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Abstract

The development of a safe, selective, and efficient gene delivery system is key to the success of human
gene therapy. In polymer-based gene delivery systems, biocompatible polymers electrostatically
bind and condense the genetic material into protective nanoparticles. These nanoparticles must
subsequently overcome several challenges, which remain poorly understood. In particular, once
internalized by the cell, the nanoparticles are trapped inside a membrane-bound compartment called
the endosome. In the proton sponge hypothesis, the buffering capacity of the polymers leads to an
increase in osmotic pressure that eventually ruptures the endosomal membrane and releases the
trapped nanoparticles.

To obtain a mechanistic understanding of the endosomal escape, we first develop a coarse-grained
model to study the equilibrium interaction between a positively charged nanoparticle and a lipid
membrane. Results indicate the existence of a pore with an inserted particle, whose metastability
depends on the membrane tension and particle properties (size and charge). These pores are subse-
quently shown to lower the critical tension necessary for membrane rupture, thus possibly enhancing
the release of the trapped genetic material from the endosome.

Next, we address the actual escape pathway, which is likely a thermally nucleated process and
cannot be simulated directly or studied by equilibrium methods. Hence, we develop a novel method
for studying minimum free energy paths in membranes. Our results indicate that thermally nucleated
rupture may be an important factor for the low rupture strains observed in lipid membranes. Under
the moderate tensions found in this regime, there are multiple pathways for crossing the membrane:
(1) particle-assisted membrane rupture, (2) particle insertion into a metastable pore followed by

translocation and membrane resealing, and (3) particle insertion into a metastable pore followed



v

by membrane rupture. This suggests a direct role of the nanoparticle in the endosomal escape not
previously envisioned in the proton sponge hypothesis, and illustrates the importance of having an
induced tension on the membrane.

Finally, the methodology developed in this work represents the most advanced theoretical tech-
nique for describing nucleation pathways in soft condensed matter systems that also include hard-
particle degrees of freedom. We expect the method to be useful for studying a wide range of
nucleation phenomena beyond membrane systems, for example, in nanoparticle polymer compos-

ites.
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Chapter 1

Introduction

Gene therapy is the insertion of a corrective gene into cells to alleviate the symptoms of disease.
With advances in the identification of the genetic and molecular origins of diseases, gene therapy
holds the potential to treat hereditary diseases by replacing errant genes and nonhereditary diseases
by delivering genes to alter the production of naturally occurring or cytotoxic proteins. The latter
may be used to treat diseases such as cancer and acquired immunodeficiency virus (AIDS). While
simple in principle, several issues remain to be overcome before gene therapy can be successfully
applied in the clinic. The primary challenge is developing an efficient method for delivering the gene
to the target cells [1-3]. In this thesis we will address the intracellular barriers associated with the
gene delivery issue.

The delivery of the genetic material to the nucleus is achieved through the use of delivery vectors,
which can be divided into two major categories: viral and nonviral. Although viral vectors are
extremely efficient, serious safety concerns limit their clinical applications [4-6]. In contrast, nonviral
vectors, which rely on cationic molecules to electrostatically complex with the nucleic acids into
protective nanoparticles, are less toxic and less immunogenic [7]. We will consider cationic polymers,
which have the added benefit of facile preparation with immense flexibility to incorporate multiple
features, such as targeting ligands. However, to achieve an efficiency comparable to that of their
viral vector counterparts, a mechanistic understanding of each step during the gene delivery process
is still needed, including: the formation and stability of the nanoparticles; the systemic delivery

and targeting; the internalization, endosomal escape, cytoplasmic trafficking and nuclear transport;
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and finally the unpackaging of the nucleic acid from the nanoparticle and incorporation into the
genome [8]. While many of the above issues involve detailed biochemistry, some are clearly physical
in nature can be addressed with theory and simulation, using concepts in polymer and membrane
biophysics. In particular, the motivation for this thesis will be to address the endosomal escape
mechanism.

Understanding the endosomal escape mechanism is critical for the design of efficient polymer-
based gene delivery systems. Once the nanoparticle is internalized by the cell, it becomes trapped
inside a membrane-bound compartment called the endosome. At later stages, the endosome fuses
with the lysosome, a vesicle specialized for the intracellular digestion of macromolecules. Hence,
the nanoparticle containing the polymer-gene complex must escape or face degradation. In the
proton sponge hypothesis [9-11], it is believed that the buffering capacity of the polymers leads to
an increase in osmotic pressure that translates to increased tension on the endosomal membrane.
Eventually, the membrane forms pores and ruptures, thus releasing the trapped nanoparticles into
the cytosol.

Two biophysical questions arise naturally from the proton sponge hypothesis: How does a mem-
brane form a pore and rupture? And can the nanoparticle interact with the membrane to play a
direct role (beyond simply serving as substrate for protonation) in this process? Though apparently
simple, these questions remain unanswered and are fundamental to understanding how to design
nanoparticles that can successfully escape the endosome. Our goal is to provide a molecular-level
picture of these processes. This has required substantial efforts in developing new computational
tools capable of capturing the essential features of these complex biological systems and the time
scales of these events.

We have developed a coarse-grained model consisting of amphiphilic, double-tailed lipids in ex-
plicit solvent with added salt ions. Importantly, the model accounts for both the short-ranged
hydrophobic interactions and the long-range Coulomb interactions of the hydrophobic tails and the
negatively charged head groups, respectively, as well as the lipid chain configurational entropy. This

difficult many-body problem is converted into a one-body problem, using a well-established tech-



Figure 1.1: Schematic of the self-consistent (mean) field theory: replacing the interactions among
molecules with the interaction between a single molecule and an average external field [12]

nique in the polymer community known as the self-consistent field theory (SCFT); see Fig. 1.1.
In Chapter 2, we use this model to study the equilibrium interaction between a positively charged
nanoparticle and a lipid membrane as a function of the particle size, charge, and membrane tension.
For moderately high membrane tensions and for nanoparticles comparable to the membrane thick-
ness, we find a metastable pore state (Fig. 1.2) that significantly reduces the critical tension for the
mechanical rupture of the membrane, defined as the limit of metastability. This suggests that if the
nanoparticle can insert into the membrane, the endosomal escape is enhanced. However, the kinetic
pathways for particle insertion and the subsequent membrane rupture cannot be addressed with the
equilibrium calculations used in this study. Furthermore, membranes are examples of soft matter
systems that can undergo many interesting processes as thermally nucleated (rare) events; particle

insertion and rupture are two likely examples.

i) o Y e = c—

Figure 1.2: Solutions to the SCFT equations, where the particle position is fixed. The rightmost
image corresponds to the metastable pore state. Contour plot shows the lipid head density in
cylindrical coordinates.

Developing a method to study rare events in soft matter systems is a difficult problem due



primarily to the following challenges:

1. Long timescales: Conventional molecular dynamics simulations attempt to overcome the long
timescales by setting up the system in such an unstable state that the phase transition occurs

instantaneously, i.e., via spinodal decomposition, rather than nucleation.

2. High dimensional reaction coordinate: The potential of mean constraint force method artifi-
cially selects a reaction coordinate constraint that, in general, does not coincide with the true

transition pathway involving the many molecular degrees of freedom.

3. Complex molecules: Simple toy models are developed in an effort to reduce the computational
load of the problem. The interpretation of structures comparable to the molecular size is highly

problematic for these overly simplified models.

We have developed a novel approach that overcomes all of the aforementioned challenges. The
method captures the full minimum free energy path (MFEP) of nucleated events by using a string [13]
to identify the pathway for barrier crossing on a known free energy landscape. In SCFT the free
energy functional is not known a priori. Thus we traverse the free energy landscape by evaluating
the gradients “on the fly” [14-16].

In Chapter 3, we present results showing that the free energy barrier for pore formation and
rupture becomes surmountable well before the onset of mechanical instability of the membrane,
thus offering a possible explanation for the low rupture strains observed in lipid membranes [17].
In Chapter 4, we further demonstrate that the nanoparticle is able to insert into pores and either
translocate or assist in the rupture of the membrane. From a practical point of view, this result
suggests that engineering the nanoparticle to interact with the membrane in a way that lowers the
nucleation barrier in these pathways can be an effective way to increase the endosomal escape rate.

To achieve efficiencies comparable to the viral vectors, it may be necessary to combine multiple
tactics for overcoming the endosomal escape barrier. Recent experiments suggest that if there are
excess cationic polymers that have not condensed with the genetic material into nanoparticles, the

endosomal escape is enhanced [18,19]. The effects of these free polymers are hypothesized to be two-
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fold. First, the polymer can insert into the endosomal membrane, thereby decreasing the mechanical
strength and lowering the nucleation barrier for membrane rupture. Second, if these polymers are
only partially inserted into the membrane, then the polymer segment sticking out may obstruct
the fusion of the endosome with lysosomal vesicles containing hydrolytic enzymes. Results from
Chapters 3 and 4 already suggest that rupture of the endosomal membrane is a nucleated event
and that the nanoparticle can directly assist in lowering this barrier. Future studies are expected
to reveal whether these free polymers can be used to further enhance the endosomal escape. A
molecular picture of the pathways associated with these processes is obtainable for the first time
using the method developed in this thesis.

Although the focus of this thesis is on the endosomal escape of polymer-based gene delivery
systems, the guiding principle used here can be extended to the investigation of other biophysical
problems. We have shown that coarse-grained models solved using appropriate computational meth-
ods can provide interesting insights into seemingly complex biological systems. In Chapter 5, two
additional studies in line with this theme are included. First, we develop a kinetic model to describe
the dynamics of cellulase, a two-domain enzyme that converts biomass into biofuels. This study
revealed the role of the flexible linker region for achieving an optimal hydrolysis rate. Second, we
define a thermodynamic model for the self-assembly of RNA viruses. Using this model, we were able
to explain—for the first time—the source of the net negative charge that is prevalent in naturally

occurring viruses, a topic of considerable controversy in the virology community.
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Chapter 2

Interactions of a Charged
Nanoparticle with a Lipid
Membrane: Implications for Gene
Delivery

We use self-consistent field theory to study the thermodynamics of membrane-particle interactions
in the context of polymer-based gene delivery systems. Our aim is to guide the design of dendrimers
that can overcome the endosomal escape barrier by inserting into membranes and creating pores.
We study the interaction between a dendrimer, which we model as a nanoparticle, and a membrane
under controlled tension as a function of their separation. In all the cases considered, the lowest
free energy state corresponds to the particle absorbing onto the surface of the membrane. However,
with moderate tension, we find that a G5 (or larger) generation dendrimer, through thermal fluctu-
ation, can insert into membranes to form metastable pores. These pores are subsequently shown to
significantly lower the critical tension necessary for membrane rupture, thus possibly enhancing the

release of the trapped genetic material from the endosomal vesicle [1].

2.1 Introduction

Polymer-based synthetic vectors hold great promise as gene delivery vehicles. They afford immense
flexibility in design, are easy to manufacture, and allow repeated administration without adverse

immune responses. The synthetic vectors rely on the ability of the positively charged polymers



9

to electrostatically bind and condense the genetic material into nanoparticles, which are termed
polyplexes. Rational design of an efficient gene delivery vehicle requires a mechanistic understanding
of each step during the gene delivery process, including the formation and stability of the polyplexes;
the systemic delivery and targeting; the cellular internalization, endososomal escape, cytoplasmic
trafficking and nuclear transport; and finally the unpackaging of the nucleic acid from the polyplex
and incorporation into the genome [2].

In this thesis, we focus on the endosomal escape mechanism. As the polyplex is trafficked from
the endosome to the lysosome, acidification activates hydrolytic enzymes that degrade the trapped
genetic material. In the proton sponge hypothesis [3-5], it is believed that cationic polymers are
able to avoid this fate by absorbing the protons. This causes the polymer to swell and additional
protons to be pumped into the endosome. Together with an attendant influx of counterions, this
results in an increase in osmotic pressure that eventually ruptures the membrane and releases the
trapped polyplexes into the cytosol.

In addition to the proton sponge effect of the polymers, it has been experimentally shown that
nonspecific interactions between free polyamidoamine (PAMAM) dendrimers and lipid membranes
enhance membrane permeability and hole formation, depending on dendrimer size (generation, G)
and charge (terminal functional groups) [6-9]. Specifically, G7 amine-terminated dendrimers induce
the formation of holes, while G5 amine-terminated dendrimers primarily expand pre-exisiting defects,
and G5 acetamide-terminated (charge neutral) dendrimers do not cause hole formation. With respect
to overcoming the endosomal escape barrier, these observations, together with results indicating
that the presence of excess free polymers can increase the transfection efficiency by two orders of
magnitude [10, 11], suggest that a molecular understanding of the membrane-particle interactions
can provide a foundation for the design of dendrimers as efficient gene delivery vehicles (in what
follows, we use the terms dendrimer and particle interchangeably).

Towards this end, recent advances in computation power and simulation methodologies have
produced interesting observations that both complement the experimental findings and provide

additional molecular-level insights [12]. In particular, Lee and Larson have performed coarse-grained
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MD simulations of G3 to G7 dendrimers on a dipalmitoylphosphatidylcholine (DPPC) bilayer. Their
results suggest that the dendrimer is more efficient in inducing membrane permeability, as compared
to flexible linear polymers, because its rigid spherical structure prefers to gain favorable electrostatic
interactions from both leaflets, thus facilitating the formation of a pore [13].

Here we use self-consistent field theory (SCFT) [14] to explore the structural and energetic
properties of metastable and unstable states involved in dendrimer-induced pore formation and
membrane rupture. In comparison to direct molecular simulation, SCFT allows access to both true
equilibrium and metastable states without limitations due to short simulation times. Furthermore,
thermodynamic variables such as the membrane tension are easily and directly controlled. We seek
to understand how the effect of the dendrimer is coupled to the effect of the tension in the membrane.
Our aim is to find conditions favoring the formation of a metastable pore, which we show can nucleate
membrane rupture. As was demonstrated by Lee and Larson [13], this requires properly treating
the electrostatics. In particular, we account for the spatially varying dielectric constant and include
the Born energy of the ions [15]. Although SCFT has been applied to similar systems, electrostatic
effects from charged species were not included [16,17]. Thus, we begin with a brief description of

the model and SCFT derivation.

2.2 Model

Our system consists of a membrane bilayer assembled from double-tailed lipids (L) in solvent (S)
with salt ions (4). The lipids are represented as graft copolymers, which we model as discrete
Gaussian chains, consisting of a negatively charged head segment of Ny solvophilic head monomers
with volume vy and two identical tail segments, each consisting of N solvophobic tail monomers

with volume vp, see Fig. 2.1. The harmonic potential for the connectivity of chain ¢ takes the form

N-1
3kpT
h; = W Z(r’i,j+1 - I‘i’j)2. (2.1)

=1



1 =1
QH(P;Z')/
g (r; Ny —i+1) \
it = Ng j=Nr+1

Figure 2.1: A double-tailed lipid model consisting of head (blue) and tail (red) monomers. ¢; and
g7, where I = H,T, are the chain propagator and complementary chain propagator, respectively,
used for calculating the single chain statistics; see Appendix C.

Here r; ; is the position of the jth monomer in the ith chain, b is the bond length, IV is the total
number of monomers in the chain, kg is the Boltzman constant, and T is the temperature. In
what follows, we set kgT' = 1. We note that in using the discrete Gaussian chain as our model,
we have ignored bending rigidity. Indeed, real lipid molecules have bonds with limited flexibility;
in particular, unsaturated lipids contain double bonds, or kinks. However, bond order parameters
calculated from similar lattice models [18-20] in the same spirit as our discrete Gaussian chain
model have shown good qualitative agreement with experimental findings [21-23], and even excellent
agreement with molecular dynamics simulations [24-26]. We use the Gaussian model primarily for
convenience, as it is the simplest model that captures the conformational degrees of freedom of the
lipid molecules. Similar models have been used to study membrane processes such as fusion [27].
In addition to the lipids, there are solvent monomers with volume vg, and salt ions taken as point
charges of elementary electron charge e and valency zi. We work mostly in the grand canonical
ensemble, where the number of lipid, solvent, and ion molecules are controlled by their chemical
potentials p; (I = L, S,£), which are obtained from the homogeneous bulk phase. For a range of
dendrimer generations and charge densities, we calculate the free energy of the system as a function of

the dendrimer position with respect to the membrane. In other words, we include a fixed dendrimer
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in the system, whose position and density profile we specify, and solve for the remaining density
profiles of the lipids, solvents, and ions; the free energy follows immediately from these solutions.

We begin with a particle-based Hamiltonian for our system, given by

oL 23e2cy(r
H= Zhi + /dl‘dl" {ZQBJ(I‘)UJK(F — )i (r') + Eﬁc(r)C(r, r')pe(r) + ii()} - (22)
i=1

T 8maye(r)

In this expression, the first term accounts for the chain connectivity of the ny lipids. The second
term accounts for the pairwise energetic interaction potentials among species, where the summation
is over JK € {HT,TS,SH} and the instantaneous volume fractions of solvent, head, and tail

monomers are defined

Ps(r) =vs 25@ —rj),

ny, Ng
bu(r) = vy Z > 6(r —1ia), (2.3)
A z_nlLaI—VT
dr(r) =2vr Y Y o(r—ry).

=1 b=1

We assume the pairwise interaction potential u ;g (r—r’) to be short-ranged, so that one may perform

a gradient expansion to quadratic order; see Appendix A. This gives the following approximation:

H =~ _ZLhi + /drdr’{ Z [Q%J(I‘)XJK(JBK(I') + %|V§Z§J(I‘)|2:|

JK

2 2 .2 .~

€ INA (A 23 € Ci(r)
+ G ) + T }

Here, the local interactions are captured by the terms containing the Flory x parameters and non-
local interactions are captured by the gradient terms [28]. We comment that in modeling systems
involving long polymers, such gradient terms are usually not included, as the chain connectivity is
sufficient to capture the nonlocal effects on length scales of interest. Because we are treating shorter
chains, we include these terms to account for nonlocal effects at shorter length scales due to the

short chain nature of the lipids.
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The third term in Eq. (2.4) is the Coulomb energy of the system, where

1

- 4melr — 1’|

(2.5)

is the Coulomb operator satisfying [V - (eV)]C(r,r’) = §(r —r’). Later, it will be useful to note
that its inverse operator is

Clr,t') = —eV3(r —1'). (2.6)

The Coulomb energy accounts for the long-ranged electrostatic interactions from the total charge

density of all charged species:
A CH 5 A A
epe(r) = cpop(r) — i(bH(r) + zyeéq(r) — z_eé_(r). (2.7)

Here cp is the magnitude of the charge density on the fixed dendrimer and cy is the magnitude of
the charge per head monomer (and is dimensionless). ¢4 (r) is the instantaneous number density of
the ions. Note that the density profile ¢z (r) for the dendrimer is specified by us. Any reasonable
function may be used. We choose a hyperbolic tangent function with a characteristic width for the
interface [29] so that the dielectric constant e(r), which is spatially varying and depends on the
volume fractions of the different species, will be smooth and continuous in r. However, with respect
to the lipids, the dendrimer is impenetrable and the density profile of the fixed particle is essentially
a step function. Finally, the forth term in Eq. (2.4) is the Born self-energy of the ions in a weakly
varying dielectric medium.

