) (533)

where we have defined cos(6; ;) = u;41 - u;. The details of this result are shown in
Appendix D.4. While directly computing the average of eq. 5.33 is intractable, the
symmetry of the problem quickly shows that, for a free WLC, (&; - a;41) = 0 (since
u;+1 may be freely rotated about the u; axis without changing 6, ;). However, such
a symmetry does not exist for confined chains, and we therefore restrict our study
to the simulation results. We find that, for interior monomers, the local winding
axes are highly correlated, with (a; - 4;11) < 0.9 for strongly confined chains (Fig.
5.10a). Once again, variations in L and R do not alter (a; - a;11), as long as [,/ R
is held fixed. The endpoints of the chain are not strongly correlated to the interior
behavior (Fig. 5.10a, inset), with a precipitous drop to (a; - ;1) < 0.1 at the
endpoints. This sharp drop suggests that the endpoints of the chain behave more
like an unconfined chain than do the interior monomers, which is consistent with
our physical picture of the origin of the endpoint effects (see the discussion of p.
above, eq. 5.27). Correlations between the winding axes for interior monomers as a

function of their separation As is exponentially distributed (Fig. 5.10b), with
(a(s) - a(s)) ~ (& - &y )e 18150, (5.34)

In eq. 5.34, the decay length 3ly/4 = 3al,/4 ~ 1.9], is determined by fitting the
simulations with L = 80a, R = 5a, and varying [,. The theoretical curves in Fig.
5.10b use this correlation length, with no additional fitting parameters. This shows
that the length scale [y = a(l,/R)l, defines the length scale over which correlations
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in the confined system decay. The sharp drop in the axis correlation function near
the endpoints shows that the wrapping near the ends of the chain is uncorrelated
to the interior wrapping. Forrey and Muthukumar [142] use (a; - z)as their order
parameter in order to study the wrapping of DNA within the ¢29 phage (with the
DNA loaded into the capsid along the z-axis). The find that the local winding axes
become decorrelated with the z-axis, as is expected due to the lack of correlations
between the interior and the endpoints (Fig. 5.10).

The free energy and pressure of the volume confined WLC can be computed
using our mean field roots (eq. 5.30). The expressions are somewhat more lengthy
than in the surface case, due to the endpoint terms involving pg and p., but in the

limit of small R (relevant for most physical systems) we find

L,  2pd,

N Ll,  2pd,
2pR? pR

3pR?>  3pR

BF — 3log(R) + const BPV ~ +1,(5.35)

with B3P = —9F/0V. The R™! terms in the free energy and pressure are not present
in the surface confined case, and are due entirely to the nonuniformity in (r?(s)) as
a function of s (see Fig. 5.6), reflected in the fact that this term is proportional to
pe. It is interesting to note that the L-independent, R~! term is negative, which
is due to the fact that portions of the chain near the endpoints will be found on
average closer to the center of the sphere than the interior monomers (as seen in
Fig 5.6), thus reducing their contribution to the pressure. In order to determine the

pressure from the simulations, we compute
PA = Z f; e - T (5.36)
i

with A = 47R? the surface area of the sphere, and f;_,.; the force of the i
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monomer on the wall. In Fig. 5.11, the simulated results along with the mean field
expression for the pressure (of which eq. 5.35 is the limit of small R). We find
the agreement is excellent for a large range of L, [, and R, particularly for small R
where endpoint effects are less important.
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Figure 5.11: SPV as a function of R for varying l, and L. In both, the dots
are simulation results, and the solid line is the theoretical result with no fitting
parameters. p, pg and p. are taken directly from the simulation results for each
value of L, R, and [,. (a): L =100a and (from highest to lowest) ,/a=100, 50, 20,
10, and 5. The inset is a log-log plot for this data. (b): L = 200 and (from highest
to lowest), 1,,/a=100, 50, and 20.

We can compare our results to the experimental pressures determined by Smith
et. al [67], using the ¢$29 virus. The ¢29 viral capsid is not spherical, with an icoso-
hedral shell of radius ~21nm and height ~54nm, but has a volume equivalent to
a sphere of radius ~ 26nm. The fully packed virus contains a strand of DNA of
length 6.6pum, with persistence length 50nm. If we neglect the excluded volume,
electrostatic, and solvent-induced interactions of the DNA (a rather severe approxi-
mation), and take p ~ 0.9 (the saturating value of p, see Fig. 5.7), we find P ~ 1kPa
(=10"3pN/nm?), almost 4 orders of magnitude lower than the 6MPa measured in

the experiments. It is clear that the behavior of a strongly confined wormlike chain
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is critically dependent on the intra-chain interactions, in agreement with a number
of other studies [144, 27, 145, 28, 142, 148], with the contribution due to entropy

making a negligible contribution to the pressure.

