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indicated for all snapshots and for several points in unzippering/assembly 
(C). When the force was released, the ENM springs were immediately 
reinstated for Syb, and helix formation occurred in <104 timesteps. For 
small initial SNARE openings of up to 10 nm (black, magenta, and cyan) 
the bundle assembles at a relatively constant fast rate. For intermediate 
initial openings (green, red, and brown) the bundle starts to assemble 
initially at a slow rate and then assembles at a faster rate. The snapshots (4-
4c) are shown for one specific assembly case in this intermediate region. 
The bundle assembles slowly from layer -4 to layer 2 (near the ionic layer). 
Then from layer 2 to layer 8 it assembles quickly.  For large initial openings 
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(grey) the bundle first experiences a plateau and Syb fluctuates at roughly a 
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Abstract 
Molecular adhesion is the basis for many complicated biological processes. In particular 
the role of regulated adhesion of the vesicle to the plasma membrane in exocytosis as part 
of synaptic transmission is crucial. This adhesion must overcome the long-range 
electrostatic and hydration repulsion in a mediated fashion. Complications within this 
neurological process can lead to serious diseases and disorders such as schizophrenia and 
botulism. Little is understood about the mechanistic details of this process. Therefore, 
developing fundamental knowledge is invaluable to the design of treatments and therapies. 
Many molecular players have been identified to take part in this process, but we focus on 
SNARE (soluble N-ethylmaleimide-sensitive factor attachment protein receptor) because 
that is the central conserved player. SNARE proteins are the workhorses of this adhesion 
and therefore developing an understanding of their role in the process is important. This is 
a very complex system, so in addition to experiments, modeling of the system is also 
required, and there are several options available. Because of the combination of long length 
scale (10s of nm) and time scales (1-10s of µs, to seconds), it is difficult to study this system 
using all-atom simulations. Therefore residue based coarse-grained (CG) Brownian 
dynamics simulations are used that are validated by both experimental data and detailed 
all-atom simulation results. The CG model of SNARE included an elastic spring-network 
model for intrahelical interactions and chemically specific Miyazawa and Jernigan 
potentials for helix-helix interactions. 

Using this CG model this thesis investigates two underlying questions dealing with 
synaptic vesicle to membrane docking/fusion that have yet to be definitively answered: (1) 
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how many SNAREs are required in this process? and (2) how do SNAREs assemble? The 
force-displacement relationship for the unzippering of SNARE was determined using CG 
displacement control simulations. These results were combined with a continuum model 
of the vesicle/membrane including electrostatic and hydration repulsion to predict that 1 
SNARE can bring the vesicle to within 3 nm of the membrane. This docking distance can 
be reduced as additional SNAREs are added.  However, adding more than 4-6 SNAREs 
increases the minimum distance between the vesicle and plasma membrane. The vesicle 
was never brought closer than 2nm to the membrane, suggesting that SNAREs alone are 
not sufficient for vesicle to membrane fusion, that their principal role is docking. 

Next, the SNARE assembly process was studied using the CG model. Two models 
for SNARE assembly are proposed in the literature: (1) Munc18 acts as a template for 
SNARE assembly by holding SNARE in a semi-zippered conformation and promoting 
helicity, and (2) SNARE serves as a self-template for zippering and assembly. Force 
control unzippering simulations were performed to set up initial states for assembly 
simulations. Several simulations were performed mimicking the two hypotheses. We find 
that assembly time grows exponentially with how far the SNARE has been unzippered, 
and this assembly time is increased even more with the degree of unfolding. We find that 
helical SNAREs assemble rapidly, however it is known (from experiments) that 
unstructured, completely disassembled SNAREs assemble in ms to s timescales. Therefore, 
Munc18 or another chaperone would most likely be required to promote a half-zippered 
SNARE state prior to assembly.  

We tackled another system of importance due to its deadly and contagious  
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characteristics: the Ebola virus (EBOV) internalization by the host cell which is an 
adhesion problem of comparable length and time scales. A better understanding of this 
system will lead to the development of possible vaccines/therapies. Again this system 
included two negatively charged surfaces, EBOV and the host cell membrane. We 
developed an analytical model to investigate the parameters required for EBOV ingestion 
into the host cell. We studied this system at two limits: (1) membrane bending dominates 
in resisting deformation and (2) membrane tension dominates in resisting deformation. 
From the membrane bending limit study, a dimensionless parameter representing the ratio 
of membrane bending stiffness to adhesion was found that determines whether EBOV will 
be engulfed into the host cell.  From the membrane tension limit study we also extract a 
dimensionless parameter representing the ratio of membrane tension to adhesion that 
determines whether engulfment will occur.  In particular, these dimensionless parameters 
can be used to relate single-molecule force spectroscopy measurements to the behavior at 
the length scale of the full virus. 
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Chapter 1: Introduction to Molecular Adhesion, SNAREs, EBOV, 
Multi-Scale Modeling, Simulation Techniques, and Previous Studies 

1.1 Introduction 

Molecular adhesion is the basis for many biological processes ranging from cell-cell 
adhesion to protein function. There is an entire class of protein-mediated endocytosis and 
exocytosis problems that are dominated by molecular adhesion shown in Fig. 1.1. 

 
Figure 1.1  A schematic of a general endocytosis/exocytosis problem is shown. An object 
with a curved surface (say, a vesicle or a viral particle) is repelled from second surface 
(say, the plasma membrane). Some specific adhesive molecular interaction is needed to 
bring the two surfaces into proximity. Two circles indicate the width of the contact region.  

 At first glance, all of these problems look quite similar where there is a curved object 
with a negative surface charge interacting with a flat membrane also with a negative surface 
charge due to lipid composition. There is a repulsive force between the membranes due to 
electrostatics and short-range hydration repulsion that is counteracted by the adhesive force 
provided by some group of molecular players. The inside of a cell is very crowded and 
processes are intertwined and complicated, but this set of problems can be simplified to 
this curved and flat surface system. We chose to study two specific systems in this class of 
problems: (1) Soluble N-Ethylmaleimide-sensitive Factor Attachment Protein Receptor 
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(SNARE) mediated synaptic vesicle to membrane docking/fusion and (2) T-cell 
immunoglobulin and mucin domain (TIM) mediated host cell Ebola virus internalization. 

In particular, the role of regulated adhesion of a synaptic vesicle to the plasma 
membrane in exocytosis is crucial for synaptic transmission. This adhesion must overcome 
the long-range electrostatic and hydration repulsion in a mediated fashion. Complications 
within this neurological process can lead to serious diseases and disorders such as 
schizophrenia and botulism1. SNARE complexes are the core machinery in synaptic 
vesicle-membrane docking and fusion. The SNARE complex is a 4-helix bundle 
comprising vesicle bound transmembrane protein Synaptobrevin (Syb), membrane bound 
transmembrane protein syntaxin (Syx), and SNAP25 that is tethered to the  plasma 
membrane and contributes two helices to the bundle2,3 as shown in Fig. 1.2.  

 
Figure 1.2  (A) A schematic of 2 SNAREs and the vesicle/membrane system is shown 
including Syb (blue), Syx (red), and SNAP25 (orange). (B) A schematic of the SNARE 
and the vesicle/membrane system as the vesicle approaches the membrane. In this view, 
Syb (blue), Syx (red), SN1 (orange), and SN2 (gray) have formed 2 SNARE bundles. 
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Synaptic transmission begins with an action potential traveling down the axon to the 
synapse causing calcium channels to open. In turn, vesicles that are docked at the plasma 
membrane are triggered to fuse and release neurotransmitters into the synaptic cleft4. It is 
highly debated as to how many SNAREs are necessary for this docking/fusion process. 
The only consensus is that the number of SNAREs is somewhere between 1 and 115–8.To 
investigate how the number of SNAREs affects the docking/fusion process a coarse-
grained (CG) model of the SNARE complex was developed, and simulations were 
conducted using Brownian Dynamics. In order to get a more complete picture of the 
docking/fusion process, the results were analyzed in conjunction with a vesicle/membrane 
model.  

Very little work has been done on SNARE assembly. There has been an optical 
tweezers study, which our model was calibrated with, that did study the unfolding/folding 
of Syb during assembly9. A similar magnetic tweezers study was done that confirmed the 
Syb unfolding stages presented in the optical tweezers study10. However, not much has 
been done otherwise because experimentally this system is very complicated to study in 
great detail. To overcome these challenges, this system can be studied using simulations. 
However, long timescales of ~1µs are required to study this problem which makes this a 
challenging system to study using AA techniques.  

There are two models currently proposed for how SNARE assembly occurs. One 
model focuses on the role of the protein MUNC18, a chaperone of exocytosis and 
membrane tethering factor that aids in the initial vesicle to membrane contact11.  In this 
model, MUNC18, is required as a SNARE chaperone to serve as a template for SNARE 
assembly12. A recent experimental study was performed where the x-ray crystal structure 
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of Vam3 and Vps33 (proteins that closely resemble Syx and MUNC18) and the x-ray 
crystal structure of Nyv1 and Vps33 (closely resembling Syb and MUNC18) were 
superimposed on one another and showed that MUNC18 holds SNARE in a mostly 
helical, half-zippered confirmation. The second hypothesis is that SNARE acts as its own 
template (“self-templating”) where once Syb interacts with Syx/SNAP25 there is a 
zippering effect promoting Syb helicity and bundle assembly from the C-terminus to the 
N-terminus of the bundle13. We use our SNARE CG model to study these two possible 
mechanisms. 

A semi-analytical modeling methodology is used to study the internalization of the 
Ebola virus (EBOV). EBOV is extremely deadly and contagious. In the recent years it has 
been turning into an epidemic especially in the continent of Africa14. It is crucial that 
treatments and possible vaccines are developed in order to control outbreaks. In this work 
a simple model for the virus-host cell adhesion is developed to get a better understanding 
of the critical parameters for virus internalization. To infect a host cell, EBOV first attaches 
to the host cell using the cell’s own TIM-1 transmembrane proteins binding with the 
phosphatidylserine (PS) covering EBOV’s surface as shown in Fig. 1.3A15.  
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Figure 1.3  (A) Schematic of the adhesion of EBOV and the cell membrane is shown. (B) 
A schematic of the TIM-1 receptor coming into contact with the EBOV surface is shown.  
 
After EBOV has attached to the cell, endocytosis occurs and it is internalized by the cell. 
This adhesive process is electrostatically driven by the positive charge on the TIM-1 head 
group, IgV, and the negative charge of the PS on EBOV as shown in Fig. 1.3B. In order to 
better understand the internalization process for future therapies, a simple model of the 
virus/host cell adhesive interaction has been developed.  In particular, the model aims to 
relate parameters measured by single molecule force spectroscopy, such as binding free 
energy, to the question of whether adhesion is insufficient to enable viral engulfment. 
 
1.2 Computational Modeling Scales 

Computational modeling can be done at many different scales ranging from the 
subatomic to the macroscale shown in Fig. 1.4. 
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Figure 1.4  Computational modeling types are shown as a function of length scale and 
timescale including quantum level, all atom, coarse-grained, mesoscale, and continuum 
models. 
 
The ideal model for a system should be chosen based on the minimum time and length 
scales that need to be represented for the system to address the questions being raised. 
For example, protein structure is usually modeled on the scale of several nanometers with 
timescales in the picoseconds-microsecond range, for which quantum mechanics would 
most likely be too detailed a method for the system. Quantum mechanics could be used to 
attain accurate information, but simulation speed would be prohibitively slow. Instead 
faster methods like all-atom or coarse-graining could be used.  

Subatomic models include those governed by quantum mechanics such as density 
functional theory (DFT). At the subatomic level, Schrodinger’s equations are solved and 
arguably this should be the most accurate level of modeling16.  Realistically however, 
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computation time is always a concern and a finer resolution simulation will of course take 
more time due. Therefore, quantum level models should be used on systems with a 
lengthscale on the order of angstroms to a few nanometers and a timescale of 
femtoseconds where subatomic behavior is of great interest17.  
 In all-atom (AA) level modeling one usually uses classical molecular dynamics in 
which the position of every atom is represented. In these systems, the solvent is usually 
explicit as well. AA models are widely used for small biological and chemical systems to 
better understand the interaction between atoms. This modeling is typically done on the 
nanometer length scale and picosecond-microsecond time scale17. Up to microsecond 
long simulations can be achieved using supercomputing resources using commercial 
codes such as GROMACS or NAMD, which is valuable to cover a large range of 
molecular behaviors.  However, the computational resources required for the explicit 
water calculation can make larger system sizes expensive to simulate. 
 In many phenomena in biological systems, such as those involving interaction of 
proteins and lipids, atomic level information is not particularly of interest. In many cases 
information on the amino acid level is desired which is ideal for coarse-graining (CG) 
techniques. In CG models, a group of atoms is chosen as a “bead” which interacts with 
other “beads”. The level of coarse-graining is variable; it can be anywhere from a group 
of atoms to a group of amino acids. In many cases techniques such as Brownian or 
Langevin dynamics are used in these systems, which have implicit water. The presence of 
implicit water greatly decreases the computational cost.  There are commercial codes 
such as LAMMPS and MARTINI which are used for CG systems, however for some 
systems a “home-built” code is required. Based on the definition of a “bead”, interaction 
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potentials should be calibrated based on experimental data or higher resolution methods 
like AA. CG is usually used for length scales of 10s of nanometers and timescales of 
nanoseconds to milliseconds17. 
 For many materials systems, mesoscale modeling is of interest. This level of 
modeling is on the microsecond and larger timescales and micrometer length scales17. In 
mesoscale methods the Langevin equation and pseudo-particle dynamical approaches are 
often used17. On even larger scales, continuum modeling is used. In these systems there is 
not a “bead” or particle representation. Surfaces such as membranes, vesicles, etc. are 
modeled with a system of governing equations including terms such as bending, 
electrostatics, etc. to predict overall behavior. Continuum system calculations are often 
all done at equilibrium, from which kinetic information cannot be determined. 
 In many instances multiple methods are used to solve one problem. Smaller 
length/time scale methods can be used to calibrate and validate larger length/time scale 
methods. The key is to minimize simulation time while still producing accurate and 
useful results. In some systems multi-level modeling can be used. For example, for a very 
large enzyme one may be interested in the conformation of the enzyme as well as the 
details of the enzyme’s active site. Atomistic detail may be required to understand the 
behavior of the binding site, but CG may be all that is necessary for the rest of the 
enzyme. Instead of using strictly AA techniques for the entire large enzyme, the binding 
site could be modeled with AA and the rest of the enzyme could be modeled with CG.  In 
other instances, multi-scale modeling can refer to models at different length scales with 
reduced parameters as one ascends the length scale.  Multiscale modeling in one form or 
another is used throughout this work. SNARE proteins are studied which were 
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successfully simulated using CG techniques. However the SNARE, vesicle/membrane 
system was of interest in some cases. So, a CG model of SNARE was used in 
combination with a continuum model of the vesicle/membrane to provide an overall 
understanding of the system while minimizing simulation time.  The CG model was 
calibrated against experimental data and using AA simulations. 
 
1.3 Simulation Techniques 

There are a variety of simulation techniques that can be used for molecular dynamic 
simulations. Each technique has its own advantaged and disadvantages that should be 
weighed based on system size, characteristic lengths, timescales, and generally what level 
of behavior of the system one is trying to capture. All-atom simulations are usually 
conducted by solving Newton’s equations of motion for each particle (atom) in the 
system, subjected to inter-particle potentials, external fields, boundary conditions, and 
controls such as thermostats or barostats.  Two popular techniques that are used for CG 
models are Langevin and Brownian dynamics. In Langevin dynamics (LD), Newton’s 
equation of motion  

݉ Ԧݒ݀
ݐ݀ = Ԧݒ߁− + ሬܴԦ(ݐ) −  (1.1)                                                                                                       ܧ∇

is integrated at every timestep. where ݉ is the mass of the particle,  ݒԦ is the velocity of 
the particle, ߁ is the damping constant, ሬܴԦ(ݐ) is the random force representing the bead’s 
interaction with the liquid, and ܧ is the potential energy of interaction with other 
particles.. The random force is connected to the viscous drag through the fluctuation-
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dissipation theorem18. This is explained in more detail in the Appendix along with a 
derivation for the standard deviation of the random force. LD is an inexpensive 
simulation technique that can successfully simulate interacting particles in a fluid in 
many cases.  
 An even less computationally expensive technique is Brownian dynamics (BD), 
which is largely used in this thesis. In Brownian dynamics the acceleration term in 
equation (1.1) is neglected to give us 
0 = Ԧݒ߁− + ሬܴԦ(ݐ) −  (1.2)                                                                                                               ܧ∇
This assumption makes the equation easier to integrate as it can be solved for explicitly, 
unlike the Langevin equation which requires a half velocity method. However, the 
Brownian assumption does miss high frequency behavior.  This is acceptable for systems 
with low masses and low spring constants, ݇, which satisfy 
߁ ≫ 2√݇݉                                                                                                                                    (1.3) 
A derivation of this criterion is given in the Appendix. 
 Dissipative particle dynamics19 (DPD) is a third technique based on the Langevin 
equation that can be used. Random forces are not truly entirely decoupled; they come in 
pairs. Every random force on a bead or particle has a resulting opposite random force. 
DPD thus conserves momentum (unlike BD and LD) which yields a better approximation 
of hydrodynamic behavior19. Unfortunately this makes these simulations more 
computationally expensive. For long time scales it is generally accepted that BD and LD 
will produce similar behavior. 
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 A fourth technique is Stokesian dynamics (SD)20 which is also based on the 
Langevin equation. In this technique the hydrodynamic forces are handled in a more 
complex fashion, incorporating multi-particle interactions. In BD and LD the 
hydrodynamic force on each particle is isolated and independent. Stokesian dynamics is 
mainly used for nonequilibrium suspensions where particles are much larger than solvent 
particles. Again this technique is more computationally expensive than LD and BD due to 
how the hydrodynamic forces are handled. 
 For SNARE CG simulations, we mostly look at near-equilibrium behavior on the 
nanosecond scale not requiring more advanced techniques such as SD and DPD. Because 
our system also satisfies equation (1.3), we used BD to optimize simulation speed. 
 
1.4 SNARE Optical Tweezers Experiment 

The SNARE CG model that was developed for the majority of this thesis was calibrated 
partly by AA simulations and partly by an optical tweezers experiment reported by Gao 
et al.21 entitled “Single Reconstituted Neuronal SNARE Complexes Zipper in Three 
Distinct Stages.” In this experiment, the authors expressed and purified Syb, Syx, and 
SNAP25 proteins. Biologically the C-terminal end of Syb has a transmembrane domain 
that is extended into the vesicle membrane and the C-terminal end of Syx  has a 
transmembrane domain that is extended into the plasma membrane. However these 
transmembrane domains were not included in their experiment. SNAP25 is associated 
with the plasma membrane as well, but is not attached in the same manner. The ternary 
SNARE complex/bundle was first made in solution overnight. The N-terminal ends of 
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Syb/Syx were tethered with a disulfide bond. Then the C-teriminal end of Syb (VAMP2) 
was attached to a 2,260-bp DNA handle that was attrached to Dig and the optical bead, as 
shown in Fig. 1.5A, and the C-terminal end of Syb was attached to Biotin and an optical 
bead.  

 
Figure 1.5  (A) Diagram of the optical tweezers setup in Gao et al.’s9 experiment. The 
ternary SNARE complex comprises Syb (blue), Syx (green), and SNAP25 (purple). The 
C-terminal end of Syb was attached to a DNA handle attached to Dig attached to an optical 
bead. The C-terminal end of Syx was attached to Biotin attached to an optical bead. Syb 
and Syx were linked at their N-terminal ends. The N-terminal domain (NTD), C-terminal 
domain (CTD) and the linker domain (LD) of the SNARE bundle are indicated. (B) Force 
extension curve for SNARE unzippering (black) and zippering (gray). The worm-like-
chain model fits for the four unzippering stages are shown (1,2,3,4, red). Figures 1.5A and 
1.5B were published by Gao et al.9 and copyright permission was obtained prior to the 
submission of this document. 
 
Optical tweezers experiments were done by increasing the distance between the two 
optical beads using an optical trap. From this a force extension curve was determined 
where the extension was the distance between Dig and Biotin as shown in Fig. 1.5B. 
From the force extension data, they were able to predict that the SNARE bundle went 
through multiple folding stages during unzippering. This was determined by the fact the 
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force extension curve could be fit by 4 different worm-like-chain models depending on 
the applied force. The models differ by how much the proteins have unfolded The stages 
are: 

(1) (0 – 12pN) Fully folded SNARE complex 
(2) (12pN – 17pN) Linker domain of Syb/Syx unfolded 
(3) (17pN – 20pN) Linker domain of Syx is unfolded and Syb is unfolded up to ionic 

layer  
(4) (20pN +) Linker domain of Syx is unfolded and Syb is completely unfolded.  

The worm-like chain model is given as22,23 

ܨ = ݇஻ܶ
ܲ ቌ 1

4 ቀ1 − ቁଶݔ݈ + ݔ
݈ − 1

4ቍ                                                                                             (1.4) 

where ݇஻ is the Boltzmann constant, ܶ is temperature, ܲ is the persistence length, ݈ is the 
contour length, and ݔ is the extension. Equation (1.4) is used to relate the applied force to 
 for ݔ for the DNA linker. Equation (1.4) is used separately to relate the applied force to ݔ
the SNARE bundle. However, ݈ changes for SNARE depending on which of the 4 stages 
the molecule is in, a fully helical SNARE will have a shorter contour length than a 
SNARE molecule where Syb has been completely unraveled. The total extension, ܺ, 
which is plotted in Fig. 1.5B is 
ܺ = ஽ே஺ݔ + ௌே஺ோாݔ + ℎ                                                                                                            (1.5) 
where the extension of the DNA and SNARE are ݔ஽ே஺ and ݔௌே஺ோா , and ℎ is the state-
dependent extension of the SNARE complex. 
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 For the transition from state (2) to state (3) the probability of unfolding of Syb 
was determined as shown in Fig. 1.6. 

 
Figure 1.6  The unfolding probability of Syb (up to the ionic layer) is shown as a function 
of force. Figure 1.6 was published by Gao et al.9 and the copyright permission was obtained 
prior to the submission of this document. 
 

This optical tweezers experiment was invaluable in the calibration of our SNARE 
coarse-grained model. The peak unzippering force was used to calibrate helix-helix 
interaction potential strength. Our force-dependent Syb unfolding model was built around 
the unfolding probabilities given in Fig. 1.6. 
 