The grand canonical partition function = is obtained by summing over all particle degrees of
freedom, including the position of each solvent and ion molecule, as well as the position and confor-

mation of each lipid chain:

e elBLnrtpsnst+prn)

nr ns N+
= > s | o [Tl [T
nringnylvp"toghsvnE i=0 =0 k=0

nL,s,+3=0

(1]

(2.8)
% [T6[1 = du(x) = dr(x) = bs(x) = p(x)] e~



14

Here, the delta functional accounts for the incompressibility at all positions r within the system
volume, the notation Dr; is shorthand for integrating over all monomers in the chain, i.e., Dr; =
dr; 1dr;o...dr; N, and the Boltzmann factor # is given by Eq. (2.4).

In SCFT, the first step is to replace the above (computationally intractable) particle-based
model with a field-theoretic model, using a series of techniques related to Hubbard-Stratonovich
transformations. This decouples the interactions among particles and replaces them with interactions
between single particles and effective fields; for details, see Appendix B. The final result for the field-

theoretic partition function can be generically written in the form

= /Dw exp(—F[w]), (2.9)

where F' is an effective Hamiltonian that is complex and depends on the (multidimensional) field
variable w. In general, the field-theoretic partition function cannot be evaluated in closed form. The
mean-field, or self-consistent field approximation, amounts to assuming that a single field configura-

tion w* dominates the functional integral, i.e., E & exp(—F[w*]), where F[w*] in our model is given

by
Fe— " 2 ) — S Zs(es) — S Zu(0)
o o = (2.10)
+ /dr {;(XJK¢J¢K —&105 + %[V%]z) + v (cror — %¢H) - ;(VWQ} -

In Eq. (2.10), and in what follows, we recognize the imaginary nature of the potential field variables
at the saddle point and redefine the conjugate chemical potential fields £ — &, and the electrostatic
potential field —it) — 1. Also, the incompressibility constraint is invoked to eliminate ¢g in favor
of ¢, ¢, and ¢p. Finally, the r dependence has been dropped for notational conciseness.

The partition functions that arise in the above expression are for a single molecule in its respective
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field(s) and are given by
Zs(8s) = /drexp{—vsﬁs}a

24(6) = [ dvexp{ Fvez - u ). (2.11)

218 8r) = /dFQH(r;NH)Q%(r;NT + 1)e?vntn,

for the solvents, ions and lipids, respectively. The form of Zg(£s) is simple enough; Zi () and

Z1(&m, &r) require some explanation. Firstly, we have introduced the Born self-energy of the ions

23 e?

ul, = (2.12)

8mate’
where € is the spatially varying dielectric constant. Although the volume of the salt ions does not
enter into the incompressibility, with respect to the self-energy of an ion, we specify a4+ = 0.3 nm
as the radius. u’ cannot be absorbed into a redefinition of the chemical potential for a spatially
varying dielectric medium. The derivation of the expression for the Born energy of a spatially varying
dielectric medium is rather involved and we refer the interested reader to a complete derivation by
Wang [15]. Secondly, we have introduced the chain propagator g;(r;i) for I = H,T, where i is the
monomer index, to obtain the single-chain statistics of the lipid. The propagator accounts for the
chain connectivity and the Boltzmann weight due to the self-consistent potential field. Calculation of
the propagator for our discrete Gaussian chain is described in Appendix C, with the initial condition

for placing the end monomers:

qu(r;1) = exp{—vuln},
(2.13)

qr(r;1) = exp{—vrir}.

The total partition function for a single chain follows naturally by joining the chain propagators at
the branch point, where an extra exponential factor e2#¢# is included in the partition function to

correct for over-counting the joined monomer; see Fig. 2.1.



16

Finally, the mean-field configuration that gives F[w*] is obtained by requiring that Eq. (2.10)
is stationary with respect to variations in the fields. Variation with respect to the volume fraction

fields ¢y and ¢ gives,

& =¢s + xsu(1 =205 — o1 — OF) + (XHT — XST)OT

(V4)® N zieh)

2 8maye?

— Kk Apr — p — (e — es) <
VH
(2.14)
&r =€s + xst(1 — g — 207 — ¢F) + (XuT — XSH)PH

sy, )

2 8maye?

— krA¢p — (e7 — €g) (

Here, ¢4 = et= v;lexp{ Fziep — ubi} is the ion distribution. Variation with respect to v gives,
CH
—V(eVY) = crpop — E(bH + (zrecy); (2.15)

with respect to &g gives,

1 —¢g — ¢r — o = e/ exp{—vs&s}; (2.16)

and with respect to &g and &7 gives,

Ny
vgehr N v « .
op(r) = h;L ZqH(r;z)e HeH g (v Ny — i+ 1),
. (2.17)
fUTeML T . € " .
or(r) =2 9 ZqT(r;z)e”T Tgr(r; Np+1—14i+1).
Lo

Here we have introduced the complementary chain propagator ¢j(r;4), which also satisfies a similar

equation to that for ¢r(r;¢), but with the initial conditions (for beginning at the branch point):

3 (r;1) = "7 qp(r; Ny + 1)gr(r; Nr + 1),
(2.18)

gy (r;1) = "% g (r; Ny + 1)gp (v; Npg).
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Eq. (2.15) is the Born-energy augmented Poisson-Boltzmann equation [15]. Eq. (2.16) can be trivially
solved to to yield &g = fvgl log(1 — ¢y — ¢ — ¢r), where we have defined pus =0 because the
chemical potentials of the solvents and lipids are not independent for an incompressible system.
Numerical SCFT requires solving eqs. (2.14-2.17), together with Eq. (C-2) for the chain propagators,

iteratively until convergence. From these solutions, the free energy is obtained from Eq. (2.10).

2.3 Results

In this section, we study the thermodynamics of membrane-particle interactions and consider the
implications to the endosomal escape, where, in addition to the proton sponge effect, another possible
effect of the dendrimers is to insert into the endosomal membrane and form pores that can nucleate
rupture at significantly lower tensions. As a reference, we first study the tension required to rupture

a uniform membrane in the absence of the dendrimer.

2.3.1 Rupture of a Uniform Lipid Membrane

Lipid membranes such as DPPC are often used as models for understanding the more complex
and diverse biological membranes that define the boundaries of (and within) a cell. We begin by
developing a coarse-grained model of a lipid membrane in a volume containing explicit solvent and
mobile ion species at physiological salt concentration, 150 mM. For the lipid we choose Ny =2
and Ny = 8 (per tail), with the monomer volumes vy = vy = 0.05 nm®. With these values, the
total volume of our lipid is v; = 0.9 nm?®, which is on the order of the value for a lipid in a fully
hydrated bilayer (v; = 1.232 nm?) as determined by Nagle [30]. The desired surface charge density
is experimentally obtained by specifying the composition of lipid species in the membrane [31]. For
simplicity, we choose to distribute the charge evenly among the head monomers and set ¢y = 0.25
for the (dimensionless) charge magnitude per head monomer.

The Flory and square gradient interaction parameters are chosen so that the model captures real-
istic features of a lipid membrane. Setting xgr = 75, x7s = 25, xsg =0 and kg = kK = 2, kg = 0,

we obtain, in the tensionless state, an area per lipid of 0.74 nm? and a membrane width of ~ 3.5 nm;
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Figure 2.2: (a) Volume fractions and (b) ion number concentrations (nm~3) across the axis perpen-
dicular to the membrane

see Fig. 2.2(a). Both values are similar to those obtained from experiments and molecular dynamic
simulations [32]. We choose ep =2 and ey = 50 for the dielectric constants of the tail and head
regions [33], respectively, and for the solvent we use eg = 80. Figure 2.2(b) shows an accumulation
of cations in the head region due to the negatively charged head monomers, and a depletion of ions
in the tail region due to the low value of the dielectric constant, er.

The above parameters are chosen based on experimental results for membranes in the tensionless

state. The tension is defined by v = 0F/0A|, , where F is the appropriate free energy and A is

1 )
the area. To study the limit of stability for a membrane under increasing tensions, we work in a
semi-open system (open with respect to solvent and small ions but closed with respect to the number
of lipids so that the number of lipids in the membrane is fixed) and obtain the free energy per unit
area f as a function of the area per lipid o. The tension is then evaluated according to
of
=f+o0=| . 2.19
v=Fto o (2.19)

ny
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Figure 2.3: Membrane tension (kgT/nm?) as a function of the area per lipid (nm?). The limit of
metastability occurs where 9v/do = 0.

For a mechanically stable membrane, (0y/do) > 0. Therefore, the condition (9v/do) = 0 signals
the onset of mechanical instability, which we identify with the point of rupture and term the value
of tension at this point the critical tension. In Fig. 2.3, the rupture corresponds to the maximum
of the tension-area curve, with a critical value of the areal expansion of ~ 0.45, and critical tension
Ye ~ 4.5 kgT/nm?. The same calculation is repeated in the grand canonical ensemble, which is open
to all species. In this system, the excess grand potential (given by Eq. (2.10) relative to the uniform
bulk solution) per unit area directly gives the tension up to the rupture value. The results from
these two ensembles are identical. For convenience, particularly when a dendrimer is present, in
what follows we work in the grand canonical ensemble.

We note that the rupture captured by this one-dimensional calculation is the limit of metasta-
bility for a uniform static membrane. In reality, thermal fluctuations and lipid rearrangements are
responsible for regions of membrane thinning [34, 35] that lead to rupture under much lower ten-
sions. Therefore, it is not surprising that our value for the critical tension is higher than the values
determined from micropipette aspiration experiments (0.75 — 2.5 kgT/nm?, depending on degree
of saturation of the lipid tails [36]), and the areal expansion we obtain is an order of magnitude
greater than the areal expansion obtained experimentally for lipid vesicles [37] (but comparable to
the results for polymersome mebranes [38]). We emphasize that these results do not suggest that

our model is unphysical, but rather that the experimentally observed rupture is likely a nucleated
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event. In what follows, we explore the thermodynamics of membrane-particle interactions.

2.3.2 Thermodynamics of Membrane-Particle Interactions

Properties of the fixed particle are chosen to capture the size and charge of different generations
of PAMAM dendrimers [39]. Because the outer surface of a high-generation dendrimer is highly
congested and unlikely to be penetrated by lipids (see Zhang [6] and references within), we define a
radius R, which excludes any lipids from within the volume of the particle. The total charge of the
particle is given by the number of terminal amine groups, which are essentially all protonanted at
neutral pH [40]. Due to significant backfolding of these amines [41], the charge can be assumed to
be distributed evenly in the volume of the particle (see Fig. 2.7 for the dendrimer sizes and charge
densities used in this work).

We find the results insensitive to the dielectric constant chosen for the particle, and assign
er = €g = 80. Because the system is axially symmetric, we work in cylindrical coordinates, with the
center of the particle defined as rp = (rp, zr) = (0, zr) and the membrane positioned at z = 0. The
vertical position of the particle zp then becomes a natural reaction coordinate for the system. In
what follows, we constrain the position of the particle and numerically solve the set of SCF equations
at each position. The solutions to the uniform membrane case are used as the boundary condition,
holding the membrane at fixed tension and its outer edges at fixed position.

In general, the SCF equations can have multiple solutions, corresponding to different free energy
minima, with one being the global minimum and the rest being the metastable minima. Capturing
all the free energy minima is a nontrivial task. However, symmetry and simple physical intuition can
often be used to limit the search. Here, we take advantage of the different ways of initializing the

SCF equations as a means to access the stable and metastable minima. We consider two methods:

1. We begin with a noninteracting membrane-particle system and slowly move the particle along
the path of decreasing zp. At each step, the previous solutions are used to initialize the new

equations.

2. We instantaneously place the particle at zp, sometimes initializing the configurations with a
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Figure 2.4: Free energy profile (kgT') for the tensionless membrane. AF is relative to a nonin-
teracting membrane-particle system, where zp — oo. The particle is a G5 dendrimer with radius

Rp = 2.7 nm and charge density cr = 1.55 nm~3 (all 128 surface amines are protonated). For

comparison, we have also plotted the results for a hypothetical G5 dendrimer with cx = 5.00 nm~3.

Empty symbols correspond to method 1; + and x correspond to method 2 (see text for description).

hole in the membrane. This hole can be interpreted as a temporary defect caused by fluctua-

tions.

2.3.2.1 Tensionless Membrane

We first apply method 1 to a tensionless membrane and a fully protonated G5 dendrimer. While the
specific interactions are local, the electrostatic interactions are long-ranged and rearrangements of
the lipid molecules allow the membrane to reach out and meet the particle, as shown in Fig. 2.5(a).
At this point, the particle is within the attractive range of the membrane. This is depicted in Fig. 2.4,
where the potential well in the free energy profile is due to a competition between satisfying the
favorable electrostatic interactions and deforming the membrane. From the free energy profile, we see
that the particle will continue towards zp ~ 0 nm, corresponding to a metastable, partially wrapped
state.

Interestingly, if we imagine an external force which continues to slowly push the particle, we
find that the membrane does not rupture. Instead, it deforms until the two sides of the membrane
trailing the leading edge of the particle fuse together, and a dendrimer-filled vesicle naturally pinches

off from the membrane. Although beyond the scope of this article, further analysis of this process
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Figure 2.5: ¢g in cylindrical coordinates for a tensionless membrane and a fully protonated G5
dendrimer with c¢p = 1.55 nm~2. (a—c) are solutions to both methods 1 and 2, while (d-f) are only
solutions to the latter.

of pushing the particle through the membrane could provide information as to the energetics and
forces required by the cell (in particular, the proteins recruited) to enforce shape transitions of the
membrane involved in endocytosis.

We next solve the same SCF equations by method 2. Depending on the extent of the hole
created by the particle and the parameters of the system (membrane tension, dendrimer charge and
dendrimer size), the system will fall into one of two solutions: either the membrane reseals the hole
and partially wraps the particle, or the membrane forms a head-lined pore around the particle. This
is observed from the density plots (Fig. 2.5) and from the free energy profile (Fig. 2.4), where the
SCF solutions correspond to a partially wrapped particle until zp ~ 2.0 nm. Beyond this, if thermal
fluctuations initiate a hole (as simulated by method 2), then the system will find the solutions to
the higher energy path corresponding to a membrane pore. However, the particle must squeeze its
way into the pore, as can be seen in Fig. 2.5(d) and the free energy increases with decreasing zp.
This indicates that any pore induced into a tensionless membrane is highly unstable and will be
short-lived. In all of our calculations, it is important to remember that the particle position is fixed.
In other words, we have constrained the SCF equations so that the membrane is forced to respond
to a particle at fixed zp. If we lift this constraint, the membrane will expel the particle and reseal

the pore. The system will then find the metastable state corresponding to the partially wrapped
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particle.

From the above analysis for a fully protonated G5 dendrimer interacting with a tensionless
membrane, it is clear that the pore state cannot exist without constraining the position of the
particle. It is of interest to know whether the pore state can be stabilized by appropriately modifying
the dendrimer. If the increase in free energy is due to the particle having to squeeze its way through
the pore as it deforms the membrane, increasing the particle size is not the solution. Instead, suppose
that we can increase the charge density on the dendrimer by chemically modifying the functional
groups.

In Fig. 2.4 we compare the result for a hypothetical, highly charged G5 dendrimer (¢ = 5.00 nm™
to the result for a fully protonated G5 dendrimer (cp = 1.55 nm~2). Due to screening by the salt
ions, increasing the charge density does not increase the range of electrostatic attraction. It increases
the extent and stability of the wrapped state. If the system manages to reach the unstable pore
state, it will be short-lived, according to the same explanation given in the preceding paragraph for
crp = 1.55 nm~3. From method 1, we find that electrostatic interactions alone are insufficient for a
dendrimer to induce holes in a tensionless membrane. From method 2, even if thermal fluctuations
assist by initiating temporary holes, we find that the dendrimer is unable to stabilize pores in a

tensionless membrane.

2.3.2.2 Membrane Under Tension

In the proton sponge hypothesis, an increase in osmotic pressure is believed to rupture the endosome.
We account for the osmotic pressure by applying a tension to the membrane, and explore the
combined effects of the applied tension and the electrostatic interactions between the membrane
and the particle. In Fig. 2.6, we continue with a fully protonated G5 dendrimer and plot the free
energy profile for v = 0.74 kgT/nm?2. The cost of deforming a membrane under tension has shifted
the metastable state from partially wrapped (zp ~ 0 nm) to surface-absorbed (zp ~ 2.8 nm). The
membrane is also less successful at healing defects (e.g., those initialized by method 2) and transitions

earlier to the pore state, which now corresponds to a second metastable state. It is also known that
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Figure 2.6: Free energy profile (kgT') for a membrane with v = 0.74 kg7 /nm?, shown together with
the tensionless membrane from Fig. 2.4. The particle is once again a fully protonated G5 dendrimer.
Empty symbols correspond to method 1; + and x correspond to method 2 (see text for description).
Note that we are well below the limit of metastability for a homogeneous membrane, where rupture
occurs at v, ~ 4.5 kgT/nm?.

membrane permeability and hole formation are dependent on dendrimer generation and terminal
functional groups [6-9]. Therefore, we also consider G3-G7 dendrimers. Our results agree with
experimental trends, where we find that G3 dendrimers do not stabilize pores, while G5 and G7
dendrimers do, see Fig. 2.7.

However, with respect to the endosomal escape, our interest lies in dendrimers that can nucleate
rupture, not stabilize pores. Recall that rupture of a uniform membrane occurs at 7, ~ 4.5 kg T /nm?.
Consider the membrane under tension with an inserted G5 dendrimer (cp = 1.55 nm~=3) shown in
Fig. 2.6, where the pore state is metastable. If we slowly increase the tension from this state, we find
that the limit of metastability occurs at . ~ 0.84 kgT/nm?, see Fig. 2.8. For tensions exceeding
this value, the pore radius expands indefinitely and the membrane ruptures. Interestingly, even a
highly charged particle, which should have strong adhesion to the head-lined pore periphery, lowers
the rupture tension, where ~, levels off at ~ 1.3 kgT/nm?.