5.5  Confined Excluded Volume Chains

The effect of confinement on an excluded volume self-avoiding chain is difficult
to predict analytically. For a non-interacting chain, we have shown that the relevant
variable for virtually all of the properties of the chain is [,/R. For an excluded vol-
ume chain, we expect a new variable to arise: the packing fraction ¢ = Vinain/Viphere-
In order to study the problem of a confined, self-avoiding WLC, we resort only to
simulations. The details of our simulation can be found in Appendix D.3. In our
simulations, we take the chain to be a sequence of soft spheres of radius a/2, so that
the volume fraction is ¢ = Na®/8R3. A wide range of volume fractions are found in
nature in the context of viral packing, with ¢ ranging from 0.07 to almost 0.5 [27],
with genomes in the range N ~ 10* — 106. It is computationally intractable to sim-
ulate such long chains, and we will restrict ourselves here to L = 200a and R = 8a
(¢ =~ 0.05). Higher packing fractions require significantly longer equilibration times,
and (as seen below) this packing fraction allows us to see a clear development of
structure. Such short chains do not allow for a direct comparison to any viral pack-
aging problems, but is of interest in studying the structures of confined, self-avoiding
WLC’s.

In Fig. 5.12, show typical configurations for a self-avoiding WLC confined
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Figure 5.12: The corelations in the winding axis for a self avoiding WLC. In all
figures, the dots are the correlations in the winding axes for the outer shell only.
The lines are the correlations in the winding axes for the non-interacting WLC.
Shown are R = 8a, L = 200a, and [,/a = 20 (a), 50 (b), and 100 (c). In all cases,
the intra-chain interaction increases the correlations of the winding axes, which
becomes more clear for stiff chains. As the outer layer becomes more organized,
the correlations in the winding axes become almost constant. Typical structures for
each simulation are shown next to the figures. The development of the outer shell,
and resulting correlations in the winding axis, is evident for increasingly stiff chains.
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to the interior of a sphere. For reasonably flexible chains (Fig. 5.12a), there does
is no clear development of structure in the confiugrations of the chain (compare
to Fig. 5.5). As the stiffness increases, the excluded volume chain develops a
clear, spool-like structure, as noted by many authors [29, 131, 136, 27, 28, 142].
For very stiff chains (Fig. 5.12c), the outer shell is highly correlated, and differs
greatly from its non-interacting counterpart (compare to Fig. 5.5). The highly
correlated nature of the outer shell is confirmed by considering the correlations in
the winding axes for both the self-avoiding and non-interacting cases. In Fig. 5.12,
we also see that intra-chain interactions tend to increase both the magnitude and
the range of the winding axis correlations in the outer shell. As the chain becomes
very stiff, the outer shell has an almost constant correlation in the winding axes,
with (a(s) - a(s'))outer = (&; - @j11)outer for all s and §'. This is consistent with the
simulations of Cerda et. al. [121], which showed that flexible excluded volume chains
confined to the surface of a sphere are disordered, but helicoidal structures develop
for sufficiently stiff chains. Further simulations are required to fully understand the

specifics of the onset of structure for self-avoiding WLC’s under confinement.

5.6  Conclusions

We have shown that spherical confinement of WLC’s can be well understood
by applying the mean field theory of Ha and Thirumalai [41, 153, 42]. For a surface
confined chain we can determine many average properties of the WLC, by replac-

ing the rigid constraints of inextensibility (Ar? = a?) and confinement (r? = R?)
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with average constraints. We have shown that the mean field approach reproduces
the exact results of Spakowitz and Wang [120], and reproduces the correct scaling
coefficient of the free energy of confinement. The mean field approach is also able
to study the effects of additional potentials on confined WLC’s. We determine the
scaling and free energy of a surface confined WLC under tension, which may be of
use in better understanding the wrapping of DNA around histones [116, 24]. The
force-extension curve (FEC) for a strongly confined WLC is shown to differ greatly
from the unconfined FEC, with a strikingly different method of extension.

We show that the mean field method can approximately determine the behav-
ior of a WLC confined to the interior of a sphere. Interior monomers (far from the
endpoints) to be approximately surface confined, with (r?(s)) ~ 0.9R? for strongly
confined chains, but endpoint effects dominate the behavior of the chain for s < 2R
or s > L — 2R. Structural information about the confined chain can be determined
by examining the correlations in the local winding axis, and we find that strongly
confined stiff chains are highly structured even without intra-chain interactions.
The mean field estimates of the pressure due to confinement show that the extreme
pressures inside of a viral capsid are not strongly dependent on simple confinement
entropy, but depend critically on the intra-chain interactions. Simulations of short,
self-avoiding WLC’s show that the development of structure depends on the stiffness
of the chain, and can again be understood on a qualitative level by examining the
local winding axis. Interestingly, the development of structure for a volume confined
WLC appears similar to the surface confined case, suggested by the effective surface

confinement felt by the non-interacting chain.
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Appendix A
Appendix for Chapter 2

A.1 The Center of Mass Average

In formulating the fluctuations of the end-to-end distance vector, (JR2), it is
important to take into account the failings of the continuum model of the Freely
Jointed Chain. A simple calculation of (R? (¢)) with Re.(t) = r(N,t) —r(0,t) as

determined from eq (2.1) gives

1 0t/
<6Rge(t)> = 16N’ z(:jd n2m2 <1 —¢€ t > (Al)
n O

We will refer to this result as the standard analytic average. However, the non-
physical boundary conditions imposed on the continuum representation, with dr/ds =
0 at the endpoints, will strongly affect the accuracy of this result.