1.5 Appendix 

1.5.1 Derivation of the Standard Deviation of the Random Force in 
Brownian/Langevin Dynamicsa 

 
The Brownian Dynamics equation is given as  
0 = Ԧݒ߁− + ሬܴԦ(ݐ) −  (A1.1)                                                                                                            ܧ∇

                                                           
a This derivation was partially written by Mr. Pankaj Singh (Cornell University). 
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where ݒԦ is the velocity of the particle, ߁ is the damping constant, ሬܴԦ(ݐ) is the random 
force representing the bead’s interaction with the liquid, and ܧ is the potential energy of 
interaction with other particles. The random force has two properties: 

a) < ሬܴԦ(ݐ) >= 0 meaning that the force is completely random in all directions 
b) < ሬܴԦ(ݐ) ∙ ሬܴԦ(ݐ′) >= ݐ)ߜܿ −  ᇱ) meaning that the random forces at any twoݐ

instances are not correlated in time (ܿ is a parameter that will be determined in 
this derivation) 

In order to solve equation (A1.1) for ݒԦ, we find the homogeneous solution of equation 
(A1.1) to be 

Ԧݒ = Ԧ଴݁ିݒ ௰௠௧                                                                                                                                 (A1.2) 
We assume a particular solution of the type 

Ԧ௣ݒ = ݁ି ௰௠௧ݓሬሬԦ(ݐ)                                                                                                                         (A1.3) 
The particular solution is then plugged into equation (A1.3) and integrated to obtain 

(ݐ)ሬሬԦݓ = 1
݉ න ݁ ௰௠ఛ௧

଴
ሬܴԦ(߬)݀߬                                                                                                       (A1.4) 

When combined with the homogeneous solution in equation (A1.2), this yields a 
complete solution of 

Ԧݒ = Ԧ଴݁ିݒ ௰௠௧ + 1
݉ ݁ି ௰௠௧ න ݁ ௰௠ఛ௧

଴
ሬܴԦ(߬)݀߬                                                                               (A1.5) 

Next we determine the kinetic energy of a particle that, when combined with the two 
characteristics of the random force, yields 

ܧܭ = 1
2 ݉ < Ԧݒ ∙ Ԧݒ >= 1

2 ݉ ൤|ݒԦ଴|ଶ݁ିଶ ௰௠௧ − ܿ
݉߁2 ݁ିଶ ௰௠௧ + ܿ

 ൨                                (A1.6) ݉߁2
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At long timespans, equation (A1.6) simplifies to  

ܧܭ = 1
2 ݉ < Ԧݒ ∙ Ԧݒ >= ܿ

߁4                                                                                                      (A1.7) 

For a particle in three dimensions, the average kinetic energy is ଷ
ଶ ݇ܶ. When this is 

combined with equation (A1.7), the constant ܿ is determined to be 
ܿ =  (A1.8)                                                                                                                                    ܶ݇߁6
When this is combined with the second characteristic of the random force, we get the 
relation 
< ሬܴԦ(ݐ) ∙ ሬܴԦ(ݐᇱ) >= ݐ)ߜܶ݇߁6 −  ᇱ)                                                                                       (A1.9)ݐ
In order to determine the relationship between ܿ and the standard deviation of the random 
force, we do a dimensional analysis for equation (A1.9) 
ܵܪܮ =>  ൣ< ሬܴԦ(ݐ) ∙ ሬܴԦ(ݐᇱ) >൧ =  [ଶܶିସܮଶܯ]
[߁] =  [ଵିܶܯ]
[݇ܶ] =  [ଶܶିଶܮܯ]

RHS => ൤6ܶ݇߁
ݐ∆ ൨ =   [ଶܶିସܮଶܯ]

where ܯ is a unit of mass, ܮ is a unit of length, and ܶ is a unit of time. From this 
dimensional analysis is can be said that in three dimensional space that 

ሬܴԦ(ݐ) = ඨ6ܶ݇߁
ݐ∆ ො݊                                                                                                                    (A1.10) 

where ට଺௰௞்
∆௧  is the standard deviation of the random force. 
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1.5.2 Derivation of Brownian Dynamics Criteria 

In order to determine the conditions for which Brownian Dynamics is valid, we start with 
a simple system of one bead attached to a spring at 0 K. The Langevin equation can be 
written as a function of time, ݐ, as 

(ݐ)ሷݔ݉ + (ݐ)ሶݔߛ + (ݐ)ݔ݇ = 0                                                 (A1.11) 
where ݉ is the mass, ݔሷ(ݐ) is the acceleration, ߛ is the coefficient of friction, ݔሶ(ݐ) is the 
velocity, ݇ is the spring constant, and (ݐ)ݔ is position. The homogeneous solution for 
equation (1.11) is 
−݉߱ଶ݁௜ఠ௧ + ௜ఠ௧݁߱݅ߛ + ݇݁௜ఠ௧ = 0                                                                                  (A1.12) 
that simplifies to 

߱ଶ − ݅ߛ
݉ ߱ + ݇

݉ = 0                                                                                                               (A1.13) 
When equation (A1.13) is solved for ߱, we get 

߱ = ߛ݅ 
2݉ ±

ට− ଶߛ
݉ଶ + 4݇݉ 

2                                                                                                     (A1.14) 
The corresponding Brownian equation to equation (A1.11) is  
ሶݔߛ (ݐ) + (ݐ)ݔ݇ = 0                                                                                                                 (A1.15) 
that does not contain an acceleration term. Therefore, for BD to be valid, according to 
equation (A1.12), the first term must be negligible. For this to occur, according to 
equation (A1.14), the condition 
ଶߛ
݉ଶ ≫ 4݇

݉                                                                                                                                  (A1.16) 
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must be satisfied. Under the equation specified in (A1.16), there are two solutions for ߱ 
according to equation (A1.14):  
߱ = 0                                                                                                                                        (A1.17)   
߱ = ௜ఊ

௠                                                                                                                                        (A1.18)    
For the condition in equation (A1.17), the acceleration term will become zero. For the 
condition in equation (A1.18), ݁௜ఠ௧ will decay to zero very quickly, therefore it is 
negligible.  For the SNARE system, typical values are 
ߛ  = 10ିଵଵݔ2.295 ௞௚

௦    
݉ =   10ିଶହ݇݃ݔ1.975
݇ = 0.1685 ே

௠  
When these values are plugged into equation (A1.16), we get  
ଶߛ
݉ଶ =  ଶିݏ10ଶ଼ݔ1.350
4݇
݉ =  ଶିݏ10ଶସݔ3.413
that satisfies the condition for BD. 
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Chapter 2:  Coarse-Grained Model of SNARE Mediated Dockingb 
Synaptic transmission requires that vesicles filled with neurotransmitter molecules be 
docked to the plasma membrane by the SNARE protein complex. The SNARE complex 
applies attractive forces to overcome the long-range repulsion between the vesicle and 
membrane.  To understand how the balance between the attractive and repulsive forces 
defines the equilibrium docked state we have developed a model that combines the 
mechanics of vesicle/membrane deformation with a new coarse-grained model of the 
SNARE complex.  The coarse-grained model of the SNARE complex is calibrated by 
comparison with all-atom molecular dynamics simulations as well as by force 
measurements in laser tweezer experiments.  The model for vesicle/membrane interactions 
includes the forces produced by membrane deformation and hydration or electrostatic 
repulsion.  Combining these two parts, the coarse-grained model of the SNARE complex 
with membrane mechanics and electrostatics, we study how the equilibrium docked state 
varies with the number of SNARE complexes.  We find that a single SNARE complex is able 
to bring a typical synaptic vesicle to within a distance of about 3 nm from the membrane. 
Further addition of SNARE complexes shortens this distance, but an over-docked state of 
more than 4-6 SNAREs actually increases the equilibrium distance.  
  

                                                           
b This work has been published as: Fortoul, N., Singh, P., Hui, C. Y., Bykhovskaia, M. &  
Jagota, A. Coarse-grained model of SNARE-mediated docking. Biophys. J. 108, 2258–
2269 (2015). Copyright permissions were obtained prior to the submission of this 
document. 
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2.1 Introduction 

The SNARE (soluble NSF-attachment protein receptors) 1,2 complexes are the core protein 
machinery involved in synaptic vesicle docking and fusion. SNARE proteins form a link 
between vesicles and the plasma membrane, providing a mechanism for zippering the two 
together.  The transmembrane vesicle associated protein synaptobrevin (Syb or v-SNARE) 
forms a four-helical bundle with the proteins SNAP-25 and the transmembrane protein 
syntaxin (Syx), which are attached to the neuronal plasma membrane and termed the “t-
SNARE”. SNAP-25 contributes two helices (SN1 and SN2) to the bundle, while both Syx 
and Syb contribute one helix each 3,4. During exocytosis the vesicles are first tethered or 
targeted towards the plasma membrane (>25nm 5), then they are docked at the plasma 
membrane with the help of the adhesive forces provided by SNAREs. After docking, 
priming occurs which finally leads up to vesicle to membrane fusion 1. The zippering of 
the SNARE bundle is thought to provide the necessary force to bring the vesicle in 
proximity to the plasma membrane by overcoming the hydration or electrostatic repulsion 
between the two. 

The process of synaptic vesicle docking and fusion can be viewed as deformation of a 
mechanical system, in which a synaptic vesicle, a nearly spherical lipid bilayer shell, is 
brought in proximity to the plasma membrane, a nearly flat lipid bilayer, under the 
influence of the attractive forces exerted by the SNARE complex.  Key structural 
characteristics of the SNARE bundle have been determined experimentally, including its 
x-ray crystal structure6 and the location of the layers thought to be essential to SNARE’s 
function7, which has been confirmed through single molecule force experiments8. All-atom 
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simulations have been performed to analyze the structural aspects of the SNARE bundle 
including detailed interactions between the different helices9 as well as to investigate the 
effects of oxidation and reduction of the SNAP25 linker domain on  the formation of the 
SNARE bundle10. Some all-atom simulation work has been done on the unzippering of the 
SNARE bundle11, however, time constraints prevent simulations for large displacements 
and longer time scales. In an effort to overcome timescale limitations, some coarse-grained 
(CG) simulations have been performed12,13. Force-fields for CG simulations have been 
developed14. However, to suit a wide range of applications, these force fields still need to 
be refined15.  Relatively little has been done on coupling the SNARE unzipping process to 
the vesicle-plasma membrane behavior to address questions including that of how docking 
depends on the number of SNAREs. This problem is difficult because it must capture large 
length scale deformations and electrostatics in the vesicle-plasma membrane system as well 
as amino acid-level chemical specificity that are essential to the functioning of the SNARE 
bundle.   

There is significant debate about how many SNARE complexes are required to make 
synaptic fusion happen. Earlier studies suggested that 5 to 8 SNARE complexes form the 
fusion pore16.  However, recent studies suggest a smaller number of SNARE complexes. 
Thus, it was suggested recently that a single SNARE complex can trigger fusion, 17, while 
stating the fact that the fusion rate increases with the number of SNARE’s. In 18, it has been 
proposed that two Syb units are required for fusion, based on fluorescence response of 
tagged Syb. The work done in19 suggests that three SNARE units are needed to carry out 
the fusion, on the basis of fusion rate.  At the same time, studies performed on model 
systems in vitro suggest numbers ranging between 5-1120.   
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To investigate how the number of SNARE complexes affects vesicle docking, we 
developed a continuum model of the lipid bilayers and combined it with a CG model for 
the SNARE which includes chemical specificity.  Specifically,  the proteins in the SNARE 
bundle are represented by an alpha-carbon based CG model that includes both structural 
and chemical specificity by employing an elastic network model (ENM)21,22  and 
Miyazawa and Jernigan (MJ) contact energies23–25, respectively.  The SNARE CG model 
is calibrated to match the peak unzipping force determined by Gao et al. 8, and is used to 
calculate a force displacement curve for the unzipping process, along with snapshots of 
corresponding structures that provide information about the unzipping pathway.  The 
continuum model for bilayer deformationc is based on lipid membrane theory developed in 
Jenkins et al.26 and is an extension of work done in Long et al.27.  It computes the force 
required to counter the vesicle-membrane repulsion, bringing the vesicle to a given distance 
from the membrane while taking full account of the vesicle and membrane deformation. 
Balancing the SNARE-induced attraction against the vesicle-membrane hydration or 
electrostatic repulsion provides us with information about the equilibrium gap between the 
two membranes for a given number of SNAREs. Based on this information we study the 
effect of the number of SNAREs from the point of view of the mechanics of the process. 

 
 
 
 

                                                           
c The continuum model for bilayer deformation was developed by Mr. Pankaj Singh (Cornell University). 
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2.2 Materials and Methods   

2.2.1 All Atom Simulations 
We conducted all-atom molecular simulations of SNARE helices in order to obtain some 
of the parameters for the SNARE CG model.  AA simulations of the four individual helices 
as well as the full SNARE bundle were performed using the GROMACS molecular 
simulation package 28 and the CHARM22 forcefield29.  The starting structures for the 4 
individual helices and the full SNARE bundle were extracted from the final timestep of a 
40 ns AA simulation with initial configuration given by the high resolution x-ray structure 
1N7S7,11.  (See Appendix for a discussion.) For each set of runs, the corresponding structure 
was solvated in a waterbox (70  Å  x 150  Å  x 70  Å), and potassium ions were added to 
neutralize the overall charge.  Additional potassium and chloride ions were added so that 
there was a 150mM concentration of KCl to mimic physiological conditions30. All bonds 
were constrained. Dynamics were run at 300 K first using an NVT ensemble for 100 ps 
followed by NPT for 100 ps using the Parrinello-Rahman barostat.  Five sets of 40 ns-long 
runs were conducted with a timestep of 2 fs for Syb, Syx, SN1, SN2, and the SNARE 
bundle. Computations were performed at the Texas Advanced Computing Center (TACC) 
through XSEDE resources.  
 
2.2.2 SNARE Coarse-Grained Model 
A principal result of this work is the development of a CG model for the SNARE complex.  
Our goal has been to make it as simple as possible while still retaining the identity of 
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individual residues.  As shown in Fig. 2.1A, in our SNARE model every residue is 
represented by a bead located at the alpha carbon of that residue. 

The size and mass of each bead are equivalent to the Van der Waals radius31 and mass31 
of the bead’s corresponding residue. Two major types of interactions were accounted for 
in this CG model, those within individual helices and those between them.  An elastic 
network model (ENM)21,22 is used to represent the intra-helical bonds and interactions that 
maintain the individual helical structure as shown in Fig. 2.1A. Pairs of beads within the 
cutoff distance, cR , on the same helix are said to be “in contact” and are connected by a 
harmonic spring with the energy potential  

0
21 ( )2 spring su k r r                                                                   (2.1) 

where sk  is the spring constant, r  is the distance between the two beads, and 0r  is the 
natural length of the spring. From the 40 ns long individual helix AA simulations, it was 
observed that the natural state of each individual helix was a relatively straight 
conformation compared to the helices in the SNARE x-ray crystal structure. (The mean 
curvature of the helices in the SNARE bundle (3.11x107 1/m) is three times as large as that 
of the individual helices (1.03x107 1/m), see Appendix)).  Because these straightened-out 
conformations represent the ‘natural’ or relaxed state of the helices, they were used to 
construct the ENM.  This is important because, as the helices unzip from the main bundle 
and break their helix-helix contacts, they revert back to their natural straight conformation, 
releasing elastic energy. 
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Figure 2.1  (A) The AA (left) and CG (middle) representations of the SNARE bundle are 
shown. Both models include helices Syb, Syx, SN1, and SN2 with each helix contributing 
one residue to the ionic layer (beads): R56, Q226, Q53, and Q174 respectively. The C-
terminal ends of Syb and Syx play an integral role in the fusion process in that they attach 
to the vesicle (Syb) and plasma membrane (Syx). The ENM spring network (right) that 
maintains the individual helical structure is shown for Syb and Syx where the thick lines 
represents the Cα backbones and the thin lines represent ENM springs. The Miyazawa and 
Jernigan contacts between Syb and Syx are also represented (dotted lines). (B) The spectra 
used to compare the fluctuations of the AA and CG models are shown for Syb. Values for 
ks of 0.0963 N/m and Rc of 20 Å were used for the CG model. The inset shows 10 snapshots 
of Syb during the corresponding AA simulation. (C) Mean distance for different values of 
parameter A along with snapshots of the SNARE bundle. The original crystal is represented 
by the black line.  The version chosen for simulation is marked by the black circle.  
  

The values of sk for the ENM were chosen by matching the spectrum of fluctuations of 
the AA simulations and the CG model for each helix independently.  For the analysis of 
individual AA helix simulations, the positions of the alpha carbons were extracted every 
10 ps. For each alpha carbon a time series of distance from its average location was 
calculated. The fast Fourier transform (FFT) was then computed for each bead’s time series 
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and averaged over all beads, yielding a single spectrum per helix.  In order to make this 
comparison of the fluctuations, CG simulations were conducted for the 4 individual helices 
using Langevin dynamics at 300 K for a range of values of sk .  (Details on numerical 
implementation of the CG simulation are provided in Appendix.) The same FFT analysis 
was conducted for individual helix CG simulations as for the AA simulations. The time 
length of simulations required was determined by conducting a normal modes analysis 
(NMA) on the CG model of the crystal structure, 1N7S, for all helices individually using 
different values of sk .  AA simulations were run for 2 ns, which is considerably longer than 
the characteristic time given as the inverse of the lowest natural frequency (See Table A2.1 
in Appendix). In order to best match the fluctuations, the root mean squared deviation 
(RMSD) between the AA and CG spectra was found for each run. An example of the 
comparison of both spectra is shown in Fig. 2.1B for Syb with sk value of 0.0963 N/m. For 
all helices sk  was varied between 0.00009 N/m and 0.4816 N/m and the resulting RMSD 
for all values of sk  are shown in the Appendix. Based on these data, a value of 0.0963 N/m 
was chosen for sk  for all four helices.  

The second main category of interactions in the CG model is helix-helix interactions 
that require chemical specificity. These interactions are implemented by utilizing 
Miyazawa and Jernigan (MJ) contact energies that provide a scalable reference for residue-
residue interactions23–25. Any beads on separate helices interact if they are within the MJ 
cutoff distance, c_ MJR . To avoid checking the distance between every bead during every 
timestep, a neighborlist is built every 1000 steps.  Any beads on different helices that are 
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within 1.5* c_ MJR of each other are added to the neighborlist. Contacts are determined from 
the pairs already chosen by the neighborlist.  

Following Kim and Hummer32, the interaction energy  ij  between residues i and j of 
the SNARE structure is scaled from the Miyazawa and Jernigan contact energies ije 32.  

0( )  ij ije e               (2.2) 
Note that there is no self-interaction, i.e., equation (2.2) applies only for ji  .  Also, these 
interactions operate only between residues on different helices, intra-helical interactions 
being already represented by the ENM.  There are two tunable parameters, a scaling 
parameter, ߣ, and a shifting parameter, ݁଴. Throughout the tuning of parameters, ݁଴ was set 
to 0.  Although it was available as an extra parameter, it was not found necessary to match 
the SNARE structure and hence was not used in order to minimize the number of adjustable 
parameters. 

Forces corresponding to the MJ contact energies are implemented using a slightly 
modified 6-12 LJ potential. The format of this potential varies depending on whether there 
is attraction or repulsion between these residues as well as if the distance between beads is 
greater than or less than that the distance at which the potential minimum occurs, 0

ijr . The 
sign of  ij  determines whether the interaction between the residues is attractive (negative) 
or repulsive (positive).  The modified Lennard Jones potentials32 are  
If 0 ij : 

12 6
( ) 4                 

ij ij
ij iju r r r                                                                (2.3) 
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If 0 ij  & 0 ijr r  
12 6

( ) 4 2                 
ij ij

ij ij iju r r r                   (2.4) 

If 0 ij & 0 ijr r  : 
12 6

( ) 4                  
ij ij

ij iju r r r                   (2.5) 

where r  is the distance between the two beads and  ij is the interaction radii. Equation 
(2.4) contains a shift in the potential that ensures that repulsive pairs of beads will always 
repel each other.   

The interaction radii is defined as the average of the Van der Waals radii of residues i 
and j  

2
    i j

ij A                          (2.6) 

where A is available as a tuning parameter and i  and  j  are the Van der Waals radii of 
residues ݅ and ݆ . In order to match both CG and AA behavior and structure, A  was adjusted 
to match the SNARE bundle width, defined as the diameter of the tube shaped space inside 
the bundle that can be seen if one looks along the center axis of SNARE. The reference 
bundle width was found by computing the mean distance of all of the nearest MJ contacts 
from the SNARE crystal structure determined from 1N7S. These 21 nearest contacts 
represent the distances between the inner residues of the bundle and therefore the bundle 
width.  Fig. 2.1C shows the mean distance for a few cases.  The value of A  is directly 
related to bundle width, and from Fig. 2.1C we chose a value of A  as 0.8 to produce a 
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similar mean bundle width to the crystal structure. This value of A  corresponds to 
interaction radii ranging from 3.6 Å for Gly-Gly and 5.44 Å for Trp-Trp32.  

The remaining parameter,  , controls the strength of inter-helical interactions and was 
determined by calibrating the results of simulated force-extension behavior of the SNARE 
complex by the recent experimental study by Gao et al.8, which provided characteristic 
forces for the unzipping of the 4 helix SNARE bundle pulled apart in an optical tweezer 
experiment.  The value of   was calibrated to match the measured peak force of 14 to 19 
pN (specifically, 17.2 pN).  For our unzipping simulation the C-teriminal residues of Syx 
and Syb were each attached to a fixed bead by a spring with a spring constant kspb.  
Displacement control was used on the bead attached to the C-terminal Syb bead as opposed 
to the actual Syb C-terminal bead in order to allow for rotation of the SNARE bundle. In 
order to see how much the orientation of the pulling force on the SNARE matters, the 
simulations were performed in two ways: by applying a displacement to pulling beads 
attached to Syb89 and Syx256 through a spring (as shown in the manuscript) and by 
directly applying displacements to Syb89 and Syx256.  (The pulling beads allow for 
rotation of the SNARE bundle during the simulation and are hence less restrictive.) The 
results of these simulations were quite similar.  To mimic the experimental setup in which 
the N-termini of Syx and Syb are connected, a FENE bond connecting the N-terminal 
residues of Syb and Syx was incorporated in the model to represent the additional residues 
and the N-terminal disulfide bridge that Gao et al.’s8 experiment included. The potentials 
used to implement the FENE bond are  
If _( )  c FENEr t r : 
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2
2

0
0

1 (t)( ) ln 12
          FENE F

ru t k r r                   (2.7) 

If _( )  c FENEr t r : 

 21( ) (t)2  FENE Fu t k r                    (2.8) 

where ݎ is the distance between two bonds at t , 0r  is the maximum bond length, Δ is the 
resting bond length or, in this case, the original distance between the two beads33, and 

_c FENEr  is 0.9* Δ. The value of r0 was determined by the number of residues that the spring 
represents, 8 for Syb and 5 for Syx, times the maximum extension per residue, 3.65 Å8.  
The FENE spring constant, kF, used was the same at ks for the ENM of 0.0963 N/m.  

Before beginning the CG displacement control simulations, the SNARE structure was 
relaxed for 106 timesteps under quasi-static conditions, i.e., at 0 Kelvin.  This relaxation 
was performed on the SNARE structure extracted from the final timestep of the 40 ns AA 
simulation in order to ensure that the initial structure was fully equilibrated. After this 
relaxation period, the C-termini beads were separated under displacement control using the 
two pulling beads that were discussed previously. The bead attached to the Syx C-terminus 
was held fixed, and all displacements were applied to the bead attached to the C-teriminal 
Syb bead. For each displacement, this bead was moved 1 Å along the vector between the 
two pulling beads. After each displacement was applied, the structure was relaxed for 105 
timesteps in order to allow it to equilibrate. At the end of the relaxation period, the forces 
on both pulling beads were nearly identical, and these forces were recorded as a function 
of displacement (See Fig. A2.4 in Appendix).  
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Displace ment control runs were conducted with eleven different values of λ between 
0.16 and 0.72. This parameter directly adjusted the magnitude of the force, so it was used 
to match the peak unzipping force reported by Gao et al.8 of between 14 pN and 19 pN.  
On this basis, a value of 0.3 was chosen to produce a peak force in the experimentally 
measured range of 17.2 pN.  
 
2.2.3 Continuum Model of the Vesicle and Plasma Membraned 

The vesicle and plasma membrane are subjected to forces from the SNARE complex 
drawing them together and distributed distance-dependent electrostatic and hydration 
repulsion.  During this process, the vesicle and plasma membrane both deform 
considerably and the task of the continuum model is to obtain a consistent solution of the 
deformed shape subject to these forces.  The continuum calculations are based on the 
formulation of Jenkins et al.26 and its extension to SNARE-mediated fusion by Long et 
al.27. The current axisymmetric continuum model extends these formulations to include 
concentrated forces due to the SNARE molecules and the electrostatic forces due to the 
charges on the membranes or hydration repulsion.   

The axisymmetric geometry is shown schematically in Fig. 2.2.  We use a cylindrical 
coordinate system  ,,r z  where   is the angle of revolution about the z  axis. Owing to 
the axisymmetric assumption, the forces exerted by the zipping of the SNARE complexes 
are represented by a circle of line force of magnitude F on a spherical vesicle of radius R

                                                           
d Work involving the continuum model of the vesicle and plasma membrane was done by Mr. Pankaj Singh (Cornell University).  
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(see Fig. 2.2B) as well as on the plasma membrane. This line force counters the repulsive 
forces between the vesicle and the plasma membrane. As shown in Fig. 2.2B, the line force 
acts along a latitude of the undeformed vesicle and is constrained to remain normal to the 
deformed surface.  The location of the latitude is specified by the arc length 0S  of a cross-
section in the reference configuration, which is taken to be a spherical vesicle. Because the 
plasma membrane is very large compared to the vesicle radius, its reference configuration 
is taken to be a flat circular membrane of radius L under pretension, 0T . The SNARE forces 
act on a circle of radius 0S  in the reference configuration, have the same magnitude F , and 
are always directed opposite to the force on the vesicle (Fig. 2.2B and C). 
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Figure 2.2  (A) A schematic of the axisymmetric model in the undeformed configuration, 
showing the location of SNARE and direction of force applied. (B) The repulsive forces 
(shown by the dotted lines) act on the deformed configuration of the vesicle as does the 
SNARE force, F. (C) The figure shows the convention for shear force (Q), in-plane tension 
(T), and moment (M) acting on the cross-section of the membrane a location  (S), where 
 (S) is the tangent angle in the undeformed configuration measured from the vertical. (D) 
Example of a deformed vesicle-plasma membrane complex for a 20-nm diameter vesicle 
docked by 15 SNAREs. 

 
In our model, the repulsive force depends only on the local separation  , as shown 

schematically in Fig. 2.2.  Following Bykhovskaia et al.11, electrostatic and hydration 
repulsion between the vesicle and plasma membrane are calculated using Derjaguin’s 
approximation34 in which interaction between curved surfaces is estimated assuming that 
the surfaces are locally flat.  This approximation is valid if the length scale over which 
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forces decay is much smaller than the radius of curvature of the vesicle. The applicable 
range of separations prior to vesicle to membrane fusion is 2-4 nm.  In this range, the 
principal repulsive forces are due to electrostatics and hydration.   

The functional form of both the electrostatic and hydration repulsion is approximately 
the same, an exponential decay. Electrostatics has the large decay length (typically 1 nm 
under physiological conditions) and smaller prefactor35. The decay length for hydration 
repulsion is in the 1-4 A range35–38.  Consequently, hydration dominates for small 
separation and electrostatics for larger separation.  Much of the previous work suggests 
that the cross-over distance beyond which electrostatics dominates is about 1.5 nm35,37.  
However, recent work of Aeffner et al.36 suggests that hydration repulsion exceeds 
electrostatic repulsion for distances upto about 3 nm.  Based on the work of Aeffner et al. 
36, we have performed calculations taking hydration repulsion to be the dominant repulsive 
interaction.  However, given some uncertainty regarding the relative importance of 
electrostatics and hydration, we have also computed results for the case where electrostatic 
repulsion is assumed to dominate. The hydration pressure takes on the form of an 
exponential decay: 

0( ) exp( / )w w hP d P d  
                                  

(2.9) 
where wd is the lipid bilayer separation, 0P is the hydration pressure amplitude, and h is 
the decay length. According to Aeffner et al.36, the prefactor, 0P , ranges from 0.24 – 4.13 
GPa and h ranges from 2.3 – 3.7 Å. We chose to use a value of 0.43 GPa for 0P  and a h  
of 3.22 Å based on the parameters suggested for a synaptic vesicle corresponding to 
experiments performed in a physiologically relevant DOPC/Chol 70:30 mixture36.  



41  

Local electrostatic interaction is determined by solving the Debye-Huckel equation for 
two infinite parallel planes separated by  .  We consider two limiting scenarios, 
1) The membranes have fixed charge density throughout the process of docking. This 
corresponds to the case when the lipid molecules are completely ionized and have a fixed 
charge. 
2) The membranes have fixed surface potential.  This is achieved by adjusting the 
surface charge density of the ions in the Stern layer of the membrane or by varying the 
degree of ionization of the polarizable lipid molecules.  