We should comment that increasing the charge on dendrimers makes the pore state energetically
more favorable as compared to the wrapped state. So even though membranes containing higher-
charged dendrimers require higher rupture tensions, the higher-charged dendrimers are more effective

at stabilizing the pore state to begin with (see Fig. 2.7), and therefore more effective at facilitating
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Figure 2.7: Free energy profile (kgT') for a membrane with v = 0.74 kg7 /nm? interacting with G3
(RFp = 1.8 nm, ¢ = 1.30 nm~3), G5 (Rp = 2.7 nm, c¢r = 1.55 nm~3), and G7 (Rr = 4.0 nm,
cr = 2.0 nm~3) dendrimers. Empty symbols correspond to method 1; +, x, and A correspond to
method 2 (see text for description).
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Figure 2.8: Rupture tension (kg7 /nm?) for a membrane containing a pore, plotted as a function of
the charge density (nm~2) of the G5 dendrimer stabilizing the pore

rupture. The study of the actual nucleation barriers and pathways to pore formation and rupture
are beyond the scope of this work. Nevertheless, these results show that highly charged dendrimers
can greatly lower the rupture tensions. In terms of the endosomal escape, this dendrimer-induced

rupture at significantly lower tensions is precisely what we seek.

2.4 Conclusion

In this work, we have used SCFT to study the thermodynamics of membrane-particle interactions

in the context of polymer-based gene delivery systems. We have focused on the endosomal escape
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mechanism, where our main goal is to understand the role of the dendrimer in nucleating membrane
rupture (with the eventual release of the genetic material from the endosome). For different mem-
brane tensions, dendrimer sizes and charge densities, we have explored the structural and energetic
properties of the system. In what follows, we summarize our main findings and the implications for
designing polymer-based gene delivery vectors.

For tensionless membranes, we find that the hydrophilic pore with an inserted dendrimer is
unstable; the tensionless membrane prefers to satisfy the favorable electrostatic interactions by
partially wrapping the dendrimer. Our results indicate that increasing the charge density of the
dendrimer only increases the extent and stability of the wrapped state, while the pore state, if
somehow created, remains unstable and short-lived. In other words, the tensionless membrane is
so robust that even a highly charged particle is unable to insert into the membrane and stabilize
a pore. This suggests that the osmotic pressure contribution from the proton sponge hypothesis
is a necessary component if the endosomal escape is to be enhanced by particle insertion into the
membrane.

To study the effect of the osmotic pressure, we apply a tension v = 0.74 kgT/nm? to the
membrane. This value is well below the limit of metastability for a uniform membrane, for which
Ye ~ 4.5 kT /nm?. For G5 dendrimers and higher, we find that the pore corresponds to a metastable
state, while for G3 dendrimers the pore is unstable. This agrees with experimental trends on
the ability of the dendrimer to cause membrane permeability and hole formation [6-9]. Lee and
Larson [13], using MD simulations on similar membrane-particle systems, found that dendrimer-
induced membrane disruption was dependent on generation and concentration. We believe that
the apparent concentration dependence is related to local membrane tensions that are induced by
nearby particles due to the fixed membrane area. This is in agreement with the effect of tension in
our findings, where metastable pores exist only in combination with an applied tension. Finally, our
results indicate that these same metastable pores can act as nucleation sites for rupture.

With respect to overcoming the endosomal escape barrier (one of many to consider in gene

delivery systems), we have shown that there are at least two properties to consider in the design
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of the vector: (1) the dendrimer should be able to induce a tension on the membrane, e.g., by
increasing the osmotic pressure through the proton sponge mechanism; and (2) the dendrimer should
be sufficiently large and with enough charge so as to stabilize the pore state. Without the combined
effect of the two, the membrane would prefer to satisfy the electrostatic interactions by partially
wrapping around the dendrimer.

Finally, we comment on the limitations of our present study. In all of our calculations, we have
fixed the position of the dendrimer zg so that the solutions we obtain are subject to this constraint.
The free energy profile in this sense yields the potential of mean force between the particle and the
membrane. The multiple unstable and metastable states are obtained from the behavior of the free
energy as a function of zp. However, the reaction coordinate for nucleating rupture most likely will
not be zg, but will involve the rearrangement of the lipids in the pre-pore state. The current study
does not address how the particle becomes inserted into the membrane from the partially wrapped
state, nor does it address the subsequent nucleation event leading to rupture.

To study the pathways associated with these activated processes will require minimum energy
path (MFEP) calculations using, e.g., the nudged elastic band [42,43] or the string method [44].
We note that simpler calculations, where physical insight is used to impose one or more reaction
coordinate constraints (in a similar spirit to our particle position zp) have sometimes been used
to study nucleation processes in membrane fusion [27]. However, the structures associated with
dendrimer-induced pore formation and membrane rupture are more complicated and it is not obvious
that some simple constraints can be identified. In Chapter 3, we apply MFEP calculations to
dynamic SCF theory to address the actual nucleation events involved in the dendrimer-induced pore
formation and membrane rupture.

The authors gratefully acknowledge support from the Jacobs Institute for Molecular Engineering

for Medicine at Caltech. C.L.T. is thankful for financial support from an NIH training grant.
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Appendix A: Gradient Expansion

For the second term in Eq. (2.2), we focus on one term in the sum and perform a change of variables

r =r —r’ and expand around r’

/drdr’é_](r)u_]K(r —1)pr(r') = /df‘dr’é_](f‘ + 1) usk (F)or(r)) ~
(A-1)

R R 1 . .
/df‘dr’ [¢>J(r’) +1'Vos(r) + 2rTVV¢J(r’)r} sk (F)or(r').
The zeroth-order term in Eq. (A-1) defines the Flory interaction parameter
[aruace) [ dx'dsw)bn) = o [ @' )i, (A-2)

Assuming ujk (T) is symmetric, the first-order term vanishes; performing an integration by parts,

the second-order term defines the phenomenological square gradient parameter s jx

—% / dr ¥ Fu g () / AV () Vo) = I [ rd, ) Vo(). (A

Neglecting the cross square gradient terms and defining k55 = K gives the following approximation

to Eq. (2.2):

H zZ;h,» +/drdr’ {;{: [éJ(r)xJKéK(r) + %’\V(&J(r)\? T Zﬁc(r)C(r,r’)ﬁc(r’)}, (A-4)
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Appendix B: From a Particle-Based to a Field-Theoretic Model

We will make use of the following two identities:

1. The Hubbard-Stratanovich transformation:

exp {_; / da / de' J(2) Az, o) J (z') | =

| Df exp [—%fdxfdx’f(m)A’l(x,x’)f(x’) +zfde(x)f(x)]
[Dfexp|—3 [dx [da' f(z)A= (z,2) f(2')]

(B-1)

where J is the instantaneous density, A is the operator and f is the auxiliary field.

. Alternatively, one can introduce the field variables ¢; through a series of formal functional
analysis identities for the Dirac distribution. First the instantaneous densities (expressed as a

unitless volume fractions) are converted into smooth scalar density fields (;ASI = ¢r:

[ Pors[6(x) = 61| Fler (0)] = Pl (o) (5-2)

Then the associated (conjugated) fields £; are introduces via the formal Fourier representation

of §[f(r) = g(r)]:

3[@0) ~ 9)] = [ Derexs { [ vesto)[ ) - gto)] } . (B-3)

These two steps also decouple the interactions among particles and replace them with inter-

actions between single particles and effective fields.
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Using these two identities, we can now write the partition function in Eq. (2.8) as

e elbrnrtpsnstptng)

nr, ns nt+
= Y s o [ 1T [ Lo
nr'ngnylvp?Lrognsvy "+ o =0 Pt

n¢r,s,+3y=0

/D¢1/D§I exp {i/dr&(r)[gbl(r) —QASI(T)]}

X GXP{ - n:lh - /dr<z [0s (0o () + Ve, + 462%(”)}

T 8maye(r)

(1]

(B-4)

x/mm@&/wwﬂwwmz@MiqamﬂLﬂffwwmﬂ.

Where we have used Eq. (B-1), together with Eq. (2.6), to decouple the quadratic terms in the
Coulomb energy. Note, also, that incompressibility condition is imposed directly by defining ¢g =

1— ¢y — ¢r — ¢pp. Separating the terms containing the microscopic densities from those containing

the fields, we write

Ez/D@/D&/Dw

eHL L

X Z L opming) /H,DrleXp{_;hi_/drgH,TQBH,T}
X Z eusns /Hdr] exp{ /drfsqgs}

ns =0

HEnt 2,2
X Z ¢ /Hdrkexp{—/drez+@/1éi—/drzie Ci}
k=0

et ovi n4! 8maye

X exp{ — /drlb (CF¢F - 22¢H) - ;(Vw)Z}

x GXP{ - /drz (XJK¢J¢K — &by — %[V%]Q) }
JK

In anticipation of the imaginary nature for the field variables £; and v at the saddle point, we have

redefined the real field i§; — & and —iv» — 9. Noting that the molecules within each species are
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indistinguishable and making use of the microscopic density operators, this can be rewritten:

=~ [ o [ D6 [ D0

etr L eks B el b
X exp Dre h—vmrénr 4 dre Vs& 4 — [ dreTes=v—ui
vL Vs U4

X exp{ - /dr¢ (CF¢F - ZZ¢H> - ;(V¢)2}

x GXP{ - /drz (XJK¢J¢K —&sbs — %[V%]Z) }
JK

(B-6)

Fitting this expression into Eq. (2.9), it is evident that the field theoretic partition function is given
by Eq. (2.10) with the single molecule partition functions given by Eq. (2.11). For the lipids, the
Boltzmann factor contains the term h for the chain connectivity. This is further weighted by the
external fields £y and &r. To obtain the single chain statistics for the lipids, our approach will be to
compute the chain propagators qg and qr, as described in Appendix C. Finally, we comment that
the Boltzmann factor for the ions contains the Born-self energy u% in a spatially varying dielectric

medium [15].
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Appendix C: Propagator for a Single Chain in External Fields

We introduce the chain propagator by analogy to a Markovian process, where the monomer index
i can be thought of as the analogue of a discrete time variable in a stochastic process. In this way
we seek to build up the configuration of the graft copolymer, from the free end of each arm to the

branch point, beginning with the initial condition that
q(r,1) = e~ vrér(r) (C-1)

for I = H,T. Moving to subsequent monomers i corresponds to propagating forward in the “time”

index:

qr(r;i) = e~ viér(®) /dr’I‘(|r —r')qr(r';i—1). (C-2)

Here i € (2, N;) and T' denotes the transition probability from one monomer to the next, assumed
to be Gaussian. For notational simplicity, in what follows we drop the subscript I and denote
q(r,i) as simply ¢*(r). The above expression is essentially a reduced partition function for a chain
beginning at r and ending anywhere. Rather than attempt to evaluate Eq. (C-2) directly by an
integration scheme, we recognize that for a reasonably smooth external potential, the contributions
are dominated by the transitions for which |r — 1’| is on the order of the range of (or less than) the
Gaussian. Thus, following the usual practice in deriving a differential equation from the Chapman-
Kolmogoroff equation, we expand r’ around r to quadratic order. Further representing the spatial
derivatives by differences in cylindrical coordinates for our axially-symmetric membrane-particle

system, we get

gt (ry, ) = e_”“”’z’“){ [1—47]q" (), 21) + 74" (rj, zis1) +7q' (15, 26—1)

1

500" (rjs1,26) + (L= 52)q" (-1, 21) ¢

1
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Here we have defined v = b?/6h?, where b? is the variance of the transition probability and and h is

the grid spacing, and we have discretized space by a uniform grid:

(rj,zi) = (jh,kh), j=0,...,n:, k=-ng4 .., ,ny (C-4)

From Eq. (C-3), we can identify the following transition probabilities on the discretized lattice:

(7, 241 = 75, 26) =7,

L(rj, zk—1 = rj, 2) =7,

1

D(rjt1, 26 = 75 21) 27(1+27), (C-5)
1

D(rj_1,zi = rj, z) = (1 — Z)’

D(rj,zr = rj,2i) =1 — 4,

where the last expression can be thought of as the “survival probability”. Eq. (C-3) applies to j # 0.

For j = 0, we have

g (ro, z) =e_”5(r°’z’“){ [1—6v]q"(ro, z1) + 74" (ro, zk11) + V4" (1o, 2u—1) + 4vq" (r1, Zk)}, (C-6)

from which we similarly obtain the transition probabilities. Note that the positivity of the transition
probabilities requires that v < 1/6. Continuing with the analogy to a Markovian process, we can
define an equivalent “master equation” for the chain propagator on our discrete grid, and Eq. (C-2)

becomes

q'(r, z) = e vE(riz) Z L(r}, 2, — rj,zk)qi_l(r;-,z,’e), (C-7)

vz

where it is understood that the summation is restricted to the nearest neighbors of (r;,2;). The
discretization scheme we have used assumes that the range of a bond joining two monomers is on
the order of (or less than) the grid spacing h. More precisely b < \/ﬁh For cases where we wish

to lengthen the range of the bonds, we can include next-nearest neighbor transitions (and beyond)
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by inserting fictitious monomers at intermediate positions. These intermediate beads satisfy Eq. (C-
3) and Eq. (C-6), but without the Boltzmann weight associated with the external field. Finally,
we comment that the discrete Gaussian chain given here, unlike the continuous Gaussian chain
model, has finite range of bond lengths, which are specified by the grid spacing h and the number

of intermediate beads.
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Chapter 3

The Minimum Free Energy Path to
Membrane Pore Formation and
Rupture

We combine dynamic self-consistent field theory with the string method to calculate the minimum
energy path to membrane pore formation and rupture. In the regime where nucleation can occur on
experimentally relevant time scales, the structure of the critical nucleus is between a solvophilic stalk
and a locally thinned membrane. Classical nucleation theory fails to capture these molecular details
and significantly overestimates the free energy barrier. Our results suggest that thermally nucleated

rupture may be an important factor for the low rupture strains observed in lipid membranes [1].

3.1 Introduction

Membrane bilayers define boundaries for cells and are directly involved in many cellular functions [2].
Understanding the natural processes of the cell therefore requires understanding the physical and
mechanical properties of its membranes. The fusion of membranes and the controlled transport
of materials across cells involve the formation of transient membrane pores, while the resistance
against cell lysis (rupture) is determined by the stability of the membrane against the formation of
pores, e.g., during osmotic swelling. In addition to these natural processes, pores can be formed by
antimicrobial peptides [3] or electroporation [4]. The latter is a common method for introducing

foreign material, such as drugs or genes, to the cell [5].
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Several experimental methods have been developed to study pore formation under an applied
tension [6-8]. A variety of computational methods have also been used to study the energetic and
structural properties of membrane pores [9-15]. Conventional molecular dynamics simulations often
require very high tensions, where pore formation is no longer a rare event. On the other hand,
the potential of mean constraint force method can be applied to study pore formation as an ac-
tivated process [13-15]. The method requires artificially selecting a reaction coordinate constraint
that, in general, may not coincide with the true transition pathway involving local lipid rearrange-
ments. Furthermore, computer simulations are limited by the number of amphiphiles and are usually
performed under constant area. A pore opening under such conditions simultaneously relaxes the
surface tension and can either expand, reseal, or stabilize, depending in a nontrivial manner on the
system size [15]. In solvent-free models consisting of two- or three-bead “lipids”, there is disagree-
ment between density functional predictions [10] and Monte Carlo simulations [12] with regard to
the existence of small metastable pores. The interpretation of structures comparable to the lipid

molecular size is highly problematic for these overly simplified models.

3.2 Model and Method

In this chapter, we study the full minimum free energy path (MFEP) to pore formation and rupture
by combining the string method [16] with dynamic self-consistent field (DSCF) theory [17]. As
opposed to calculations that require physical insight to impose one or more constraints on the
system [18], the string method automatically determines the reaction coordinate of the MFEP
connecting two stable states on a given free energy landscape, while DSCF theory provides a full
description (at the mean-field level) of the lipid conformation changes. We begin with an arbitrary
set of states between two free energy minima. The states are connected on the free energy landscape
by a string and relax towards the MFEP by an iterative procedure. First, all states are evolved

independently for some time At according to

0y . OF
ﬁ - 7Dr¢], (3.1)



40

where ¢ is the monomer volume fraction, D is the mobility coefficient, and F' is the free energy
functional of the system. Note that for a system not at equilibrium, the gradient cannot be computed
using the usual SCF theory. Instead, we solve for a hypothetical external potential V' (r), which makes
the given nonequilibrium density ¢;(r) an “equilibrium” one; see [19] for details. Briefly, V/(r) must
satisfy

N
or(r) =et’ qu(r, eV gk (e, N — i), (3.2)
i=1

where the chain propagator ¢;(r,?) is again obtained using the discrete version of Eq. (C-2), i.e.,

Eq. (C-7). The equation of motion then becomes

D¢
aTI = —D[¢(r) — Vi(r)], (3.3)

where &5 is the usual field obtained by taking the variation of the free energy functional, i.e., %.
Then, to prevent the states from falling into one of the two end states (the trivial equilibrium
solutions), we make use of the connectivity imposed by the string. Precisely, we compute the total

arc length [ of the string according to its Euclidian distance:

Nstates—1

L= Y o — ol (3.4)

i=1

and interpolate the new states so that they are equidistantly spaced along the string:
S = l/(Nstates — ].) (35)

The procedure is repeated until the dynamics balance the reparameterization, i.e., the evolution of
the string has reached a steady state. At this point the string coincides with the MFEP [16] and the
free energy and density profiles of all states along the MFEP are immediately known without addi-
tional calculations. We note that a similar strategy was recently employed to study the nucleation
of order-order transitions in diblock copolymer melts [20].

A starting point for discussing pore formation and rupture is often based on classical nucleation
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Figure 3.1: An amphiphile consisting of a solvophilic (A) segment of N4 = 5 monomers with volume
va = 0.05 nm? (blue) and two solvophobic (B) segments, each with Ng = 15 monomers with volume
vp = 0.05 nm® (red). ¢ and ¢}, where I = A, B, are the chain propagator and complementary
chain propagator, respectively. Additional parameters include the solvent (S) monomer volume:
vg = 0.15 nm?, and interaction parameters: x4p, XBs, Xs4 = 75,18,0 and k4, k5, ks = 0,8,0.

theory (CNT) [21,22]. For a membrane under tension v > 0, CNT defines the free energy of a pore
of radius r as

F =27ro — wr’y. (3.6)

Here o > 0 is the line energy. The first term is the cost of forming the rim of a pore and the second
term is the relief in elastic energy. The above expression leads to a free energy barrier F* = wo? /v
at a critical radius r* = o/, beyond which the pore grows indefinitely (ruptures).