To minimize the effect of the boundary conditions on averages involving the
end-to-end distance, we compute averages with respect to the differences between

the centers of mass of the first and last bonds, using

N

R..(t) = / ds r(s,t) — /01 ds r(s,t). (A.2)

N-1
We will refer to this as the center of mass average. Using this representation,
(6RZ.(t)) is given in eq (2.4).

In Fig. A.1, we compare the values of D(t) obtained from (dR2 (¢)) (in eq.
(2.5)) for N = 19 and b = 0.39. In both cases, b is taken as a fitting parameter.
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Figure A.1: Measured Diffusion Coefficient as a function of time for the Rouse chain
with N = 19 and b = 0.39nm. Symbols are the simulation data, the dashed line
(standard average) is obtained using eqs. (A.1) and (2.5) (with best fit b ~ 0.26nm),
and the solid line is the center-of-mass average derived using eqs (2.4) and (2.5) (with
best fit b ~ 0.41nm).
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The center of mass average, which fits the data quite well, has a best fit of b = 0.41
(a difference of 5%), whereas the standard average does not give accurate results.
For this reason, all averages involving R.. are computed using the center of mass

theory.

A.2 Simulation Details

In the case of the non-interacting chain, we model the connectivity of the chain

using the Hamiltonian

N ) s 2
S — l{;z (1 B |rz+1b rz’) 7 (A.3)
i=1 0

with by = 0.38nm, and a spring constant k, = 100. We note that ((r; —r;)2)2 ~
0.39nm for this Hamiltonian, which we take as the Kuhn length b when fitting
the data. For large IV, the differences between the FJC and Rouse models are not
relevant, and hence the scaling of 7. with N for these two models should be identical.
The microscopic diffusion coefficient was taken as Dy = 0.77nm? /ns. The equations
of motion in the overdamped limit were integrated using the Brownian dynamics
algorithm [18], with a time step of At = 10~*ns. The end-to-end distribution P(r)

is easily computed for the model in eq. (A.3), giving the expression for large k;

o0 ‘ bogq cos(boq) + kssin(boq) 2.2 42\ VL
P(r) =2 / d ( @2/ ) (A4
(r)=2r ) dqgsin(qr) bog(1+ k) e (A4)

which must be numerically integrated.

The Hamiltonian used in our simulations of a polymer in a good or poor solvent
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is H = HFENE + HLJ, where

k’b2 N r; —TI;| — b\ 2
Hepne = —45 3 tog [1 - (Pt X2 ] (A.5)
i=1 0

models the chain connectivity, with & = 22.2kgT, and b = 0.38nm. The choice
Ry = 2b/3 (diverging at |r; 1 —r;| = b/3 or 5b/3) allowed for a larger timestep than
using [18] Ry = b/2, and increased the efficiency of conformational sampling. The

interactions between monomers are modeled using the Lennard-Jones potential,

() =) (49

with r;; = r; — r;. The Lennard-Jones interaction between the covalently bonded

N-2 N
Hp;=ceps Z Z

i=1 j=i+2

beads r; and r;;; are neglected to avoid excessive repulsive forces.

In our simulations, we computed the mean first passage time directly. For the
noninteracting chain, we generated the initial conditions by Monte Carlo equilibra-
tion. The chains in good or poor solvent were initially equilibrated using parallel
tempering (replica exchange) Monte Carlo [32] to ensure proper equilibration, with
each replica pertaining to one value of € ;. Starting from each equilibrated initial
configuration, the equations of motion were integrated until |R..| < a for the first
time, with the first passage time computed for multiple values of N and a. The
loop closure time 7, was identified with the mean first passage time, obtained by

averaging over 400 independent trajectories.
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Appendix B
Appendix For Chapter 3

B.1 Simulation Details

To calculate the equilibrium FEC of a self-avoiding polymer, we performed
low friction Langevin dynamics simulations using the Hamiltonian

N-1 N-2

. N " 12
S M i ) B RIS

i=1 o 57 \Irip—r
with a = 1, € = 100, and N = 100. We set kg1 = 1/8 = 1 in the simulations. The
first term in Eq. B.1 describes the chain connectivity in the extensible form that,
in the continuum limit, becomes 3/2a? ¥ dsi2(s). We model the excluded volume

12 repulsion term (the second term in

interactions between the monomers using a r~
eq. B.1). Because of the large € value, the summation does not include neighboring
monomers (i and i + 1) to avoid excessive repulsive forces. The last term in eq. B.1
denotes the potential due to tension acting on the ends of the polymer. Thus, this
model can be viewed as the discrete representation of the Hamiltonian in Eq. 3.2.
The natural time unit is 77, = (ma?/e,)Y2. We chose ¢ = 0.057; ' and h = 0.0027.
To begin the simulations, we generate 200 initial random polymer conformations,
and thermally equilibrate those structures for 5 x 10° h with f = 0. Subsequently,
a constant force is applied in the z-direction to one end of each polymer, with the

other end held in a fixed position. The force exerted is increased as f; = 1073101
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kpT/a with 7 = 1,2,...,39. The integer j is increased every 5 x 10% h. For each
force step, we neglect the first 2 x 10° steps to ensure that the chain has equilibrated
at f;, and collect the statistics of polymer conformations every 10* integration time
steps for the remaining time steps.