For the constant surface charge densities, the repulsive force along the z direction per 
unit area is given by  

  D
De l

lF /sinh2
/cosh2

2
0

21
2
2

2
1 

 
                              

(2.10) 

where 1 and 2  are the surface charge densities of the vesicle and neuron base respectively, 
Dl is the Debye length,   is the relative permittivity of water and 0  is the permittivity of 

vacuum. The choice of surface charge 1  is based on the electrophoretic measurement by 
Ohsawa et al.39 and force-displacement measurement by Marra et al.38. The reported value 
of surface charge is in the range 0.01 – 0.03 C/m2. Also, assuming the same surface charge 
density on the outer leaflet of the plasma membrane and based on the observation by Pekker 
et al.40 that a charge density difference of only ~0.0001C/m2 between the inner and outer 
leaflet is necessary to maintain the resting potential difference of 70 mV for the neuron 
cell, we choose the value of 2

1 2 0.025C/m   . 
For the case of constant surface potential, the force per unit area is  
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(2.11) 

When the two membrane structures are far away from each other, they have charge density 
given as 2

1 2 0.025 /C m   . The potential on an isolated surface and charge density are 
related by,  

0
Dl  

          
(2.12) 

The value of surface potential for the bilayers 1 2 25mV   , is evaluated using equation 
2.12. As the vesicle approaches the membrane, the surface potential is held constant and 
equation 2.11 is used to obtain the force between the membranes.  A similar approach was 
followed in 11.  However, in that work the mechanics of SNARE opening was not coupled 
to the electrostatic repulsion, and the SNARE-end opening was picked at 1 nm, whereas 
here the minimum separation of SNARE-ends is taken to be 2 nm.  Primarily for this 
reason, the repulsive electrostatic forces in the present work are in the range of tens of pN 
instead of the hundreds of pN quoted in 11.  Relevant parameters for modeling electrostatic 
forces are listed in Table A2.3 (Appendix). 
 
2.2.4 Governing Equations for the Continuum Membrane Model and Their 

Solution 
 
The vesicle-membrane system has been modeled under axisymmetry in an  ,,r z
coordinate system. In the undeformed configuration, the vesicle is modeled as a sphere 
with radius R , whereas the undeformed plasma membrane is a circular disc of radius
L R . As shown in Fig. 2.2, S refers to the undeformed arc length, whereas in the 
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deformed configuration, the arc length is denoted by . The tangent to the membrane 
makes an angle  with the z  axis and the mean curvature of the membrane surfaces is 
denoted by H . 

The forces in the membranes are shear force, Q , and the in-plane tension, T , as shown 
in Fig. 2.2C. The osmotic pressure inside the synaptic vesicle is represented by 0p . As 
shown in Fig. 2.2B, the repulsive electrostatic force per unit area, eF  in equations (2.9) and 
(2.10), acts on both membranes, along the z  direction. The force due to SNARE bundles 
is represented as line loads acting on the circles over the undeformed geometry of vesicle 
and plasma membrane (denoted by vectors F  and F , as shown in Fig. 2.2B ). On the 
vesicle, the radius of this circle, 0r , is determined by the geometrical compatibility 
condition which is based on the width of SNARE helix, d , and number of SNARE bundles, 
as,  

 
0

number of SNAREs
2r d
  .          (2.13) 

The assumption here is that the packing of SNAREs is limited by steric hindrance between 
them and equation (2.13) represents the smallest radius that would accommodate the given 
number of bundles. The equivalent arc length value for load application is given by 

 1
0 0sin r /RS  . This arc length is same for both the vesicle and the membrane. 

We assume that the strain energy density W of both membranes is given by, 
2W cH ,                        (2.14) 

and by variation of total energy, the governing equations for the vesicle-membrane system 
are obtained in Eqs. S11. These equations represent equilibrium in the normal (equation. 
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A2.11a) and tangential (equation. A2.11f) directions at each point on the membranes. The 
geometrical constraints can be used to obtain equation. A2.11b-e. These governing 
equations form a non-linear system of ODE’s. By specifying the input geometric 
parameters ( R,L ) and the force parameters ( 0 0 and eF,S , pF ), this system of ordinary 
differential equations (ODE’s) can be solved numerically to obtain an equilibrium 
configuration of the membrane system. We use the non-linear boundary value problem 
solver bvp4c in MATLAB© to solve the ODE’s.  
 
2.3 Results 

2.3.1 Force-Displacement Response of the Vesicle-Membrane Interaction 

The equal and opposite forces on the Syx and Syb C-termini are transmitted to the plasma 
membrane and vesicle, respectively, as forces attracting the two together. Below 
separations separations of ~2.5 nm attractive forces are resisted primarily by hydration 
repulsion. A characteristic force-separation curve can be obtained for the vesicle-
membrane system using the formulation described in section 2.2.3. By specifying the 
number of SNARE bundles attached to the vesicle-membrane system, the location of the 
line load can be determined using equation (2.13). The effect of zipping of SNARE bundle 
is simulated by varying the strength of the line load in small steps. For each increment in 
force, an equilibrium configuration of the membrane system is obtained, and hence we 
determine the separation between the two load points on vesicle and plasma membrane, 
respectively. This separation is the distance between residues Syb89 and Syx256. By 
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varying the number of SNAREs, a series of force-separation curves can be obtained as 
shown in Fig. 2.3A. 
 
2.3.2 SNARE Force-Separation Curve  

Fig. 2.3B shows the results of a simulation in which the SNARE bundle has been pulled 
apart for a total end-to-end separation of 20 nm between the C-terminal Syb and Syx end 
beads. 
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Figure 2.3  (A) Force versus SNARE end separation for the vesicle-membrane system for 
different numbers of SNAREs for the hydration repulsion case. (B) The force during 
separation of the ends of the SNARE bundle using λ of 0.30 for the CG model of SNARE 
along with snapshots of the SNARE bundle at the corresponding C-terminal end separation. 
The end separation is defined as the distance between the Syb and Syx C-terminal beads. 
Syb, Syx, the ionic layer residues (beads), and the C-terminal residues (beads with arrows) 
that are attached to pulling beads are shown in each SNARE snapshot. The purple arrows 
correspond to the direction along which the C-terminal beads are being pulled.  (C) The 
force as a function of Syb-Syx C-terminal distance is shown for the vesicle-membrane (the 
exponentially decreasing curves) and SNARE.  One (solid line), two (dash line), and three 
(dash-dot line) SNAREs are shown in this plot.  Intersections between the vesicle-
membrane and SNARE force-displacement responses represent equilibrium states.  There 
are a number of instabilities represented by load-drops.  These correspond to separation of 
individual layers and have been so labeled.  
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Each drop in the force-displacement plot (Fig. 2.3B) represents the system overcoming 
a barrier where there is a strong interaction between the SNARE bundles. Two examples 
are the snapshots at 10.9 nm and 11.9 nm in Fig. 2.3B.  With an increase of only 1.0 nm in 
displacement and little visible change in structure there is a significant (5.1 pN) increase in 
force to a peak value of 17.2 pN, after which the force immediately drops to about 2 pN. 
(Because a significant amount of the linker domain was not present in the crystal structure 
of SNARE that was used to build the CG model, the first force jump seen by Gao et al.8 at 
3 nm and 8-13 pN is not present in these results.) The CG model is able to capture the 
experimentally determined precipitous force-drop after which the remaining interactions 
holding the SNARE bundle together are relatively weak and are therefore not measurable 
in a force-controlled experiment.  The subsequent increase in force is associated with 
stretching of the linkage between the N termini of Syx and Syb, and presumably would not 
be present in a physiological setting.  It is included here because this feature is also present 
in the experiments of Gao et al.8.  For simplicity, in the version of the elastic network model 
used here, we do not allow the helices to unravel, justified by the following facts.  As the 
results of the next section show, the equilibrium separation for all the cases studied in this 
paper is about 3 nm or less.  At these separations the force on each SNARE is < 5 pN. 
Based on the work of Gao et al.41 the first unwinding event occurs at ~10-12 pN.  Thus our 
simplifying assumption (which will be relaxed in future work) that helices remain unfolded 
is justifiable for the range of openings and displacements representative of the equilibrium 
docked state.  We have checked the sensitivity of our results to this assumption by allowing 
small portions of the unzippered region to unfold as shown in Appendix.   
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2.3.3 Combined SNARE and Vesicle-Membrane Results 
  

In the previous two sections we have independently obtained force-separation results for 
the vesicle-membrane system (Fig. 2.3A) and for the SNARE (Fig. 2.3B). Before 
combining the two results, we first accounted for the fact that the distance between outer 
surfaces of the membranes is larger by about 2 nm than the distance between Syb89 and 
Syx256, the SNARE residues that we move apart (see Appendix). Specifically, we shifted 
the SNARE force displacement curve to the right by 2 nm in order to obtain this 
consistency.  Clearly, in the combined SNARE-vesicle-membrane system there is a single 
force and corresponding displacement.  Applying this consistency condition between the 
two results determines equilibrium.  Moreover, we can determine how equilibrium depends 
on the number of SNARES.   

For systems with 1, 2, and 3 SNAREs, the information from Fig. 2.3A and Fig. 2.3B is 
combined to produce Fig. 2.3C. Because it has been shown that SNAREs mediate vesicle 
to membrane fusion in a synchronous way, we assume that the force required to unzip two 
SNAREs would simply be twice the force required to unzip one SNARE, and so on 42,43.  
In all three cases, the curves intersect at an equilibrium SNARE end separation of between 
2 nm and 3 nm suggesting that even 1-3 SNAREs are sufficient to overcome hydration 
repulsion and allow the vesicle to dock at the plasma membrane. The corresponding 
structures for the intersection points for all three cases, shown in Fig. 2.3C, also suggest 
there is no important conformational difference between the three structures other than a 
difference in the number of residues that have been unzippered. 
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It is instructive next to consider the energy landscape corresponding to the force-
separation results shown in Fig. 2.3.  For this purpose, the SNARE (positive) and vesicle-
membrane (negative) force-separation results are integrated numerically. Fig. 2.4B shows 
the results corresponding to the force-separation results shown in Fig. 2.3.  Note that 
because the SNARE force-displacement response contains unstable jumps, the entire 
energy landscape is not represented in Figs. 2.4B-C. Because of the nature of the 
displacement control simulations, there are several instabilities present in the original 
SNARE force separation curve.  An example of one of these instabilities is the drop at 7.5 
nm as shown in the SNARE curves in Fig. 2.3C.  Integrating across these instabilities 
makes the total energy of the system slightly more negative than it should be (see 
Appendix).  Figs. 2.4B-C show contour plots of interaction energy as a function of the 
number of SNAREs and end-to-end separation. Fig. 2.4B shows the results for a vesicle 
with radius of 20 nm, representing a synaptic vesicle.  The gray circles represent the global 
energy minimum for each value of number of SNARES, corresponding to force equilibria 
in Fig. 2.3. An example of how these minima were determined is shown in Fig. 2.4A that 
was used to determine the global energy minimum for 1 SNARE for the hydration 
repulsion case.  It is striking that a single SNARE produces a distinct energy minimum at 
~3 nm. As the number of SNAREs increases to 4 SNAREs the equilibrium SNARE end 
separation decreases.  For 4-8 SNAREs there is little difference in the equilibrium 
separation. For 5 SNAREs the total energy per SNARE is ~ -17 kT which is quite consistent 
with the 13 – 27 kT range reported by Zorman et al.44. With increase in the number of 
SNAREs over 8, the equilibrium SNARE separation slowly increases; the minimum 
separation (~ 2.1 nm) is achieved with 4 bundles. Thus, we may conclude that 4-8 SNAREs 
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are sufficient to complete the zippering process and to bring the membrane and the vesicle 
at a distance of 2.1 nm. Importantly, a larger number of SNARE bundles does not bring 
the vesicle closer to the membrane, because steric hindrance pushes them out to a larger 
radius.  

We next explored how electrostatics would affect the vesicle to plasma membrane 
repulsion. We recalculated the continuum model results using a fixed surface charge of -
0.025 C/m2 on the vesicle and the membrane with electrostatic repulsion as shown in Fig. 
A2.9B. For this case for one SNARE the end separation is ~2.4nm which is smaller than 
the 3 nm seen for the hydration repulsion case. However, when more than one SNARE is 
added to the system, the equilibrium SNARE end separation is constant at ~2 nm for 2-13 
SNAREs. In this case, the equilibrium configuration of the SNARE bundle would be a 
nearly completely zipped conformation.  For this case with 4 SNARES the total energy per 
SNARE is  ~ -14 kT which again within the range of 13 – 27 kT reported by Zorman et 
al.44. 

We next explored how the vesicle size would affect the number of SNAREs required 
to dock a vesicle to the membrane. Figs. A2.10 B and D show the results for the case of a 
vesicle that is 100 nm in radius, corresponding to vesicles in neurosecretory cells. For the 
hydration repulsion case, there is a considerable difference between the 20nm and 100nm 
vesicles. For the 100nm case the minimum separation is also reached with 4 SNAREs, 
however that minimum separation is ~2.5nm as opposed to ~2.1nm for the 20nm vesicle. 
For the case of electrostatic repulsion with a constant surface charge, the only difference 
between the two cases is for 1 and 2 SNAREs. For the 100nm vesicle case the equilibrium 
separation is ~3.4nm as opposed to ~2.4nm for the 20nm vesicle. Additionally for 2 
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SNAREs there is also a larger separation for the 100nm vesicle of 3nm as opposed to 2nm 
for the 20nm vesicle. However for 3 of more SNAREs there is little difference between the 
two vesicle sizes because both SNARE configurations are nearly completely zippered. 

 
Figure 2.4  (A) Energy as a function of SNARE end separation when repulsion between 
the vesicle and plasma membrane is dominated by hydration repulsion. The energetic 
contributions from SNARE (attractive), hydration (repulsive), and the total (their sum) are 
shown. The hydration repulsion has been shifted vertically by -17 kT for clarity. (B) 
Contour plot of total energy as a function of SNARE end separation distance for different 
numbers of SNAREs under hydration repulsion.  Circles correspond to global energy 
minima representing the equilibrium SNARE end separation for a given number of 
SNAREs. Vesicle radius is 20 nm.  (C) Contour plot of total energy as a function of SNARE 
end separation distance for different numbers of SNAREs under electrostatic repulsion for 
a fixed charge of -0.025 C/m2 on the vesicle and the membrane in the limit of high tension 
in the vesicle and plasma membrane. For this case, minimum lateral separation between 
the SNARE bundles has been increased from 3 nm to 4nm.  (D) The structure of SNARE 
corresponding to the case shown in Fig. 4 B, number of SNAREs=1. Syb, Syx, SN1, SN2 
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are shown with the ionic layer residues indicated as large beads. (E) The same structure as 
in Fig. 4 D but showing only Syb and Syx for clarity. All contacts for residues within 2σ 
of each other are indicated with thin lines. 

 
Fig. 2.4B and C represent results for an optimized set of parameters describing 

molecular details and electrostatic forces.  To judge the robustness of the conclusions 
gleaned from these results, we explored several variations of parameters including (1) 
allowing a portion of Syb to melt with the surface charge held constant, (2) holding the 
surface potential constant instead of surface charge, (3) high osmotic pressure in the vesicle 
and low pretension in the plasma membrane, and (4) the limit of high tension in both the 
vesicle and plasma membranes.  These variations in the modeling assumptions generally 
make little difference in the conclusions drawn from Fig. 2.4 (see Appendix for details).  
The main conclusion that 4-8 SNAREs bring the vesicle to the minimum distance away 
from the membrane still holds. Because the equilibria of interest for the problem addressed 
in this work occur at relatively small separation and forces, in our model we have not 
allowed the helices to unravel.  In order to see the potential effect of unraveling, the first 
two helical turns of Syb were melted and the force displacement curve for SNARE was 
calculated from Fig. 2.3B. The resulting energy surface for this case for a 20 nm vesicle 
with hydration repulsion is shown in Fig. A2.11 A. 4-10 SNAREs brings the vesicle within 
a minimal distance of the plasma membrane. However, that minimal distance is ~2.4nm as 
opposed to the ~2.1nm for the case where Syb is not permitted to unravel.  

In an effort to compare to the experimental prefusion structures of the vesicle and 
plasma membrane as shown by Malsam et al.45 and Hernandez et al.46, the continuum 
model was calculated using high osmotic pressure in the vesicle and low pretension in the 
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plasma membrane.  However, the resulting energy surface for this modification to the base 
cases shown in Fig. 2.4 has little effect on the results because the repulsive force is 
dominated by hydrostatic repulsion as shown in Fig. A2.14. 

The limit of high tension in both the vesicle and plasma membrane was studied using 
an analytical model described in the Appendix. In order to test the sensitivity of the solution 
to the location of the SNAREs, calculated using equation (2.13), the diameter of the 
SNARE bundle was varied from 2 nm, Fig. A2.17 A, to 4nm, whereas the base case used 
3nm. This variation seems to have the most significant effect on the solution. Decreasing 
the size of the SNARE bundle still yields similar results in that for more than one SNARE 
the bundle is nearly completely zipped shut. On the other hand when the size of the SNARE 
bundle is increased, instead of having a nearly fully zippered bundle, there is a minimum 
separation that occurs at 4 SNAREs. With the addition of more than 5 SNAREs the 
equilibrium separation again begins to increase all the way up to ~3nm with 13 SNAREs. 

Fig. 2.4D and E show the equilibrium structures of SNARE at a 2.1 nm separation for 
the case shown in Fig. 2.4B. SN1 and SN2 were removed from the structure for clarity in 
Fig. 2.4E, and the residues of Syb and Syx that were “in contact” were determined. Because 
the Miyazawa and Jernigan forces greatly decrease after a separation of ~2* , that 
distance was used as the criteria for 2 residues being in contact. At the start of the 
displacement control simulation, Syb and Syx had 574 contacts between them. After a 2.1 
nm separation, only 449 contacts remained.  The removed contacts begin to create a crack-
like defect separating the helices. After the 2.1 nm separation, residues 89 (Trp) of Syb and 
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256 (Lys) of Syx were still in contact. These residues are still far away from the ionic layer 
showing that the SNARE bundle had not yet unzipped to that point. 
 
2.4 Discussion and Conclusion 

The docking of vesicles onto the plasma membrane of a neuron involves interplay between 
the SNARE complexes that provide attractive forces, long-range repulsion between the 
vesicle and membrane, and deformation of all three components.  Although each of these 
components has previously been investigated in detail, to understand the biophysics and 
mechanics of vesicle docking it is imperative to combine them. We report here the first 
model which couples chemical specificity of the SNARE complex with hydration, 
electrostatic, and mechanical forces imposed on the vesicle and plasma membrane. Such a 
model can serve as a tool to investigate how mutations in the SNARE complex could affect 
the docking and fusion process.  

We have developed separate coarse-grained models for the deformation of the SNARE 
complex and of the vesicle-membrane assembly.  The vesicle-membrane model is based 
on a continuum description of membrane deformation subjected to either hydration or 
electrostatic repulsion and forces from the SNARE complexes.  The fusion of lipid bilayers 
have been extensively modeled47 to capture the intermediate states of fusion, including 
stalk formation, and to understand their energetics. Our goal in this study was to understand 
the forces produced by membrane bending and hydration or electrostatic repulsion that 
need to be overcome by the SNARE complexes to dock a vesicle to the membrane. The 
continuum membrane model was coupled with a coarse grain model of the SNARE 
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complex. The SNARE forces are represented in the continuum membrane model as an 
axisymmetric line force, an assumption that is increasingly accurate for increasing number 
of SNAREs.  (A single SNARE at the axis of symmetry also presumably results in 
axisymmetric deformations of the vesicle/membrane.) For a given number of SNARES, 
the model holds fixed their anchor points in the vesicle and plasma membrane.  This 
constraint potentially affects our results.  However, we note that the position of the SNARE 
anchor points does vary as we change the number of SNAREs (equation (2.13)). The 
number of SNAREs was varied from 1-13. Usually, for 2 or more SNAREs there is little 
difference in the equilibrium separation, suggesting that the model results probably will 
not vary much if we remove the constraint of holding the positions fixed. 

The CG SNARE model is based on an elastic-network representation of each of the 
helices combined with Miyazawa-Jernigan potentials to capture inter-helical interactions.  
It is a minimalistic model that still represents residue-specificity.   Its few parameters are 
calibrated either by comparison with all-atom MD simulations of individual SNAREs, or 
by comparison to experimentally measured forces to separate a single SNARE complex, 
Gao et al.8  Specifically, we match the experimentally observed peak force of 17.2 pN 
force.  Each of the two models separately yields a force-separation relationship.  Enforcing 
consistency between the two yields equilibrium configurations for the SNARE-vesicle-
membrane complex, for a given number of SNAREs.   

As the first application of our model, we explored here the effect of the number of 
SNARE complexes on the mechanics of vesicle docking and the prefusion state of the 
SNARE complex. It is still a matter of debate as to how many SNARE complexes need to 
assemble prior to the fusion process. High concentration of Syb on the vesicle (~70 
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copies48), as well t-SNARE clusters at docking sites49 suggest that in vivo fusion may be 
mediated by multiple SNARE complexes. At the same time, experiments and model 
systems suggest that one50, two18, or three19,51,52 could be sufficient. Other studies, 
however, suggest a larger number of SNARE complexes per fusion, ranging between 5 and 
1116,20,53. Finally, recent studies suggest that the number of assembled SNARE complexes 
may determine the release efficiency54 and that it may vary55.  Thus, how vesicle docking 
might depend on the number of SNARE complexes remains an open question, previously 
not addressed from the biophysical and biomechanical point of view. 

We find that one SNARE complex is sufficient to dock the vesicle onto the membrane.  
As few as 2-3 SNAREs are sufficient to bring the distance between the membrane and 
vesicle to the minimum and thus to complete the docking process.  Interestingly, there is a 
point of diminishing returns such that a larger number of SNAREs (i.e., an over-docked 
state) does not further reduce the vesicle-membrane separation.  The corresponding 
predicted SNARE end-to-end separation is in the range 2-3 nm56,57 but one can expect 
significant fluctuation about the equilibrium state because the energy profile is relatively 
shallow (Fig. 2.4A).  This picture of a partially zippered docked state is consistent with the 
conclusions of an in-vivo toxin cleavage assay in crayfish neuromuscular junctions.   In 
this work, we only model docking, not fusion. That is, we calculate the equilibrium 
separation between the vesicle and plasma membrane during docking. The lower bound of 
~2 nm separation between the vesicle and plasma membrane is based on the steric 
hindrance of having to fit the SNARE bundles between the two surfaces. This distance is 
probably a bit too large for fusion to occur, which suggests that some additional mechanism 
other than SNARE zippering must act for fusion. 
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Several variations in the model including calculations under fixed charge, fixed surface 
potential, high vesicle pressure and high membrane tension, and varying vesicle radius 
have all shown similar results.   

Our results are consistent with the view that a prefusion state involves a partially 
assembled SNARE complex58–60 which keeps the vesicle at a short distance from the 
plasma membrane in anticipation of Ca2+-induced fusion rather than the alternative view 
that SNARE zippering represents a final step of exocytosis and rapidly progresses once 
nucleated61. Specifically, our model robustly predicts an equilibrium separation between 
the vesicle and the membrane to be on the order of 2.0-3.0 nm corresponding to opening 
of at most layer 8. 

 
2.5 Appendix 

2.5.1 Coarse-Grained Simulations: Solution Procedure 

CG simulations were conducted for the 4 individual helices using Langevin dynamics at 
300 K for a range of values of ks. The Langevin equation62 includes an inertial term, a 
viscous term, a random force term, and a potential energy term, respectively, in the form  

( ) ( ) ( )mx t x t R t E                 (A2.1) 
where ݉  is the mass of each bead, ݔሷ(ݐ) is the bead’s acceleration at time ߛ ,ݐ is the damping 
constant, ݔሶ ܴ ,ݐ is the bead’s velocity at (ݐ)  is a random force that represents the protein’s (ݐ)
interaction with the surrounding fluid, and ܧ is the potential energy governing the solute 
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that includes ENM forces. The fluctuation-dissipation theorem63 connects the random force 
and viscous drag  

( ) ( ') 6 ( ')BR t R t k T t t                (A2.2) 
where ݇஻ is Boltzman’s constant, ܶ is temperature, ܴ(ݐᇱ) is the random force applied at ݐᇱ, 
and ݐ)ߜ −  ,ᇱ) is the Dirac delta function.  Written as a system of equations for all beadsݐ
the Langevin equation takes the form 
[ ]{u(t)} {u(t)} {R(t)} [k]{u(t)}M               (A2.3) 
where [M] is a diagonal mass matrix, {ݑሷ ,{(ݐ) ሶݑ} ,{(ݐ)  are column vectors {(ݐ)ݑ} ݀݊ܽ
containing the accelerations, velocities, and positions in the x, y, and z directions for each 
bead, {ܴ(ݐ)} is a column vector containing the random force in the x, y, and z directions 
for each bead, and [݇] is a stiffness matrix. 

The standard deviation of the random force is derived from equations (A2.2) and (A2.3) 
to be 

2 Bm k TSD t
               (A2.4) 

where ∆ݐ is the timestep. The friction coefficient is dependent on the bead type as well 
6 a

m
                   (A2.5) 

where ܽ  is the Van der Waals radius of the bead and ߟ is the viscosity of water. The timestep 
used for Langevin dynamics was based on the characteristic time, τ, that is defined as 

s
m
k                   (A2.6) 
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where ݉ is the maximum bead mass. The timestep was adjusted to match the diffusion of 
a bead attached to a spring. Using this technique, the timestep was determined to be 43.4 
fs or τ/20. 

In order to model the dynamics of the coarse-grained model, the Langevin dynamics 
equation was solved using a generalized Verlet algorithm 62  

1/2 1 ( )2n n n n ntx x m E x Mx R                      (A2.7) 
1 1/2n n nx x tx                                        (A2.8) 
1 1/2 1 1 1 1( )2n n n n ntx x m E x Mx R                        (A2.9) 

where ݊ is the timestep. The position is calculated from the half velocity, and then the 
position and half velocity are both used to calculate the full velocity. 
 