For membranes with different tensions v, we obtain properties of the nucleation pathway, in-
cluding the structure and activation energy F™ of the critical nucleus. Comparing the values of our
calculated F™* with those predicted by CNT, we find that CNT is valid only for small ~, where the
free energy barrier is nearly insurmountable on experimentally realistic time scales. For the phys-
ically relevant regime, where F* < O(10 kT'), CNT significantly overestimates the barrier height.
Furthermore, in this regime the critical nuclei are not well-defined pores, as assumed by CNT, but
rather “stalks” of amphiphile head groups or, in the case of large v, merely a local thinning of the
membrane.

Our model consists of a bilayer assembled from double-tailed amphiphiles in explicit solvent. The
amphiphiles are modeled as discrete Gaussian chains having a solvophilic block and two solvophobic
tails; see Fig. 3.1. The solvents are represented as monomers. The different monomer species are
assumed to interact with short-ranged, pairwise potentials, and the hard-core repulsion is accounted

for by treating the system as incompressible. We work mostly in the grand canonical ensemble,
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where the numbers of amphiphile and solvent molecules are controlled by their chemical potentials.
kT is used as the energy unit. The particle-based Hamiltonian for the system, accounting for the

chain connectivity of the n amphiphiles and the pairwise energetic interactions among species, is

HYh(n s Y [arddsusn )i, )
= E{AB{é(S,SA}

The particle to field transformation follows the same derivation given in Chapter 2. Briefly, the
interactions among particles are decoupled and replaced with interactions between particles and
effective fields; see also [23]. The resulting field-theoretic partition function can be generically
written = = [ Dw exp(—F[w]), where F is an effective, complex-valued free energy that depends on
the field variable w. Here, we make the mean-field approximation, which amounts to assuming that
a single field configuration w* dominates the functional integral so that Z & exp(—F[w*]). In our

model Flw*] is given by

e.u'P

F=——7p(éa,&B) — eLSZS(SS) + Z /dr[XJK¢J¢K —&ybg + ﬂ(V<Z5J)2]-
vp Vg T 2 (3.8)
€{AB,BS,5A}

The Flory x parameters and the square-gradient coefficients capture, respectively, the local and non-
local part of the short-ranged interactions [24]. Their values are chosen to reproduce some known
experimental properties of lipid membranes. The incompressibility condition ¢g + ¢4 + ¢p = 1 is
used to eliminate ¢g and we have used the imaginary nature of the potential field variables at the
saddle point to redefine the conjugate potential fields i§¢ — £ [23]. The partition functions that arise
in Eq. (3.8) are for a single molecule in its respective field(s) and are given by Zg = [ dre™"s%s for the
solvents and Zp = [ drqa(r; Na)e**4%4¢%(r; Ng + 1) for the amphiphiles. The chain propagators
ga and qp account for the chain connectivity and the Boltzmann weight due to the self-consistent
potential field. They begin at the free ends and are used to obtain the single-chain statistics for
each arm of the amphiphile. The total partition function for the amphiphile follows naturally by

joining the propagators at the branch point, where an extra exponential factor e?V4¢4 is included to



43

correct for over-counting the joined monomer; see C for details on the chain propagator calculation.
We then apply DSCF theory, together with the string method, to the free energy functional given

by Eq. (3.8). In what follows, we discuss the main results.

3.3 Results

Consider a membrane under tension . If the membrane size is much larger than the size of the
critical nucleus, we may regard pore formation and rupture as occurring at constant tension, which
we implement as the boundary condition. In what follows, we work in the grand canonical ensemble,
as it is most convenient for studying the MFEP. In this open system, the excess grand potential
(Eq. (3.8) relative the bulk solution) per unit area directly gives the tension up to the rupture
value, identified as the point of vanishing slope in Fig. 3.2 inset. This corresponds to a critical
tension . ~ 4.77 kT /nm? and an areal strain of ~ 0.6. The linear stretching modulus is found to
be 170 mN/m, which falls within the range for lipid membranes, as determined from micropipette
aspiration experiments [26]. Finally, to confirm that the results are independent of the ensemble
choice, we repeat the same calculation in the canonical ensemble. In this closed system, the tension
is evaluated according to

vy=f+a of . (3.9)

da

n

Here f is the Helmholtz free energy per unit area and a is the area per lipid. The results from these
two ensembles are identical.

The rupture captured above corresponds to the limit of metastability for a uniform membrane.
In reality, thermal fluctuations and lipid rearrangements can nucleate pore formation and rupture
when the membrane is subjected to a positive tension . If the timescale for nucleation is suffi-
ciently long relative to the timescale for molecular relaxation, then the nucleation rate is of the
form v = vgexp(—F*/kT), where vy is some transition frequency associated with the molecular
relaxation. Assuming a molecular relaxation time on the order of 10 us [27], nucleation will take

place on experimentally relevant timescales if F* < O(10 kT'). For any given tension, the DSCF-
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Figure 3.2: The free energy barrier as a function of the surface tension: DSCF-MFEP (markers) and
CNT (line). Inset: the surface tension as a function of the area per lipid: grand canonical (markers)
and canonical (line) ensemble.

MFEP calculations provide an exact description (within the mean-field framework) of the nucleation
pathway. In Fig. 3.2, we plot the free energy barrier F* as a function of the membrane tension
on a log-linear plot. Also shown is the result from CNT [Eq. (3.6)], where the line energy o is a
phenomenological parameter that is assumed constant and used to describe the excess free energy
cost associated with forming the rim of a pore. An equilibrium line energy is only well-defined
for a pore with zero curvature in a tensionless membrane. Our SCF method determines this value
(0eg = 5.16 KT'/nm) as input into the CNT. For small , the predictions from CNT agree well with
the DSCF-MFEP calculations. Indeed, we expect CNT to become exact in the limit v = 0. However,
in this regime, the barrier is too high, and the rate vanishingly small, for nucleation to be a relevant
mechanism. As v increases, the free energy barrier decreases (reflecting the fact that the metastable
intact membrane becomes less stable) and vanishes at the critical tension (7.), corresponding to the
spinodal. From Fig. 3.2, CNT severely over-predicts the free energy barrier in the important regime
where v ~ 3 —4 kT /nm?, and completely fails to capture the spinodal. To understand the source of
discrepancy between CNT and our results, we examine the MFEP for three representative values of
5.

On the left panel of Fig. 3.3, we show the free energy profile and the line energy (inset) as a
function of a reduced reaction coordinate, here taken to be the deficiency in the number of lipid

molecules in the bilayer, m. We choose to use m rather than the radius r because the latter is only
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Figure 3.3: Left: Free energy as a function of the deficiency in the number of lipids: MFEP (dashed
lines, states given by the colored markers) and CNT (solid lines). Right: density profiles for images
along the respective MFEPs. The contour lines correspond to 25% of the maximum solvophilic (A)
density of the initial intact membrane. In all cases, the critical nucleus is shown in red and the
intact membrane in grey. From top to bottom: 7, Vs, v. = 0.85,2.73,4.52.

well-defined for macroscopic pores. The free energies of the states along the MFEP are given by the
markers and the prediction from CNT is given by the solid line. Here the line energy used for the
CNT result is obtained from the respective membrane containing a pore with zero curvature. On
the right panel, we plot the density profiles of the amphiphiles for selected states along the MFEP.

For v = 0.85 kT'/um? [Fig. 3.3(a)], except at the very initial stages, the MFEP closely follows
the prediction from CNT, with the nucleation process largely involving the expansion of a well-
defined solvophilic pore with negligible penetration of solvents. The density profile is nearly invariant
(but shifted in radial direction) once the pore forms. For this low v, the free energy barrier is
F* = 92.18 kT, indicating that nucleation of a large pore leading to rupture is highly improbable.
In fact, even smaller, transient pores are unlikely. The blue image where the membrane has not

yet formed a pore already requires a substantial free energy cost. Next consider v = 2.73 kT /nm?
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[Fig. 3.3(b)] and observe that CNT over-predicts the free energy barrier and under-predicts the
size of the critical nucleus. From the density profiles obtained from the DSCF-MFEP calculations,
we see that the critical nucleus is not even a well-defined pore, but rather a “stalk” of solvophilic
monomers that contains finer molecular structure than can be captured by CNT. Therefore, CNT is
not a good model for the MFEP in the intermediate regime where F* = 21.59 kT'. We note that a
similar structure has been observed as a transition state [18] for the fusion of two bilayers. Finally,
consider a membrane approaching the spinodal: v = 4.52 kT'/nm? [Fig. 3.3(c)]. Here CNT grossly
over-predicts the nucleation barrier and under-predicts the size of the critical nucleus. In fact, the
nucleation pathways predicted by the two methods qualitatively differ, with the CNT prediction
crossing the MFEP and approaching it from below at large pore sizes. From the density profiles
[Fig. 3.3(c), right], we find, not surprisingly, that a small perturbation involving local membrane
thinning is enough to nucleate pore formation and rupture. Interestingly, rupture occurs even before
the membrane is able to fully prepare for pore formation and a solvophobic hole that is penetrated
by solvents forms in the membrane. Only afterwards do the amphiphiles rearrange to line the pore
with solvophilic monomers and seal off the hole. This can be seen from the contour lines given in
blue and green. The free energy barrier in this case is only twice the thermal energy, and hence
we do not expect the picture of nucleation as a rare event to hold. However, with longer-chain
amphiphiles, such as in the case of polymersomes [6], we expect a higher barrier height for the same
amount of strain. Thus the scenario presented in this near-spinodal case can still be relevant.

To gain further insight, we separate the free energy from our DSCF-MFEP calculations into a
piece involving the reduction in the elastic free energy, and other contributions. In analogy with
CNT, we consider the reduction in the elastic energy to be given by the second term in Eq. (3.6),
where we use the lipid number deficiency m and the area per lipid in a uniform membrane to define
the pore size. For a macroscopic pore, m is related to the pore radius r as r ~ y/m. The first
term can then be considered an operational definition of the line energy o, which now represents
all the excess free energy to the elastic free energy. Figure 3.3 insets show the behavior of o as a

function of m. In all three cases, for sufficiently large pores, o approaches a constant value less than
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the equilibrium value given earlier for the tensionless membrane (0., = 5.16 kT/nm?). We also see
that for small m, there is a strong size dependence in the line energy, including a nonmonotonic
dependence for case (c) that captures the initial penalty for forming a solvophobic hole. Importantly,
when the critical nucleus involves a pre-pore state with molecular features that cannot be captured
by CNT, the size dependence of o0 becomes important.

Finally, if we associate rupture as occurring when the nucleation barrier is surmountable on
experimentally relevant time scales, our results indicate that the strain at which rupture occurs can
be significantly lower than the strain at the limit of mechanical stability of the membrane. Thus,
thermally nucleated rupture may be an important factor for the low rupture strains observed in lipid

membranes [7].

3.4 Conclusion

In conclusion, we have combined the string method with DSCF theory to obtain the MFEP to pore
formation and rupture for a range of membrane tensions. For the experimentally relevant regime
where F* < O(10 kT'), the critical nucleus is somewhere between a stalk-like structure [Fig. 3.3(b)]
and a thinned membrane leading to a hole that is partially exposed to solvents [Fig. 3.3(c)]. In this
regime, CNT fails to capture the important local rearrangements of the lipids and significantly over-
predicts the nucleation barrier. Within the framework of mean-field theory for describing spatially
localized fluctuation phenomena, the present work (and that by Cheng et al. [20]) represents the
most advanced methodology in treating nucleation in soft condensed matter, including membranes.
The combination of the string method and DSCF theory opens the way to studying a wide range
of related membrane nucleation phenomena beyond pore formation and rupture, such as membrane
fusion and fission [28,29], and particle insertion and penetration [30].

This work was supported by the Joseph J. Jacobs Institute of Molecular Engineering for Medicine
and the NSF Center for the Science and Engineering of Materials at Caltech, and by an NIH training
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Chapter 4

Minimum Free Energy Paths for a
Nanoparticle Crossing the Bilayer
Membrane

Within self-consistent field theory, we develop an “on-the-fly” string method to compute the mini-
mum free energy path for several activated processes involving a charged, solvophobic nanoparticle
and a lipid membrane. Under tensions well below the mechanical stability limit of the membrane, and
in the regime where nucleation can occur on experimentally relevant time scales, our study suggests
that there can be at least three competing pathways for crossing the membrane: (1) particle-assisted
membrane rupture, (2) particle insertion into a metastable pore followed by translocation and mem-
brane resealing, and (3) particle insertion into a metastable pore followed by membrane rupture. In
the context of polymer-based gene delivery systems, we discuss the implications of these results for

the endosomal escape mechanism.

4.1 Introduction

The interaction of nanoparticles with lipid membranes is a common theme underlying a number
of important topics in bionanotechnology, ranging from cytotoxicity [1] to the delivery of therapeu-
tics [2]. In polymer-based gene delivery systems [3], the nanoparticle is comprised of genetic material
condensed with cationic polymers. Once internalized by the cell via endocytosis, the nanoparti-

cles are enclosed within membrane-bound vesicles called endosomes, and are trafficked along the
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endolysosomal pathway, where acidification activates hydrolytic enzymes [4]. Hence, the nanopar-
ticle must escape the endosome before crossing the nuclear envelope for successful gene expression.
Clearly, membrane-particle interactions play a central role in several key steps along the gene de-
livery pathway. In particular, understanding the endosomal escape mechanism provides a direct
motivation for the work described in this chapter.

In the proton-sponge hypothesis [5-7], the nanoparticle plays an indirect role in its own endosomal
escape by serving as a buffering substrate for protons. As additional protons are pumped into the
endosome with an attendant influx of counterions, the increase in osmotic pressure translates to
increased tension on the endosomal membrane. Eventually the membrane ruptures, thus releasing
the trapped nanoparticles into the cytosol. Importantly, membrane rupture is a thermally nucleated
process [8-13] under the small-to-moderate tensions generated in the proton sponge hypothesis [7,14].
It is therefore possible to imagine that the nanoparticle takes a more direct role in the endosomal
escape by interacting directly with the membrane to lower the nucleation barrier for rupture. We
examine this scenario in the broader context of nucleated pathways involving membrane-particle
interactions.

A number of computational studies on membrane-particle systems have been conducted to eluci-
date the equilibrium structures [15-19], as well as the dynamics under (nearly) spontaneous condi-
tions [20,21] or when induced by an external force [22]. However, these studies have not addressed
the thermally nucleated processes we are interested in here. Besides the long time scales associated
with these rare events, a significant challenge arises because of the high dimensional free energy sur-
face due to the conformation degrees of freedom of the lipid molecules, characteristic of many soft
matter systems. Hence, with any sizable nucleation barrier, direct computer simulation is unfeasible.
The potential of mean constraint force method attempts to overcome this challenge by artificially
choosing a reaction coordinate that (in general) does not coincide with the true nucleation path-
way, while the transition path sampling method [23,24] is impractical for systems involving large
assemblies of complex molecules.

Recently, two groups [13,25] have developed a powerful mean-field technique for studying mini-
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mum free energy paths (MFEP) in self-assembled polymeric systems. The technique combines the
self-consistent field theory (SCFT) [26] with the string method [27,28], and overcomes the aforeme-
tioned time scale and dimensionality challenges. Ting et al. [13] have applied this technique to
study nucleated pore formation and rupture in membrane bilayers; see also Chapter 3. To explore
nucleated pathways involving the membrane-nanoparticle interactions of interest here, we must fur-
ther account for the particle degree of freedom. This highly nontrivial task requires additional

development in the methodology. We therefore start with a description of the model and method.

4.2 Model and Method

Our membrane bilayer consists of double-tailed amphiphiles (A) assembled in explicit solvent (S5)
containing ions (£). The amphiphiles are modeled as discrete Gaussian chains having a solvophilic
head (H) segment of Ny negatively charged monomers with volume vy and two solvophobic tail (T)
segments, each consisting of N monomers with volume vy. The solvents are modeled as monomers
with volume vg and the ions are represented as monovalent point charges of the elementary charge
e. The short-ranged repulsion involving the monomer units is represented by an incompressibility
condition everywhere in the system. We work in the grand canonical ensemble, where the number
of molecules are determined from their respective chemical potentials py (J = A, S, +). In addition
to the fluid species, there is a positively charged nanoparticle (P), whose density profile is defined

by a cavity function that excludes the fluid species from its interior:

(1+ tanh[(Rp — |r — rp|)/w]) . (4.1)

N |

hp(lr —rp|) =

Here, Rp is the particle radius, w is the width of the interface and rp is the particle position [29,30].
The essential contributions to the model are the chain connectivity of the amphiphiles, the
incompressibility condition, the short-ranged pairwise interactions and the long-ranged electrostatic

interactions. The derivation of the SCFT is described in detail in Refs. [13,18,26] and also Appendix
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B. The final expression for the grand potential is:

eMA ehs e+
F === Zalen,ér) - 5= Zslts] - “—Zal0]

VA (S V4 (42)
+ [ {; [orbsor+ 5 IVoul = €6s] + xrroThe +vp. — 3 IWIQ} .

Here the summation is over JK € {HT, TS, SH} and the fields ¢;,£;, and ¢ denote the monomer
volume fraction, its conjugate potential, and the electrostatic potential fields, respectively. For
notational conciseness we omit the r dependence in these field variables. The partition functions in
the first line account for the Boltzmann weight of a single molecule in its respective field(s), and are

given by

Zalém Ex] = / drqs (r, Nt )2 60 (v, Ny + 1),
Zsles) = / dr exp{—vsts), (4.3)

Zi[] = / dr exp{F e — b},

for the amphiphiles, solvents, and ions, respectively. Here gy and g are the chain propagators used

to obtain the single-chain statistics for each arm of the amphiphile [18]; see also Appendix C.
u, = e*(8mare) ™! (4.4)

is the Born self-energy of an ion, where € is the spatially varying dielectric constant (assumed to be
a simple local volume-fraction weighted average) and a+ = 0.1 nm is the Born radius.

In Eq. (4.2), the local and nonlocal parts of the pairwise interactions are captured by xsx and
k., respectively [31]. Their values (see Table 4.1) are chosen to reproduce some known experimental
properties of lipid membranes; in particular, the linear stretching modulus for our model is found to
be 210 mN/m [32]. The solvophobicity of the nanoparticle is modeled by a Flory-like parameter xrp
that acts locally over the interfacial region of the particle and the total fixed charge density is defined

pe = cphp + (¢ /vg)¢m. Here cp is the charge density on the nanoparticle and ¢y = —0.05 is the
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i | v [N e | ki | xam | xir | xis
H | 10.05 5 50 0 — 75 —
T 0.05 10 2 8 — — 22
S 0.15 1 80 0 0 — —

Table 4.1: (L to R) The monomer volume, number of monomers, dielectric value [33], gradient
coefficient, and Flory parameters. ¢, = 100 mM for the bulk ion concentration.

charge per head monomer. The SCF equations are obtained by requiring that Eq. (4.2) be stationary
with respect to variations in the fields, i.e., ‘3—5|w* = 0, where w = ¢1,&5,1. These equations are then
solved iteratively until convergence, with the solutions corresponding to (meta)stable equilibrium
states of the system.