The simulation procedure used to study the stretching of a homopolymer in
a poor solvent is identical to the one described in good solvent case, except for the
Hamiltonian used. The Hamiltonian in a poor solvent is

N-1 N-2

51 = 23 (e nf-ad) 2[() —2(a)]—ﬁf<zN—zl>,

i r; —rj’

Il
fa
o
Il
,_.
<
Il
-

(B.2)
where € = 0.5 and 1.5 are used for different solvent conditions, and where the other
parameters are the same as in the good solvent case. The nature of the polymer is
characterized by the second virial coefficient vy = [ dr{l — e #Vint("} where Vi, (r)
is the second term of Eq. (B.2). When ¢ & 0.3, vy approaches zero, and corresponds

to the theta condition (7' = Tg).

B.2 Self-Consistent equation for A

In this appendix, we provide the details for the calculations of (Z); and

(0[r(s) —r(s")])1 that appear in Eqs. (3.8) and (3.9).

Dr(s)Ze— P _
{Z) - ff Dr(s)e PH1 8(gf) log {f Dr(s)e ﬁHl}

N . 22255\ 2 na2a2
6_2“3)‘2 fo ds(z(s)_ )\BBf) "'NGA 52f2]

3 _ (N sr2 (s
= 55 log |/ Dro(s)e w2 Jo e300 [ D)

— INa2)25f (B.3)
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(0fc(s) = (s = JJ [ [ dr(N)dr(s")dr(s)dr(0) G(r(N) —r(s)|N — s')d[r(s) —r(s')]
XG(r(s") —r(s)|s" = )G (r(s) —r(0)[0)

= G(O]s' —s). (B.4)

where the propagator G(- - ) is decomposed into transverse and longitudinal compo-
nents, G(R|N) = G (R.|N)G|(Z|N; f), each of which can be exactly solved. We
find

N .
JDri(s)8 (Jo" dsio(s) — R.) e m2w SN asi(s)
[ Dr (s)e m8w Jo d52)

. N .
f DI'J_(S) f (gil)z elk~ (f(] dSI'J_ (S)*RJ_) B_ﬁ fON dSI"2 (s)

GL(R.|N) =

fDI‘L(S)e_ﬁ Y dsiz(s)
/ ko _Na§A2 (k— 3R | )2 SRi

e Na2)2 T ONa2x2
(2m)?

3 3R2
N <27rNaQ)\2> =P <_ QNa2)\2> 7 (B.5)

where the d-function is first converted to the Fourier representation, and then the
path integral is performed. The propagator G| (R, |N) is obtained after performing
the integral in Fourier space. The longitudinal component is also similarly calculated

under the Hamiltonian with linear force term,

I Dz(s)d (foN dsz(s) — Z) o5z o dszP(9)+BF [ dsi(s)
sz(s)e_ﬁ [ dsz2(s) 461 [, dsz(s)

3 1/2 3 NCLQAZBJ( 2
B (27r]\7a2)\2> P {_W (Z—3> . (B.6)

Gy(Z|N; f) =

Thus, we find

’ )3/2 exp [_ |8 — 5|a2)\2ﬁ2f2]

27|s’ — s]a\? G

@M@—dwszmw_@:<
(B.7)

136



In obtaining Eq. (3.7), we used the extension Z as the observable to determine
the optimal value of A. Alternatively, one can also obtain the SCE for A\ using the
transverse fluctuation of polymer R? = X?+Y? where X and Y are the projections
of the end-to-end distance vector R, i.e., (R? (A1 + Ay)) — (R2)(A; + Ay) = 0.
Computations involving R? are significantly simpler than those involving the end-
to-end distance vector, R?, because the propagators in the x and y directions are
decoupled from the force-dependent propagator in the z direction. Using the same

methods as before with our original variational Hamiltonian in Eq. (3.4), we find

RiA) - (R (A = NN (B5)

R1A) -~ (B(A) = 2 [Mas [Mavaol -9 -9 B9

SCE using Egs. (B.8) and (B.9) results in

JN 11
A2 1= L/ d B.10
w ), du (B.10)

— U Nux2p?/6

T )
which is identical to the SCE obtained using the linear end-to-end distance (Z) as
the generating observable in Eq. (3.10). Thus, the computation of the FEC is not
dependent on whether the mean extension or the transverse fluctuations are used in

determining the self-consistent equation.
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B.3 The Thick Chain Model

In order to verify the theoretical predictions for the polymer described by
the (nearly) Inextensible Gaussian Hamiltonian (IGH) with excluded volume in-
teractions, we have simulated the FEC using the thick chain (TC) model for a
self-avoiding polymer. In the TC model, the polymer is viewed as a chain with a
finite uniform thickness D, and is represented as a succession of beads with posi-
tion vectors ry, ...,ry. All of the bond vectors Ar,, =r,.; —r, (n =0,..,N) have
the same modulus a. Therefore, unlike the IGH where (|Ar,|) ~ a in Eq. (3.16),
the bond length restriction |Ar,| = a is strictly enforced in the TC model. The

Hamiltonian of the chain under tension is given by

HTC = Z V(Ri,j,k) —f. (I‘N - I‘()), (Bll)