2.5.2 ENM Reference State 

 
Figure A 2.1  A model showing two beams. The reference or zero energy state for both 
beams is when they are separated from each other.  When the beams form a bundle, mutual 
interactions deform them into some shape with associated stored energy that will be 
released when the beams are separated. 
 
For each of the helices there exists a relaxed, natural, or reference state, and we maintain 
that the relaxed state of the springs that comprise the elastic network model should be 
defined in this reference state.  This idea is illustrated in the figure above. Say we have 
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two helices (orange and blue) with two different reference states (bent and straight).  
When the two helices come into contact with each other, they will both deform to form 
an equilibrium structure. If we assume the energy of the system to be 0 on the left, some 
energy is required to bend both helices to form the combined structure on the right. In our 
model we use our references states, like those on the left, to help us calculate the energy 
stored in the bundle that can be released as the bundle is pulled apart. 
         The existence of such a reference state is not contingent upon its viability as a stable 
state for an actual isolated helix.  Although Syb by itself is largely unstructured, we can 
still define the Syb helix by itself, i.e., removed from the other SNARE helices.  It is a 
notional state used merely to obtain the frozen or stored elastic energy in the SNARE 
bundle.  That is, all that is required is that the helical forms be stable as a bundle and that 
we have a systematic procedure by which to define springs on a relaxed state, again, 
regardless of whether the relaxed state actually exists.  

We recognize that in many sources in the literature it is noted that Syb is largely 
unstructured when not in the presence of the SNARE bundle.  We conducted 40 ns all-
atom simulation of the individual SNARE helices, starting with a configuration extracted 
from the crystal structure.  We found that this timescale was more than sufficient to allow 
all of the helices to straighten into relatively straight rod-like conformations.  It was also 
short enough that each rod retained its helical structure.  Because of this separation of 
time scales – time to relax an individual helix << time required for it to lose it structure – 
we were able to define the natural or reference state of each helix on which to construct 
the elastic spring network. 
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2.5.3 Determining the Cut-Off Distance and Spring Constant in the Elastic 
Network Model for SNARES 

 
Coordinates from the straightened out helical structures were extracted from the individual 
AA simulations, and the connectivity and natural length of the ENM springs for each helix 
were determined based on these structures.  If the cutoff distance is too small, the proteins 
will denature. If it is too large, simulation speed will be compromised with no significant 
improvement in representation.  In order to find an optimal value, this distance was 
adjusted and a histogram was created for each helix to show the total number of springs 
that were connected to each bead. The minimum criterion for the number of springs was 
that each bead should be connected by a spring to all of its nearest neighbors. It was 
concluded that a cutoff distance of a minimum of 10 Å yielded at least 4 springs per bead, 
which satisfied this criteria. After further investigation, it was determined that Rc was 
required to be at least 20 Å in order to maintain the helical structure of each helix during 
AA simulations. The histogram for the final value of Rc, 20 Å, for the helix Syb is shown 
in Fig. A2.2. The histograms for the other three helices are similar.  
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Figure A 2.2  A histogram for the number of ENM springs per bead is shown for Syb with 
a value of 20 Å for Rc. 
 

The values of ks for the ENM were chosen by matching the spectrum of fluctuations of 
the AA simulations and the CG model.  For the analysis of individual AA helix simulations, 
the positions of the alpha carbons were extracted every 10 ps. For each alpha carbon a time 
series of distance from average location was calculated. The fast Fourier transform (FFT) 
was then evaluated for each bead’s time series. The average was taken over all beads 
yielding a single spectrum per helix.  In order to make this comparison of the fluctuations, 
CG simulations were conducted for the 4 individual helices using Langevin dynamics at 
300 K for a range of values of ks.  The time length of simulations required was determined 
by conducting a normal modes analysis (NMA) on the CG model of the crystal structure, 
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1N7S, for all helices individually using different values of ks.  AA simulations were run 
for 2 ns, which is considerably longer than the characteristic time given as the inverse of 
the lowest natural frequency. The results for Syb are shown in Table S1. 
 
Table A 2.1  The lowest natural frequencies and characteristic times for Syb determined 
are shown below for different values of ks ks (N/m) 

Lowest Natural 
Frequency 

Squared (1/ns)2 
Time 
(ns) 

0.0963 4.53 4.70E-01 
0.1926 9.05 3.32E-01 
0.2889 1.36 2.71E-01 
0.3853 1.81 2.35E-01 
0.4816 2.26 2.10E-01 

 
For Syb, as was seen for all helices, the characteristic times are significantly less than 

1 ns.  As a result the AA simulations were analyzed for the first 2 ns of the trajectories, and 
the CG test simulations were conducted for 2 ns and analyzed with data collected every 2 
ps. In order to best match the fluctuations, the root mean squared deviation (RMSD) 
between the AA and CG spectra was found for each run. An example of the comparison of 
both spectra is shown in Fig. A2.3 for Syb with ks value of 0.0963 N/m. The RMSD for all 
helices for all values of ks are shown in Table A2.2 with the minimum RMSD values 
shaded in grey. 
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Figure A 2.3  The spectra used to compare the fluctuations of the AA (blue) and CG (red) 
models are shown for Syb for 2 ns. Values of ks as 0.0963 N/m and Rc of 20 Å were used 
for the CG model. An RMSD of 4.7E-10 was found. 
 
 
Table A 2.2  The RMSD values between the AA and CG fluctuation spectra are shown 
below for all helices for a range of values of ks. The minimum RMSD values are shaded 
in grey. 

ks (N/m) Syb RMSD Syx RMSD SN1 RMSD SN2 RMSD 
0.0001 9.6450e-09 1.0532e-08 1.2658e-08 9.5905e-09 
0.0009 4.9432e-09 5.5075e-09 6.7327e-09 4.6640e-09 
0.0096 1.4341e-09 1.1056e-09 1.5941e-09 1.7538e-09 
0.0481 7.4334e-10 1.4651e-09 8.5729e-10 1.6778e-09 
0.0963 4.7077e-10 4.3346e-10 1.3671e-09 2.3080e-09 
0.1444 7.2271e-10 9.9229e-10 1.5680e-09 1.1604e-09 
0.1926 1.4341e-09 1.1064e-09 1.5941e-09 1.7539e-09 
0.2889 1.2019e-09 1.5654e-09 2.7382e-09 3.0644e-09 
0.3853 1.7372e-09 2.0310e-09 3.2207e-09 3.3413e-09 
0.4816 2.4969e-09 2.8429e-09 3.2951e-09 3.5652e-09 

 
Based on the data in Table S2, a value of 0.0963 N/m was chosen for ks for all four helices. 
For Syb and Syx, this corresponds to the value of ks with the smallest RMSD. For SN1 and 
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SN2 however, the minimum RMSD occurs either a little above or below ks of 0.0963 N/m. 
Because the RMSD is still very small for these two helices with that value of ks, it was 
chosen to use a consistent value of ks for all helices. 

 

2.5.4 Calibration of λ and Displacement Orientation 

As described in the SNARE CG model portion in the methods section, the value of λ was 
adjusted in order to match the peak force reported by Gao et al. 8 of 14 – 19 pN.  We 
conducted a series of displacement control simulations at 0K for a set of λ values ranging 
from 0.30 to 0.72.  Displacement was applied in steps and the system allowed to relax.  
Relaxation to equilibrium was monitored by tracking the forces acting on the C-terminal 
beads of Syb and Syx as shown in Fig. A2.4. Each force spike corresponds to a 
displacement being applied to the C-terminal bead of Syb. After 105 timesteps, both forces 
relax to nearly the same value, which is taken as the equilibrium force for that 
displacement, and the next displacement step is then applied. 
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Figure A 2.4  The force as a function of timestep is shown for a displacement control run 
with λ set to 0.30. The forces on the C-terminal beads of Syb (blue) and Syx (red) are 
shown. Each spike in the Syb force corresponds to application of a new displacement step. 
A total displacement of 20 nm is shown. 

 
 The resulting force displacement curves for a few of these runs for varying λ are shown 

in Fig. A2.5. 
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Figure A 2.5  Force displacement curves are shown for displacement control simulations 
done using λ values of 0.16 (red), 0.24 (blue), 0.30 (black), and 0.40 (magenta). 
 

It was clear that as λ was increased, the peak force increased as well. By choosing its 
value to be 0.3, we attained a peak force of 17.2 pN that lies in the experimentally measured 
range. 
 
2.5.5 SNARE Force Displacement Instabilities and Their Effect on Energy 

There are several mechanical instabilities in the force-separation curve of the SNARE, 
for example at 7.5 nm in Fig. 2.3C. These usually correspond to “breaking” of one of the 
layers.  When the system jumps from one stable point to the next, it does not follow the 
equilibrium force-separation relationship between these two points; instead, it lies above 
it.  When we integrate the force-separation curve to obtain energies, we consequently 
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compute a slightly larger magnitude (more negative) than it should be. This does not 
affect any of the predictions about stable equilibria. 
  
2.5.6 Continuum Governing Equations and Their Solutione 

The axisymmetric deformation of the vesicle-membrane system can be reduced to the 
solution of a set of ordinary differential equations.  The undeformed configuration of the 
vesicle is a sphere of radius with arc-length in a cross-section denoted by  whereas, the 
plasma membrane occupies the interior of a circle of radius ܮ > ܴ. We introduce the 
notation  to denote the angle made by the tangent to a point on the cross-section of the 
deformed membrane in the plane with the axis (see Fig. A2.5 A). Briefly, the 
equations describing the deformation involve the shear force , the angle , the mean 
curvature , the deformed arc length , the deformed coordinates of a generic material 
point which has an arc length coordinate in the undeformed configuration. To 
expedite the analysis, we introduce the following normalized variables:  

              (A2.10) 

where, 

                                                           
e This work was done by Mr. Pankaj Singh. 
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is the osmotic pressure of the vesicle,  
 is an integration constant resulting from integrating the tangential force equilibrium 

equation (see the Appendix for details), 
is the electrostatic force per unit area of the membrane and is always along direction, 
is the tangential component of the concentrated load at the material point in the 

deformed membrane, 
is the normal component of the concentrated load at the material point deformed 

membrane. 
 
 
        A                                                                          B 

 
Figure A 2.6  (A) Arc length and tangent angle over the membrane, (B) Forces and moment 
along the cut in the membrane. 
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As shown above non-dimensionalization of all the length scales is done by the radius of 
the undeformed vesicle, . As has units of energy, we use it to non-dimensionalize force 
per unit length quantities i.e. in-plane tension, and out of plane shear, by . Also 
force per unit area quantities, , ,  and  are made dimensionless by . 

Also, in both the loading conditions it has been assumed that the  for vesicle is 
always zero. There are six ordinary differential equations governing the deformation of the 
vesicle membrane, they are: 

             (A2.11a-A2.11f) 

where, the dot denotes differentiation with respect to the normalized undeformed arc length 
, and  

.                  (A2.11g) 

The normalized normal force acting on the deformed membrane surface, in equation 
A2.11a is related to the osmotic pressure of the vesicle, , the electrostatic  force per unit 
area, and the normal component of the concentrated load applied at ,  by, 
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                (A2.11h) 
 
where, is the Dirac delta function. 

These differential equations are supplemented with the boundary conditions: 

                   (A2.12a-A2.12f) 

The boundary conditions defined above essentially represent the symmetry in the vesicle 
geometry. About the symmetry axis, the curve has zero slope and out of plane shear  is 
zero, at both  and . Also, for the continuity of the geometry, we impose  at 
both  and π. 
The notation for positive shear force and tension is described in Fig. A2.6. Finally, the 
expression for the in-plane tension in both the vesicle and plasma membrane is given by, 

.                (A2.13) 

The governing equations for the deformation of the plasma membrane is very similar, 
except that equation (A2.11g) must be replaced by, 
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This change is due to the difference between the reference configurations.  The boundary 
conditions are: 
 

             (A2.15a-A2.15f)   

The boundary conditions at is due to axisymmetry.  Equation (A2.15f) states that the 
tension in the plasma membrane approaches the pretension at the boundary. This boundary 
condition allows the neuron membrane to deflect. Had we replaced this boundary condition 
with a clamped condition, the deflection everywhere would be zero because of area 
incompressibility.    

The coupled ODE’s in equations (A2.11 – A2.15) with the boundary conditions are 
solved using the MATLAB® bvp4c solver. The input parameters for the solver are the 
osmotic pressure across the vesicle membrane which remains fixed throughout the 
deformation, SNARE-machinery force parameters ( and magnitude ), electrostatic 
force and pretension ( )  in the plasma membrane. 
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2.5.7 Example Problem of Continuum Model 

Here we show an example of the results of the calculation of vesicle-membrane interaction.  
In this example, the location of force application is fixed at on both the vesicle and 
neuron base, as shown in Fig. A2.7.  This location of load application corresponds to the 
number of SNAREs of 21.   Parameters used in the continuum model are shown in Table 
A2.3.  
 
 
Table A 2.3  Parameters used for the continuum model of the vesicle and plasma 
membrane 
Parameter Value Comment 
Permittivity of vaccum, 0  8.85 x 10-12 Fm-1  
Dielectric constant of water,   80 Dimensionless 
Ion concentration inside neuron, 0c  200 mM 64 (1-1) Electrolyte 
Debye length, Dl  0.67nm 2 22

o B
D

o

k Tl q z c
  

Synaptic vesicle radius, R  20nm 65  
Surface charge of vesicle and inside 
of plasma membrane, 1 2 a n d     -0.025 Cm-2, -0.025 Cm-2 

38,40,65  
Surface potential of vesicle and 
inside of plasma membrane, 

1 2 and    -25 mV, -25 mV  
Bending rigidity of lipid bilayer, c  ~20 kBT 66 8.28 x 10-20 J 

 
 
 

The strength of the line force is varied in the range of  in dimensionless terms, 
which is equivalent to a net force between . Fig. A2.7 shows the deformed 
shapes of the membranes for four different values of . The inset on the right shows the 
calculated relationship between applied force and separation between load application 
points. The force decreases rapidly with increasing separation, reflecting the steep decay 
of the electrostatic repulsion. 
 

0 6S 

5 20
66 266 pN

F
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Figure A 2.7  Deformed geometry for different force magnitudes. The thick lines represent 
the neuron base and the thin lines represent the vesicle. The inset on the left shows the 
zoomed in section of the load application point (shown as  ) and the inset on the right 
shows the vertical separation between the two ends of SNARE-machinery versus the net 
SNARE force. The parameters are for the analysis are: load application point, , 
pretension in plasma membrane,  and vesicle pressure.  . 
 
2.5.8 SNARE Force Separation Curve Shift  

To compare the attractive force imposed by the SNARE bundle to the repulsive force on 
the vesicle, we need a consistent definition of separation.  The distance connecting the 
final residue beads (Syb89 and Syx256) is shorter than the distance between the outside 
membrane surfaces due to the presence of other parts of the SNARE.  To address this 
issue, we created a static coarse grained structure of a 20 nm vesicle and plasma 


0 / 6S 

0 1T  0 1p 
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membrane with a partially opened SNARE at its equilibrium configuration as shown in 
the figure below.   We found that distance between the outer surface of the membranes is 
actually about ~1nm further apart than the distance between Syb89 and Syx256.   We 
have therefore added this distance when comparing the attractive force on the SNARE to 
the repulsive force on the vesicle.  Adding the initial separation between Syb89 and 
Syx256, the minimum distance allowed between the membranes at the point of force 
application is about 2nm.  Another related effect is that inter-SNARE-bundle repulsion 
can increase the minimum lateral separation.  We have considered two additional cases 
where we take lateral SNARE bundle width to be 2 and 4 nm (an additional Debye 
screening length increase in radius in the latter case).  The larger lateral spacing makes 
the effect of number of SNAREs significantly stronger but the minimum separation and 
the number of SNAREs needed to achieve it does not change much. 

 

 
Figure A 2.8  Drawing of a vesicle near a plane along with a model for the SNARE bundle. 
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2.5.9 Choice of SNARE Model 

The CG simulation model was built using the SNARE X-ray crystal structure 1N7S that 
includes Syb (27-89), Syx (189-256), SN1 (5-83), and SN2 (139-204).   We recognize 
that this structure only includes part of the Syb linker domain (85-95) and none of the 
linker domain of Syx (256-266).   However, we believe that our choice of placing the 
membrane outer surface at residues 89 and 256 is correct.  Our choice is based on the 
following papers 67,68 that show Syb insertion  in the membrane starts at Trp 89.  
Specifically, they show that 89-94 is unstructured but is inserted in the membrane.  
Similarly, the following paper shows that for Syx, residues after 261 are in the lipid 
bilayer.  Specifically, 261-266 are unstructured but inside the lipid bilayer 69.  The 
following study 70 also concludes that the linker domains (256-266) and (85-95) are 
buried in the top layer of the membrane.   Because the reference distance from the 
hydration repulsion is the outer surface of the membrane, to be consistent we believe that 
it is quite appropriate to define SNARE displacement from 88 for Syb to 256 for Syx, 
within some uncertainty of a just a few residues.   

Whether or not the linker domains have unraveled is debatable.  It was shown in 
Gao et al’s optical tweezer experiment that the Syb linker domain unravels at 10-13 pN.  
Because the equilibrium SNARE end-end distances of interest in this work are <~ 3nm), 
our maximum force only reaches (<5pN) and neglecting helix unraveling in our model is 
justifiable.  Nevertheless, in order to check the robustness of our solution against 
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unraveling, we did melt two helical turns of Syb (including up to residue 91).  The 
principal effect is that the minimum equilibrium separation increases from 2 nm to 2.5 
nm for both hydration and electrostatic repulsion with a constant charge. 

 
2.5.10 Robustness of Model Results 

To judge the sensitivity of our main conclusions on the various assumptions we have made, 
we carried out a number of other simulations.  Our main conclusion is that the principal 
results of our model are quite robust with respect to uncertainty in the assumptions made.  
  
Electrostatics: We explored how electrostatics would affect the vesicle to plasma 
membrane repulsion. Fig. A2.9 shows results for the case where hydration repulsion is 
replaced by electrostatics using a fixed surface charge of -0.025 C/m2 on the vesicle and 
the membrane. Evidently, with these parameters the electrostatic repulsion is weaker than 
the hydration repulsion.  For one SNARE the end separation is ~2.4nm, which is smaller 
than the 3 nm seen for the hydration repulsion case (Fig. 2.4B). However, when more than 
1 SNARE is added to the system, the equilibrium SNARE end separation is constant at ~2 
nm for 2-13 SNAREs, that is, it would be completely zippered shut. 
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Figure A 2.9  (A) The force in the membrane/vesicle system is shown as a function of 
SNARE end separation for a vesicle radius of 20nm with electrostatic repulsion with a 
fixed surface charge. (B) The corresponding contour plot of total energy as a function of 
SNARE end separation distance and the number of SNAREs.  Gray circles correspond to 
global energy minima representing the equilibrium SNARE end separation for a given 
number of SNAREs. 

 
Larger vesicles: Although our primary interest is in the smaller synaptic vesicles, the model 
can also be applied to study larger vesicles.  Fig. A2.10 shows results for the case of a 100 
nm vesicle.  
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Figure A 2.10  The force in the membrane/vesicle system is shown as a function of SNARE 
end separation for a vesicle radius of 100nm with (A) hydration repulsion and (C) 
electrostatic repulsion with a fixed surface charge. Contour plots of total energy as a 
function of SNARE end separation distance and the number of SNAREs are shown for a 
vesicle radius of 100nm with (B) hydration repulsion and (D) electrostatic repulsion with 
a fixed surface charge.  Gray circles correspond to global energy minima representing the 
equilibrium SNARE end separation for a given number of SNAREs. 
 

For the hydration repulsion case the minima are significantly larger than those found 
for the 20nm case shown in Fig. 2.4B. For four or more SNAREs the equilibrium separation 
is ~2.5nm which is different from the 20nm case where the separation is ~2nm and the 
SNARE bundle can be nearly fully zippered.  For the case of electrostatic repulsion, for 
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larger number of SNAREs the repulsion is still insufficient to open the SNARE except 
when there is are three or fewer SNAREs.   

 
Fixed Potential: We also carried out computations assuming a fixed potential of -25 mV 
on the vesicle and on the membrane as opposed to the fixed surface charge case that was 
assumed in the majority of the paper. The resulting force separation curves for the 20nm 
and 100nm vesicle cases are very similar to the case of fixed charge.  This is not unexpected 
because the electrostatic force for fixed charge versus fixed potential cases becomes nearly 
the same for separations greater than the Debye screening length.  
 
Unraveling of Syb: Several other modifications were made to the cases shown in Fig. 2.4.  
There is some question about whether part of the syb helix unravels.  We have argued that 
the forces are small enough that the helical structure should be preserved.  However, to test 
the effect on our prediction of potential unraveling, we allowed 2 helical turns to unravel 
and be represented by elasticity of a worm-like chain coil. Because the Syb helix touches 
the membrane at residue 91 and the CG model only contains up to residue 89, an extra 2 
residues were added to the unraveled portion of Syb. The force displacement curve for the 
melted portions of Syb were modeled using a worm like chain model following Gao et al.8 
The force extension relationship was calculated using the Marko-Siggia formula71,72 

2
1 1
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where ௠ܲ௘௟௧ is the persistence length of the melted segment (0.6 nm) and  ݔ௠௘௟௧ is the end 
to end distance of the melted segment. ܮ௠௘௟௧, the maximum end to end distance of the 
melted segment, was calculated assuming a 0.365 nm contour length per residue 8 which 
totaled to 1.3 nm due to ~2 helical turns being melted. The master force displacement curve 
was slightly adjusted by deleting the portions of the curve that corresponded to the 7 
residues that are now accounted for using the WLC model. The SNARE end separation, 
ௌே஺ோாݔ , was defined by 

( ) ( ) ( )SNARE melt bundlex F x F x F BW                                   (A2.17) 
where ݔ௠௘௟௧ is the end to end distance of the melted portion of Syb, ݔ௕௨௡ௗ௟௘ is described 
using the manipulated master force curve described in this section, and BW is the width of 
the SNARE bundle or the distance between the Syb and Syx C-termini when no external 
force is being applied.  The corresponding results are shown is shown in Fig. A2.11A for 
a 20nm vesicle with hydration repulsion and Fig. A2.12A for a 20nm vesicle with 
electrostatic repulsion and a fixed surface charge. 
 



82  

 
Figure A 2.11  For a 20nm vesicle with hydration repulsion, contour plots of normalized 
total energy as a function of SNARE end separation distance and the number of SNAREs 
are shown.  Gray circles correspond to energy minima representing the equilibrium 
SNARE end separation for a given number of SNAREs.  Several cases are shown: (A) 2 
helical turns unraveled, (B) Syx frozen, (C) SNAP25 frozen, and (D) Syx and SNAP25 
frozen. 
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Figure A 2.12  For a 20nm vesicle with electrostatic repulsion assuming a fixed surface 
charge, contour plots of normalized total energy as a function of SNARE end separation 
distance and the number of SNAREs are shown.  Gray circles correspond to energy minima 
representing the equilibrium SNARE end separation for a given number of SNAREs.  
Several cases are shown: (A) 2 helical turns unraveled, (B) Syx frozen, (C) SNAP25 frozen, 
and (D) Syx and SNAP25 frozen.  
 
In both cases, the results differ from those seen in Fig. 2.4 when unraveling was not 
permitted. For the case of hydration repulsion, the minimum separation is somewhat larger 
(~2.4 nm) than that shown in Fig. 4 B (~2.1 nm). There is a similar difference for the case 
of electrostatic repulsion.  
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Freezing SNAP25 or Syx: In our simulations we allowed SNAP25 helices to be free to 
adjust their orientation.  This mimics the optical tweezers experiment used to calibrate our 
model.  However, the situation in vivo is likely different with SNAP25 and/or Syx 
constrained against motion. In order to see the effects of the positioning of SNAP25 in 
relation to the SNARE bundle we studied three variations: freezing Syx, freezing SNAP25, 
and freezing both Syx and SNAP25. When Syx was frozen, SNAP25 still remained 
associated with Syb. Anytime that SNAP25 was frozen at all, it remained associated with 
Syx. The energy calculations were repeated for the hydration repulsion case (Fig. A2.11) 
and the electrostatic repulsion case with fixed surface charge (Fig. A2.12). The freezing of 
helices in all of these cases has little effect on the minimum distance and number of 
SNAREs. The principal difference occurs for the one-SNARE case where the equilibrium 
distance reduces significantly.   
 
High Osmotic Pressure and Low Pretension Limit 
Figs. 2.2 and A2.7 show cases of low osmotic pressure and plasma membrane tension 
where the plasma membrane bulges near the axis of symmetry because the attractive forces 
draw the two membranes to each other at their point of application but near the axis of 
symmetry only repulsion acts.  Experiments suggest that prior to vesicle to membrane 
fusion, the vesicle retains its spherical shape while the plasma membrane surface conforms 
when the two are in contact 45,46.  The continuum model was recalculated using high 
osmotic pressure in the vesicle and low pretension in the plasma membrane with constant 
potential. The resulting structures are shown for 10 and 15 SNAREs in Fig. A2.16. 
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Figure A 2.13  For a 20nm vesicle with high osmotic pressure and low pretension in the 
plasma membrane with constant potential the vesicle and plasma membrane structures are 
shown including their bilayer thickness for (A) 10 SNAREs and (B) 15 SNAREs.  
 
Under the conditions of high osmotic pressure and low pretension when 10 SNAREs are 
present there is little bulging of the plasma membrane and the vesicle remains spherical 
when the vesicle and plasma membrane are brought together. The separation is relatively 
constant which is consistent with the Malsam et al.45 and Hernandez et al. 46.  As the number 
of SNAREs is increased to 15, there is some bulging in the plasma membrane at the axis 
of symmetry.  The vesicle has retained its spherical shape while the plasma membrane 
bends to conform to it. 