However, our interest here is in the nucleation pathways between equilibrium states, and in
particular the transition state, i.e., the critical nucleus. To map out these pathways, which necessarily
include nonequilibrium states, we apply the string method to Eq. (4.2). Briefly, we begin with a
string of discrete states in the space defined by the density fields of the monomer species and the
nanoparticle. The string is relaxed towards the MFEP by a two-step iterative procedure: (1) an
evolution equation describing the steepest descent dynamics on the free energy landscape and (2) a
redistribution of the states along the string. The latter step is key, as it prevents all the states from
falling into one of the trivial equilibrium solutions. While the string method is easily implemented on
a known free energy landscape, in SCF'T the free energy as a functional of the densities is not known
a priori. Thus we take an “on the fly” approach to traverse the free energy landscape by evaluating
the gradients of Eq. (4.2) using a combination of the external potential dynamics (EPD) [34] and
hybrid particle field (HPF) [29] methods.

More specifically, we first evolve the states for some time At according to the steepest descent
dynamics of the density fields. This approach is similar to that taken in dynamic SCFT [35], but for
computational convenience (see also Ceniceros and Fredrickson [36] for the target density problem),

we choose to reformulate the dynamics in terms of the fields £;, using the EPD method:

ot OF
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Here D, is a scalar mobility coefficient and 6F/d¢; is the familiar functional derivative of Eq. (4.2)
so that &; is updated by simple time iteration methods [37]. ¢; follows as usual by solving the
modified diffusion equation for the chain propagators in the presence of the new &; [18]. Next, we

evolve the particle position rp according to the HPF method developed by Sides et al. [29]:

al‘p oF oF
- _D —_D —r), 4.6
ot 28rp 26hp g(rp r) (4.6)
where g(r) = %dh(’;y)r is a vector function related to the derivative of the cavity function. The

density fields and the particle position are then updated, subject to the incompressibility condition.

The second step in the string method involves a redistribution of the states along the string.
In the simplest case, this is enforced by an equal arc-length reparametrization of the string based
on the current densities, followed by a linear interpolation to obtain the new densities. The two
dynamical equations [Eq. (4.5) and Eq. (4.6)], followed by the reparametrization, are computed at
every time step. Once converged, the string coincides with the MFEP. In what follows, we discuss

the main results.

10 a. 10 b.
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Figure 4.1: The transition state for homogeneous membrane rupture when v = 0.6 (a) and v = 1.9
(b). Contour plots show the lipid head densities in cylindrical coordinates.

4.3 Results

To understand the effect of the nanoparticle on membrane pore formation and rupture, we first

consider the case in the absence of the nanoparticle, i.e., homogeneous rupture. The free energy
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Figure 4.2: Membrane under low tension (y = 0.6): states along the MFEP for membrane rupture
in the presence of a nanoparticle (Rp =4, ¢cp = 0.5, xrp = 0)

barrier F{j diverges for a tensionless membrane and vanishes at a threshold tension v, = 5.1, cor-
responding to the onset of mechanical instability. The structure and free energy of the transition
state in the intermediate regime will depend on the membrane tension. For low tensions (y = 0.6)
the transition state corresponds to a well-defined pore with Fjj = 75, whereas for higher tensions
(v = 1.9) the transition state corresponds to a solvophilic stalk with Fj = 24; see Fig. 4.1. Assuming
an Arrhenius rate expression of the form k = vexp[—F*|, where v ~ 10 us is a transition frequency
associated with the molecular relaxation [38], nucleation will take place on experimentally relevant
time scales if F* < 25. Thus, nucleation is a relevant mechanism for homogeneous rupture of a
membrane under moderate tensions (y 2 1.9).

Next, we proceed to examine the effect of a charged and/or solvophobic nanoparticle on the
nucleation barrier to rupture, beginning with the low tension case (7 = 0.6). The string is initial-
ized between two fixed end states [see Fig. 4.2(a) and (f)] and evolved according to the algorithms
described earlier. The resulting MFEP reveals the following nucleation pathway. Through electro-
static attraction, the positively charged particle adsorbs onto the surface of the negatively charged
membrane. This metastable state is shown in (b). From here, rupture takes place by a two-step

nucleation process. First, the particle pushes into and punctures the membrane, overcoming the first
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Figure 4.3: The MFEP for membrane rupture in the presence of a nanoparticle (Rp =4, cp = 0.5,
xrp = 0), as a function of the reaction coordinate s and the particle position z (inset) for several
values of tension. The nucleation barrier for homogeneous rupture is shown in parentheses.

barrier; see (c¢). Note that the trans leaflet, which is already thinned in (b), is broken first, and the
cis leaflet is held intact by the electrostatic attraction to the particle. Once the membrane bilayer
is broken, the particle sits in a highly transient metastable pore that is lined by lipid head groups,
as shown in (d). From here the membrane can expel the particle and reseal the defect. However to
proceed to rupture, the pore must expand to some critical radius r*; see (e). Importantly, r* > Rp
for this case and hence the second transition state in the two-step nucleation pathway is essentially
the same as the transition state for homogeneous rupture; compare (e) with Fig. 4.1(a).

In Fig. 4.3, the MFEP for rupture in the presence of a particle is plotted as a function of the true
reaction coordinate s that defines the set of images along the string, and also as a function of the
particle position z, for several values of membrane tension. In all cases, the charged nanoparticle
first adsorbs onto the surface of the membrane, stabilizing the initial state. For the low tension
case (v = 0.6), rupture then proceeds by the two barrier crossings described above: puncturing the
membrane with rate k1 [Fig. 4.2(c)] and expanding the pore with rate ko [Fig. 4.2(e)]. The first of
these is reversible, with backward rate k_;, and the second, irreversible. Intermediate to the two
transition states is the transient, metastable pore [Fig. 4.2(d)]. The mean first-passage time for this

two-step nucleation process is given by

L, ka1
Tk kiks | ko
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and the nucleation rate may be approximated as J = 7~ [39,40]. Here, breaking the surface of the
membrane is the more energetically costly step, with F}y* = 51. Furthermore, because the reverse
rate k_; for the transient state to expel the particle and reseal the pore is high (F*; = 3, whereas
Fy = 45), rupture can effectively be considered crossing a single barrier with F* = 93. Recall
E§ = 75 for homogenous rupture; thus, for a membrane under low tension the particle does not
assist in rupture.

In the proton sponge hypothesis, the membrane tension is believed to play an important role
in the endosomal escape [7]. We find that with increasing tension, the metastable pore becomes
more stable with respect to resealing k_; but less stable with respect to rupture k2, and eventually
unstable altogether; see Fig. 4.3. In particular, for v = 1.9 rupture becomes a one-step nucleation
process. To understand this result, recall that for this tension the transition state for homogeneous
rupture is a solvophilic stalk with FJ = 24 [Fig. 4.1(b)]. The transition state for particle-assisted
membrane rupture also corresponds to a solvophilic stalk [Fig. 4.4(c)], but with a reduced barrier
F* =18 (Fig. 4.3). Here the positively charged nanoparticle is able to interact with both leaflets of
the membrane to facilitate the formation of the stalk-like structure, thereby lowering the nucleation
barrier to rupture. This result suggests a direct role of the nanoparticle in the endosomal escape,
not previously envisioned in the proton sponge hypothesis, and illustrates the importance of having
an induced tension on the membrane.

Next, we consider particle translocation as an alternate path for the endosomal escape. Here

the particle crosses without rupturing the membrane. Beyond the delivery of medical therapeutics,
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Figure 4.4: Membrane under moderate tension (v = 1.9): states along the MFEP for membrane
rupture in the presence of a nanoparticle (Rp =4, cp = 0.5, xrp = 0)
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Figure 4.5: The MFEP for particle translocation as a function of the particle position z for different
tensions and particle parameters, corresponding to (v, Rp, cp, XTP)

particle translocation is of interest for understanding the mechanisms of nanoparticle cytotoxicity [41]
and viral cell entry [42], and is therefore of interest in its own right. We return to the membrane under
low tension (y = 0.6) and the same particle considered previously. The critical pore radius of the
transition state for rupture is larger than the radius of the particle. For successful translocation the
particle only needs to create a pore large enough to pass through, and thus we expect translocation
to be the preferred pathway over rupture. Although still highly unlikely, translocation is indeed the
more favorable mechanism for crossing the membrane, where F* = 54 (Fig. 4.5x).

To lower the barrier to the regime where translocation can occur on experimentally relevant
time scales, we consider the effects of the particle size, charge, and solvophobicity. Particles smaller
than the critical pore radius for homogeneous rupture should translocate more easily. Reducing the
particle size to Rp = 2 while maintaining the same charge density and solvophobicity, we find that
the free energy barrier is indeed lowered to F* = 39 (Fig. 4.54), which is still on the high side for
thermally nucleated translocation. With the reduced particle size, we increase the charge density
to cp = 1.5, and find the free energy barrier is increased to F* = 51 (Fig. 4.50). This result can
be rationalized by noting that the density of negatively charged amphiphilic heads is higher for an
intact membrane compared to a pore with high curvature. Thus the particle gains more favorable
electrostatic interactions by adsorbing onto the surface rather than inserting into a pore. If instead
we increase the particle solvophobicity by setting x7p = —2, the particle is able to interact with the

solvophobic tail region of the membrane, thereby lowering the free energy barrier for translocation
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to F* = 33 (Fig. 4.50).

Based on these results, we find that translocation of a charged and/or solvophobic nanoparticle
through a membrane under low tension is unlikely to occur by thermal nucleation. However, particle
translocation becomes possible upon increasing the membrane tension. Taking the particle with the
lowest free energy barrier for translocation (Rp = 2, cp = 0.5, x7p = —2.0), we increase the
membrane tension to v = 1.5 and find that the particle inserted into the middle of the membrane is
now a metastable state along the MFEP; see (Fig. 4.5v). Translocation is now a two-step process, the
first barrier corresponding to particle insertion, with F}* = 19, and the second barrier corresponding
to expelling the particle and resealing the pore, with Fi = 10. Using Eq. (4.7), we compute the
nucleation rate for translocation and find J = v exp[—19.6], indicating that the process can occur
on experimentally relevant time scales.

Interestingly, the critical nucleus for homogeneous rupture in this case is a pore on the order
of the size of the particle. Therefore, the electrostatic attraction between the positively charged
nanoparticle and the negatively charged amphiphilic heads are able to stabilize the pore, preventing
rupture. Based on this result, we can imagine a third pathway for crossing the membrane barrier:
particle insertion into the metastable pore followed by rupture. From our MFEP calculation, we
find F; =19 and F, = 8 for insertion and rupture, respectively, so that the overall nucleation rate
for crossing the two barriers is J = vexp[—19.1]. Note that in the earlier mechanism depicted in
Fig. 4.2 and Fig. 4.3, the metastable state is a partially punctured membrane, whereas here the

metastable state is a membrane pore with a fully inserted particle.

4.4 Conclusion

We conclude with some general remarks on nucleated pathways for a nanoparticle to cross the
bilayer membrane, and some implications for the endosomal escape in gene delivery systems. Our
results indicate at least three competing pathways: (1) particle-assisted membrane rupture, (2)
particle translocation followed by membrane resealing, and (3) particle insertion into a metastable

pore followed by membrane rupture. These results suggest a direct role of the nanoparticle in



61

the endosomal escape, not envisioned in the proton sponge hypothesis. In all cases, sufficiently
high membrane tension is required for the nucleation barriers to be surmountable on realistic time
scales, suggesting that the osmotic pressure component of the proton sponge hypothesis is crucial
for the successful endosomal escape of the nanoparticles. This conclusion is consistent with the
theoretical work of Yang and May [14], which found that the nanoparticle alone would not lead to
enough osmotic pressure to induce sufficient membrane tension, and that some excess free polymers
are needed. Experimental studies revealed that the presence of these free polymers can increase the
gene transfection efficiency by up to two orders of magnitude [43,44]. In what follows, we summarize
our findings on the three nucleated pathways.

For particle-assisted membrane rupture, a key consideration is the membrane structure at the
transition state, which is primarily controlled by the membrane tension. In particular, the membrane
tension must be sufficiently high, so that the size of the critical nucleus (e.g., a solvophilic stalk) is
on the order of the particle radius. Once this criterion is met, the charges on the particle should be
enough to promote the adsorption onto and subsequent puncture of the membrane but not so much
as to stabilize the pore. The particle solvophobicity is unimportant in this case, since rupture occurs
before the particle has had significant interaction with the solvophobic tail region of the membrane.

In the case of particle translocation, increasing particle charge increases the barrier because the
particle gains more favorable electrostatic interactions by adsorbing onto the surface of the membrane
rather than inserting into a pore. In contrast, increasing particle solvophobicity decreases the barrier
for translocation because the particle inserted into a pore can interact favorably with the lipid tails.
Again, membrane tension is critical to reaching barriers surmountable on realistic time scales. With
sufficient tension, the pore with a particle inserted into the center of the membrane becomes a
metastable state on the MFEP to translocation. This state suggests—and indeed we find—another
nucleated pathway from this metastable state: pore expansion, leading to rupture.

The mode of crossing the membrane bilayer depends on the membrane tension and the particle
properties. Here, we have considered particle radius, charge density and solvophobicity. Even within

this set of parameters, we have not exhaustively explored the space for the most likely nucleation
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pathways. With the introduction of other types of interactions, for example, specific ligand-receptor
interactions [21] or different geometries [22], it should be possible that any of the pathways can
become most favorable. The types of calculations illustrated in this work can be used to identify
the optimal conditions for selecting a particular pathway.

Finally, the methodology developed in this work represents the most advanced theoretical tech-
nique for describing nucleation pathways in soft condensed matter systems that also include hard-
particle degrees of freedom. We expect the method to be useful for studying a wide range of
nucleation phenomena beyond membrane systems, for example, in nanoparticle polymer compos-
ites [29,45,46].
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Chapter 5

Beyond the Endosomal Escape

5.1 A Kinetic Model for the Enzymatic Action of Cellulase

We develop a mechanochemical model for the dynamics of cellulase, a two-domain enzyme connected
by a peptide linker, as it extracts and hydrolyzes a cellulose polymer from a crystalline substrate.
We consider two random walkers, representing the catalytic domain (CD) and the carbohydrate
binding module (CBM), whose rates for stepping are biased by the coupling through the linker and
the energy required to extract the cellulose polymer from the crystalline substrate. Our results
show that the linker length and stiffness play a critical role in the cooperative action of the CD
and CBM. Specifically, for a given linker length the steady-state hydrolysis shows a maximum at
some intermediate linker stiffness, corresponding to a transition of the linker from a compressed
to an extended conformation. Here the system exhibits maximum fluctuation, as measured by the
variance of the separation between the two domains and the dispersion around the mean hydrolysis
speed. In the range of experimentally known values for the parameters in our model, improving
the intrinsic hydrolytic activity of the CD leads to a proportional increase in the overall hydrolysis

rate [1]

5.1.1 Introduction

Cellulosic ethanol is a renewable, carbon neutral source of energy with the added benefit of pos-

sessing excellent liquid fuel properties. Economic production of ethanol from cellulosic biomass on
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commercial scales will help reduce our dependence on fossil fuels. Towards this aim, research efforts
made to commercialize the process include, but are not limited to, the following areas [2]: (i) de-
veloping improved feedstocks, (ii) overcoming biomass recalcitrance through enhanced pretreatment
options and more efficient enzymes, (iii) improving ethanol fermentation and recovery methods, and
(iv) minimizing enzyme production costs. Although a concerted approach involving all aspects in
the biomass-to-ethanol conversion will be necessary in surmounting the economic challenges, per-
haps the greatest leverage arises from (ii) above, for which efforts are being made to develop better
enzymes using, for example, directed evolution and protein engineering [3]. In this respect, a molec-
ular, mechanistic understanding of how cellulase hydrolyzes the recalcitrant biomass can guide the
design of more efficient enzymes.

Cellulase consists of two domains—a carbohydrate binding module (CBM) and a catalytic do-
main (CD)—connected by a peptide linker; see Fig. 5.1. How these two domains work together to
extract a single polysaccharide chain from the crystalline cellulose and achieve the desired hydrolysis
is a question of considerable controversy. In particular, the role of the linker region between the two
domains is not known. Experimental efforts to reveal the structure of the linker remain inconclu-
sive [4—6], while molecular dynamics simulations are limited by the inordinately long computation
time necessary to model both the large size of the enzyme/substrate complex and the long timescale
for the motion of the enzyme. For example, recently reported results based on nanosecond timescales
concluded that the peptide linker is too flexible to store energy in a manner similar to spring [7].
This was subsequently contradicted by free energy calculations from the same group [8]. Developing
a fully atomistic model is clearly a nontrivial task with current computation power.

In this chapter, we develop a mechanochemical model, whereby the free energy gain from the
cellulose hydrolysis provides the driving force for the motion of the CD, which is then coupled to
the motion of the CBM through the linker. Rather than attempt to accurately model the atomistic
details of the system, we develop a stochastic model that captures the kinetic rates of the processive
CD and the random CBM. Importantly, the model accounts for the mechanical deformation of

the peptide linker joining the two domains and the energetics of the hydrogen bond disruption of
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(a) Hydrolytic activity of the catalytic domain (CD) on a soluble cel-
lulose polymer

(b) Lateral diffusion of the carbohydrate binding module (CBM) on an
unperturbed crystalline substrate. Springs represent noncovalent
hydrogen bonds.

(c) Hydrolytic activity of the full cellulase, consisting of a CD and
CBM coupled by a peptide linker

Figure 5.1: The cellulase enzyme

the crystalline cellulose substrate. Our results reveal that the two domains work cooperatively. In
particular, as the CD hydrolyzes the cellulose polymer and advances forward, it must simultaneously
extract the polysaccharide chain from the crystalline surface. This lifting, which is energetically
unfavorable, significantly slows down the motion of the CD, rendering it effectively inactive without
the assistance of the CBM, which disrupts the hydrogen bonds between the cellulose polymer and
the crystalline surface [9-11]. At the same time, the CBM also depends on the CD’s ability to lift the
polymer, thus preventing it from re-associating with the crystalline surface. We find that the ability

for the two domains to cooperate synergistically depends in a nontrivial way on their separation
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r, which depends on the linker length and flexibility, and that there exists an optimum enzymatic
rate. This observation suggests that the maximum hydrolytic activity is achieved by optimizing the

cooperative action between the CD and the CBM.

5.1.2 Model

In this section, we develop a kinetic model that captures the essential features of the cellulase,
while leaving out the atomistic details. Since binding to the substrate is an effectively irreversible
process [12], we will study the processive dynamics of the two domains—represented by coupled ran-
dom walkers—as they take discrete steps along the length of the cellulose polymer. Such stochastic
models of molecular motor/enzyme dynamics have recently gained considerable popularity [13—-19].