,L"j7k:
where the first term enforces the self-avoidance, and the second term represents the

external force. In particular,

0, Riyn>D
V(Rijk) = (B.12)

0o, Ry <D,
where R;;;, is radius of the circle going through the triplet of beads (4, j, k). Phys-
ically, the first term in the Hamiltonian (Eq. (B.11)) ensures the self-avoidance of
the chain by rejecting both local self-intersection (the local radius of curvature must
be no smaller than D) and interpenetration of any two portions of the chain at some
finite arc-length. Intuitively, it allows only configurations satisfying the thickness
constraints, that the radii of circles going through all the triplets of beads (3, j, k)

are greater than D.
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In order to characterize the stretching response of a thick chain with D/a =1
and N = 1600 we performed Monte Carlo simulations using the following scheme.
Starting from an arbitrary initial chain conformation that satisfies the thickness
constraints, the exploration of the available configuration space was performed by
distorting conformations by means of pivot and crankshaft moves. The new struc-
tures were accepted or rejected according to the standard Metropolis criterion (the
infinite strength of the three-body penalties of Eq. (B.11) was enforced by always
rejecting configurations violating the circumradius constraints). The relative elon-
gation of the chain was calculated for increasing values of the applied stretching
force. For each run, after equilibration, we measure the autocorrelation time and
sampled a sufficient number of independent conformations to achieve a relative error
of at most 1073 in the average chain elongation. For moderate to high forces, this
typically entailed the collection of 10* independent structures, whereas a 10-fold
increase of sampling was required at small forces due to the broad distribution of
the end-to-end separation along the force direction. At small forces, conformational
fluctuations can be even larger than the mean extension, which makes achieving

converged results for (Z) more difficult.
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Appendix C
Appendix for Chapter 4

C.1 Simulation Hamiltonian

The Hamiltonian for the RNA hairpin with N nucleotides, which is modeled

using the self-organized polymer (SOP) model [72], is

RQN 1 Tzi 1_Tz(‘)i )2 N-3 N
Hsop = —Zlog<1— s 72 as )+ Z €n

0 i=1 j=i+3

ro \ 12 ro .\ 6
< Z7J> B 2( 27]) :|AZ7]
Ti,j Ti,j

+Z g: q( ”>12 — Ay +N 2e< - )6 (C.1)

=1 j=i4+3 =1 Tii42

where r;; = |r; — r;| and r?; is the distance between monomers i and j in the
native structure. The first term enforces backbone chain connectivity using the
finite extensible nonlinear elastic (FENE) potential, with k& ~ 1.4 x 10* pN-nm™!
and Ry = 0.2 nm. The Lennard-Jones interaction (second term in equation (C.1))
describes interactions only between native contacts (defined as 7¢; < 1.4 nm for
li —j| > 2), with A, ; = 1 if monomers i and j are within 1.4 nm in the native state,
and A; ; = 0 otherwise. Non-native interactions are treated as purely repulsive (the
third term in equation (C.1)) with ¢ = 0.7 nm. We take ¢, = 4.9 pN-nm and
€, = 7.0 pN-nm for the strength of interactions. In the fourth term, the repulsion
between the i'" and (i + 2)" interaction sites along the backbone has ¢* = 0.35 nm

to prevent disruption of the native helical structure.
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The handles are modeled using the Hamiltonian

]{ISNI N—-2

Hhyandies = ? Tz g+1 — TO —ky Z it - rlJrl i+2- (C2)
i=1 i=1

The neighboring interaction sites, with an equilibrium distance rq = 0.5 nm, are
harmonically constrained with a spring constant kg ~ 1.4 x 10* pN-nm~!. In the
second term of eq. (C.2), the strength of the bending potential, k4, determines the
handle flexibility. We choose two values, k4 =7.0 pN-nm and k4 =561 pN-nm to
model flexible and semiflexible handles respectively, and assign k4 = 35 pN-nm to
the junction connecting two ends of the RNA and the handles. We determine the
corresponding persistence length for the two k4 values as [, = 0.6 and 70 nm (see

SI text). The contour length of each handle is varied from N = 5 — 200.

C.2 The GRM Hamiltonian Matrix

Defining Ry (t) = {z1(t),...,zn+1(t)}, we can write the Hamiltonian in eq.

4.1 as

BH = 5 REMRy — 3f(2x.1 — =) (C.3)

where M can be written in the block matrix form

CLQMl/b2 0
M = 0 M, 0 . (C4)
0 0 G2M3/b2

M, and Mj3 both symmetric Nj, x N matrices, and My is a symmetric (N —2Ny) x
(N —2N;,) matrix. The symmetric block matrices have non-vanishing elements given
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MY =2 — 6,1 + b%ko/3a” MY =2 —dinp (C.5)
M =24 (/6 + k — 1)[6i 3,41 — Oin—wnsi] (C.6)
Mz(lz)+1 = M£2z)+1 = Mﬁll =-1 (0-7)

My, 41 = b (C8)

In the case when the interaction is cut off (i.e. [ry_n,+1 —In,+1| < ¢), the matrices
are identical with the replacement k — 0. In the case k =0, kg = 0, and b = a (i.e.
no interaction, free endpoints, and identical RNA and handle spacing), we recover

the standard Rouse matrix, M;; =2 — 9;; — d; ny1 and M, ;41 = —1, as expected.