The energy surface for this case is shown in Fig. A2.14.  We note that there is little 
difference between these and those of Fig. 2.4B.  This suggests that our model is robust 
with respect to this uncertainty. (In particular, the value of vesicle osmotic pressure is 
difficult to estimate.) 
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Figure A 2.14  Contour of normalized total energy as a function of SNARE end separation 
and number of SNAREs for a 20nm vesicle with high osmotic pressure and low pretension 
in the plasma membrane, and with constant potential on the vesicle and plasma membrane. 
White circles correspond to energy minima representing the equilibrium SNARE end 
separation for a given number of SNAREs. 
 
High Vesicle Pressure, High Membrane Tension Vesicle-Membrane Model 
In order to display the effects of the deformation considered in the continuum model, a 
more simplified analytical model of the Vesicle-Membrane system based on Bykhovskaia 
et al.11 was calculated. The parameters used in the analytical model were consistent with 
those used in the continuum model as described in Section 2.2.3.  Consider the case in 
which vesicle pressure Po and the membrane tension T are sufficiently large such that 
neither the vesicle nor the membrane deform as they approach each other. In this case 
Bykhovskaia et al.11 have shown that the force between the vesicle and membrane is given 
by  
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for fixed surface potential and 
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for fixed charge.  The force separation curves are shown for the vesicle-plasma membrane 
for several cases using this model in Figs. A2.15 and A2.16. 
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Figure A 2.15  For the high vesicle pressure high membrane tension limiting case, the net 
applied force in the membrane/vesicle system is shown as a function of SNARE end 
separation for a vesicle with a (A) 20nm radius with fixed charge, (B) 20nm radius with 
fixed surface potential, (C) 100nm radius with fixed charge, and (D) 100nm radius with 
fixed surface potential. 
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Figure A 2.16  For the high vesicle pressure high membrane tension limiting case, the net 
applied force in the membrane/vesicle system is shown as a function of SNARE end 
separation for a radius for a vesicle with a 20nm radius with fixed charge when (A) the 
SNARE bundle diameter is 2nm and (B) the SNARE bundle diameter is 2nm. 
 
Effect of Lateral Bundle Width: Figure A2.17 shows results of a test of the sensitivity of 
the solution to the location of the SNAREs when the lateral size of the SNARE bundle was 
varied from 2nm in Fig. A2.17A to 4nm in Fig. A2.17B (the base case used is 3nm, Fig. 
2.4B). Increasing the lateral width of the SNARE bundle seems to have a significant effect 
on the solution. There is a minimum separation at 4 SNAREs. With the addition of more 
than 5 SNAREs the equilibrium separation again begins to increase all the way up to ~3nm 
with 13 SNAREs. 
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Figure A 2.17  For the high pressure high tension limiting case, contour plots of normalized 
total energy as a function of SNARE end separation distance and the number of SNAREs 
are shown.  Gray circles correspond to energy minima representing the equilibrium 
SNARE end separation for a given number of SNAREs.  Several cases are shown for the 
vesicle with a radius of 20nm and fixed charge. The size of the SNARE bundle was varied 
to (A) 2nm and (B) 4nm. 
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Chapter 3: Coarse-Grained Model of SNARE Shows that Partial 
Assembly and Helicity are Required for Quick Zippering 

Neurotransmission is a highly regulated and dynamic process. Neuronal transmitters are 
released via the fusion of synaptic vesicles with the presynaptic membrane. Vesicles 
become attached to the membrane by the SNARE complex (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor) the primary molecular machinery driving 
adhesion between vesicles and the membrane.  The SNARE complex represents a four 
helical bundle, and its full assembly is thought trigger the fusion of the synaptic vesicle and 
the release of transmitters. One of central problems in understanding the transmitter 
release is the dynamics of SNARE assembly. We investigated SNARE assembly using a 
coarse grained model of the SNARE complex with chemical specificity that is calibrated 
using single molecule experiments and all atom molecular dynamics simulations.  
Simulations of SNARE unzippering, steered under force control and calibrated by 
experimental data, were used to set up initial disassembled SNARE states.  From these 
states the assembly process was simulated. We found that the time required for SNARE 
assembly depends non-linearly on the degree of initial unraveling, and it grows 
approximately exponentially with the increased number of separated layers of the SNARE 
complex.  This finding supports the idea that the SNARE complex in its pre-fusion state is 
partially zippered, possibly by means of molecular chaperones.  
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3.1 Introduction 

Neurotransmission, the primary method by which neurons communicate, occurs 
sequentially after the docking and fusion of synaptic vesicles at the synaptic membrane1. 
In order for this process to occur, i.e., for the vesicle to dock and then to fuse with the 
plasma membrane, there must be some adhesive machinery in place to overcome the 
electrostatic and hydration repulsion between the two. SNARE (soluble N-ethylmaleimide-
sensitive factor attachment protein receptor)2,3 proteins are predominantly responsible for 
providing this adhesive force. SNARE proteins comprise a 4 helix bundle of the vesicle 
bound Synaptobrevin (Syb or v-SNARE) and the plasma membrane bound t-SNARE 
which includes Syntaxin (syx) and SNAP-25; the latter is itself made up of two helical 
domains (SN1) and (SN2)4,5. When t-SNARE and v-SNARE interact with one another, 
they zipper together to form a parallel four-helix bundle. This zippering force provides 
adhesive forces and energies between the vesicle and the membrane to overcome their 
otherwise mutual repulsion. 

While this SNARE bundle is the core conserved motif, there are many other molecular 
players that contribute to the process of neurotransmission from vesicle docking to fusion 
and exocytosis, and the overall process is significantly more complicated. Because this 
process is indispensable to neuron function, there have been many experimental and 
simulation studies on the sequence of events and factors that mediate vesicle tethering, 
docking, and fusion1,6–8. Membrane tethering factors including coiled-coil homodimers and 
multisubunit tethering complexes (MTCs) are responsible for bringing vesicles and 
membranes close to one another in preparation to fuse (also known as “tethering”)1,9–11.  
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After vesicle to membrane tethering has been established, the vesicle is docked at the 
membrane or brought within 1-4nm of the synaptic membrane2 in order to prepare for 
fusion with the help of MTCs, SM proteins (Sec1-Munc18), and SNAREs1.  

Although the main molecular players have been established, our knowledge of the 
mechanistic details of how they work remains unclear.  For instance, is still unclear how 
SNARE assembly actually occurs. The x-ray crystal structure12 as well as the position of 
several crucial adhesive layers within the SNARE bundle13,14 have been confirmed. 
Experiments have been done to determine the structure of individual helices15. Some 
studies have been conducted on the disassembly/unzippering pathway of SNARE including 
optical and magnetic tweezers experiments6,16, all-atom unzippering simulations7, and 
coarse-grained (CG) simulations8. Optical and magnetic tweezers experiments provide 
crucial overall experimental details regarding the assembly process.  However, these 
experiments do not reveal details and sometimes display kinetics that are very different in 
rates than those observed in vivo.  Therefore, there is a strong opportunity for molecular 
simulation studies to contribute to our understanding of these processes.  

A recent study suggested that Munc18 may act as a template for the SNARE assembly 
process17. It is known that during the docking process, Syx interacts with Munc1818. Syx 
can take on two confirmations: a “closed” state in which the helix folds back onto itself, 
forms a 3 helix bundle, and is unable to bind with Syb and an “open” state where Syx is 
bound to SNAP25 and is capable of forming the SNARE bundle with Syb18,19. Recently 
two x-ray structures were reported including SM proteins that shed some light on their 
interaction with the SNARE assembly process17. The first X-ray structure is that of Qa-
SNARE Vam3 and the SM protein Vps33 which closely resembles the interaction between 
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Munc18 and Syx17. The second x-ray structure is that of R-SNARE Nyv1 and the SM 
protein Vps33 which closely resembles the interaction between Munc18 and Syb17. The 
helical hairpin of Vps33 (Munc18) that would normally bind to R-SNARE (Syb) is bent 
up back onto itself when Qa-SNARE (Syx) is bound in its “closed” state in order to prevent 
steric hindrances with the 3 helix bundle17. However, it is hypothesized that when Qa-
SNARE (Syx) is in its “open” state, this helical hairpin would be free to bind with R-
SNARE (Syb) due to Syx having a more linear confirmation17. When these two X-ray 
structures were superimposed onto one another, Syb and Syx were positioned so that 
SNARE bundle formation would be favorable because the bundle would be in the half 
zippered position17. In addition to serving as a template for SNARE assembly, Syb and Syx 
association with Munc18 would also provide an explanation for how Syb forms a helix 
despite the fact that by itself, i.e., when it is not associated with the SNARE, it is known to 
be highly unstructured20.  

Qa-SNARE, Vps33, Nyv1, and R-SNARE have aided in the hypothesis that Munc18 
serves as a template for SNARE assembly, but this is far from the end of the story. In the 
work of Baker et al. 17 there is no single X-ray structure of Munc18, Syb, and Syx 
demonstrating a “snapshot” of this assembly process. In order to ensure that Munc18 is 
necessary for SNARE assembly, additional experiments including the Qa-SNARE, Vps33, 
Nyv1, and R-SNARE would need to be completed in order to show that the Qa-
SNARE/Vps33 and the R-SNARE/Nyv1 can be combined in vitro or in vivo. There is also 
an alternate mechanism for SNARE assembly that has been proposed in which the small 
helical fragments of Syb serve as nucleation sites for Syb folding and bundle formation21. 
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This model we will discuss as the “self-templating” model in this work. In it the assembly 
of SNARE largely depends on the formation of the Syb helix.  

Gao et al.6 studied the relationship between SNARE helicity and SNARE 
unzippering/zippering in depth. The SNARE bundle was unzippered at the C-terimni of 
Syb/Syx using optical tweezers, and the reverse process was used to study the SNARE 
zippering process, also producing accompanying force-displacement relationships. From 
this study, Gao et al.6 determined that SNARE unzippering/zippering takes place in stages 
that are highly dependent on the helicity of Syb and found the distribution of probabilities 
for Syb unraveling/raveling as a function of applied force. These SNARE 
unzippering/zippering stages were confirmed by a magnetic tweezers study16. 

Kinetics of SNARE assembly are difficult to study because the process is dynamic and 
occurs at timescales of < 1µs, making visualization quite difficult. Therefore, molecular 
simulations can prove very useful.  We have previously developed a CG model of the 
SNARE complex that has been calibrated by experimental and all-atom simulation 
results22. This model was previously combined with a continuum model of the synaptic 
vesicle and membrane and used to determine the number of SNAREs required for synaptic 
vesicle to membrane docking.  Steered simulations of separating the SNARE complex 
under displacement control were used to unzipper the SNARE bundle and determine a 
force displacement relationship. Because of its CG nature and reduced degrees of freedom, 
our model can easily access the microsecond timescales required and can be adjusted to 
incorporate the experimentally determined probabilities of helix ‘melting’ as determined 
by Gao et al.6.  In this work we use our CG model of the SNARE complex to study the 
assembly process.  Implementing experimental knowledge of the SNARE unzippering 
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process we produce various initial states for SNARE-assembly simulations, as mimics of 
Munc18 presence and self-templating.  Thus we address the question of whether the 
presence of a chaperone, such as Munc18, or SNARE self-templating are required for 
SNARE bundle assembly. 

 
3.2 Materials and Methods 

3.2.1 Simulation Methods 
CG MD simulations of the SNARE bundle were conducted using Brownian dynamics (BD) 
(Refer to Chapter 1 and Chapter 2 for more details on this method). The CG model of 
SNARE, shown in Fig. 3.1, is protein-residue based, each one being represented by a bead 
at the location of its alpha carbon.  

 
Figure 3.1  A schematic in which the synaptic vesicle and plasma membrane are shown 
along with the CG model of SNARE including Syb (blue), Syx (red), SN1 (gray), and SN2 
(orange). The pulling beads (green) for Syb and Syx are indicated where the Syx pulling 
bead is held fixed. An example of the ENM springs are shown in the inset for a portion of 
Syb (blue) and Syx (red) along with the MJ interactions between the two helices (pink). 
The Syb-Syx C-terminal distance is indicated as well (purple double arrowed line).  
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Interhelical interactions were modeled using an elastic network model (ENM)23,24 and  

intrahelical interactions were modeled using Miyazawa and Jernigan (MJ) forces25–27. This 
set of interhelical and intrahelical interactions provide chemical specificity and were 
calibrated using AA simulations and experimental results. The CG model used is described 
in detail in Chapter 2 and Fortoul et al.8 Several adjustments to its force-field parameters 
were made specifically because most of the work in Chapter 2 and Fortoul et al.22 was done 
at 0 K whereas here we conduct simulations at 300 K (see Appendix for more information).  
A critical enhancement of the model is the ability to capture transitions between helical 
and random coil states by removal or reinstatement of the elastic network bonds (the 
backbone is always retained), based on single-molecule stretching experimental data.  

In all simulations performed the initial configuration was determined using the x-ray 
structure 1N7S7,13,22 that was simulated for 40 ns using all-atom AA MD in NAMD7. This 
AA structure was coarse-grained and relaxed for 20 ns using BD as described above. After 
the 20 ns BD relaxation, a fixed bead was attached to the C-terminal bead of Syx, and a 
second fixed bead was attached to the C-terminal bead of Syb. The SNARE structure with 
the two fixed beads was then relaxed using BD for another 20 ns. All simulations were 
performed using the initial configuration determined by the final timestep of the 20 ns BD 
run with fixed beads (see Appendix for more information). 

 
3.2.2 First Step: Separating Syb from the SNARE Under Force Control 
In this study steered dynamics under force control (FC) simulations were used to unzipper 
the SNARE bundle to set up initial states for SNARE assembly studies. A fixed bead was 
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attached to the C-terminal end of Syx and a pulling bead was attached to the C-terminal 
end of Syb, as shown in Fig. 3.1, with an applied force of 5.6E-2 pN/ns along the vector 
connecting the two beads. This forcing rate was chosen by running simulations with 
decreasing forcing rate until it was slow enough that the system was close to equilibrium 
as determined by agreement between mean forces on the two pulling beads (Appendix, Fig. 
A3.2).  

It was assumed in the model that, because Syx, SN1, and SN2 are associated with one 
another throughout the simulations, their structures remain helical6. However there is 
evidence that when Syb is not associated with the SNARE bundle it is largely 
unstructured21. In our previous work, Syb remained helical because the focus for docking 
was primarily on small SNARE separations22. However, for this work, large SNARE 
unzipperings are required to set up initial states for the study of assembly.  A valid concern 
is therefore whether the unraveling of Syb must be considered in setting up the initial state 
for re-assembly.  

As determined by Gao et al.6, there are 3 separate regions of Syb which unravel as a 
group of residues: (1) the linker domain (LD) which was not present in the x-ray structure 
or our model (reversible), (2) from the LD to the ionic layer (IL) (reversible), and (3) from 
the ionic layer to the remaining Syb structure (irreversible).  These experimental results 
can be represented by a Markov chain model, as described in Fig. 3.2A and its caption. 
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Figure 3.2  (A) A Markov chain model is shown for the unfolding/folding states of Syb 
for increasing force, according to Gao et al.6 Syb starts out fully helical and has a 
probability for the LD to melt or to remain fully helical.  If the LD is melted, Syb is in state 
1 where there is a probability to remain in that state, refold or melt to the IL. If Syb melts 
to the IL, it is in state 2 where there is a probability to remain in that state, refold to the LD, 
or to melt completely. If Syb is fully melted, this is irreversible and it remains in state 3.  
(B) The analytical probability of LD and IL being in a folded (solid blue) or unfolded 
(dashed red) state are shown for Syb as functions of applied force. These match the 
experimentally estimated values of ࢛ࡼ(red circles) and ࢌࡼ(blue X’s) from Gao et al.  At 
low forces, there is reversible transition between a folded and unfolded state (shown with 
a blue arrow and structures) with the folded state being favored. At high forces, there is 
reversible transition between a folded and unfolded state (shown with a red arrow and 
structures) with the unfolded state being favored. 
 
Because the structure we have used in our work lacks the LD, in our model, Syb only has 
the latter two unfolding/folding events.  The Markov chain drawn in Fig 3.2A was 
implemented as a Monte Carlo method executed every ten BD steps in the following way. 
If Syb is completely folded, it can reversibly unfold up to the ionic layer.  If Syb is already 
unfolded up to the ionic layer, it can either refold up to the C-terminus or completely 
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unfold.  However, if Syb is completely unfolded, this event is considered irreversible (for 
increasing applied force).  Unfolding or melting of a certain portion of the Syb helix is 
implemented as removal of the ENM springs for that specific region, while leaving the 
backbone springs intact. The force-dependent probabilities associated with various events 
in the Markov chain are based on the experimentally determined probabilitiy of finding 
Syb in a folded state, ிܲ, or unfolded state, ௎ܲ (Gao et al.28), modeled as a two-state process 
with energy landscape biased by applied force, for which the ratio of the probability of 
folding to the probability of unfolding is determined by 
௉ಷ
௉ೆ = exp ቀ∆ாିிఒ

௞் ቁ                                                                                                                        (3.1)  
where ∆ܧ is the energy difference between the folded and unfolded states, ܨ is the applied 
force, ߣ is the transition length, ݇ is Boltzmann’s constant, and ܶ is temperature. Details 
describing the implementation are provided in Appendix; Figure 3.2B shows that the 
implementation faithfully replicates the experimentally measured probabilities for melting 
up to IL.  
 
3.2.3 Re-assembly of SNARE 
After an initial state was established using FC, assembly simulations were performed by 
releasing the force on the Syb pulling bead and allowing the SNARE to relax. In initial 
states where Syb was fully or partially melted two forms of raveling were used (Fig. 3.3): 
(1) a rapid assembly method mimicking the action of a chaperone, and (2) a distance-based 
criterion (SNARE self-templating) for helix assembly. 
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Figure 3.3  Examples of a portion of an assembly simulation are shown using the two 
methods of helix reformation. Both simulations start from the same initial state produced 
using the FC method. (A) Rapid helix formation immediately turns on the ENM springs 
for Syb when the relaxation simulation begins and the applied force is released. (B) The 
distance criterion method only turns on ENM springs for residues that are within 1 nm of 
the SNARE bundle. The red arrow shows the portion of the Syb helix that has regained 
structure due to its close proximity to the bundle. The black arrow shows the portion of 
the Syb helix that is not within the distance criterion and has not yet regained its helical 
structure. 
 
In the rapid assembly method, when the FC pulling force is released, all the ENM springs 
that were previously removed are reinstated. This allows the Syb helix to re-form rapidly, 
in <104 timesteps which is seen in Fig. 3.3A. This rapid helix formation method is intended 
to mimic the presence of a chaperone such as Munc18 that would promote Syb helix 
formation. In the distance criterion method, the minimum distance between every Syb 
residue/bead and the SNARE bundle is determined at each time-step. If this distance is less 
than the distance criterion of 1 nm, chosen as a characteristic distance for MJ interactions, 
the ENM springs for that particular bead are replaced (reversibly). This distance criterion 
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method mimics the action of SNARE self-templating. Upon interaction with the rest of the 
SNARE bundle, Syb would become helical, creating a zipper-like effect. In Fig. 3B three 
snapshots are shown during an assembly simulation. An initial state was produced using 
FC. After 104 timesteps only a small portion of the helix that is within close proximity of 
the SNARE bundle is helical, and the rest of Syb is unstructured. After another 6.5x105 

timesteps, more of Syb is helical as more of it is associated with the bundle. Part of Syb 
has actually twisted back onto itself due to its lack of helical structure. This process 
continues as more of Syb becomes associated with the bundle and turns helical, creating a 
self –templating effect. See the Appendix for more details on the reassembly methods. The 
folding/unfolding behavior qualitatively matches the results of Gao et al.’s experiment6. 
However realistically the quantitative time for the distance criterion method folding can 
only be viewed as a pseudo folding time because the Monte Carlo event of folding does 
not have a time element associated with it. In the simulation folding occurs on the order of 
10s of ns, whereas in reality this is very likely an activated process that could take more 
several ms16. 
 
3.3 Results and Discussion 

Syb assembly studies were conducted for three separate conditions: (1) fully helical 
SNARE unzippering and assembly, (2) SNARE unzippering with force based MC Syb 
melting and assembly with rapid Syb helix formation, and (3) SNARE unzippering with 
force based MC Syb melting and assembly with distance criterion based Syb helix 
formation. Case (1) is the base case to study the isolated effects of SNARE assembly 
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without melting. Case (2) mimics the presence of a chaperone that promotes helix 
formation prior to assembly. Case (3) represents the self-templating model where the 
SNARE bundle serves as a template for Syb helix formation and SNARE assembly.  
 
3.3.1 SNARE Unzippering and Assembly with Fully Helical Syb 
In the first case of re-assembly studied, the initial state was produced by unzippering under 
FC while keeping Syb fully helical.  Thus, relaxation to assembly following release of the 
force began with Syb already in a fully helical state.  

As was described in the Methods section, a fixed bead was attached to the C-
terminal end of Syx and a pulling bead was attached to the C-terminal end of Syb. FC on 
the Syb C-terminal bead was used in step 1 to completely pull the SNARE bundle apart to 
a distance of ~20 nm between the Syb and Syx C-termini as shown in Fig. 3.4 (blue trace). 
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Figure 3.4  The Syb-Syx C-terminal distance is shown as a function of time for fully helical 
SNARE unzippering (blue traces (B and C) and snapshots 1-5 (A and D)) using FC. 
Snapshots are shown for one unzippering trajectory and one assembly trajectory (A, B, and 
D)). The force was released at several points within the unzippering trajectory (black, 
magenta, red, and gray traces in C) and the bundle was permitted to relax. The layer up to 
which the SNARE bundle is zippered is indicated for all snapshots and for several points 
in unzippering/assembly (C). For small initial SNARE openings of only a couple of layers 
(black) the bundle assembles at a relatively constant fast rate. For intermediate initial 
openings (magenta and red) the bundle starts to assemble initially at a slow rate and then 
assembles at a faster rate. The snapshots (4-4c) are shown for one specific assembly case 
in this intermediate region. The bundle assembles slowly from layer -4 to layer -1 (near the 
ionic layer). Then from layer -1 to layer 8 it assembles quickly.  For large initial openings, 
where no layers are in contact (gray), the bundle first experiences a plateau and Syb 
fluctuates at roughly a constant distance from the bundle until layer -7 is assembled, then 
the bundle assembles at a constant rate. (Only a few of the BD assembly simulations are 
shown in this figure for clarity.) 
 
At several points during the unzippering trajectory, the force was released on the Syb 
pulling bead, and the SNARE bundle allowed to relaxed. For example, point 4 Fig. 3.4B 
indicates the initial state for a relaxation run beginning at Syb-Syx separation of ~5nm.  A 
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fully assembled SNARE bundle is indicated by a Syb-Syx distance of ~2 nm which is a 
similar Syb-Syx C-terminal distance to that of a relaxed full SNARE bundle taken from 
the x-ray crystal structure. From Fig. 3.4C it can be concluded that as the starting Syb-Syx 
separation increases, so does the time required for assembly.  For small initial separations 
of up to ~10nm, the SNARE bundle immediately begins to assemble at a relatively constant 
rate when the applied force is released and completes assembly in 250 ns or less. Therefore 
for these cases, the assembly time is less than the time required to unzip the bundle to form 
the initial state. For initial separations of ~10nm to ~13.4nm the bundle seems to assemble 
in two major steps. The bundle initially begins to assemble at one rate  until the bundle is 
zippered up to layer -1 and then the rate of assembly increases until the bundle is fully 
closed as shown for a 13.4 nm run in Fig. 3.4B and D. Layer -1 is very close to the ionic 
layer (layer 0), a particularly adhesive contact within SNARE, which is known to help hold 
SNARE in a partially zippered state6. Snapshots are shown in Fig. 3.4D for one of these 
assemblies. Syb remains helical throughout the relaxation and slowly assembles with the 
rest of the SNARE bundle. For separations >13.4nm, there are again two distinct regions 
during relaxation. The first region is more of a plateau in which case the Syb’s, distance 
from the bundle, on average, is not changing. During this plateau most of Syb is fluctuating 
with no contact to the bundle, and at some point there is a transition where the SNARE 
bundle is in contact at layer -7 and the second region is entered where Syb begins to come 
in contact with the bundle and assemblyes. This most likely occurs due to some random 
fluctuation of Syb bringing it closer to the SNARE bundle and in turn initiating assembly.  
For even greater initial separation, there is no reassembly within the duration of the 
simulation.  
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3.3.2 SNARE Unzippering and Assembly with Syb Melting and Rapid Helix 

Formation 
 
If Syb is not associated with the SNARE bundle, especially if it is also under applied force, 
it is known that it is highly unlikely to remain helical9,28. Therefore during the FC Syb 
unzippering process, melting will realistically occur. An MC force based unraveling 
criterion was used, as described in the methods section. FC was applied to Syb, as was 
done in 3.3.1, to create an initial unzippered state for SNARE as shown in Fig. 3.5. 
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Figure 3.5  The Syb-Syx C-terminal distance is shown as a function of time for SNARE 
unzippering using FC with a MC force based unraveling criterion (blue traces (B and C) 
and snapshots 1-5 (A and D)). Snapshots are shown for one unzippering trajectory and one 
assembly trajectory (A, B, and D). The force was released at several points within the 
unzippering trajectory (black, magenta cyan, green, red, brown, and gray traces in C) and 
the bundle was permitted to relax. The layer up to which the SNARE bundle is zippered is 
indicated for all snapshots and for several points in unzippering/assembly (C). When the 
force was released, the ENM springs were immediately reinstated for Syb, and helix 
formation occurred in <104 timesteps. For small initial SNARE openings of up to 10 nm 
(black, magenta, and cyan) the bundle assembles at a relatively constant fast rate. For 
intermediate initial openings (green, red, and brown) the bundle starts to assemble initially 
at a slow rate and then assembles at a faster rate. The snapshots (4-4c) are shown for one 
specific assembly case in this intermediate region. The bundle assembles slowly from layer 
-4 to layer 2 (near the ionic layer). Then from layer 2 to layer 8 it assembles quickly.  For 
large initial openings (grey) the bundle first experiences a plateau and Syb fluctuates at 
roughly a constant distance from the bundle until layer 2 is assembled, then the bundle 
assembles at a constant rate. For the largest initial separations (dark green) SNARE does 
not re-assemble within the duration of the simulation.  Note that even for small separations 
of ~5 nm, the bundle is unzipped to layer -3. This is due to the unraveling of Syb which 
disrupts the interaction between Syb and Syx/SNAP25. (Only a few of the BD assembly 
simulations are shown in this figure for clarity.) 
 