They require less microscopic information and can often be solved analytically.

5.1.2.1 Kinetic Scheme

We describe the state of the enzyme by the discrete position = of the CD along the cellulose polymer,
and the distance r separating the two domains; see Fig. 5.1(c). We nondimensionalize these quantities
using the length of a step J, representing the distance between two neighboring monomers of the
cellulose polymer. Generally speaking, for any state, three moves are allowed in the model: (1)
the CD may step forward, (2) the CBM may step forward, or (3) the CBM may step backward.
We denote P(z,7,t) as the probability for the enzyme to be in a state described by position = and
separation r at time ¢. Assuming a Markovian process, the master equation governing the time

evolution of P(x,r,t) is given by

P
W = ke(r + )Pz — Lr+ 1,0) + kp—(r + 1) P(z, 7 + 1,t)
t (5.1)

+kpy(r—1)P(x,r —1,t) — [kc(r) + kpy (1) + kp_(r)]|P(z,7,1),

where the positive and negative terms in the sum are the joint probabilities of transitioning into
and out of, respectively, the state whose trajectory we are tracking. Note that the rate constants

depend only on the relative separation of the two domains and not on the actual position, assuming
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translation invariance of the crystalline surface. The argument in the rate constant refers to the
initial state. Thus, kc(r) is the transition probability per unit time for the CD to move to the
right from a separation distance r to r — 1, while kg (r) is the transition probability per unit time
for the CBM to move to the right from a separation r to r + 1, since moving the CD to the right
decreases the separation while moving the CBM to the right increases the separation. Eq. (5.1)
describes a standard one-step process for a sufficiently small time step, where only one of the moves
can take place [20]. In what follows we give an explicit description of the rate constants that enter

into Eq. (5.1).

5.1.2.2 Two Random Walkers

Crystal structures of the catalytic domain reveal a long tunnel for the active site, containing many
nonspecific and solvent-mediated interactions. This suggests a forward processive motion of the CD
along the length of the cellulose polymer [21-23]; see Fig. 5.1(a). Thus, we choose to model the
catalytic domain as a one-dimensional stochastic walker that may only step in the forward direction,
as governed by an intrinsic rate constant k:(C? ), Although the motion is a nonequilibrium process
that likely involves complex mechanochemical dynamics, such as the conformational change of the

enzyme and its grabbing and pulling of the polysaccharide chain, in the limit that the motion is

tightly coupled to the hydrolysis, the intrinsic rate constant may be expressed as

KO = oAU = Ui -U0)], (5.2)

Here v is some transition frequency and AU(g) is the activation energy, in units of kgT, of the
intrinsic potential U(x) at position g; see Fig. 5.2. Since nothing is known a priori about the shape
of the potential, we can only say that g is some value between zero and the discrete step size ¢ of
the model, which we nondimensionalize so that 0 < g < 1. The assumption that the CD only steps
in the forward direction is justified by imagining what must occur in order for the CD to take a
reverse step: the hydrolyzed monomer must reattach to the polymer so that the CD has a track to

step back on. Thus, in the absence of the CD detaching from the polymer—an unlikely event for
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Figure 5.2: The intrinsic potential (solid) and the total potential (dashed)

the timescale of interest, considering that the enzyme binds strongly to the polymer through several
hydrogen bonds [23]—the rate constant for a back step is effectively zero.

In all cases of practical interest, the cellulose polymer is bound to a crystalline surface. The
presence of an active site enclosed within a tunnel requires that the CD disrupt and lift the cellulose
polymer from the crystalline surface as it advances along the chain. Furthermore, there will be a
compression energy for the linker, which couples the CD to the CBM. The relevant energy must
therefore account for the coupling E(r — z). Because the continuous form of E(r — x) is not known,
in particular the linker potential may depend on complex interactions with the substrate [8], we
perform a linear expansion, which assumes that § varies slowly over the length scale. The total

potential may then be written

U(z) =U(x) + E(r — z)

~U(z)+ E(r)— E'(r)xr=U(z) + E(r) + [E(r — 1) — E(r)] x.

In general, the coordinates of the minima and the maxima of U(m) will not coincide with those of

U(x). However, in the limit where F(r — x) is a weak perturbation, we make the assumption that
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this is the case. Then the activation barrier of the total energy (see Fig. 5.2) is

AU(g) =U(g) + E(r — g) — [U(0) + E(r)]
(5.4)

~U(g9) —U(0) +[E(r —1) — E(r)] g
and the rate constant for the forward motion of the catalytic domain, as biased by the lifting of the

cellulose profile and the compression of the linker, becomes

ko(r) = ve 20 ~ kD emglBr=1=B()] (5.5)

where ké? ) is the intrinsic rate constant given by Eq. (5.2). A similar strategy has been used by

Kolomeisky and Fisher in their description of protein motors under various loading conditions [16,18]
and by Betterton and Julicher in their work on helicase unwinding of DNA [14,24]. Notice that the
rate constant is independent of the position z of the enzyme and is obtained for discrete values of r.

The carbohydrate binding module similarly follows a one-dimensional random walk along the
length of the cellulose chain. However, its motion can be in both the forward (+) and back-
ward (—) directions. For the diffusion of an isolated CBM on an unperturbed cellulose surface
[Fig. 5.1(b)], the intrinsic rate constants are given by kgi_ = we WWH-UO) for the forward step,
and kgl = we W=V for the backward step. As before, w is some transition frequency (w # v)
and f is the position of the activation barrier. Because the intrinsic dynamics of the CBM is un-
biased, we set U(0) = U(1) and f = 1/2, corresponding to a symmetric periodic potential, so that
k:j(BOJ)r = kg)l. In the case where the CBM is connected to the CD, the peptide linker and the profile
of the perturbed cellulose surface will bias the diffusion of the CBM; see Fig. 5.1(c). To capture
these effects, we follow the same procedure as for the CD and obtain

ke (r) = k) e~ FECH=EW] Z 50 o~ (B4 =) (5.6)
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for the forward rate constant, and

ko (r + 1) = k@ e =NIBE=BE+D] _ 30) 3 B()—E(-+1) (5.7)

for the reverse rate constant. Note that kpy(r)/kp—(r+1) satisfies the detailed balance requirement
and is independent of the parameter f.

The master equation [Eq. (5.1)] and rate constants [Eq. (5.5)-Eq. (5.7)] completely describe the
kinetics of our system. Before we proceed with obtaining explicit expressions for the rate constants,
we point out two additional features of the model. Firstly, the CBM is always in front of the CD
and the two cannot cross; if » = 0, only the CBM may step forward. To account for this blockage
effect, we set ko(0) = kp—(0) = 0. Secondly, in the limit where the coupling includes an infinitely
stiff spring, the CD and the CBM are forced to move as one unit. In the weak coupling case assumed
here, the activation barrier for such a concerted move is roughly the sum of the activation barriers
for the CD and the CBM. Therefore, the rate constant for such a process is much smaller than the
rate constants for the individual moves allowed in the master equation. Together with the fact that
Eq. (5.1) only allows for one-step processes, we ignore the higher-order event of joint moves by the
CD and CBM.

In the next section, we obtain an explicit expression for the coupling potential E(r), defined as

the sum of the energy from the peptide linker L(r) and the energy from the cellulose profile H(r).

5.1.2.3 Coupling Potential

Because no satisfactory end-to-end probability distribution of the peptide linker can be found in the
literature [4,5,8,25], we choose to model the linker as a simple Hookean spring. This assumption
is justified by the glycosylation and the high fraction of proline-threonine residues, both of which
impart a high rigidity to the linker, leading to extended conformations in solution [5]. The energy

of the linker as a function of the separation r is the familiar

L(r) = g(r — o). (5.8)
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Here « is the spring constant representing the stiffness of the linker and r is some equilibrium length
in units of §. In what follows, we only consider cases where rg # 0. The structure of the linker
region varies widely among cellulases, anywhere from 5 to 100 residues in length [26] and an average
of 3.0 to 0.7 A/residue [4], depending on flexibility. We vary the length and the flexibility of the
linker and examine their effects on the hydrolysis kinetics.

Next, we obtain H(r) for the energy of the cellulose profile. Lignocellulose is a complex substrate
composed primarily of cellulose microfibrils in association with hemicellulose and surrounded by
a lignin seal. This makes modeling the enzymatic hydrolysis difficult without first noting that
several pretreatment options exist, which can break the lignin seal and solubilize the amorphous
hemicellulose, thus releasing the cellulose microfibril [27]. Furthermore, electron microscopy results
indicate worn edges of the cellulose microfibril, suggesting that the enzyme preferentially binds
to and processively hydrolyzes the most exposed chain on the surface, i.e., that with the fewest
interactions to the underlying crystal [28]. Thus it is reasonable to simplify the substrate into a
one-dimensional homopolymer that is bound to a surface through several noncovalent interactions.

To represent the cellulose polymer attached to the crystalline substrate, we adopt the Peyrard-

Bishop potential used for the unzipping of two DNA strands [29]:

—

DN | =

H= z_: A(s; — 3(0))2 + i {d (1 —exp[—a(y; — y(o))})2 — d} . (5.9)

1= 7

Here the summation is over the monomers of the cellulose chain and we keep track of ¢ = 0,1,..., N
monomers, where 0 is always the monomer at the entrance of the tunnel, and N is taken to be
sufficiently large as to be in the unperturbed region of the cellulose crystal; see Fig. 5.1(c). The first
term represents the penalty for stretching the covalent bonds between the glucose monomers, where
\ is the effective spring constant of the covalent bond, s(%) = § is the equilibrium bond length, and

s; is the bond length between monomers ¢ and i + 1:

5= \/(yl- = Yit1)? + (s0)2. (5.10)
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Here, 3; is the height of the i** monomer from the surface. For small y; — 41, the first term in

Eq. (5.9) can be approximated so that the sum becomes

2

0|2

N 2
=)+ 2 {0 (1 - explati )" - af. 6.11)

1=

.
I
=

with 7 = A/(s(9)2. The second term is the Morse potential for the hydrogen bond interactions
between the monomers of the chain to be extracted and the surface, where y(©) is the equilibrium
bond length, d is the bond dissociation energy, and a determines the width of the potential well.
Because each monomer is actually involved in several hydrogen bonds and we only model a single
interaction, each term of the Morse potential actually represents an approximation of all the non-
covalent interactions. In what follows, we refer to this as a single hydrogen bond for simplicity.
The local disruptive effect of the CBM on the crystal is captured by rewriting the second sum so
that the interaction energy for the monomers directly below the CBM, i = {r,...,r + np}, are not
included. np reflects both the size of the binding module and the number of monomers disrupted.

For example, ng = 4 in Fig. 5.1(c). Thus, we can rewrite Eq. (5.11) as

N—

H="_ — i)t
8
z:O

,_.

{d (1 — exp[—aly; — y(o))]>2 - d} . (5.12)

1+

i¢{r,...,r+np}

In this expression, the dependence on r enters through the second sum. Minimizing the energy
with respect to {y;}, subject to the boundary conditions that y;—o = y (the height the chain must
be lifted to enter the catalytic domain tunnel) and yi—y = y® (the equilibrium bond length in
the unperturbed region of the crystal), we obtain, for each discrete value of r, the profile {y} =
b, i s -yl y = {ym y vh ..., y©} and its corresponding potential H(r).

In Fig. 5.3, we plot the coupling potential E(r) = H(r) 4+ L(r). The dashed line depicts the
cellulose profile potential H(r) determined by minimizing Eq. (5.12) with the following choice of
parameters: y(©) = 0.4, y, = 1.0, d = 12.89, a = 9.0, and v = 33843.4. The zero of energy is set
relative to the unperturbed state of the cellulose crystal so that disrupting the surface by lifting

the chain and/or breaking hydrogen bonds results in a positive energy. Because the monomers near
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Figure 5.3: The coupling potential. Arrow indicates direction of increasing k.

the CD are lifted from the crystalline surface, their hydrogen bonds are highly stretched, perhaps
even broken, according to the description given by the Morse potential. Thus, when the separation
r is small, the bond disruption property of the CBM has little or no effect on the total energy of
the cellulose profile. As r increases, the CBM is forced to break bonds that are increasingly more
favorable to be intact, and eventually bonds that are in the unperturbed region of the crystal. For
our parameters, this is achieved when r = 4, which we call r*. For r > r*, H(r) is independent of
r. As shown in Fig. 5.3 for two different initial linker lengths, F(r) has a nontrivial dependence on
both the linker length rg and the linker stiffness . In particular, E(r) is bistable in a certain range

of ry and k. In the results section, we will discuss the implications of this observation.

5.1.3 Results

The key quantity of interest in developing more efficient enzymes is the net hydrolysis rate on the
crystalline cellulose, which in our model is given by the mean velocity at steady state. To better
understand the structure/function relationship of the linker, it is further useful to consider the mean
separation between the CD and the CBM. We begin by discussing these two quantities, and their
dependence on the properties of the linker. We follow this with a description of the fluctuation,
which is informative in understanding the transition between the compressed and the extended

conformations of the linker.
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The mean separation of the two domains is given by the probability-weighted sum

<T> = Z TPy (T)7 (513)

r=0

where Ps4(r) is the steady-state probability of finding the enzyme in a state defined by the separation

r. The mean velocity of the cellulase is similarly given by

(v) = (ve) = Y _ ke (r) Pus(r), (5.14)
r=0

where we have used the fact that the mean velocity of the CD equals that of the enzyme and the
velocity is related to the rate constant by ve(r) = ko (r) when the velocity is given in number of steps
0 per unit time. The dispersion around the mean velocity defines the effective diffusion coefficient
and is given by [24]

D= 23" [ke(r) + ki (1) + k- (1) Pas(r). (5.15)
r=0

To obtain the steady-state probabilities, we note that the stationary distribution corresponds to a
constant probability flux, i.e., dPs,(r)/dt = 0, where we have dropped the z and ¢ dependence from
Eq. (5.1). Beginning from r = 0, we can write

dPss(0)

g = 0= ke (0)Pss(0) = [kp-(1) + ke (1)] Pss(1), (5.16)

from which, generalizing for any r, we obtain the following recursion relation [24]

_ kpy(r)
Py(r+1) = o 1B)++ o g} Py(r). (5.17)

Following the proper normalization, Eq. (5.17) is used to generate the steady-state probability
distribution of the enzyme during the hydrolysis.
Having obtained expressions for the steady-state behavior of the hydrolysis, we next compute

the mean separation (r) and the mean velocity (v) for a cellulase with an equilibrium linker length
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curves coincide. (b) logarithmic plot of (v)/k{ for g = 0.05,0.25,0.50,0.75,0.95. Arrow indicates
direction of increasing g. (c) linear plot of <v>/l€((?) for g = 0.50.
ro = 6. From the experiments, which show that the diffusion of the CBM does not appear to hinder
the hydrolysis [30], we set kg) ) = 105! and kg)j)t = 100s~! based on the simple requirement that
the intrinsic rate constants satisfy k(c(.) ) < kg)i . The persistence length [, of a polyproline peptide
sequence [31] has been estimated to be ~ 44 A, which is on the order of the contour length of the
peptide linker. Therefore, the linker can be viewed as an elastic rod of length rg. Relating the
bending energy to the spring energy and taking the step length & to be 5A, we estimate k™% ~ 7.
In what follows, we only consider the cases for 0 < k < g™?*.

As shown in Fig. 5.4(a), the mean separation increases monotonically with « and is insensitive to
the parameter g of the activation barrier for the CD (the curves for 5 different values of g coincide
with each other). However, the mean velocity depends strongly on g, through the rate constant

kc(r) in Eq. (5.14), as shown in Fig. 5.4(b). In particular, the maximum attainable (v) increases
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Figure 5.5: Probability distribution of the separation r for ro = 6 and x = 2.5,3.0,4.0 (L-R). Empty
markers correspond to kg)) / k:g)) = 0.1 and filled markers correspond to kg)) / kg) = 1000.

with g. Furthermore, (v) depends nonmonotonically on the stiffness of the linker, as shown more
clearly on the linear scale plot in Fig. 5.4(c) for ¢ = 0.5. In all cases, the peak in velocity occurs
during the transition from the compressed to the extended conformation of the cellulase as depicted
by the corresponding plot in Fig. 5.4(a) of the average separation. The origin of the transition can
be understood if one considers the two components of the coupling potential E(r). In Fig. 5.3(a),
we show that as the stiffness is increased the linker begins to dominate the coupling potential so
that the minimum in energy shifts from r = 0 (for Kk < 2) to r = ro (for £ > 4), with a double
well potential occurring for k ~ 3. This corresponds to a doubly peaked steady-state probability
distribution Ps,(r), as shown in Fig. 5.5. We note that a dynamic transition in the separation
distance between two domains has also been observed for two motor proteins coupled by a linear
potential [32]. However, in that case the transition is a result of the balance between energetic
and rate effects, whereas here the transition is driven primarily by the energetics of the coupling
potential.

The double well feature of the energy function and the shift of the (global) energy minimum
from one value of the separation r to another as the stiffness changes are reminiscent of first-order
phase transitions in thermodynamics. However, because of the small number of degrees of freedom
in the current problem, no true discontinuous transitions take place; only the relative weights of
the two peaks change. The maximum mean velocity is obtained when the two peaks are of roughly
equal weights. Because of the finite barrier that separates the two energy minima, the dynamics of
the system is one where the system fluctuates between the two values of the separation, with some

characteristic lifetime around each. To directly observe this feature, we have performed kinetic Monte
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Carlo simulations, which produce the time evolution of a process when the rates are known [33-35].
Fig. 5.6(c) shows that the system jumps between r = 2 and r = 6 for the transition at k = 3.0,
which also corresponds to the peak of the mean velocity. If we compare this trajectory to Fig. 5.6(d)
for kK = 1.0, we see that the fluctuation of the system is considerably greater at the transition. As

another measure of the fluctuation, we plot the variance of the separation

o? = (r—(r)*Pu(r), (5.18)

from which we observe a strong peak at the transition; see Fig. 5.6(a). The large fluctuation is
also manifested in a maximum for the diffusion coefficient; see Fig. 5.6(b). Together, these results
suggest that the fluctuation is at a maximum during the transition from a compressed to a more
extended conformation of the linker, where the maximum mean velocity is obtained. The ability
to adopt different separations between the two domains is what gives rise to the positive synergy
between the two domains, i.e., the CD helps lift the polysaccharide chain from the crystalline surface
as it hydrolyzes the polymer (which is more easily accomplished at the shorter separation) while the
CBM disrupts the hydrogen bonds between the polymer and the crystalline surface (which is more
effectively achieved at a larger separation).