C.3 Derivation of the GRM Propagator

For the Generalized Rouse Model, with a Hamiltonian given in eq. C.3, each

component of a monomer’s position evolves under the Langevin equation

X 3T , ,
1 t / / / /
X(t) = G(b) -X(0)+</0 dt G(t—t)(N(t)+F(t )) (C.9)

where X = {z(t), ..., zx41(t)} contains the positions N = {n{, ... 7%}, }7 con-
tains the random, white noise forces, and F = {f{”(t),..., f](\fll(t)}T contains the

time-dependent force, and where we have defined

(C.10)

G(t) = exp < - M?)Dt)

a2
The y and z components evolve under an identical Langevin equation, and since the
GRM is purely Gaussian, they do not interact.
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Because the GRM is Gaussian, we can write the propagator for the distance
between monomers n and m, Ar = r,(t) — r,,(t) as P(Ar,t|Arq)=P(Ax, t|Axy)

P(Ay, t|Ayy) P(Az, t|Az). For the x component, we have

P(Az, t|Azy) = <5[xn(t) —a(£) = Ad] §[2(0) — 2 (0) — Aazo]> (C.11)

_ El;cigemm (exp (kL — ] + il (0) — 2,(0)])

(C.12)

The term ik[z,, — x| +iq[2,(0) — 2, (0)] in eq. C.12 can be written as ik[x,, — x,,] +

iq[1,(0) — 2,,(0)] = T,, — T,,, where T = T® + T® + TG and

™ — (z’k;G(t)+in>X(O) (C.13)
2 Zk t / / /

T® — C/o d'G(t — t)N(t') (C.14)
3 _ ik t / / /

TG — C/O d'G(t — t)F(t) (C.15)

We must therefore average exp (T} —T ) over the initial conditions and exp(T® —
T®) over the noise, in order to determine the desired propagator.

In order to compute the noise averages, we write

- Vooise = L/]lj@[m(m ( - ) exp ( _ 4k;TC I Nf(t)) (C.16)

exp(T® — T@)) can then easily be evaluated by completing the square, with

m

—ﬁ 3 / Ny 4 5> / " (Gnl(t Y= Goult— t’)>Nl(t’) (C.17)
Z / dr [ ) 2;’“ (Gnl(t Y= Gt — t’)>]2 (C.18)

Z/( a(t —t) Gml(t—t’)>2
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o ﬁ ¢ ! NT(NNTT (4!
- —44/0 dt' N()NT (') (C.19)
K2t

e | At (GG W), + (GG ()]~ 21GH)GT ()]

where we have defined N; = Ny(#') — 2ik kgT[Gn(t — ') — Gou(t —t')]. The path
integral over N can be computed after a change of variables (N — N). From eq.

C.10, we find

/Ot dt'G(t)G" (1) = g;M—l (I - G(2t)> (C.20)

so that

) ) 2.2
<€T51)T5n)> = exp { — k6a E <5nl - 5ml> (Ml) <5J'n - 6jm>
X lj

+k26a2 > (an - sz) (Ml)lj (Gjn _ Gjmﬂ (C.21)

ly

Note that this noise average is completely independent of the details of the force,
and depends only on the GRM Hamiltonian.

The average over initial coordinates is with respect to the Hamiltonian

H = — 2 XT(0)MX(0) + SR(0)F" (C.22)

2a?

where we have defined F° = F(0). We can rewrite for simplicity T(Y — T() =

V - X(0), with
(V] = ik([Gu(t) — Guu(t)]) + iq(0ns — dimr) (C.23)

The average over initial coordinates is now trivial, since [ dX exp(—XMX + [V +

FOX) o< exp([V + FOIM [V + F°] /4). Exploiting the symmetries of the matrices,
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we can rewrite this as

a? a’k?
—(

FO)TM—IFO .
6

; (an(t) - sz(t)> (M), (Gjn - Gjm(t)>c.24)
a’kq

5 > (Gnl(t) - Gml@)) (M), (5jn —0; )

lj

a2 2
~EE S (0 = 0 ) M) (50— i)
lj
ika? 1 0 iqCLQ -1 0
+- > (an(t) - Gml(t)> (M), F; + = >, <5nl - 5mz> (M), F;

lj lj

Combining the force-independent terms of all of the averages gives

{exp(ik]zn(t) = 2m(t)] +iglzn(0) — zm(0)])) =

k2 + ¢ k
exp ( _ <J6”1)ng — ?qu;gqh(t) + B(t, F)) (C.25)

with

ax = @ (M) (M) —a(m) | (C.26)

Az? h(t) = cﬂKM1G(t)>m+(M1G(t>>mm—2<M1G(t)) ](0.27)

nm

where AzZ, = limy_oo([#n(t) — 1 (t)]*) [e=o, and where B includes the contribution
from the external tension (see below).