116  

Several points within the unzippering trajectory were chosen as initial states for the 
relaxation/assembly simulations as was done for the full helix simulations. During the first 
timestep of the relaxation simulation, the ENM for Syb was immediately reinstated as 
described in the methods section. Full Syb helix formation occurred within 104 timesteps 
which accounts for the rapid decrease in end to end distance as seen in relaxation 
simulations above ~10 nm in Fig. 3.2. As the SNARE end to end separation of the initial 
structures increased, the relaxation times to an assembled SNARE also increased. 

If we define the initial separation to be the distance between the C termini after re-
formation of the helix, the results for these simulations are very similar to those of the fully 
helical simulations previously discussed. For initial separations of <11nm, SNARE 
assembly occurs at a relatively constant rate indicating that the SNARE bundle is closing 
rather easily. For separations from ~11nm to ~15nm or so, there is first a slow assembly 
region and then a fast assembly region as in Fig. 3.4C. Snapshots are shown in Fig. 3.4D 
for one of these assemblies. The transition between assembly rates is seen when the bundle 
has assembled up to layer 2, which again is very close to the ionic layer, layer 0. Syb 
quickly takes on its helical structure and steadily begins to assemble. When the initial 
separation is >15nm again there is a plateau region followed by an assembly region. As 
with the intermediate openings, this transition occurs at layer 2 as well. Even though the 
initial state before assembly was created very differently in that the melting of Syb is 
considered, the main conclusions from the helical simulations in 3.3.1 hold true. There are 
a range of initial displacements that allow for quick and easy assembly, then a range that 
have a transition from a slow to fast assembly, a range of displacements where there is a 
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plateau and then an assembly region, and finally for sufficiently large initial opening 
SNARE no longer assembles within the time frame of the simulation. 

This rapid helical formation is intended to mimic the effect on assembly of the 
presence of a chaperone such as MUNC18. When Syb and Syx are bound to MUNC18, 
they are thought to be highly helical17. Therefore, the interaction of free Syb with 
MUNC18 would promote Syb helix formation (as was simulated by replacing the ENM 
springs). Syx and SNAP25 remained helical throughout the entire process because they 
are assumed to be preassembled and helical before their interaction with Syb1,6.  
 
3.3.3 SNARE Unzippering and Assembly with Syb Melting and Helix Formation 

with Distance Criterion 
 
The alternative hypothesis for SNARE assembly is that it is through self-templating21. Syb 
is nonhelical when not associated with the SNARE bundle.  However, if the SNARE 
bundle is initially partially assembled, the bundle itself can act as a site of helix nucleation. 
As Syb residues come within close proximity of the SNARE bundle, they take on their 
helical structure. Therefore in the distance criterion method, residues reversibly take on a 
helical conformation when they are associated with or close to the SNARE bundle. The 
SNARE unzippering simulation was performed in the same manner as 3.3.2 as is shown in 
Fig. 3.6.  
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Figure 3.6  The Syb-Syx C-terminal distance is shown as a function of time for SNARE 
unzippering using FC with a MC force based unraveling criterion (blue traces (B and C) 
and snapshots 1-5 (A and D)). Snapshots are shown for one unzippering trajectory and one 
assembly trajectory (A, B, and D). The force was released at several points within the 
unzippering trajectory (magenta, dark green, gray, black, red, green and yellow green in 
C) and the bundle was permitted to relax.  The layer up to which the SNARE bundle is 
zippered is indicated for all snapshots and for several points in unzippering/assembly (C). 
When the force was released, the ENM springs were reversibly replaced using a distance 
criterion as described in the methods section. For small initial SNARE openings of up to 
10 nm (magenta, dark green, grey, and black) the bundle assembles at a relatively constant 
fast rate. For intermediate initial openings (red and yellow green) the bundle starts to 
assemble initially at a slow rate and then assembles at a faster rate. The snapshots (4-4c) 
are shown for one specific assembly case in this intermediate region. The bundle assembles 
slowly from layer -4 to layer 2 (near the ionic layer). Then from layer 2 to layer 8 it 
assembles quickly.  For large initial openings (green) the bundle first experiences a plateau 
and Syb fluctuates at roughly a constant distance from the bundle until layer 0 is assembled, 
then the bundle assembles at a constant rate. Note that even for small separations of ~5 nm, 
the bundle is unzipped to layer -3. This is due to the unraveling of Syb which disrupts the 
interaction between Syb and Syx/SNAP25. (Only a few of the BD assembly simulations 
are shown in this figure for clarity.) 
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Several points within the unzippering trajectory were chosen as initial states for the 
relaxation/assembly simulations. During the relaxation simulations, the ENM springs are 
slowly reinstated using the distance criterion. As described in sections 3.3.1 and 3.3.2, as 
the initial SNARE end to end distance is increased, so is the time required for assembly. 
Above an initial Syb-Syx distance of ~15 nm this correlation is not as distinct. For example, 
the simulation which started at 16 nm assembles much slower than the simulation started 
at 20 nm. However, it is important to note that the time for helical reformation must also 
be taken into account in this system. In 3.3.1 helical formation was not considered at all, 
so there was a clear and monotonic relation between initial distance and assembly time. In 
3.3.2 the Syb helices were reformed very quickly and had little effect on assembly time, so 
the trend was also more obvious.  Thus, it appears that assembly of the SNARE bundle is 
much more rapid if Syb, Syx, and SNAP25 are helical. Therefore in this case the assembly 
time is a combination of the time required to reform the Syb helix as well as to assemble 
the bundle. An example of this is seen in the second SNARE snapshot in Fig. 3.6 where 
Syb has folded back on itself in a partially helical form, however in a later snapshot Syb is 
fully helical and assembling properly. There is a balance between helix formation and 
bundle assembly. 

However despite the differences between the fully helical model, rapid helix 
reassembly, and distance criterion models we again have the same robust results. For 
smaller separations, assembly occurs quickly at a constant rate. For moderate separations, 
assembly occurs slowly at first and then rapidly with the transition again occurring at layer 
2 near the ionic layer. For large separations, there is a plateau region followed by assembly 
with a transition occurring at the ionic layer.. The initial SNARE separation is indicative 
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of the propensity and time to assembly, and assembly is most likely dependent on SNARE 
helicity.  

In the unraveling studies in Fig. 3.5 and Fig. 3.6 it should also be noted that for the 
forces applied in this simulation, the bundle never unzips past layer -4. In an experimental 
study by Wiederhold et al.14, layers -4 to -2 were determined to be the trigger site of the 
SNARE coiled coil bundle formation. When two residues within these layers were mutated 
(SybN49A, V50A), SNARE assembly in solution was greatly compromised. In a second 
mutation (SybI45A, M46A), this effect was even more prominent. In both the fully helical case 
(3.3.1) and the rapid reassembly case (3.3.2), layer -2 was determined to be when the slow 
to fast assembly transition occurred for intermediate SNARE openings again confirming 
that this could be due to these layers being the location of the coiled coil trigger site. 
 
3.3.4 Combining the Results of Fully Helical Syb and Rapid Helix Reformation 

Case 
 
In order to determine the correlation between SNARE assembly time and initial Syb-Syx 
C-terminal separation, the fully helical case (3.3.1), the rapid helix formation (3.3.2), and 
the distance criterion (3.3.3) cases were analyzed. The SNARE assembly time is shown as 
a function of the initial Syb-Syx C-terminal distance in Fig. 3.7.  
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Figure 3.7  (A) A schematic is shown defining pseudo assembly time. Initial Syb-Syx C-
Terminal distance, ࢊ૚, is that distance at the start of a relaxation simulation when the force 
is released. The time required from that point to SNARE bundle formation is defined as 
pseudo assembly time ∆࢚૚. Initial helical Syb-Syx C-Terminal distance, ࢊ૛, is the Syb-Syx 
distance during a relaxation simulation when Syb first becomes helical. The time required 
from that point to SNARE bundle formation is defined as pseudo assembly time ∆࢚૛. (B) ∆࢚૛ as a function of d2 was fitted with an exponential function, ∆࢚૚ =
૝. ૢ૟࢙࢔ ܘܠ܍ ቀ ૚ࢊ

૜.૚૙࢓࢔ቁ. Fully helical (circle), rapid helix reassembly (asterisk), and 
distance criterion method (triangle) cases follow the same trend when only helical distance 
is taken into account. 
 
In order to compare the three simulation types, the “Initial Syb-Syx C-Terminal Distance” 
used is the distance during relaxation when SNARE is first helical again. In the case of the 
full helix runs, this would be the first timestep, for the rapid helix formation simulations 
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this is at <104 timesteps, and for the distance criterion runs it varied from the first timestep 
to ~105 timesteps depending on the structures. The assembly time noted was the change in 
time from the initial helix formation to full SNARE assembly. The SNARE bundles were 
assumed to be assembled when the Syb-Syx C-terminal distance was less than ~1.8 nm. 
This criterion was determined by the initial distance for a relaxed CG fully formed SNARE 
bundle derived from the x-ray crystal structure. 

For the three sets of simulations there is a robust conclusion that there is exponential 
growth in pseudo assembly time as a function of initial Syb-Syx C-terminal distance. 
Because the Monte Carlo method is probabilistic and independent of time, the times 
indicated in Fig. 3.7 are only pseudo assembly times. Syb helical folding occurs on the 
order of ms, to s depending on the degree of unfolding16, therefore the times presented in 
Fig. 3.7 are mainly a consequence of helical assembly. However, this study does show that 
assembly time of SNARE helices for a given degree of opening is independent of how the 
initial state was determined (with or without unraveling). A characteristic Syb-Syx C-
terminal distance of 3.10nm was extracted from the exponential fit shown in Fig. 3.7. This 
distance is when the SNARE bundle is first starting to unzip its adhesive layers, as shown 
in Figs. 3.4C, 3.5C, and 3.6C.  
 For a fully disassembled SNARE, the assembly time including folding is on the 
order of seconds16, which is an unrealistic time for evoked vesicle to membrane fusion 
which occurs on the order of 10s of ms. Our study shows that a partially assembled SNARE 
that is primarily helical can assembly in ~100ns which is a more realistic assembly time 
for evoked vesicle to membrane fusion to occur. This priming step to partially zipper 
SNARE and promote helicity would require some sort of molecular chaperone. Munc18 is 
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one possibility as it has been proposed to put SNARE into a mostly helical, partially 
zippered state, up to the ionic layer, which according to this study could very likely promote 
SNARE assembly.  
 
3.4 Appendix 

 
3.4.1 Adjustment of CG Parameters from Chapter 2 and Fortoul et al. 8 

The CG model of SNARE and the forcefield used was based on the model described in 
Fortoul et al.8 where an ENM was used to hold the shape of helices and MJ potentials were 
used for helix-helix interactions. The majority of the simulations conducted in our previous 
work8 were done at quasi equilibrium conditions (0 K) and the simulations conducted in 
this chapter were done at 300 K, so some adjustment in parameters were required. 
 
3.4.1.1 Adjustment of ENM Parameters 

An ENM23,24 was used to represent intrahelical interactions and hold the shape of the 
helices. In this method, all beads within a single helix are connected to all beads within a 
cutoff distance, ܴ௖, using harmonic springs using the energy potential 

(ݎ)௦௣௥௜௡௚ݑ = 1
2 ݇௦(ݎ −  ଴)ଶ                                                                                                    (A3.1)ݎ

where ݇௦ is the spring constant, ݎ is the distance between 2 beads, and ݎ଴ is the natural 
length of the spring. In Fortoul et al.8, the value of ݇௦ used was 0.0963 N/m. However, at 
300 K slightly stronger springs were required to hold the helical shape at higher 
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temperatures. In order to determine an adequate value of ݇௦ several simulations of the CG 
structure of the SNARE bundle were done for 20ns using different values of ݇௦. A value 
of 0.1685 N/m for ݇௦ was chosen because at this value was able to produce helical proteins 
while still not deviating too much from the original value of ݇௦ which was determined by 
matching AA and CG simulations in our previous work. 

Because simulations in this work were done at 300 K, relaxation runs typically take 
longer than for 0 K cases. Therefore we wished to increase simulation speed by adjusting 
the value of ܴ௖. A smaller ܴ௖ will create a smaller network of springs and require many 
less calculations. In Fortoul et al.8 a value of 20 A was used. To find a minimum value of 
ܴ௖ that could be used without compromising simulation speed, several 20 ns CG 
simulations of SNARE were completed using different values of ܴ௖. ܴ ௖ could be decreased 
to a minimum of 16 A without compromising the SNARE structure (using a ݇௦ of 0.1685 
N/m), therefore the value was decreased to 16 A. 
 
3.4.1.2 Adjustment of MJ Potential Parameters 

MJ potentials25–27 were used to provide chemical specificity and to represent helix-helix 
interactions. Again because these simulations were done at 300 K, these parameters had to 
be adjusted from those of our previous work which were calibrated at quasi equilibrium 
conditions8. For a particular bead, every bead within the cutoff distance, ܴ௖_ெ௃, of that bead 
(not on its own helix) has an interaction with that bead. For each interaction type there is a 
contact energy, ݁௜௝, that is dependent on the two bead types, ݅ and ݆, interacting (ex. Leu-
Leu vs. Leu-Trp). The value of ݁௜௝ is adjusted for a particular system as  
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௜௝ߝ = ൫݁௜௝ߣ − ݁଴൯                                                                                                                      (A3.2) 
where ߝ௜௝ is the scaled contact energy, ߣ is a scaling parameter, and ݁଴ is a shifting 
parameter. ߣ and ݁଴ are the same for all interaction types. A negative ߝ௜௝ represents and 
attractive interaction, while a positive ߝ௜௝ represents a repulsive interaction. The interaction 
potentials depend on both the sign of ߝ௜௝ as well as if the distance between bead is larger 
or small than the distance at the potential minimum, ݎ௜௝଴.  
The attractive interaction potential (ߝ௜௝ < 0) is 

(ݎ)௜௝ݑ = 4หߝ௜௝ห ൤ቀఙ೔ೕ
௥ ቁଵଶ − ቀఙ೔ೕ

௥ ቁ଺൨                                                                                       (3.3ܣ) 

The repulsive interaction potential (ߝ௜௝ > 0) and ݎ <  ௜௝଴ isݎ

(ݎ)௜௝ݑ = 4หߝ௜௝ห ൤ቀߪ௜௝
ݎ ቁଵଶ − ቀߪ௜௝

ݎ ቁ଺൨ +  (3.4ܣ)                                                                          ௜௝ߝ2

The repulsive interaction potential (ߝ௜௝ > 0) and ݎ ≥  ௜௝଴ isݎ

(ݎ)௜௝ݑ = −4หߝ௜௝ห ൤ቀߪ௜௝
ݎ ቁଵଶ − ቀߪ௜௝

ݎ ቁ଺൨                                                                                   (3.5ܣ) 

where ݎ is the distance between the two beads and ߪ௜௝ is the interaction radius.  ߪ௜௝ is the 
scaled average of the Van der Waals (VDW) diameters of the two bead types as shown as 

௜௝ߪ = ܣ ∗ ௜ߪ + ௝ߪ
2  (3.6ܣ)                                                                                                                      

where ܣ is the scaling parameter, ߪ௜ is the VDW diameter of bead type ݅, and ߪ௝ is the 
VDW diameter of bead type ݆. In order to ensure that the proper parameters were being 
used, several 20 ns relaxation simulations of the SNARE bundle were done using different 
values of ߣ, ݁଴, and ܣ. Parameters were chosen to produce the right SNARE bundle width 
and overall bundle shape compared to that of the AA relaxed crystal structure. ߣ was 
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adjusted from 0.30 in our last study to 0.37. ݁଴,  was adjusted from 0 in our last study to 
0.95*kT. ܣ was kept at a value of 0.8 from the last study. 
 
3.4.2 Force Based MC Unraveling Method 

One significant change to this SNARE CG model from our previous model is the addition 
of unraveling of Syb during FC unzippering. The method of unraveling used is based on 
the work of Gao et al.28 that concluded that during SNARE unzippering, Syb unravels in a 
series of distinct events, as shown in Fig. 3.2, starting from a SNARE bundle that is fully 
helical: (1) The linker domain (LD) of Syb reversibly unravels, (2) Syb reversibly unravels 
up to the ionic layer, and (3) Syb irreversibly unravels completely. For each unraveling 
event, there is a probability of unraveling given as a function of the applied force as shown 
in Fig. 3.2.  
 
3.4.2.1 Derivation of Folding/Unfolding Probabilities 

The free energy diagram for the folded and unfolded Syb states is shown in Fig. A3.1 
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Figure A3.1  The free energy diagram for the transition to/from the folded state to the 
unfolded state of Syb is shown. The relative positions of the different states can vary 
depending on the applied force. 
 
where the relative positions of the unfolded, folded, and transition states will differ based 
on their free energies. ܩி଴ is the free energy of the folded state, ்ܩ଴ is the free energy of 
the transition state,  ܩ௎଴ is the free energy of the unfolded state, ܩ߂ி is the change in free 
energy from the folded to transition state, and ܩ߂௎ is the change in free energy from the 
unfolded to transition state. Under an applied force, ݂, 
ிܩ߂ = G୊଴ − ଴்ܩ +  (3.7ܣ)                                                                                                         ଵߣ݂
௎ܩ߂ = G୙଴ − ଴்ܩ +  (3.8ܣ)                                                                                                        ଶߣ݂
 The rate of going from the folded state to the unfolded state is  

ி→௎ܬ = ଴ܬ exp ൬− ிܩ∆
݇ܶ ൰                                                                                                          (3.9ܣ) 

And the rate of going from the unfolder state to the folded state is  

௎→ிܬ = ଴ܬ exp ൬− ௎ܩ∆
݇ܶ ൰                                                                                                       (3.10ܣ) 
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where ܬ଴ is the inverse of the time between probability calculations. We assume the 
equilibrium condition that  

ிܲܬி→௎ = ௎ܲܬ௎→ி  (3.11ܣ)                                                                                                                  
where ிܲ is the probability of folding and ௎ܲ is the probability of unfolding. This can be 
rearranged to  

ிܲ
௨ܲ

= ௎→ிܬ
ி→௎ܬ = exp ቆ− ௎଴ܩ−) + ଵߣ)݂ + (ଶߣ + (ி଴ܩ

݇ܶ ቇ                                                    (3.12ܣ) 

which can be simplified to  
ிܲ
௨ܲ

= exp ൬ܧ߂ − ߣ݂
݇ܶ ൰                                                                                                            (3.13ܣ) 

where ߣ is the combination of ߣଵ and ߣଶ and ܧ߂ is the difference in the free energy of the 
folded and unfolded states. In terms of ௨ܲ, this can be rewritten as 

ln ൬ ௎ܲ
1 − ௎ܲ

൰ = ܧ߂− + ߣ݂
݇ܶ  (3.14ܣ)                                                                                                    

Values of ௎ܲ as a function of ݂ were taken from the experimental data of Gao et al.28. This 
data was used to determine the values of ܧ߂ to be 37.42 kT and ߣ to be 2.12 kT/N. For any 
given value of ݂, the values of ிܲ and ܲ ௎ could be determined from Eqn. A3.13 and A3.14.  
 
3.4.2.2 Folding/Unfolding Algorithm 

As previously stated and shown in Fig. 3.2, during unzippering the Syb’s helical structure 
changes in stages (LD, up to ionic layer, and entire Syb). In the SNARE xray crystal 
structure, the LD was not present, so that is not included in the model. Every 10 timsteps, 
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we determine the probability of folding/unfolding and accept/reject the event using a MC 
type method. The algorithm used is as follows: 

(1) If Syb is fully helical: 
a. Generate a random number (rand) from a uniform distribution 

i. If ݀݊ܽݎ < ௎ܲ, accept the unravel event and unravel Syb up to the 
ionic layer. 

ii. If ݀݊ܽݎ < ௎ܲ, leave Syb fully helical. 
(2) If Syb is melted up to the ionic layer only 

a. Generate rand. 
i. If ݀݊ܽݎ < ிܲ, accept the raveling event and refold Syb completely. 

b. If b fails Generate rand. 
i. If ݀݊ܽݎ < ௎ܲ, accept the unraveling event and unravel Syb 

completely. 
c. If b and d  fail, 

i. Leave Syb only unraveled up to the ionic layer 
(3) If Syb is completely melted, this is irreversible. 

 
The force dependent MC algorithm allows for the reversible transition of a fully helical 
and partially helical SNARE. However the transition to a fully unraveled SNARE is 
irreversible in accordance with Gao et al.28 
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3.4.3 Force Control Pulling Rate 

For all of the FC unzippering simulations, a constant pulling rate was used. The pulling 
rate was chosen at a speed slow enough to keep the system at as close to equilibrium as 
possible while not going too slow that simulation speed was compromised. The pulling rate 
was varied from 0.22 pN/ns to 0.06 pN/ns as shown in Fig. A3.2. 
 

 
Figure A3.2  The force as a function of time is shown for 2 fully helical unzippering runs. 
The applied force on the C-terminal Syb bead (dotted line) as well as the negative of the 
force on the C-terminal Syx bead (solid line) are shown. (A) If a pulling rate of 2.2E-1 
pN/ns is used which leads to the Syb and Syx C-terminal forces not being in equilibrium 
with one another. (B) If a slower pulling rate of 5.6E-2 pN/ns is used the forces are closer 
together and the system is closer to equilibrium. 

 
In order to be close to equilibrium, the forces on the C-termini of Syb and Syx should 

be equal and opposite. At a pulling rate of 2.2E-1 pN/ns, the force on Syb is greater than 
the force on Syx, therefore it is too fast. When the pulling rate was lowered to 5.6E-2  
pN/ns, the forces were closer together and the system was closer to equilibrium. A slower 
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pulling force did not bring the system much closer to equilibrium, so 5.6E-2  pN/ns was 
chosen in order to balance system equilibrium conditions with simulation time. 
 
3.4.4 Helical Formation/Raveling Methods 

There are three main simulations methods used in this work: (1) Syb is helical for the entire 
simulation, (2) the force dependent MC unraveling/raveling method is used for unzippering 
and rapid helix formation is used during relaxation, and (3) the force dependent MC 
unraveling/raveling method is used for unzippering and the distance criterion helix 
formation is used for zippering. Method (1) is more straight forward in that there is not 
melting considered. Methods (2) and (3) are described in more detail below. 
 
3.4.4.1 Rapid Helix Assembly 

For the rapid helix assembly method, FC unzippering is used to set up an initial state using 
the force dependent MC unraveling/raveling method. The relaxation simulation is started 
from that initial state (which may or may not be helical), and during the first time step all 
of the ENM springs, which may have previously been removed, are replaced. The ENM 
provides the potentials required to keep helices helices. As a test this CG code was used to 
simulate the Syb helix independent of the SNARE bundle as shown in Fig. A3.7 
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Figure A3.3  In order to prove that the rapid helix formation model is indeed “rapid”, the 
Syb structure was isolated with the N-terminal bead held fixed and a restraint on the C-
terminal bead. The ENM springs for 10 helical turns were removed and Syb was stretch 
using displacement control on the C-terminal bead for which snapshots are shown. After 
Syb was stretched, the restraint on the C-terminal bead was released, and Syb was 
permitted to relax back into a helix (snapshots shown). This was accomplished in 7800 
timesteps.  
 
The initial Syb structure was taken from a relaxed CG structure of SNARE. The elastic 
network associated with 10 helical turns was removed from that structure making those 10 
helical turns into a freely jointed chain. Over 3000 timesteps, displacement control was 
used on the C-terminal end of Syb to stretch out the molecule (with the N-terminal bead 
fixed). This was done slowly as to let the Syb structure equilibrate throughout the 
simulation. After Syb was stretched the restraints on the C-terminal Syb bead were 
released. Within 3900 timesteps, the Syb structure had unstretched nearly back to its helical 
length. Within 7800 timesteps the Syb structure was able to regain its helical form. This 
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demonstrated that the rapid helix formation model is actually “rapid” in that Syb can reform 
into a helix within 104 timesteps when the ENM springs are replaced.  
 
3.4.4.2 Distance Criterion Helix Assembly 

For the rapid helix assembly method, FC unzippering is used to set up an initial state using 
the force dependent MC unraveling/raveling method. The relaxation simulation is started 
from that initial state (which may or may not be helical), and the ENM springs are replaced 
slowly using a distance criterion. It is assumed that if beads are “close” to the bundle, they 
are helical. Therefore for every bead within a given distance, ܴ஽஼, of the SNARE bundle 
will be in a helical structure. To determine if a bead is within ܴ஽஼ of the bundle, its 
minimum distance to Syx, SN1, and SN2 are calculated and if any of those distances 
qualify, the bead is in helical form. To accomplish this, all beads within ܴ஽஼ of the SNARE 
bundle will have the ENM springs associated with that bead replaced. This criteria is 
checked every 10 timesteps and is reversible. For example if a bead was previous within 
ܴ஽஼ of the bundle, but after the next 10 timesteps is no longer within ܴ஽஼ of the bundle, 
the ENM springs for that bead will again be removed. The value of ܴ஽஼ should be small 
enough so that Syb slowly regains its helical structure as it assembles but large enough that 
helix formation and assembly is possible. In order to determine a value of ܴ஽஼ 2 distance 
criterion simulations were performed. The initial state for each was produced using the 
same force dependent MC unraveling/raveling method. From that same initial state, two 
separate simulations were performed with an ܴ஽஼ of 1 nm and 0.5 nm. 
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Figure A3.4  Two simulations were done where force dependent MC unraveling/raveling 
was used to unzip the SNARE bundle (blue) and set up an initial state for two distance 
criterion relaxation simulations. One relaxation simulation was done with an ࡯ࡰࡾof 0.5 nm 
(black) and another with an ࡯ࡰࡾof 1 nm (red). 
  