(C?) and

We next consider how the system behavior depends upon the intrinsic rate constants, k
kzg), as these are the parameters that protein engineering aims to alter. Using the rate constants

obtained in Eq. (5.5)-Eq. (5.7), Eq. (5.17) can be rewritten in the form

k) o= 3B+ —E(r)]

Poy(r+1) = Py (r). (5.19)

O e=3EO-EC+1] 4 (0 e—giB(r)-B(r+1)]
As before, if we assume kg)_)i_ = k:ggo)_7 then

e [Br)—B(r)]
Py(r+1) = — P,y (r). (5.20)
14 ke o—(1/2-g)[B(r+1)~E(r)]

(0)
kp
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Figure 5.6: (a) and (b): The variance of (r) and the effective diffusion constant D as a function of
the linker stiffness k. (c) and (d): Separation r as a function of simulation time generated using the
kinetic Monte Carlo algorithm for x = 3.0 and k = 1.0, respectively

Setting f = g = 1/2, Eq. (5.20) can be further simplified to the form

e~ [Br+1)=E()]
Pu(r+1) = 5 Pas(r). (5.21)
C

LD

This recursion equation can be easily solved to yield

1 e [BEm-EO)]
— = —exp

Pss(T) = T aoNT
QG+%> Q

1)
~B(r) —rln {1+ G5 || (5.22)
kB

where () is a normalization factor given by

AV
—E(r)—rln <1 + /f‘”)] : (5.23)

B

o]
Q= ZeXp
r=0

For an immobile enzyme in which kg)) = 0, Eq. (5.22) produces the Boltzmann distribution.
For nonvanishing k(C? ), P,,(r) remains close to the equilibrium distribution as long as k(c? ) / k‘g)) <1,
as shown in Fig. 5.5, for the parameters kg)) = 10 and kg)) = 100 (empty markers). As this

ratio increases, the probability distribution begins to favor smaller values of r (solid markers)—as
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g)), for ro = 6 and k= 2 (red,
compared with the equilibrium distribution—because the CD advances faster than the CBM can
diffuse back to equilibrium, forcing the linker into a more compressed conformation. In the limit
where k:g) ) / kg)) — 00, the two domains are adjacent to each other and the CBM blocks the hydrolysis
of the CD.

To better understand the dependence of the average velocity on the ratio of the intrinsic rate
constants, we plot the nondimensionalized velocity, (v}/k(c?), as a function of kg))/kggo); see Fig. 5.7.
The nondimensionalized velocity remains essentially constant up to k:g) ) / kg)) ~ 100, implying that
the velocity is linearly proportional to the intrinsic rate constant ng ) in this regime. Note that
the plateau (maximum) values of (v)/ kg) ) for the curves in Fig. 5.7 show the same nonmonotonic
dependence on k. We also see that the blockage effect at large ké? ) / kg)) is greater for flexible linkers
(k = 2) where the decay to <v>/k(c9) = 0 occurs more rapidly than for rigid linkers (k = 6). We
note that the un-scaled velocity does not decay to zero, but reaches a plateau in the limit of large
k;g) ) / k;g)). In the biological regime, k(c? ) / k:g)) << 1[30]. This suggests that engineering more efficient
catalytic domains, without having to consider the binding module, can already provide significant
gains in improving the overall efficiency of the enzymatic hydrolysis. In this regime, increasing k(c? )
leads to a linear increase in (v) through Eq. (5.14).

Lastly, we examine the effect of the linker length on the hydrolysis. As can be seen in Fig. 5.3,
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Figure 5.8: (a) Nondimensionalized velocity (v)/ kg) ) as a function of the linker stiffness x, for ro = 60
(purple, dashed), 20 (blue, long-dashed), 10 (green, dotted), 8 (orange, solid), 6 (red, dot-dashed).

(b) The coupling potential E(r), corresponding to the x that maximizes (v)/k(c?) for the respective
values of rg given in (a)

the coupling potential E(r) of the longer linker (ro = 10) shows a marked difference from that of the
shorter linker (ro = 6). Rather than a double well potential arising as & is increased, the position
of the minimum jumps from 7 = 0 to r = rg, which is analogous to a phase transition from the
compact to extended conformation. As shown in Fig. 5.8(a), this corresponds to a sharp turn of
the slope at the peak of (v) (dotted line) rather than a smooth slope (dot-dashed line). We note
that because of the finite number of degrees of freedom, there is no singularity in the system, but
rather what appears to be a cusp in the scale of the figure. Secondly, there is a clear trend that
longer linkers are able to reach higher (v)max. To understand this, recall that the maximum velocity
is obtained when the separation between the CD and the CBM is free to fluctuate. This requires
that the force be small, or equivalently, the slope of the composite potential be relatively flat; see
Fig. 5.8(b). The spring constant should be just enough so that L(r) can counterbalance the effect
of the fairly deep minimum at » = 0 in H(r). Too soft of a linker, and the enzyme will get stuck
in the compact conformation; too stiff of a linker, and the enzyme will be trapped at r = rg. The
linker functions to provide the separation necessary to get the CBM out of the range of influence of
H(r), where larger values of ryp will need smaller values of k. However, for o >> r*, where r* is
the range of influence of the potential H(r), additional increase in the linker length will not provide
more gains in increasing the efficiency of the hydrolysis. As shown in Fig. 5.8(a), the maximum in

(0)
c

(v) approaches a limit of roughly 0.0016k5’. This limit is nearly attained with the linker length so

that there is little benefit for increasing the linker length beyond 20.
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5.1.4 Conclusion

We have developed a kinetic, mesoscopic model for cellulase, using two random walkers whose
dynamics are coupled by the peptide linker and the cellulose polymer. The role of the linker in
the hydrolysis has been a topic of considerable controversy. Our results show that the composite
potential due to the peptide linker and the cellulose polymer can give rise to a bimodal distribution
for the separation of the CD and CBM. Furthermore, the optimal hydrolysis rate is obtained at
the transition from a compressed to an extended conformation. At this transition, the system
exhibits maximum fluctuation as measured by the variance of the separation distance between the
two domains and the dispersion around the mean procession velocity. For a given linker length, the
mean velocity shows a nonmonotonic dependence on the stiffness of the linker, with a peak at some
intermediate stiffness value. We also find that the optimal stiffness value decreases and that the
maximum hydrolysis rate increases with increasing linker length.

Our study provides useful mechanistic insight to the action of the cellulase complex, as the
CD and CBM domains cooperate to extract and hydrolyze a single cellulose polymer from the
recalcitrant biomass. The results of this work can be useful for the design and engineering of more
efficient enzymes. For example, within the range of experimentally known values of the parameters
of our model, improving the intrinsic hydrolytic activity of the CD can serve to make significant
gains in the overall efficiency of the enzyme, without having to alter the CBM. However, our results
also suggest the importance of optimizing the linker length and stiffness, an insight that would not
be obvious without the help of a model.

We thank Bradley Olsen, Frances Arnold, and Pete Heinzelman for helpful discussions. C.L.T.

appreciates financial support from an NIH training grant.
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5.2 Thermodynamic Basis for the Genome-to-Capsid Charge

Relationship in Viral Encapsidation

We establish an appropriate thermodynamic framework for determining the optimal genome length
in electrostatically driven viral encapsidation. Importantly, our analysis includes the electrostatic
potential due to the Donnan equilibrium, which arises from the semipermeable nature of the viral
capsid, i.e., permeable to small mobile ions but impermeable to charged macromolecules. Because
most macromolecules in the cellular milieu are negatively charged, the Donnan potential provides an
additional driving force for genome encapsidation. In contrast to previous theoretical studies, we find
that the optimal genome length is the result of combined effects from the electrostatic interactions
of all charged species, the excluded volume, and, to a very significant degree, the Donnan potential.
In particular, the Donnan potential is essential for obtaining negatively overcharged viruses. The
prevalence of overcharged viruses in Nature may suggest an evolutionary preference for viruses to
increase the amount of genome packaged by utilizing the Donnan potential (through increases in the
capsid radius), rather than high charges on the capsid, so that structural stability of the capsid is

maintained [36].

5.2.1 Introduction

The most prevalent viruses in Nature are single-stranded RNA viruses with the genetic material
enclosed in icosahedral-shaped capsids made up of 60T protein units, where the T-number is a small
integer index. The protein units (capsomers) often contain highly basic peptide arms that extend
into the capsid interior and, under physiological conditions, are positively charged. Electrostatic
attraction provides the driving force for encapsidating the negatively charged RNA, which, in turn,
helps to overcome the electrostatic repulsion among the capsomers during the capsid assembly.

In a series of classic experiments, Bancroft et al. [37,38] demonstrated that certain viruses can
encapsidate nonnative RNA and even generic polyanions. Dominance of the electrostatics as the

driving force for viral assembly has led to the expectation of a simple relationship between the total
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capsid charge @ p and the genome charge QQr, as every nucleotide carries one unit of negative charge.
Belyi and Muthukumar [39] compiled data for 19 wild-type viruses from several viral families and
found an apparent “universal” charge ratio of Qr/Qp ~ 1.6, which they explained by combining the
ground-state dominance approximation for polyelectrolyte binding to an oppositely charged polymer
brush with the Manning condensation theory [40]. The former predicts a 1:1 charge ratio and the
latter is used as a qualitative argument for the actual charge on the RNA being less than the nominal
charge. Hu et al. [41], however, assumed that the RNA winds around individual peptide arms and
found that the viruses are most stable when the total contour length of the RNA is close to the
total length of the peptide arms; this roughly gives a charge ratio of 2. In other works that ignore
the peptide arms completely, there is additional disagreement for the charge ratio. For example,
van der Schoot and Bruinsma [42] obtained a charge ratio of 2, whereas the work of Angelescu et
al. [43] yielded a ratio of 1 as the most favorable condition (but predicted that encapsidation can
remain favorable up to a ratio of 3.5). Implicit in any expected relationship between the total capsid
charge Qp and the genome charge Qi is the assumption that at a given @ p, there exists an optimal
genome length N* that can be encapsidated. However, the definition of N* has not been clearly
articulated in the literature, and the issue of a “universal” charge ratio remains unresolved.

In this chapter, we first clarify the meaning of an optimal genome length N*. This requires a
clearly defined thermodynamic setup from which minimization of an appropriate free energy can
emerge in a way that is consistent with the assembly mechanism under typical in vitro or in vivo
conditions. We then use self-consistent field (SCF) theory [44] to calculate the free energy required to
determine N*. We find that N* is not uniquely determined by the total charge of the capsid Qp, but
depends on the placement of the capsid charges, the excluded volume effects and, most significantly,
the negative electrostatic potential outside the viral capsid. This Donnan potential [45] has been
neglected in all previous theoretical and computational studies. We find that this contribution is
essential for obtaining overcharged viruses.

By including the Donnan potential, we are able to vary the parameters in our model—the charge

density and length of the peptide arms, and the charge density and radius of the capsid shell—



Figure 5.9: Two scenarios for viral assembly giving rise to an optimal genome length. Scenario I:
a monodisperse solution of RNA of length Ny > N*, where the optimal length N* corresponds to
the largest population of viral particles containing N* segments inside the capsid. Here, the outside
fragment of RNA can be removed by nucleases, as represented by scissors. Scenario II: a polydisperse
solution of RNA, where viruses containing fully encapsidated molecules of length N* dominate the
population of singly encapsidated viral particles

to generate a set of hypothetical viruses for which the genome-to-capsid charge ratio behavior of
the genome length vs. the total capsid charge resembles data on real overcharged viruses from
Ref. [39]. On the basis of our analysis, the prevalence of overcharged viruses in Nature may suggest
an evolutionary preference for viruses that primarily utilize the Donnan potential, rather than highly
charged capsomers, to increase the amount of genome packaged, while still maintaining the structural

stability of the capsid shell.

5.2.2 Clarification of the Optimal Genome Length

Bancroft et al. [38] showed that viral assembly occurs by a nucleation and growth mechanism, with
the RNA acting as the nucleating agent. If the RNA are sufficiently large, and on account of their
electrostatic repulsion with each other, the likelihood of multiple RNA nucleating one capsid is low
and, for the optimal length question, we may confine ourselves to the population of single RNA-
encapsidated viral particles. Also, following previous theoretical works [39,41-43,46-51], we treat

the RNA as a linear polyelectrolyte, and ignore the secondary structures [52]. This is in part a
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computational necessity and in part guided by the motivation to elucidate the generic features of
electrostatically driven viral assembly by using simple models. It will be shown that changing the
polyelectrolyte from a linear chain to a multi-armed star considerably reduces its physical dimension,
one of the main effects of the secondary structure, but has little effect on the results. As depicted
in Fig. 5.9, we consider two scenarios for the encapsidation. Under reasonable conditions, these two

scenarios yield identical results.

5.2.2.1 Scenario I

Consider a monodisperse solution of sufficiently long RNA (Ny > N*) mixed with capsomers. Upon
nucleation around the RNA, the capsomers aggregate to form viruses of various T-number sizes with
N segments inside and Ny — N segments outside. It has been suggested that the outside fragments
can be removed by nucleases [53,54]. We focus on the subpopulation of singly encapsidated viral
particles of a particular T-number. Treating viral assembly as an equilibrium system subject to
the laws of mass action (see [42] and references therein), the number concentration of viral capsids

containing a genome length N inside is

C(N) = C" exp [~ f(N) = Afeap + p + 60T A . (5.24)

Here f(N) is the free energy of interaction between the RNA and the capsid, A f.qp is the free energy
of formation for an empty capsid, ¢ and A are the chemical potentials of the free RNA and the free
capsomers, respectively, and C"¢/ is a reference concentration that is assumed to be independent of
N. f(N) and Af,qp are really semi-grand free energies, as the capsid is open with respect to small
salt ions and solvent. However, for notational conciseness, we do not explicitly include the chemical
potentials of these species in the expression. Throughout this work, we take the thermal energy kgT

as the energy unit. Clearly, the fraction of viral particles with /N segments inside is given by

p() - V)

= S e V] 29
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where the summation runs from N, as required to nucleate the capsid [38], to Ny. Importantly,
the free energy of formation of the capsid and the concentrations of RNA and capsomers, while
determining the concentration of the viral particles, play no role in P(N). If we ignore the con-
nectivity between the inside and outside portions of the RNA, then the free energy of interaction
may be separated into f(N) = fin(N) + foutr(No — N). The main contribution to f,,: arises from
the external osmotic pressure II and the finite electrostatic potential difference A%, i.e., the Donnan
potential. The former is due to the presence of other macromolecules, such as proteins and nucleic
acids or added osmolytes [55], and the latter due to the fact that these macromolecules are usually
charged. Thus, we have

fout(NO - N) = (NO - N)(”RH + 6A¢)7 (526)

where vy is the monomer volume of a nucleotide and e is the elementary charge. Under usual solution
conditions, vgll << kT so that we can safely ignore the osmotic pressure term. Substituting the

free energy back into P(N), we get

__exp[-g(IV)
> nexpl—g(N")]

P(N) (5.27)

where g(N) = fin(N) — eNAy. It is now clear that the largest population corresponds to the

minimum of this free energy.

5.2.2.2 Scenario II

We envision a polydisperse solution of RNA mixed with capsomers. Once packaged we assume that
the RNA molecules reside entirely within the viral capsid. Again, we focus on the subpopulation of
singly encapsidated viral particles of a particular T-number. Following arguments similar to those

in Scenario I, the fraction of viral particles with chain length N is given by

exp[—fin(N) 4 pn]
> €xpl—fin(N') + ]’

P(N) = (5.28)
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Here pp is the chemical potential of free RNA of length N. Assuming ideal solution behavior for
the free RNA,

pn = i’ +log(pn /pN7) + eN A, (5.29)

where p?vef is a reference concentration and ,u;’\ff is its respective chemical potential. These reference

terms contain contributions from the momentum and conformation integration of the reference

Gaussian chain and exactly cancel those in f;,. The distribution then becomes

pN exp|—fin(N) + eNAv]

PO = S o b= fon (V) eN'AT]

(5.30)

When the concentrations of RNA with different chain lengths are the same, the py exactly cancel
and Eq. (5.30) becomes identical to Eq. (5.27). In fact, because the free energy in the exponential is
O(N) (see Fig. 5.10), its contribution will dominate the distribution and the concentration prefactors
can be safely ignored. Therefore, for all practical purposes, the determination of N* is again a
minimization of the free energy, g(N).

We note that it is possible to include the part-in, part-out configuration of Scenario I in Sce-
nario II. Here, chain lengths longer than N* will likely have some fragments outside the capsid that
can be removed by nucleases. This will make the distribution P(N) even more dominated by N*,
but the determination of N* remains unchanged. Also, for long enough chains, g(N) is primarily
determined by the total number of nucleotides in the capsid and is insensitive to the the actual num-
ber of chains ng or the architecture of the polyelectrolyte; see Fig. 5.10. In particular, the results for
a 12-arm star and for a linear chain with the same number of nucleotides are essentially identical,
indicating that packaging is insensitive to the radius of gyration or degree of branching—two main
effects of the RNA secondary structure [52]. In what follows, we briefly describe the components of
our SCF model used to obtain g(N), but refer the reader to the Appendix D for details, including

the model parameters.
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Figure 5.10: T= 4 virus with Qp = 1847e in the presence (solid) and absence (dashed) of the Donnan
potential

5.2.3 Model

We approximate the icosahedral viral capsid by a spherical shell of some finite thickness with inner
radius 7cqp, uniform charge density of magnitude c.qp, and np = 60T peptide arms grafted to
the inner surface. The capsid is treated as a semi-permeable shell, open with respect to solvent
and ions, but closed with respect to the RNA and peptide arms. We represent the flexible RNA
molecule, whose persistence length [ ~ 1 nm is an order of magnitude smaller than the capsid radius,
by a discrete Gaussian chain of N monomers, each carrying a unit negative charge and having a
volume vgr. The capsid proteins are represented by end-grafted polyelectrolyte chains of uniform
charge distribution and are similarly modeled by a discrete Gaussian chain of Np monomers, each
with volume vp and charge cp. The solvent molecules are represented by monomers of volume
vs and the monovalent salt ions are taken to be point charges of the elementary charge e. The
essential contributions to the model are the chain connectivity, the excluded volume effects, and the
electrostatic interactions from all charged species, with total charge density
PR

cp
Pe = CeapPeap = P~ + 0P = (5.31)

Here p_ is the charge density, assumed to be uniform, of the negatively charged macromolecules

outside the capsid. Following the usual SCF derivation (see Appendix B), we obtain the semi-grand
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Figure 5.11: k = AQgr/AQp without the Donnan potential (filled): k1 = 0.67 [Np], k2 = 0.82 [cp],
k3 = 0.33 [ccap], ka4 =0.38 [reap]; and with the Donnan potential (empty): ks = 0.80 [Np],

ke = 0.84 [cp], k7 = 0.41 [ceap), ks = 1.69 [reqp]. The method of varying Qp is given in brackets;
see Appendix D for details.

free energy:

7 Znp L pt
fmz—ln( R)—ln<mf)—e Z, -7,
VR v np! Vs Vg

+/dr[— > £I¢I+wpc—§(w>2].