The force-dependent terms are most easily considered by computing the con-
tributions from k and ¢ separately. There is only one g-dependent term, giving the

contribution

iqa®

3 <5nz — 5ml) (M), F) = ig(z)o (C.28)

Iy
with (z)o the average initial extension of the chain under the force F°. This term is

independent of the time-dependent details of the force.
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The k dependent terms are more complicated, but we can rewrite

“‘7;2 IZ (Gnl(t) - sz(t>) (M), F5 = ik(z)o
_Z? Ot dt’[(G(t — t’)F°>n - (G(t - t')FO)J (C.29)

Combining this term with the non-averaged portion of the propagator, we find the

force-dependent contribution becomes

B(t,F) = i(k+q)(2)o +ika®Afess(t) (C.30)

PAf () = 2(/0%&' G(t—t/)[F(t’)—FU])n—i(/otdt’ G(t — )[F(t) ~ F'))

m

We now have the final form of the propagator:

<A$2>eqh(t)

P(Ax, t|Azg) = / (K2 4 ¢?) —

dk dg ( (Ag2) y

(2m)2 ™ 6
kAT — A f. ()] + z'qAx()) (C.31)
with Az = Az — (Ax)o. Integration over k and ¢ gives

3 3
o (-
2mAx2,\/1 — h2(t) 20822, [1 — h3(1)]

P(Az, t|Axg) = {A‘xg 4

(B — a®Afu4(1))? — 2h(8) Ao (D — amfeff(t))]) (C.32)

In the case of a constant tension, Af.;r(t) = 0, and we can write the full, three

dimensional propagator as

; )3 exp ( - ;
2mAx2,\/1 — h2(t) 2022, [1 = B2(1)]

P(Ar,t|Ary) = (

X

Ar; + Ar® — 2h(t)Ar - ArOD (C.33)

with Ar = Ar — (Ar),.
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Appendix D
Appendix For Chapter 5

D.1 The Q Matrix

Defining x" = (x1,...,7n41), we can rewrite the Hamiltonian in eq. 5.2 as

+ A —= +kn

l, (Az, — Axy)? Az? x?
e = az <§ a* a? R2)

- (x") ax¥ (D)

with Q a tridiagonal matrix with elements:

ZP
Qi,i+2 = Qi+2,i = 2a4 (D.2)
a
5-% i=1LN
Qi,i+1 = Qi-i—l,i = (D-3)
ilf 2;; else
;— +24 4oy i=1

R
2a4+““1+§§2 i=2,N

31 A
p+11+’—|—‘;§2 else

The structure of Q is unchanged under the transformation k1 = kyi1, ko = ky,

M=, ki=kfor2<i< Nand \; =Aforl1<i<N.

D.2 Evaluation of the 1-D Confined Propagator

We are interested in evaluating the path integral in eq. 5.5,

:/A[x(s)]exp<—l§/0Lda in(s)—)\/OLds 9'02 / dsx ) (D.5)
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subject to the boundary conditions x(0) = xq, u(0) = ug, x(L) =z, and u(L) = uy,.
We can write z(s) = f(s) + g(s), where g(0) = g(L) = g(0) = ¢(L) = 0 and

2 10 (s) ~ A(s) + wf(s) =

with f(0) = zo, f(L) = x1, f(0) = ug, and f(L) = uy. If f satisfies the above

differential equation, a simple integration by parts gives

Zo(x) = Ku»wp(—%Uf—f®4L—AmNm—uwdyD®

K(L) = /A exp(—/ do §*(o )\/ do §*(o
—]/;/OLdJ 92(0)> (D.7)

where g and ¢’ vanish at the boundaries. The exponential term in eq. D.6 can be

evaluated by solving the differential equation for f, giving

Zo(x) = K(L)e M, (D.8)
where
Rmn Rm12 leg 14 0 0 -1 0
LR leg lel —TN14 —Rm13 A 0 0 0 1
M=) "2 D9
Rm13 —Mq4 m33/R m34/R -1 0 0 0
mig —R mis m34/R mgg/R 0 1 0 0

Here, we have defined

2wiwa (1 — cosh(Lw; ) cosh(Lws)) + (w? 4+ wj) sinh(Lwy ) sinh(Lwy)
wiwz(wi — W)

m11 = wysinh(Lwy) cosh(Lws) — wy cosh(Lwy ) sinh(Lw,)
mis = wosinh(Lws) — wq sinh(Lwy)
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2

2
mis w21w1u:2 sinh(Lw;) sinh(Lws)
miy cosh(Lwy) — cosh(Lws)
1 . 1.
Ma33 — cosh(Lwy ) sinh(Lwy) — — sinh(Lwy ) cosh(Lw,)
) w1
1. 1.
mgy = — sinh(Lw;) — — sinh(Lws)
w1 Wa
with

Wi =

A(1 + (D.10)

lp

1
2kl :
&

Note that the full propagator Z(x)in eq. 5.8 can be written as Z(x) =

Zp(x) exp(—x - Gx), with the matrix G containing terms suppressing excess end-

point fluctuations, given by

Y1/ R?
0

Y2/R

0

0 ’}/Q/R 0
/R 0 —p/R
(D.11)
0 ) 0
—/R 0 0

In general, average values will involve calculating the determinant of some

matrix involving M. Simplification of the determinant is a tediuous process, but it

is useful to note that any matrix with the above symmetries has a determinant

Det(M)
Ay

Ay

A3 — A2 (D.12)
M35 + My + MiaMag — M11Mas

2my3mag + MMz — M11M3g

We can calculate K (L) by the evaluation of a simple integral. Following the

standard method of Feynman [155], we can write the propagator from (xg,ug) to
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(xr,ur) as a sum over all intermediate points, (x5, us),