In the case where ܴ஽஼ the SNARE bundle was 0.5 nm, this value was too small and helix 
formation was not occurring in a short enough time to study so the bundle could not 
assembly. A smaller value of ܴ஽஼ would also result in no assembly. In the case where ܴ஽஼ 
the SNARE bundle was 1 nm, Syb was still able to assemble while slowly regaining its 
helical structure. The value of 1 nm for ܴ஽஼ was ideal and chosen for this work. A larger 
value would act too similar to the rapid helix formation case. 
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Chapter 4:  SNARE Protein Expression, Purification, and 
Characterization 

 
4.1 Introduction 

Both AA and CG SNARE protein simulations have been invaluable to the understanding 
of SNARE structure and function including the mechanism of synaptic vesicle to 
membrane fusion. From these types of simulations, we have been able to predict the 
number of SNAREs required for vesicle to membrane docking as well as attain mechanistic 
information on the SNARE assembly process1. However simulations must be calibrated 
and validated  thoroughly using experimental data in order to show that predicted results 
will be accurate and have physical meaning. In our past simulations we repeatedly calibrate 
and validate our forcefields using SNARE experimental data, particularly the optical 
tweezers experiment by Gao et al.2.  

For the purpose of determining the importance of amino acid sequence certain 
structural components within the SNARE and other molecules, it is often very useful to 
study mutations. For example, one study was looking at the interaction of Complexin (Cpx) 
with the SNARE bundle3. Complexin was discovered to bind to SNARE and clamp vesicle 
to membrane fusion by preventing full SNARE zippering.  In order to study the importance 
of sequence on this behavior, a Syx T251I mutation was introduced at layer 7 of SNARE 
(near the C-terminus and close to where Cpx interacts with the bundle) both experimentally 
and in an AA MD simulation. In both cases, the small mutation was enough to weaken the 
Cpx clamping effect, and the AA simulation was used to further study the effect in detail. 
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We have developed a working CG model and forcefield for SNAREs which can be 
combined with a continuum vesicle to membrane model. However this system was only 
calibrated using experiments with one particular amino acid sequence. In order to study the 
effects of different mutations using simulations, we also need experimental data for those 
sequences but validated experimental data for many mutated sequences can be difficult to 
find. Therefore we proposed to develop our own in-house SNARE protein expression and 
purification protocol. This would give us the ability to choose any sequence we like, 
express and purify the proteins, and perform a few experiments. These experiments would 
be used to calibrate and validate our existing CG model which can be used to study the 
mutation effects on vesicle to membrane docking, SNARE assembly, etc. which are all 
difficult problems to study exclusively using experiments. Because we have detailed 
information on the unzippering forces required for SNARE based on the work of Gao et 
al.2, we chose to start with that sequence in order to develop a protocol that we could 
confirm was working properly through ellipsometry, contact angle and Johnson-Kendall-
Robets (JKR) adhesion experiments. 
 
4.2 Materials and Methods 

4.2.1 SNARE Sequence 
The sequences used for Syb (VAMP2 (1-92)), Syx (Synatxin 1A (187-265)), and SNAP25 
(SNAP25B (1-206)) were slightly modified from those used in Gao, et al.2 shown in Fig. 
4.1. 
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Figure 4.1  The sequences used for the SNARE proteins are shown using the pMBP7 
cloning vector including MBP (underlined), 2 his-tags for purification (gray), a thrombin 
cleavage site (green), and the SNARE sequences (yellow).  
All of the cysteines were changed to serines in order to prevent unwanted cross linking 
between helices. C-terminal cysteines were added to Syb and Syx for surface modification 
purposes. All of the protein sequences were inserted into pMBP7 vectors. A thrombin 
cleavage site was added between MBP and the SNARE sequences in order to remove MBP 
during the purification process. A His-tag was added at the N-terminal and C-terminal ends 
of each sequence for purification purposes. 
 



142  

4.2.2 SNARE Protein Expression and Purification 
All of the SNARE sequences were cloned into pMBP7 cloning vectors. The plasmids for 
each protein were purchased from GenScript. The DNA plasmids were transformed into E. 
Coli BL21 cells. These were plated on LB agar kanamyacin selective plates. Starter 
cultures were prepared followed by incubation with said antibiotic. Flash freezing and 
sonication were used to break open the cells after the proteins had been expressed, and an 
IMAC column was used for purification utilizing the 2 his-tags. The presence of the 
proteins were confirmed using an electrophoresis gel, and dialysis was performed in Tris 
buffer. More details on the protein expression and purification procedure are given in the 
Appendix. 

 
4.2.3 Surface Functionalization on Silicon Wafer 
In order to perform ellipsometry and contact angle measurements, we functionalized 1 cm 
x 1 cm silicon wafer with the SNARE proteins. The silicon wafer was piranha cleaned with 
a 3:1 solution of sulfuric acid with hydrogen peroxide for 30 minutes and thoroughly rinsed 
with DI water and dried with nitrogen. The samples were then added to 25 mL of acetone 
(95%) with 2.5 mL of (3-Aminopropyl)triethoxysilane (APTES) (1%) for 15 min and the 
resulting structure is shown in Fig. 4.2A. 
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Figure 4.2 Structures are shown for (A) piranha cleaned silicon wafer functionalized with 
APTES, (B) piranha cleaned silicon wafer functionalized with APTES with NHS-
PEG3400-MAL and NHS-PEG2000 in solution, (C) piranha cleaned silicon wafer 
functionalized with APTES and PEGS with a helical protein with a C-teriminal cysteine 
(Syb or Syx) in solution, (D) and the final surface layer structure. Figure 4.2 was published 
by Idiris et al.4 and the copyright permission was obtained prior to the submission of this 
document.  
 The samples were then washed 5 times with acetone for 5 minutes each and dried with 
nitrogen. The samples were dried in a 110 C oven for 45 min. 
 Two types of PEGs (polyethylene glycol) were used in surface functionalization: a 
spacer PEG, NHS-PEG2000 (mPEG), and a linker PEG, NHS-PEG3400-MAL (malPEG), 
were used in ratios varying from 100:1 to 1:14. The samples were added to 1.7E-7 total 
moles of PEG in DI water for 2.5 hours as shown in Fig. 4.2B (see Appendix for PEG 
molar calculation). Simultaneously the protein, Syb or Syx depending on the 
functionalization technique, was cleaved from MBP using the thrombin cleavage site. 
0.001 mL of thrombin was added and to the protein and permitted to incubate for 1 hour. 
After the PEG functionalization, the samples were added to a 1 nM solution of the protein 
in 20 mM Tris pH 7.5 buffer with 5mM TCEP to prevent cross linking for 2.5 hours. The 
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C-terminal cysteine in Syb and Syx was utilized in this step for the attachment to the 
maleimide group as shown in Fig. 4.2C and 4.2D. 
 
4.2.4 Surface Functionalization for JKR Experiments 
The JKR experiment involves the indentation of a surface by a functionalized stiff spherical 
probe to measure adhesive interactions as shown in Fig. 4.3. For the JKR experiments two 
samples were required: a PDMS sample functionalized with Syx and a glass indenter (3-
4mm) functionalized with Syb as shown in Fig. 4.3. 

 
Figure 4.3 The JKR adhesion setup is shown including a PDMS functionalized surface 
with Syx and a glass indenter functionalized with Syb. SNAP25 is added in solution 
immediately before the adhesion experiments are performed.  
 For the PDMS surfaces the silicon wafer protocol was used, but the surfaces were only 
Piranha cleaned for 10 min. For the glass indenters, the silicon wafer protocol was used, 
but the surfaces were Piranha cleaned for 2 hours. This was to ensure that the glass 
indenters were free of contaminants due to the fact that these were reused for experiments.  
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4.2.5 JKR Experiments 
Immediately before the JKR experiments were performed, the PDMS Syx sample was 
transferred to a petri dish of Tris buffer with TCEP and 2nM SNAP25 where the sample 
was adhered to the dish. The Syb coated glass indenter was used on the JKR to perform 
adhesion experiments between the two surfaces. The indenter was advanced until it was 
put in contact with the surface for anywhere from one second to overnight, and the indenter 
was receded from the surface and the adhesion force measured. 

 
4.3 Results and Discussion 

To confirm that the protein purification had worked successfully, gel electrophoresis 
was conducted for all of the effluents from the IMAC column. The electrophoresis gel for 
Syb + MBP is shown in Fig. 4.4. 

 
Figure 4.4  The electrophoresis gel for them IMAC effluents for the Syb + MBP 
purification is shown with the sample wells labeled. Syb + MBP (56 kDa) is present in 
wells 6 – 15.   
Syb + MBP, 56 kDa, was present in sample wells 6 -15. Because sample wells 10 – 15 had 
a higher concentration of Syb, the effluents corresponding to those wells were used for 



146  

experiments. The gels for Syx and SNAP25 were quite similar and are given in the 
Appendix. 
 In order to determine the incubation time required for thrombin cleavage, samples 
of Syb + MBP and thrombin were incubated from 30 min to 2 hours and gel electrophoresis 
was conducted to confirm cleavage as shown in Fig. 4.5. 

 
Figure 4.5  The electrophoresis gel for thrombin cleavage of Syb and MBP are shown. In 
the first well is Syb + MBP. The other wells contain the addition of thrombin with 
incubation times of 30 min, 1 hour, and 2 hours respectively for all of which thrombin 
cleavage is successful.  
Thrombin cleavage of Syb (13 kDa) and MBP (43 kDA) was successful for all incubations 
times of 30 minutes to 2 hours, so 1 hour was used to be safe. The same results were shown 
for Syx and SNAP25 as shown in the Appendix. 

In order to confirm that something was being added to the surface during each 
functionalization step, several ellipsometry experiments were performed on silicon wafer 
as shown in Table 4.1.  
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Table 4.1 Two sets of ellipsometry experiments were done on for surface 
functionalizations on silicon wafer. These experiments showed that with each new layer 
added to the sample there was an additional thickness gained in the sample. 

 Sample Set 1 Sample Set 2 

Layer 
Additional 
Thickness 

(nm) 
Additional 
Thickness 

(nm) 
Piranha 2.3 ± 0.3 2.1 ± 0.3 
APTES 1.5 ±  0.2 1.2 ± 0.2 
mPEG 0.1 ± 0.2 0.0 ± 0.2 
mPEG + malPEG 0.8 ± 0.3 0.8 ± 0.2 
Syb 4.4 ± 2.4 0.9 ± 0.1 
Syx   0.7 ± 0.2 
SNARE (Syb first)   1.9 ± 0.1 
SNARE (Syx first)   0.5 ± 0.2 

 
Two sets of experiments were done with two different sample sets. The samples in 

each set included piranha cleaned silicon wafer, piranha cleaned silicon wafer with APTES, 
piranha cleaned silicon wafer with APTES and mPEG, and piranha cleaned silicon wafer 
with APTES and mPEG and malPEG (100:1). Additionally there were samples including 
SNARE proteins: Syb, Syx, SNARE (with Syb  added first and then Syx and SNAP25), 
and SNARE (with Syx added first and then Syb and SNAP25). All of the SNARE protein 
samples included the APTES, mPEG, and malPEG surface functionalization first. With 
each additional functionalization step performed there was an additional thickness layer 
added to the sample. The piranha and PEG experiments are consistent among the two 
sample sets, however there is a large discrepancy between the Syb data. For the SNARE 
experiments, there should be no difference in thickness between Syb or Syx being added 
first however the results said otherwise. It is very difficult to conclude whether the 
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functionalization worked or not from this data, however it did confirm that layers were 
added with each functionalization step.  

In addition to the ellipsometry experiments, contact angle experiments using DI water 
were also done on same two sample sets as shown in Table 4.2.  
Table 4.2  The advancing and receding contact angles were determined for all samples in 
sample set 1 and sample set 2 that correspond to the samples in Table 4.1. 

 Sample Set 1 Sample Set 2 
 Advancing Receding Advancing Receding 

Functionalization Angle (deg) Angle (deg) Angle (deg) Angle (deg) 
Piranha 69 ± 5 48 ± 7 58 ± 3 48 ± 7 
APTES 46 ± 6 30 ± 7 50 ± 3 34 ± 10 
mPEG 76 ± 5 54 ± 8 67 ± 6 39 ± 8 
mPEG + malPEG 64 ± 5 49 ± 9 40 ± 4 32 ± 4 
Syb 78 ± 6 55 ± 11 64 ± 6 46 ± 13 
Syx     60 ± 6 50 ± 8 
SNARE (Syb 
first)     75 ± 2 42 ± 13 
SNARE (Syx 
first)     67 ± 6 48 ± 7 

 
Within the margin of error nearly all of the advancing and receding angles are consistent 
between sample set 1 and sample set 2, however these results were inconclusive.  
 The ellipsometry experiments had shown that something was being deposited on 
the surface during each functionalization step, and the contact angle experiments were not 
conclusive. So in order to determine if the surface functionalization procedure was 
working, JKR adhesion experiments were conducted. In all experiments there was a 
functionalized PDMS surface put into contact with a functionalized glass indenter as shown 
in Fig. 4.3. Several sample types were used similar to those used in the ellipsometry and 
contact angle experiments and the results are summarized in Table 4.3. 
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Table 4.3  The results of JKR experiments are shown for several sample types. The results 
were robust for the three experiments performed for each sample type. 

PDMS Indenter In Solution Adhesion? 
Piranha Piranha Tris/TCEP No 
malPEG malPEG Tris/TCEP No 
mPEG mPEG Tris/TCEP Yes 
mPEG + 
malPEG 

mPEG + 
malPEG Tris/TCEP Yes 

Syx Syb SNAP25 No 
 
There was no adhesion shown during pull off for the piranha or malPEG samples. When 
mPEG was added with or without malPEG there was consistently adhesion for all 3 sets of 
experiments. For those experiments mPEG:malPEG concentrations were 100:1. When 
SNARE proteins were added, there was no adhesion for the 100:1 ratio, so this was 
increased to 10:1 and 1:1 and there was still no adhesion. In Gao et al.2 the SNARE proteins 
were incubated overnight prior to optical tweezer experiments. In the results in Table 4.3 
the incubation time was ~1 second where the indenter and PDMS surface were in contact. 
So we did 3 experiments with the SNARE system where the indenter was put in contact 
with the surface and left to incubate overnight. After ~16 hours the indenter was receded 
from the surface. In 2 out of 3 of the overnight experiments there was adhesion. An example 
of the data from one of the overnight expements is shown in Fig. 4.6. 
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Figure 4.6  Successful force displacement data for an overnight JKR experiment for 
SNARE adhesion is shown. Upon recession from the PDMS surface, the glass indenter 
experiences an adhesive force.  
As the indenter is receded from the PDMS surface (displacement) there is an adhesive force 
shown right before the indenter is pulled off the surface.  

Despite the fact that there is a promising result that surfaces with SNARE proteins 
show adhesive interaction after overnight incubation, much more work still needs to be 
done to confirm these results. More surface characterization should be done to show that 
the SNARE proteins have assembled on the surface of the PDMS and glass indenter. Also 
the overnight experiments should be repeated using the piranha, APTES, and PEG controls 
to show that this is actual SNARE interaction and possibly bundle formation producing the 
adhesive forces. We also jumped from incubation times of ~1 second to ~16 hours, so a 
study should be done varying the incubation time to see if there is an ideal incubation time 
for bundle formation.  



151  

 
4.4 Appendix 

4.4.1 Protein Expression and Purification Protocolf 
4.4.1.1 Protein expression in ZYP media 

After the protein plasmid has been transformed into BL21 cell, make a liquid cell culture. 
To make the liquid cell culture, add one colony of cells to 15mL Lysogeny broth (LB) 
with 50µg/mL kanamyacin (kan) and incubate at 20C overnight. (Note that 50µg/mL of 
kan are kept with the cells at all stages of expression.)  After incubation: 

1. Dilute incubated cells 100x in ZYP + kan 
a. ZYP formulation (200 mL): 

i. 185.3 ZY 
ii. 203.3 uL 1M MgSO4 

iii. 4.14 mL 50x 5052 
iv. 10.34 mL 20x NPS 

b. ZY formulation (1L): 
i. 10g casein peptone 

ii. 5 g yeast extract 
iii. Bring to 1L with tap water 

c. Allow cells to grow at 37C overnight.  Collect cell pellets & store frozen. 
 

                                                           
f These procedures were supplied by Dr. Bryan Berger, Dr. Rachel Barton, and Dr. Logan MacDonald. 
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4.4.2 Protein Flash Freezing and Tip Sonication Protocol 
After completing the protein expression, protein flash freezing and tip sonication is done: 

1. Take expression cell pellet & re-suspend in lysis buffer. For 200 mL of expressed 
culture, we typically re-suspend in 10 mL of the desired buffer. 

2. Freeze suspension at -80C for 10 minutes or until frozen solid (longer is ok). 
3. Thaw suspension in the 37C water bath.  Once the solution is liquid, try to keep it 

cold as much as possible. 
4. Make an ice slurry by filling a 400 mL beaker with ice and adding tapwater and a 

little salt. 
5. Place sample in ice beaker & assemble the tip-sonicator.  Ensure that the conical 

tube is not touching the beaker, nor is it touching the tip (the tip should be 
submerged in the liquid, but not touching the walls of the conical tube).  Try to 
keep the liquid level of the sample below the slurry level. 

6. Tip-sonicate for a processing time of 15 minutes with 20 second on/off pulses 
(total time of 30 minutes).  Check that it is running at 15W and adjust the front 
dial as necessary to make this happen. 

7. Once the sonication is done, clean-off the tip-sonicator using ethanol. 
8. Centrifuge the suspension at maximum speed for 20 minutes.   

a. Transfer the supernatant to a new conical tube. 
b. Centrifuge the suspension at maximum speed for 20 minutes. 
c. Transfer the supernatant to a new conical tube & either proceed to IMAC 

or store frozen.  
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4.4.3 Protein Purification Protocol 
Protein purification is done using immobilized metal affinity chromatography (IMAC): 

1. Prewash the column 3 column volumes (CV) of H2O 
2. Charge the column by running 2 CV of 0.2 M NiCl2 solution 
3. Wash unbound nickel ions by running 3 CV of H2O 
4. Equilibrate column in 1-2 CV of IMAC Lysis Buffer  
5. Bind you sample by running your cell lysate, collect flow through. 
6. Wash with 10 CV of 10mM imidazole, collect flow through. 
7. Wash with 2 CV of 25mM imidazole, collect flow through. 
8. Wash with 2 CV of 100mM imidazole, collect flow through. 
9. Wash with 2 CV of 150mM imidazole, collect flow through. 
10. Wash with 2 CV of 200mM imidazole, collect flow through in small aliquots. 
11. Elute product with 2 CV of 500mM imidazole, collect flow through in small 

aliquots. 
12. Strip away nickel and any bound proteins by running 2 CV of Column Stripping 

Buffer.  If the resin still appears blue after this, add more stripping buffer. 
13. Wash away any excess Column Stripping Buffer by running 3-5 CV of H2O 

 
4.4.4 Moles of PEG Calculation 
A rough calculation for the amount of PEG required for surface functionalization was done 
based on the amount of APTES on the surface. There is ~1 APTES molecule on the surface 
per A2 or 1016 APTES molecules/cm2. For surface functionalization, there should be ~10x 
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the amount of PEG in solution. Each surface used has a surface area of ~1cm2, so ~1017 
PEG molecules or 1.7E-7 moles of PEG are required per sample.  
 
4.4.5 Protein Purification Gels 

To confirm that the protein purification had worked successfully, gel electrophoresis 
was conducted for all of the effluents from the IMAC column. The electrophoresis gel for 
Syx + MBP is shown in Fig. A4.1. 

 
Figure A4.1 The electrophoresis gel for them IMAC effluents for the Syx + MBP 
purification is shown with the sample wells labeled. Syx + MBP (56 kDa) is present in 
wells 5 – 15.   
Syb + MBP, 56 kDa, was present in sample wells 5 -15. Because sample wells 12 – 14 had 
a higher concentration of Syx, they were used for experiments. The electrophoresis gel for 
SNAP25 + MBP is shown in Fig. A4.2. 
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Figure A4.2 The electrophoresis gel for them IMAC effluents for the SNAP25 + MBP 
purification is shown with the sample wells labeled. SNAP25 + MBP (67 kDa) is present 
in wells 6 – 15.   
SNAP25 + MBP, 67 kDa, was present in sample wells 6-15. Because sample wells 12 – 14 
had a higher concentration of SNAP25, they were used for experiments. 
 
4.4.6 Thrombin Cleavage Gels 
In order to determine the incubation time required for thrombin cleavage, samples of Syx 
+ and thrombin were incubated from 30 min to 2 hours. The same experiment was done 
with SNAP25 + MBP and thrombin. Gel electrophoresis was conducted to confirm 
cleavage as shown in Fig. A4.3. 
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Figure A4.3  The electrophoresis gel for thrombin cleavage of Syx + MBP and SNAP25 
+ MBP are shown. To the left of the protein ladder in the first well is SNAP25 + MBP. The 
other wells (to the left of the ladder) contain the addition of thrombin with incubation times 
of 30 min, 1 hour, and 2 hours respectively for all of which thrombin cleavage is successful. 
To the right of the protein ladder in the first well is Syx + MBP. The other wells (to the 
right of the ladder) contain the addition of thrombin with incubation times of 30 min, 1 
hour, and 2 hours respectively for all of which thrombin cleavage is successful.  
Thrombin cleavage of SNAP25 (24 kDa) and MBP (43 kDA) was successful for all 
incubations times of 30 minutes to 2 hours, so 1 hour was used to be safe. These same 
analysis occurred for Syx (13 kDa) and MBP (43 kDa). 
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Chapter 5: Analytical Model and Kinetics of TIM Protein-Mediated 
Ebola Virus-Host Cell Adhesiong 

5.1 Introduction 

Since the most recent outbreak in 2014, the Ebola virus (EBOV) epidemic remains one of 
the world’s major public health and safety concerns. EBOV is a single-stranded, negative-
sense RNA virus that can infect humans and primates, and causes hemorrhagic fever1. It 
has been proposed that the T-cell immunoglobulin and mucin domain (TIM) family 
proteins act as cell surface receptors for EBOV, and that the interaction between TIM and 
phosphatidylserine (PS) on the surface of EBOV mediates the EBOV-host cell 
attachment2,3. In order to develop treatments/vaccines for EBOV it is necessary to better 
understand the conditions under which the virus is internalized into a host cell. 

To infect a host cell, EBOV first attaches to the host cell using the cell’s own T-
cell immunoglobulin Ig and mucin domain 1 (TIM-1) transmembrane proteins, 
binding to the phosphatidylserine (PS) covering EBOV’s surface as shown in Fig. 
5.1A4.  

                                                           
g This work is part of a manuscript under review as: Dragovich, M., Fortoul, N., Jagota, 
A., Schutt, K., Xu, Y., Sanabria, M., Moyer, D., Moller-Tank, S., Maury, W., Zhang, 
X.F. Biomechanical Characterization of TIM Protein-Mediated Ebola Virus-Host Cell 
Interaction. (under review) 
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Figure 5.1   (A) Schematic of the adhesion of EBOV and a deformed host cell membrane 
is shown including TIM-1 receptors on the host cell. (B) A schematic of the TIM-1 receptor 
coming into contact with the EBOV surface. TIM-1 comprises a negatively charged stalk 
or mucin-like domain, MLD, and a positively charged head group, IgV. The base of the 
TIM-1 stalk is imbedded in the cell membrane that is covered with a flexible glycocalyx 
layer. The surface of the virus is negatively charged and covered with PS and large 
glycoproteins.  
 

After EBOV has adhered to the cell, endocytosis occurs and it is internalized 
by the cell. This process is electrostatically driven by the positive charge on the TIM-
1 head group, IgV, and the negative charge of the PS on EBOV as shown in Fig. 5.1B. 
TIM-1 is composed of an IgV head group and a negatively charged stalk or mucin-
like domain (MLD)5. The membrane bound end of TIM-1 is also covered with a 
glycocalyx layer which hides some of the TIM-1 stalk. It has been shown that there is 
a minimum length of TIM-1 of 120 amino acids needed for EBOV to be internalized4. 
It has also been shown that the composition of the stalk does not affect this behavior4. 
We propose that perhaps the reason for these findings are that a minimum stalk length 
is required for TIM-1 emerge from the glycocalyx and interact with PS. Another 
hypothesis is that TIM-1 must be long enough to overcome the electrostatic (or 
hydration) repulsion between the two negatively charge membranes.  
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Although TIM-1 and TIM-4 proteins have been characterized as the PVEER for 
EBOV2, little is known about the biomechanical properties of the TIM-1/-4 – host cell 
interaction that help to initiate EBOV internalization. In particular, how the mechanical 
interaction collectively drives virus engulfment, remain unclear. The mechanical strength 
of interaction between TIM and PS has been determined using atomic force microscopy 
(AFM)-based single-molecule force spectroscopy, a method where a single bond rupture 
between two proteins can be measured directly. 

How do the biophysical parameters identified from single-molecule studies relate to 
the mechanics of virus engulfment?  To address this question, we have developed a simple 
model for EBOV-host cell interaction driven by adhesive interactions between the virus 
and cell-membrane receptors. Our model is based on interaction between the viral particle 
and cell membrane driving adhesion, which is at the energetic cost of deforming the 
membrane. Generally, the agents resisting deformation are either bending of the 
membrane, its tension, or both. We study two limiting cases where deformation is 
dominated by (1) membrane bending and (2) membrane tension. 