I=R,P,S

(5.32)

In this expression, the Z, (a = R, P, S, %) are the single-molecule partition functions in their respec-
tive self-consistent fields &, ¥ is the electrostatic potential (measured in reference to a monovalent
salt solution when p_ = 0), and the dielectric constant € depends on the local volume fraction of the

species.

5.2.4 Results

To understand how each of the different capsid parameters affects the optimal genome length N*, we
begin by varying one parameter at a time, holding all else fixed. For different ways of changing the
capsid charges, we obtain the optimal genome charge Qr = eN* from the free energy minimization
with respect to N. In Fig. 5.11 we show the relationship between QQr and the total capsid charge
Qp. In all cases, an approximately linear relationship is obtained in the range of charges considered,
with a slope k = AQr/AQp.

We first examine the situation in the absence of the Donnan potential, when p_ = 0 mM and
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¢y = 130 mM (filled markers). Changing the charge density of the capsid shell c.4;, has the smallest
effect (ks = 0.33) on the optimal genome charge, while changing the charge density of the peptide
arms cp has the largest effect (ko = 0.82). Intermediate to these, we find k4 = 0.38 for increasing the
radius of the capsid shell 7.4, (at fixed grafting density) and k; = 0.67 for increasing the length of the
peptide arms Np. To understand these different dependencies, we consider a reference T = 4 capsid
with a total charge @p = 1440e distributed only on the np = 240 peptide arms. In Fig. 5.12(a), we
plot (solid line) the radial density profile for the optimal genome with Qr = 769¢. We observe, as
expected, a region of RNA density near the capsid surface, with most of the capsid interior devoid
of genome. In this case, the main contribution comes from the electrostatic interactions with the
peptide arms grafted to the inner surface of the capsid. We subsequently double @Qp by changing
Np, ¢p, Ceap, and reqp individually. From the density profiles, it is clear that increasing c.qp (dashed)
has a local effect and the resulting optimal genome only increases to Qr = 1171e. The region where
the genome can benefit from additional electrostatic interactions is limited to a concentrated shell
at the inner surface of the capsid, where additional layers are hindered by excluded volume from
the genome and peptide arms. In contrast, delocalizing the charges onto the peptide arms allows
the genome to interact with the entire region of the peptide brush and we find Qr = 2011e or
Qr = 1802¢, depending on whether we increase cp (dotted) or Np (dot-dashed), respectively. The
discrepancy between the two can be understood again from the excluded volume effect. Increasing
Np increases the volume fraction of the protein arms and therefore the excluded volume effect,
while increasing cp does not. Finally, one could double the capsid charge by doubling the number
of peptide arms at fixed grafting density, thus increasing r.q, (note that this is a hypothetical case,
since the number of peptide arms is restricted by the T-number). We find that the density profile is
largely the same, except for a shift in position with the capsid shell. Not surprisingly, the optimal
genome has approximately doubled with the number of peptide arms, where we find Qr = 1488e.
In all cases considered, we find undercharged viruses, where Qr/Qp < 1.

We next consider the effect of negatively charged macromolecules outside the viral capsid and

set p— =100 mM, ¢y = 130 mM and c_ = 30 mM [56]. As usual, the small ions, which can diffuse
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Figure 5.12: Radial density profiles (nm) corresponding to the optimal genome length for a T= 4
virus. (a) For np = 240, Np = 36, cp = 0.167, and c.qp = 0.0 (solid) we double the charge by
changing one of the following: Np = 72 (dot-dashed), cp = 0.33 (dotted), and c¢qp = 0.177 (dashed).
(b) For Np = 36 and cp = 0.083 we increase the capsid charge density: cqqp = 0.00 (solid), 0.05
(dotted), 0.10 (dashed). (c) For ¢qp = 0.10 without protein arms (solid), with neutral protein arms
Np = 36 (dotted), and with charged protein arms Np = 36, cp = 0.083 (dashed)

freely, maintain charge neutrality subject to equality of chemical potential for each of the small
ion species across the viral capsid. This combination of charge neutrality with equality of chemical
potential gives rise to a negative electrostatic potential (relative to a neutral monovalent salt solution)
that makes it favorable for an RNA molecule to be inside the viral capsid. The optimal genome
length occurs when the potential inside the capsid becomes comparable to this Donnan potential.
In Fig. 5.11 (empty markers), we show that increasing 7., at constant grafting density now has
the greatest effect on increasing the optimal genome length, where kg = 1.69. In contrast, the
optimal genome lengths for changing Np, cp, or c.qp have primarily shifted by a constant, while the
slopes AQr/AQp remain largely unchanged. These observations can be explained from the density
profiles in Fig. 5.12(b), where we note that accounting for the negative background charge fills the
capsid interior with RNA. When we increase cqp, the concentrated density of RNA near the surface
increases (as is the case when p_ = 0 mM), while the density in the interior remains unchanged. We
note that it is possible to increase QQr simply by increasing the volume of the capsid so that even
negative slopes can be obtained, e.g., by increasing r.,, while decreasing Q p.

Lastly, in Fig. 5.12(c), we demonstrate the combined effects of the excluded volume, electrostatics

and Donnan potential. We start with a charged capsid shell without protein arms (solid). As



95

6000F 6000F
(a)
'y
" °
4000t A EH 4000}
S % S
®/ e
2000 ° 2000}
@
Ok . \ \ 0 . . .
0 2000 4000 6000 0 2000 4000 6000

Op Op

Figure 5.13: (a) Qg as a function of @ p for hypothetical small (green circles), medium (blue squares),
and large (purple triangles) T = 4 viruses obtained from our model. For a given T-number, Qp is
increased by varying Np, cp, and/or ¢qp using no particular methodology. Also shown is a set of
overcharged viruses (red circles) with a slope of 1.1 and intercept 1192. (b) Qg as a function of Qp
for a selection of WT virus obtained from [39] (red circles) and [41] (blue triangles), with a combined
slope of 1.1 and intercept 1214

expected, we find a concentrated density of RNA near the inner surface of the capsid and a lower
density throughout the interior of the capsid. We next add neutral protein arms (dotted) to isolate
the effect of the excluded volume, and find that the peptide arms repel the RNA from the surface of
the capsid, resulting in a decrease in Qg. If we add back charges to the peptide arms (dashed), we
find that the favorable electrostatic interactions overcome the excluded volume effect and, as before,
the delocalization of the capsid charges creates an extended region of enhanced RNA density.
From these results, it is clear that no universal relationship exists between the optimal genome
length and the total capsid charge. The optimal genome length depends in a nontrivial way on
the placement of charges, the peptide arm length, and, importantly, the capsid radius (through the
Donnan potential). In real viruses, the variation in the total capsid charge from one virus to another
almost certainly occurs by a combination of these parameters. Therefore, very different genome vs.
capsid charge relationships can be obtained. To illustrate this, in Fig. 5.13(a) we generate three data

sets designated by the green circles, blue squares, and purple triangles, corresponding, respectively,
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to hypothetical small, medium, and large T = 4 viruses at different values of the total capsid charge.
Here the size refers to r¢qp = 17, 22, and 25 nm for small, medium, and large, respectively. Several
interesting observations can be made. First, even at zero capsid charge, there is a finite Qg that
depends on the volume of the capsid available to the genome. This is a direct consequence of the
negative Donnan potential outside the capsid, which fills the interior with a nearly constant density
of genome; see Fig. 5.12(b) and (c¢). Second, it is obvious that the same total capsid charge Qp
can correspond to multiple values of the optimal genome charge QQr. Finally, there are multiple
ways to connect these 12 data points, each defining a different genome-to-capsid charge relationship.
In fact, there is essentially a continuum of points in the general area covered by these 12 points,

corresponding to different combinations of Np, cp, ceap, and reqyp.

5.2.5 Discussion

We have developed a thermodynamic framework for viral assembly and clarified the notion of the
optimal genome length as the minimization of an appropriate free energy, which we obtain using SCF
theory. Importantly, we have accounted for the Donnan potential due to the presence of charged
macromolecules outside the viral capsid and find it to be essential for obtaining overcharged viruses.
Based on the minimization of the free energy defined in our work, we find that the optimal genome
length depends in a nontrivial way on the placement of the capsid charges, the excluded volume
inside the capsid and, significantly, the Donnan potential. We conclude that there is no “universal”
genome to capsid charge ratio.

What, then, can be made of the apparent linear relationship Qr ~ 1.6Qp that was obtained
from 19 wild-type viruses in Ref. [39]7 To address this question, we first note that if we exclude
the three obvious outliers in the data used in that study, a slope of 1.3 with an intercept of 668 is
obtained instead. On the other hand, another set of viruses chosen by Hu et al. [41], when fitted to
a linear function, yields a slope of 0.3 and an intercept of 3275. If we combine both sets of data, an
apparent linear relationship with slope 1.1 and intercept 1214 is obtained; see Fig. 5.13(b). These

data therefore suggest that a fitted linear relationship between the genome and capsid charge is quite
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sensitive to the choice of which viruses to include in a set; this is consistent with our discussion of
Fig. 5.13(a) in the last section. Whether an apparent linear relationship can be obtained if data on
all available viruses are compiled remains an open question. However, it is safe to say that there is
nothing particularly meaningful about 1.6 being the genome-to-capsid charge ratio.

Nevertheless, it can be seen from Fig. 5.13(b) that all the viruses selected in Refs. [39] and [41] are
overcharged. Indeed, overcharged viruses are prevalent in Nature [57]. To understand this, we have
generated a set of hypothetical viruses by tuning the parameters (peptide arm length Np and charge
density cp; and capsid shell radius r.qp and charge density c.qp) in our model so that only overcharged
viruses are obtained. It is in fact possible to make the genome vs. capsid charge relationship for
these hypothetical viruses appear similar to real viruses; see Fig. 5.13(a) and (b), red circles. A
common attribute of these hypothetical viruses is that the charges on the peptide arms and capsid
shell are relatively low. The primary driving force for packaging comes from the Donnan potential,
which fills the capsid volume with genome (the finite positive offset in Qr at @p = 0 for both the
real viruses and our hypothetical viruses is also consistent with this). Thus, the greatest increases in
@Qr come from increasing the capsid radius. We emphasize that without the Donnan potential, we
cannot obtain overcharged viruses because the genome is limited to electrostatic interactions near
the inner surface of the capsid, where the excluded volume effects become an issue. We recognize
that many factors contribute in the evolutionary pressure on the genome-to-capsid ratio in naturally
occurring viruses. However, in light of our thermodynamic analysis, the prevalence of overcharged
viruses in Nature suggests that there may be an evolutionary advantage for viruses that primarily
use the Donnan potential, and not the electrostatic attraction between the RNA and the capsomers,
for increasing the amount of genome encapsidated. The charges on the capsomers should be just
enough to help nucleate viral assembly [38], but not so large as to compromise the structural stability

of the capsid.
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5.2.6 Conclusion

In conclusion, our study offers a resolution to the issue of a “universal” charge ratio, highlights the
importance of the negative Donnan potential in viral assembly, and provides an explanation for the
prevalence of overcharged viruses in Nature. The thermodynamic framework developed in this study
should be useful for interpreting results from experimental studies of in vitro assembly of viruses
and virus-like particles [58-62], as well as for the design of viral vectors for gene therapy, where, in
addition to minimizing toxicity, a major goal is to successfully deliver the appropriate amount of
therapeutic gene [63]. More generally, because the presence of charged macromolecules in cells is
ubiquitous, we expect the associated Donnan effects, much like the well-known crowding effects [64],
to significantly influence a wide range of biomacromolecular behaviors and cellular processes.
The authors acknowledge support from the Jacobs Institute for Molecular Engineering for Medicine

at Caltech. CLT is thankful for financial support from an NIH training grant.

Appendix D: SCFT Model for the Virus

Consider a spherical capsid shell with uniform charge density of magnitude c., whose density profile

we define

Beap(T) = % tanh w _ tanh M ) (D-1)

In this expression, 7, is the capsid radius at the inner surface, 2d is the thickness of the shell, and
0 is the characteristic width of the interface. The RNA is represented by a polyanion of N identical
monomers, each carrying a unit negative charge and having a volume vz = 0.22 nm? [65]. The
peptide arms are represented by end-grafted polycation chains of Np monomers, each with volume
vp = 0.065 nm?3 [65] and charge magnitude (per monomer) cp, where cp is allowed to vary. The
solvent molecules are represented by monomers of volume vy = vp and the salt ions are taken to be
simply point charges of elementary charge e and valency z+ = 1. Outside the capsid, we account for
the negatively charged macromolecules by setting p_ = 100 mM. As usual, the salt ions maintain

charge neutrality, where c¢; = 130 mM and ¢_ = 30 mM (when p_ = 0 mM we set cx = 130 mM).
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The particle-based Hamiltonian for the model, which captures the essential contributions to viral

encapsidation, is

H = h({r}) +Z hE ({r})+ / drdr’ po(r)C(r, ) po(r'). (D-2)

The first and second terms account for the chain connectivity of the RNA and peptide arms, re-
spectively. The third term is the Coulomb energy of the system, accounting for the long-ranged
electrostatic interactions from the total charge density of all charged species. This includes the
capsid shell, peptide arms, RNA, salt ions, and negatively charged macromolecules outside the cap-
sid. C(r,r’) is the Coulomb operator satisfying —V - [e(r)VC(r,r')] = §(r — r’), where €(r) is the
dielectric constant, which is spatially varying and depends on the volume fractions of the different
species. We set €.qp = €p = 12 for the capsid [66], eg = 2 for the RNA [67], and, as usual, ¢; = 80
for the solvent.

The semi-grand canonical partition function is obtained by summing over all particle degrees
of freedom, including the position of each solvent and ion molecule, as well as the position and

conformation of each polyelectrolyte:

i elpsnstpins) A
SR iy P s P HdrkHdrl
nglnylv vt o

ng,n+4+=0 7=0 (D—3)
x [T0[1 = dn®) = dp(x) = deap(r)|e ™.

Here, ¢p(r) and ¢g(r) are the instantaneous volume fractions of the peptide arms and RNA molecule,
respectively, and the delta functional accounts for the incompressibility (excluded volume) at all
positions r within the system volume.

In SCFT, the first step is to replace the above particle-based model with a field-theoretic model,
using a series of techniques related to Hubbard-Stratonovich transformations [44]. This decouples
the interactions among particles and replaces them with interactions between single particles and

effective fields. The final result for the field-theoretic partition function can be generically written
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in the form

E= /Dw exp(—Fw]), (D-4)

where F' is an effective Hamiltonian that is complex and depends on the (multidimensional) field
variable w. In general, the field-theoretic partition function cannot be evaluated in closed form. The
mean-field, or self-consistent field approximation, amounts to assuming that a single field configura-
tion w* dominates the functional integral, i.e., E ~ exp(—F[w*]), where Fw*] in our model is given
by Eq. (5.32). In this expression, the partition functions are for a single particle in its respective

field and are given by

Zy () = /drexp{$z/}ezi — ubi},
2.€) = [ drexp{-v.c.), (D-5)

Z[(f[) :/drql(r;NI), I:R,P,

for ions, solvents, RNA, and protein arms, respectively. Z4 (1)) contains the Born self-energy of the
ions u%. = 2z2e2?/8mate, where € is the spatially varying dielectric constant. This term cannot be
absorbed into a redefinition of the chemical potential for a spatially varying dielectric medium [68].
Although the volume of the salt ions does not enter into the incompressibility, with respect to the self-
energy of an ion, we specify a1+ = 0.18 nm as the radius. We have introduced the chain propagator
qr(r;i), where i is the monomer index, to obtain the single-chain statistics of the polyelectrolytes.
The propagator accounts for the chain connectivity and the Boltzmann weight due to the self-
consistent potential field, with the initial conditions that

qr(r;1) = exp[—vr&r(r)],
(D-6)

qP(r; 1) = GXp[—Upfp (r)]é(r - rcap)-
Here the delta function accounts for the fact that the initial monomer of the peptide arm must be
grafted to the inner surface of the capsid shell at r = r.,,. Because of the lack of inversion symmetry

of the peptide arm, it is necessary to introduce a complimentary chain propagator ¢p(r;i) that
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propagates from the free end of the protein arm with the initial condition ¢} (r; 1) = exp[—vpép(r)].
The self-consistent field equations are obtained by requiring that Eq. (5.32) is stationary with

respect to variations in the fields. Variation with respect to the volume fraction fields ¢ gives,

1 V)2 2iele
nggs_Ew_(eR_es) |:( 2) +8iai€i2:| (D-7)
V)2 z2ie’e
=t Lo (en-e) [P0+ 20 (D-5)

Here, ¢4 = et= v;lexp{ Fzie) — ubi} is the ion distribution. Variation with respect to v gives,

c
~V(T0) = (comptran = p-+ Liop = O ) & (sseca) (D-9)
vp VR
with respect to &, gives,
1—¢r—9¢p— ¢cap = el eXP{—Usfs}» (D—IO)
and with respect to £g and p gives,
on
or =" ZQR(I'; i) mSRWgp (v N — i + 1), (D-11)
Zr
vpnp o5
60 = TS g (s i)e O Np — i 4 1), (D-12)
L}

To correct for over-counting the monomer when the propagators are joined, we include an extra
exponential factor in the expressions for ¢ and ¢p. Numerical SCFT requires solving Eq. (D-7) to
Eq. (D-12), together with the chain propagators, iteratively until convergence. From these solutions,
the free energy is obtained from Eq. (5.32).

Finally, additional parameters used in Fig. 5.11 are given in Table 5.1 of this Appendix.
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\ Variable parameter

Fixed parameters

ket Np = 12,24,36 Py Teap Ceap = 1/3,17,0.10
ko cp =1/6,1/3,1/2 Np, Teaps Ceap = 12,17,0.10
ks Ceap = 0.05,0.10,0.20 Np,cp,reap =12,1/6,17
k4 Teap = 10,12.8,17 Np,cp,Ceap = 24,1/6,0.10
ks Np =12,20,24 Py Teapy Ceap = 1/6,17,0.10
ke cp =1/12,1/6,1/4 Np, Teaps Ceap = 12,20,0.05
kr Ceap = 0.05,0.10,0.20 Np,cp,reay =12,1/6,12.8
ks Teap = 12.8,17,20 Np,cp,Ceap = 12,1/6,0.10

Table 5.1: Additional model parameters used for Fig. 5.11
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