Zo(xo, xp, up,up; L) = /O:o dxsdus Zo(xg, ug, Ts, Us; ) X Zo(xs, us, xp, ur; D 5F)

= /O:O /O:O drsdus K(s)exp ( —xI. M(s)x1> (D.14)
xK(L—s)exp(—xg-M(L— s)x2>

where x; = (g, x5, Ug, us) and Xo = (x4, T, us, ur). M has already been determined

(eq. D.9), and K(L), given in eq. D.7, is independent of all x;’s and wu;’s. The

integral in eq. D.14 is tedious to evaluate, but yields

(D.15)

We then find

2 2
l |wi—w; —Ln

=5 i) e (D.16)

K(L)
where 7 is an arbitrary constant, independant of L, [,, and R, adding an irrelevant
constant to the free energy.

M and K can be greatly simplified in the limit of strong confinement (Lw; > 1,

see the main text), with

R(w1 +w2) 0 1 0
M I, Rwyws 0 R(wy + wo) 0 —1
2
1 0 (wit+w)/R 0
0 —1 0 (wit+wy /R
K o Jorws (wy + wy)e Lwitew2)/2 (D.17)

This strongly confined representation is significantly easier to work with when com-
puting the mean field solutions.
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To ensure that our calculation of Z, has the correct limiting behavior, we find

1,2 > 1,
i / dzy 7o kL3 ( p ) (_ Y b D.1
fraes oo 27 sinh(QL) P 2sinh(Q2L) (D-18)

« [ (12 +12) cosh(QL) — ZUOUL} 1o /R))

which is identical to the unconfined propagator found in the work of Thirumalai and
Ha [41, 42], except for the the term e~*L7i . Since, as R — oo, the system becomes
translationaly invariant, we would expect xy to decouple from the bending terms,
and that integration over xy would lead to a divergent integral oc V' — oo. The
integral over the initial position then simply adds an irrelevant constant to the free

energy. We therefore have the relationship
Zy(ug,ur) = hm —/ dxodxy Z(x) (D.19)

identical to the propagator used by Ha and Thirumalai [41, 42], up to a multiplicative

constant.

D.3 Details of the simulations for volume confinement

Because the Configurational Bias Monte Carlo (CBMC) method [156] is only
applicable to Hamiltonians involving nearest neighbor interactions, we can not use
this method to accurately determine the equilibrium behavior of a spherically con-
fined wormlike chain. We have therefore performed a number of Langevin Dynamics
simulations with varying L, [,, and R when considering volume confinement. The

Hamiltonian used is

lNl N+1(

E X 12
o 72 ;) |ri+1 rZ’ - CL £ Z u; - U1 + €3 Z M) (DZO)
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with L. = Na. The first term ensures the connectivity of the chain, and we take
k = 10* throughout, ensuring very stiff bonds. The second term accounts for the
bending stiffness of the chain, with persistence length [, We have confirmed directly
that this Hamiltonian in the unconfined case (i.e. only the first two terms of eq.
D.20 are used) gives (u(s) - u(s’)) = e 12/ to within ~ 5%. The third term
of the Hamiltonian approximately confines the chain to the interior of a sphere of
radius R, using a Lennerd-Jones repulsion. The confinement energy is on the order
of €5 kgT when |r;| = R, and increases sharply for larger |r;|. We choose €5 = 1
throughout the simulations, which restricts |r;|/R < 1.01 for all of the parameters
we considered. To determine the equilibrium properties of the system, we use the
low friction limit, with n = 0.1, and a timestep of h = 0.001 (in dimensionless units,
or equivalently with the mass m = 1, spacing a = 1, and kgT = 1).

In order to study the behavior of an excluded volume chain, we instead use
the hamiltonian

N—-1 N+1 (

BH, = BHy + €pv Z Z

i=0 j=i+2

a)12 (D.21)

i — 1]

We choose egy = 1 throughout the excluded volume simulations.

D.4 Calculation of the winding axis

Because of the spherical symmetry of the problem, we are free to choose our
coordinate system such that it simplifies the calculation. We define 0;_; = 2z,
determining the z-axis, and 0; = (sin(6;), 0, cos(0;)), defining the x-axis. We take
our third bond to be 0;1; = (sin(0;41) cos(p),sin(O;41) sin(p), cos(O;41)). With
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¢; ; the angle between bonds ¢ and j, we see 0;_1, = ©; and 0;_; ;11 = ;4. It is
convenient to eliminate the azimuthal angle ¢ when computing cos(6;;41) = ;- W41,

giving

cos(p) = cot(0;41) cot(O;) — cos(O;41) csc(biir1) csc(O;) (D.22)

In this coordinate system, a; =y, and |a; ;1| = sin(6;;41). To compute the dot prod-
uct between the two winding axes, we need only a; 1 -y = cos(0;) sin(0; 1) cos(p) —

cos(0;41)sin(0;). Eq. 5.33 is recovered upon substitution of cos(y) in a; - a;4,1 =

At '5’/|ai+1|-
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