We have begun to develop coarse-grained simulations to discriminate between 
the hypotheses for how TIM-1 functions in the binding of EBOV. In a previous work 
by Dragovich, et al.6, adhesion experiments were performed using an atomic force 
microscope, AFM. These experiments were used to quantify the adhesive interaction 
between TIM-1 and PS using a Bell-Evans model7. As a preliminary study, to begin 
to develop and calibrate the potentials to be used in the CG model with this 
experiment, we simulate one CG bead, representing IgV, and an analytical surface.  
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5.2 Materials and Methods 

5.2.1 Analytical Model of EBOV-Host Cell Interaction 
The virus is assumed to be cylindrical and relatively stiff so that it maintains its circular 
cross-section as shown in the schematic in Fig. 5.2. 

 
Figure 5.2  The geometry of a cylindrical viral particle with radius ࡾ adhering to a cell 
membrane is shown. The virus is long with a large internal pressure, so we assume it is 
stiff and model it in two-dimensions. Region I indicates the contact region of width 2ࢇ and 
Region II indicates the region where the membrane is free of lateral loads which is 
symmetrical with a width of ࢈ that has a maximum deformation of -δ. Circles indicate the 
width of the contact region. 
 
  Because its length is large compared to the radius, we model the interaction in the 
two-dimensions of the virus cross-section.  The viral particle is in the tens of nm in 
diameter, much smaller than the size of the cell it infects.  Therefore, we assume that the 
cell membrane (Figure 5.2, blue line) is originally flat but deforms under contact with the 
virus.  The contact width is 2a and the cell membrane is supported some distance l=a+b 
away from the center of the virus attachment point; this represents a characteristic distance 
over which macropinocytosis occurs. We study this system under two limiting conditions: 
(1) membrane bending dominates and tension in the membrane is negligible and (2) tension 

R
2a 

x

bRegion II
Region I
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in the membrane dominates and membrane bending is negligible. To quantify this 
condition, consider the equation governing deflection w of the membrane when both 
bending and tension are present: 
ߢ ௗర௪

ௗ௫ర − ܶ ௗమ௪
ௗ௫మ = 0                                                         (5.1) 

where T is the tension (N/m) and ߢ is the bending rigidity,  
When normalized by ܴ, this is 

఑
்ோమ

ௗర௪ഥ
ௗ௫̅ర − ௗమ௪ഥ

ௗ௫̅మ = 0                                                         (5.2) 
Thus, we can neglect tension if ఑

்ோమ ≫ 1; conversely we can neglect bending if 
఑

்ோమ ≪ 1.  Using values for ߢ = 40 kBT and R=40 nm, we find T<100 pN/µm is needed to 
be able to neglect tension.   
 
5.2.1.1 Membrane Bending Dominated Limiting Case 
 
To express this mathematically, we write the total energy of the system as a sum of 
contributions from the elastic bending of the membrane and adhesion between the 
membrane and viral particle: 

௧ܷ௢௧௔௟ = ܷ௘௟௔௦௧௜௖ + ܷ௔ௗ௛௘௦௜௩௘ = ூܷ + ூܷூ + ܷ௔ௗ௛௘௦௜௩௘                              (5.3) 
where Uelastic is the contribution due to membrane bending, and ܷ௔ௗ௛௘௦௜௩௘ is the 
contribution due to adhesion between TIM and the viral surface. The elastic bending energy 
is a sum of contributions from two regions, region I where the membrane is in contact with 
the virus and region II where it is free of lateral loads.  The deflection w(x) is prescribed in 
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region I by the circular shape of the virus cross-section and, according to small-deflection 
plate theory8 w(x) is governed in region II by the differential equation  
ߢ ௗర௪಺಺

ௗ௫ర = 0                                                                        (5.4) 
The elastic energy (per unit length out of plane) in terms of the displacements is given by 
ܷ௘௟௔௦௧௜௖ = ׬ ఑

ଶ ൫ݓூ"൯ଶ௟
௕ ݔ݀ + ׬ ఑

ଶ ൫ݓூூ" ൯ଶ௕
଴  (5.5)                                ݔ݀

where ߢ is the bending rigidity of the cell membrane (in Joules; typically 10-100 kBT9–11).  
The adhesion energy is given by  
ܷ௔ௗ௛௘௦௜௩ = ݈)ߩ− −  (5.6)                                                           ߚ(ܾ
where ߩ is the number of bonds per unit area, and ߚ is the free energy of binding of each 
bond.  We proceed as follows.  (See Appendix for details.)  For specified values of 
parameters b, l, δ, R, β, and ߢ, we solve equation (5.4) subject to the conditions that 
deflection matches the circular profile of the virus in region I; w and w’ are both zero at 
x=0; and both are continuous at x=b.   We then impose a condition of configurational 
energy balance, that is, energy is minimized with respect to location of the contact edge: 
ௗ௎೟೚೟ೌ೗

ௗ௕ = 0                                                          (5.7) 
The minimum energy condition provides the equilibrium value of b (and hence of a) 
eliminating b as a variable.  Finally, we vary δ until the value of the net normal force, which 
is proportional to w’’’ evaluated at x=b, equals zero.  This situation corresponds to 
adhesion of the virus to the cell membrane in the absence of a net external force, and thus 
eliminates δ as a variable.  
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 The following normalization simplifies the analysis and reveals the important 
dimensionless parameters that govern the adhesion behavior.  We normalize all distances 
and sizes by the radius of the virus: 
̅ߜ = ఋ

ோ ;  തܾ = ௕
ோ ;  ݈ ̅ = ௟

ோ                                                         (5.8) 
and force and energy as 
തܨ = ி

ఘఉ ;  ഥܷ௧௢௧௔௟ = ௎
ఘఉோ                                                          (5.9) 

With normalization we find that the solution depends solely on two dimensionless 
parameters: 
ߙ = ఑

ଶఘఉோమ and ݈ ̅                                                                  (5.10) 
In particular, the equilibrium contact width,  തܽ = തܽ(ߙ, ݈)̅.  The first parameter, ߙ, represents 
the ratio of bending energy (2/ߢ) for one radian and adhesion energy ߚߩ ଶ.   
 
5.2.1.2 Membrane Tension Dominated Limiting Case 
The total energy for the system is now: 

௧ܷ௢௧௔௟ = ௧ܷ௘௡௦௜௢௡ + ܷ௔ௗ௛௘௦௜௩௘                                                                  (5.11) 
where Utension is the contribution due to the work done by tension in the membrane, and 
ܷ௔ௗ௛௘௦௜௩௘ is the contribution due to adhesion between TIM and the viral surface represented 
by 
ܷ௔ௗ௛௘௦௜௩௘ =  (5.12)                                                      ߚߩߠܴ− 
where ߠ is the angle of virus internalization (ߠ = 0 representing no engulfment, and ߠ =  ߨ
corresponding to total engulfment). The work done by the tension in the membrane, 

௧ܹ௘௡௦௜௢௡, equals the product of tension and total length:  
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௧ܹ௘௡௦௜௢௡ = ߠܴ)ܶ  + ݈ −  (5.13)                                                     (ߠ݊݅ݏܴ
Adding the energy contributions from the tension in the membrane to the adhesive energy 
from the TIM-1 interaction we find the total energy to be 

௧ܷ௢௧௔௟ =  ܴܶ൫ߠ + ݈ ̅ − ൯ߠ݊݅ݏ − ்ோఏఘఉ
்                                                      (5.14) 

which can be nondimensionalized to  
ഥܷ௧௢௧௔௟ = ௎೟೚೟ೌ೗

்ோ  = ߠ + ݈ ̅ − ߠ݊݅ݏ − ఏ
ఊ                                                     (5.15) 

using the dimensionless variable ߛ that represents the ratio between tension an adhesion 
ߛ = ்

ఘఉ                                                                                                     (5.16) 
Setting the derivative of the energy to zero identifies the equilibrium condition: 
ௗ௎ഥ೟೚೟ೌ೗

ௗఏ = 1 − ߠݏ݋ܿ − ଵ
ఊ =0                                                                                            (5.17) 

which yields the relation 
ߠݏ݋ܿ = 1 − ଵ

ఊ                                                                                         (5.18) 
 
5.2.2 Kinteics of TIM Protein-Mediated Ebola Virus-Host Cell Adhesion 
Dragovich et al.6 quantified the interaction between TIM-1 and PS using a Bell Evans 
model  

݇ = ݇଴ exp ൬݂ߛ
݇ܶ൰                                                                                                                      (5.19) 

where k is the off rate or the rate at which TIM-1 dissociates from the surface covered with 
PS; ݇଴ is the off rate at no force (0.6 1/s), ݂ is the applied force, and ߛ is the activation 
barrier width (0.33 nm). Using solely this information, we developed a potential that could 
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be used to reproduce this experimentally observed Bell-Evans model behavior and Eyring 
kinetics as shown in Fig. 5.37. 

 
Figure 5.3  A pictorial model of the potential used between the TIM-1 head group and the 
EBOV surface (orange) as well as the potential from an external applied force (purple). 
The potential energy from these two forces is shown as a function of the distance between 
IgV and the surface. The interaction potential between TIM-1 and PS starts with a steep 
slope in order to prevent penetration into the surface. The minimum depth of the potential 
is –ࢇ and it grows linearly with distance at a slope of ࢉ૚ until ࢞ ∗=  The interaction .ࢽ
potential becomes 0 at a distance greater than ࢽ.    
 
The interaction potential between TIM-1 and PS starts with a steep negative slope in order 
to penalize penetration into the surface. The minimum depth of the potential –ܽ and it 
grows linearly with distance at a slope of ܿଵ until ݔ ∗=  When this potential is put into .ࢽ
the Bell-Evans form it results in  

ܬ = ଴ܬ exp ቀ− cଵ
kTቁ exp ൬݂ߛ

݇ܶ൰                                                                                                (5.20) 

where ܬ is analogous to the off rate, and ܬ଴exp ቀ− ୡభ
୩୘ቁ is analogous to ݇଴ in equation 

(5.19). Brownian dynamics simulations at 300K were conducted using this potential 
between the one-bead model and an analytical surface in order to confirm that the potential 
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gives the correct kinetics. These simulations were used to assure that the off rate and the 
applied force were related through equation (5.20). 
 
5.3 Results and Discussion 

5.3.1 Analytical Model of EBOV-Host Cell Interaction 
Physically, attachment of the virus to the cell membrane is driven by adhesion between the 
two and we assume it is resisted by energy required to deform the cell membrane. We study 
this system under the limiting conditions where deformation is dominated by (1) membrane 
bending and (2) membrane tension. 
 
5.3.1.1 Membrane Bending Dominated Limiting Case 
Fig. 5.4 shows results for normalized half contact width versus normalized membrane 
bending stiffness for three different values of ݈.̅  
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Figure 5.4  Mechanical model of EBOV-host cell attachment driven by adhesion and 
resisted by membrane bending.  Our principal result is that if a dimensionless parameter 
representing the ratio of bending and adhesion energies has value greater than one, then 
there is no adhesion.  If it assumes values less than one, contact width grows rapidly, 
leading presumably to engulfment. 

 
The most important and definitive conclusion of our analysis is that a condition for 

adhesion between the virus particle and the cell is: 
ߙ = ఑

ଶఘఉோమ < 1                                                                                (5.21) 
This condition is necessary regardless of the value of ݈.̅  If this condition is not met, the 
equilibrium contact width is zero; there is no adhesion.  The second important conclusion 
is that for relevant values of ݈,̅ the normalized contact width rises rapidly with decrease of 
membrane stiffness below the value needed to have any adhesion.  We show results only 
over a range of contact width for which the linear Euler-Bernoulli beam model used here 

R
2a 

x

bRegion II
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should be accurate.  However, it does show the importance of the parameter ߙ: if it exceeds 
unity there is no adhesion; if it is only somewhat smaller than unity, the contact width 
increases rapidly, suggesting easy engulfment of the viral particle.  
 The EBOV virus has a radius of about 40 nm, whereas a reasonable length is about 
250 nm.  Therefore the range of l/R used in Fig. 5.4 matches the range of expected 
dimensions.  Picking reasonable values for ߩ = .ݍݏ ݎ݁݌ 1000  ;kBT; =50kJ/mol 40=ߢ ,݉ߤ
R=40 nm, we find α=0.62, i.e., sufficiently small to drive engulfment.   
 
5.3.1.2 Membrane Tension Dominated Limiting Case 
  Using the relation given in equation (5.18), ߠ was plotted as a function of ߛ in Fig. 
5.5. 

 
Figure 5.5  The angle of virus internalization, ࣂ, is plotted as a function of the ratio between 
tension and adhesion, ࢽ. Based on this relation, virus engulfment will occur when ࢽ <૚/૛. 
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We show that under the tension dominated conditions that viral engulfment is dependent 
on the unitless parameter ߛ. Four conditions are predicted: 

(a) If ߛ = ߠ  → 1 =  Tension is equal to adhesion and half of the virus is engulfed ,2/ߨ
in the membrane 

(b) If ߛ ≫ ߠ  → 1 = 0, Tension dominates, the virus is just touching the membrane, 
and no engulfment occurs 

(c) If = ଵ
ଶ ߠ  →   =  .Adhesion dominates and the virus is engulfed  ,ߨ

(d) If < ଵ
ଶ , Adhesion dominates and the virus is engulfed. 

 
5.3.1.3 Overall Discussion for the Analytical Model 
We have developed a simple model for the mechanics of attachment of viral particles to a 
cell membrane.  The purpose of the model is to show how single molecule measurements 
can be combined with other physical properties of the system, such as density of ligand-
receptor pairs and membrane stiffness, to predict whether and to what extent a viral particle 
will adhere to the cell membrane.  We model attachment as being driven by TIM–PS 
adhesion and resisted by membrane bending.  (In some cells, membrane tension will be the 
dominant player resisting deformation.)  The model finds equilibrium configurations for 
given assumed deflections of the viral particle.  It then seeks that deflection for which the 
force on the virus vanishes, thus finding the condition of natural adhesion without external 
forces.  We show that the process is governed by two dimensionless parameters, the more 
important of which is the ratio of bending and adhesion energies.  When this parameter 
exceeds unity in value, no adhesion is possible; for values less than one, the size of the 
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contact increases rapidly, presumably leading to engulfment of the viral particle.  If tension 
dominates over bending as the agent resisting deformation, the engulfment is governed by 
the value of a single parameter representing the ratio of works of tension and adhesion.  
 
5.3.2 Kinetics of TIM Protein-Mediated Ebola Virus-Host Cell Adhesion 
One IgV bead was simulated using Brownian Dynamics at 300K. The interaction potential 
used is describe in Fig. 5.3. These simulations were conducted using various values of ܿଵ 
and applied force, ݂. For each set of conditions, 1000 beads were simulated and their off 
rates were determined for a value of ߛ = 0.33݊݉ as determined by Dragovich et al.6 as 
shown in the inset of Fig. 5.6. 

 
Figure 5.6  In the inset the natural log of the dissociation rate of a CG IgV of TIM-1 and 
PS is shown as a linear function of normalized external force for given values of ࢉ૚. When 
the results are shifted based on the normalized values of ࢉ૚, the results collapse onto a 
single linear master curve. 
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This shows that ln(ܬ) is a linear function of ௙ఊ
௞்  for a given value of ܿଵwhich agrees 

with equation (6.2). According to Eyring kinetics, as the value of ܿଵ is increased, the off-
rate should decrease which is also a result that is captured by the model. When our results 
are shifted by − ௖భ

௞் in Fig. 5.6, our results collapsed onto a single master curve again 
confirming that the potential used produces valid kinetics. Now that the IgV and PS 
interaction potential has been validated, it can be applied to a future CG model of EBOV 
and host cell interaction. 

 
 

5.4 Appendix 

5.4.1 Mechanics of Virus Attachment by Adhesion When Bending Dominates Over 
Tension 

In that case, the governing equation for membrane deformation is 
ௗర௪ഥ
ௗ௫̅ర = 0                                                                                  (A5.1) 
We analyze the geometry shown in Fig. 5.2, and adopt the following additional 
assumptions: 

1. The membrane acts as if it is on a fluid substrate for x=0 to x=l 
2. The membrane is tethered at the ends a distance b from where the viral particle 

touches the membrane 
3. The virus is rigid and nondeformable 
4. By symmetry about the center axis of the virus, we model only the right half of the 

geometry. 
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Region I (where the virus adheres to the membrane) 
Membrane deflection in this adhesive zone between x=b and x=l=a+b is prescribed by the 
shape of the viral particle: 

ݕ = ܴ − √ܴଶ − ଶݔ = ܴ − ܴට1 − ቀ௫
ோቁଶ = ܴ ቆ1 − ට1 − ቀ௫

ோቁଶቇ               (A5.2) 

Using Taylor Series Expansion, this approximates to ௫మ
ଶோ .  The deflection in region I is 

therefore 
(ݔ)ூݓ = ߜ + ௫మ

ଶோ                                                                  (A5.3) 

ூᇱ(௫)ݓ = − ௫
ோ                                                                             (A5.4) 

At the boundary between regions I and II, 
(ܾ)ூݓ = ߜ + ௕మ

ଶோ                                                                 (A5.5) 

(ܾ)ூᇱݓ = − ௕
ோ                                                                               (A5.6) 

 
Region II (Membrane not in contact with virus) 
Integrating the governing equation (5.1), we get 
(ݔ)ூூݓ = ܿଵ + ܿଶݔ + ܿଷݔଶ + ܿସݔଷ                                                    (A5.7) 
ூூᇱݓ (ݔ) = ܿଶ + 2ܿଷݔ + 3ܿସݔଶ                                                     (A5.8) 
This must satisfy the boundary conditions: 
(ܾ)ூூݓ = (ܾ)ூݓ = ߜ + ௕మ

ଶோ                                                   (A5.9a) 
ூூ(0)ݓ = 0                                                                           (A5.9b) 
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ூூᇱݓ (ܾ) = (ܾ)ூᇱݓ = − ௕
ோ                                                   (A5.9c)   

ூூᇱݓ (0) = 0                                                                            (A5.9d) 
(There is no cumulative force in region I and II, but there is a point force at the boundary 
between the two regions.)  This gives us the result that ܿଵ = ܿଶ = 0, and 
ܿଷ = ௕మା଺ఋିସ௕௟ାଷ௟మ

ଶ௕మ                                                                (A5.10) 

ܿସ = ିଶఋା(௕ି௟)௟
௕య                                                                (A5.11) 

Now that we know the deflection everywhere, we can create the expression for Utotal (under 
displacement control) 

௧ܷ௢௧௔௟ = ܷ௘௟௔௦௧௜௖ + ܷ௔ௗ௛௘௦௜௩௘ = ூܷ + ூܷூ + ܷ௔ௗ௛௘௦௜௩௘                                    (A5.12) 
௧ܷ௢௧௔௟ = ׬ ఑

ଶ ଶ௟(ூᇱᇱݓ)
௕ ݔ݀ + ׬ ఑

ଶ ଶ௕(ூூᇱᇱݓ)
଴ ݔ݀ − ݈)ߩ − ܾ)ܹ                                      (A5.13) 

௧ܷ௢௧௔௟ = ఑
ଶ ቀଵ

ோቁଶ (݈ − ܾ) + ఑
ଶ (4ܿଷଶ + 12ܿସଶܾଷ + 12ܿଷܿସܾଶ) − ݈)ܹߩ − ܾ)            (A5.14) 

In terms of normalized variables: 

̅ߜ = ߜ
ܴ 

തܾ = ܾ
ܴ 

ܿଷഥ = ܴܿଷ 
ܿସഥ = ܴଶܿସ 

݈ ̅ = ݈
ܴ 

௧ܷ௢௧௔௟ = ఑ோ
ଶ ቀଵ

ோቁଶ (݈ ̅ − തܾ) + ఑
ଶோ (4ܿଷ̅ଶ + 12ܿସ̅ଶ തܾଷ + 12ܿଷ̅ܿସ̅ തܾଶ) − ൫݈ܴܹߩ ̅ − തܾ൯          (A5.15) 

Further defining normalized variables: 
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തܨ = ܨ
 ܹߩ

ߙ = ߢ
 ଶܴܹߩ2

ഥܷ௧௢௧௔௟ = ܷ
 ܴܹߩ

We find 
ഥܷ௧௢௧௔௟ = ൫݈ߙ ̅ − തܾ൯ − 4ܿଷ̅ଶ)ߙ + 12ܿସ̅ଶ തܾଷ + 12ܿଷ̅ܿସ̅ തܾଶ) − ൫݈ ̅ − തܾ൯                        (A5.16) 
First we find the equilibrium point, we set  ௗ௎ഥ೟೚೟ೌ೗

ௗ௕ത = 0 
ௗ௎ഥ೟೚೟ೌ೗

ௗ௕ത = ௕തరିସఈ௕തమ௟మ̅ାଵଶఈ௕ത௟൫̅ଶఋഥା௟మ̅൯ାଽఈ൫ଶఋഥା௟మ̅൯మ
௕തర                                       (A5.17) 

Next, we vary ̅ߜ until we find the condition where force on the membrane is zero.  This is 
done by evaluating shear force 
ܸ = − ௗெ

ௗ௫ = − ఑ ௗయ௪
ௗ௫య = −6ܿସ                                                    (A5.18) 
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Figure A5.1  Example of normalized total energy as a function of normalized deflection 
and contact-half-width for ࢻ = ૙. ૡ૞ and ̅࢒ = ૞.  For each deflection, we find the value of 
normalized contact half-width that minimizes total energy.  Then, along the locus of these 
points (black line in the figure), we search for the condition that shear force is zero. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Ub
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Chapter 6: Conclusions and Future Work 
 
6.1 Main Results 

In Chapter 2 and Chapter 3 a CG model of SNARE was developed that included 
chemical specificity. Intrahelical interactions were represented with an elastic network 
model and interhelical interactions were represented using Miyazawa and Jernigan 
contact energies. This model is simulated using Brownian dynamics and was successfully 
calibrated and validated using AA simulations and experimental results.  

In Chapter 2 the results of displacement control simulations to unzipper the CG 
SNARE were used in conjunction with a continuum model of the synaptic 
vesicle/membrane to predict the number of SNAREs required for docking. One SNARE 
can bring the vesicle within 3 nm of the membrane. Increasing this number, brings the 
two closer together. 4-6 SNAREs provide the minimum equilibrium vesicle to a 
membrane distance of about 2 nm. The addition of more SNAREs increases this distance. 
In Chapter 2 the minimum distance between the synaptic vesicle and membrane solely 
through SNARE adhesive forces was 2nm indicating that SNAREs cannot initiate fusion 
without the help of other molecular players. 

In Chapter 3 the SNARE CG model was used to study the SNARE assembly process. 
Force control unzippering and relaxation simulations were used to set up an initial state 
and determine the assembly pathway. The time for assembly was a combination of time 
required for Syb folding and the time for Syb to SNARE assembly. The time for SNARE 
assembly (after Syb has become helical) increases exponentially with the degree of 
SNARE unzippering. For a partially zippered SNARE this assembly would occur in 
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~100ns. However according to experimental data1 Syb folding can add up to seconds to 
this timescale. This is not a feasible time for assembly for evoked vesicle to membrane 
fusions which occurs in microseconds. Therefore a chaperone such as Munc18 would be 
required to put SNARE into a half-zippered, helical primed state for assembly to occur. 

In Chapter 4 a protocol for SNARE adhesion experiments was proposed from protein 
expression and purification to surface functionalization to experimental setup. When 
properly validated, this protocol could be used to study the effect of mutations and could 
be used to help calibrate the SNARE CG model. 

In Chapter 5 a continuum model of the EBOV virus and host cell membrane was 
developed that included membrane bending, membrane tension, and TIM-1 PS adhesion. 
This model was used to predict the equilibrium virus/host cell configuration under two 
limiting cases: (1) High membrane bending stiffness and (2) high tension. For the 
membrane bending limit, a dimensionless number was extracted, the ratio of bending 
stiffness to adhesion energy, which completely determined the equilibrium state of the 
system and whether engulfment is probable. Analogously under the tension limit, a 
dimensionless number was extracted, the ratio of membrane tension to adhesion energy, 
that predicts engulfment conditions. Based on experiment AFM measurements2, an IgV 
PS interaction potential was developed and validated to be used for coarse-grained 
modeling. 
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6.2 Ongoing and Future Work 
In Chapters 2 and 3 a SNARE CG model was developed. This model was combined with 
a continuum model of the vesicle/membrane to predict equilibrium vesicle to membrane 
distances. However due to the nature of the continuum model, fusion could not be 
simulated. Currently a 3 bead CG model of the vesicle/membrane is being developed 
using LAAMPS. The SNARE CG model is being combined with the CG 
vesicle/membrane model in LAMMPS as well, and additional linker and transmembrane 
domains have been added to the SNARE in order to insert the helices into the 
membranes. After this model has been fully calibrated, it can be used to study the 
mechanisms of synaptic vesicle to membrane fusion. 

In Chapter 4 an experimental protocol was developed for SNARE protein 
expression and purification which was validated. These proteins were used to modify 
PDMS surfaces and glass indenters to perform adhesion experiments. The surface 
modification and adhesion experimental procedures still need to be validated. A surface 
sensitive technique such as X-ray photoelectron spectroscopy or the AFM should be used 
to confirm that the surface functionalization protocol has worked. Secondly, SNARE 
bundle formation should also be confirmed. This may be difficult to do with surfaces that 
have been functionalized, but the bundle formation should be proven through the use of 
gel electrophoresis or a technique like small angle X-ray scattering. 

In Chapter 5 a potential for the adhesive interaction between IgV and PS was 
developed. It has been shown that there is a minimum length of TIM-1 of 120 
amino acids that allows EBOV to be internalized3. It has also been shown that the 
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composition of the stalk does not affect this behavior3. We propose that perhaps 
the reason for these findings are that the length of the stalk is a result of ensuring 
that TIM-1 is long enough to emerge from the glycocalyx and bind with PS. 
Another theory is that TIM-1 must be long enough to overcome the electrostatic 
repulsion region between the two negatively charge membranes. Currently CG 
simulations are being developed incorporating the IgV/PS potential  to 
understand what hypothesis may hold true for how TIM-1 functions in the 
binding of EBOV.  
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