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ABSTRACT

Nanoporebased protein detection represents @xciting opportunity to develop
ultrasensitive diagnostic devices that are both portable and affordable. Ajstacoeled
nanopores detect target molecules by binding to tbdatilitateacorresponding blockage
of ionic flow through the pore. Moleculaydamics simulations are an effective method of
guantitatively and qualitatively studying key design features and mechanisms of current
blockage. This work uses coamgeined Langevin dynamics simulations to explore
variousaptamerencoded nanopore systeto facilitate the design of diagnostic deste
detect the bioterror agent, ricifhe optimal signato-noise ratio occurred when ricin could
occupy and interact in a stable manner within a pore cylinder that waarsimsize, as
predicted by the stic exclusion model of current blockadeterestingly,under certain
conditions ricin alsoelicitedionic currentselectivity. The results presented inighihesis
have practical implications fatevice designand the methodology is wegdositioned to

efficiently study related systems.
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Chapter 1lintroduction
1.1 Ricin: A Bioterror Concern

1.1.1 Ricin: Structure, Function & Toxicity

The goal of thighesisis to contribute to our understandimg ricin detectionvia
nanopore devicedy developingand utilizing computationally efficient molecular
dynamics simulationgRicin is a highly accessible and lethal bioterror agég.a protein
that can be readily extracted froRicinus communibeanswhicharegrown industrially
to produce castor ofl]. Due t o ri ci nos , easeafidisparbionbndt vy , S t
inherent potential for nefarioussageit has been categorized asCategoryB bioterror
agent andhas beenranked as the number one bioterror thrggt [3]. Ricin is a
heterodimerioglycoprotein meaningcarbohydrates are covalently attached to it, and is
itself composed of twaniquesubunits t er med t he AA chaiamd and
linked by astrong covalent,disulfide (cysteinecysteine)bond Each subunitplays a
distinctbiological role.The B chain binds carbohydratsabing ricin to attachto the cell
membrane andnter the celVia endocytosisOnce in the cytoplasm, the A and B clsin
can bereductively cleaved by the Golgi apparatiitis processrenderst h&d c iai n o
enzymatically activeandquickly causes cell deathy irreversibly inactivahg ribosomes
(ribosomes play a criticakllularrole inthetightly controlled process giroteinsynthesis)
Dependingpnthe dosage and route of exposiyirasr st 5 0 0 (ore2 gastorbeansnc i n
be lethal to an adu[tl]. As of 2@®1, no effective antida@ or vaccinefor ricin poisoning
has beerapproved for humangl]. At present new vaccinesare inanimal trials[5], [6]
and havehadnotable success mon-human primatesvho weresaved from lethal doses

of ricin by a vaccingwhich provided passive immunity7].



1.1.2 Current Methodsf Detecting Ricin

Duet o r i ci n 0 s, margmaethodshave been developgd tetectit in
various contextgi.e., within biological tissuesenvironmentalcontaminationetc) [1].
Stancard approachesicludeimmunoassaysnass spectrometryand Nuclear Magnetic
ResonancgNMR) based methodg¢see [1] and reérencesthereir). However, these
methods are either impracticalg, mass spacometryand NMR), as they ilize complex,
bulky machinery andequirehighly trained personngbr areliable to false positiveand
negativeresults(eg. immunoassays)For example, complex food rsples containing
lactose can interfere with the antibody capture of ricin gitendfy resuls[8], [9]. On the
other hangdsystens thatrely on castor beadNA (deoxyribonucleic acigamplification
can give false positivebecause the assumption that the DNA correlates with the presence
of ricin can be incorrecfl0]. Therefore in the event of a catastrophthese methods
present an inhererdifficulty in mounting a effectivereattime response in the field.
Consequentlythere has beenracentpush to develop nexgenerationportable diagnostic
deviceswhich offer greatemccuracy,convenienceaccessibility andaffordability [11]i

[13].



1.2Nanopors

1.2.1Biological vs. Synthetic Nanopores

Portable nanopofrbased diagnostic devicage quicklyemerging as versatile tool
for detecting and characterizifgomolecules such as DNA and proteiManopores are
nanoescale pores that span a freestanding membNergoporesre categorized asther
biological(made ofmembranebound proteing or synthetig(solid-state nanoporg$SSN)
which are commonlyabricated fron8ilica nitride SiNx) or molybdenum disulfidéMoS,)
[14], [15] (Figure 11). Nanoporebased devices were pioneered in 19@ten alpha
hemolysin(a biological nanopore) wdgst used to detect RNARibonucleic aciyl and
DNA [16]. This innovatioreventuallyled to commerciahanoporebasedNA sequencing
technologywhich still use a biologically based nanopore sysfé@, [18]. Current
nanoporaesearchs exploring thalevelopnent of SSNs. SSNs aliacreasinglypreferred
over biological nanoporeas a result otheir superiorchemical and physical resilience
control over poresizegeometry and surface chemistry/modificatias well asease of
integration into array platformf®r nanopore biotechnologit9]. A recent review found
that the signato-noise ratio(SNR) of current blockagen SiNx SSNs is superior to
biological nanopores, primarily asfunction of their ability to operatander ahigher
applied voltagewithout structural compromisgl4]. The range of materials anklighly
tunable properties of nanopores mean that theyrarearkaby flexible for detecing
specific biomolecules at the singi@olecule leveland characterimg their biophysical

propertieqi.e., primary sequence, secondary structure, chatge.



Biological Nanopore Solid State Nanopore

Top view

100 nm

(d)

Side view

Figure 1.1: lllustration of biological and solid-state nanoporesA-B: lllustrations of th
biological nanoporefl01]; usedwith permission from AAASC: Top view of a soliestat
nanopore arrajd02]; usedwith permission from AIP Publishin@: Crosssectiondimage o
a 40 nm soliestate nanopore (obtained via a focused ion bg¢a@38); usedwith permissio

from Nanotechnologysonveyed through Copyright Clearance Center, Inc.

1.22 NanoporeBiosensing Concep®& Experimental Setp

The concept of thaletection method is simpl&he target molecusatraverseor
bindin thenanoporeand transiently block the flow of ions which move across the pore in
response to an applied voltagemilar to a Coulter counter, which uses changes in
resistance to counts and size objects going through an apertuwee$pecific pattern of
blockage isthen processed anthapped to the molecul®&lanopors have been used to
detectandcharacterize important biomoleculesluding polypeptidesnucleotidesanda
variety of small pharmaceutically relevant molecul9]i [23]. A typical experimental
setup takes place within a Faraday cage (to avoid external electrical hoiseje a
nanoporgor nanopore array$ set in an insulatinmmembranémmersedn anelectrolytic
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solution. A voltage is appliedacross the cis and trans reservaira electrodesif.,
Ag/AgCI). The corresponding current idetected by a transimpedance amplifieat
converts it into a voltagehenalow pass filteiis applied toeduce the noise before passing

the sighal to ananalog to digital convertarhich is interpreted by a data acquisition card

for a computef24]. A typical experimental nanopore agt is shown in Igure 1.2 For
further details on nanopore fabrication/setup, see Waugh et al. (2020) (protocol is
compatible with many different membrane materidg§]. Nanoporedevicescan be
modifiedin a number of ways to optimize the detection of a given analyte. For example,
theporegeometrycan be tuned to optimize DNA sequencing, or an aptamer can be affixed
to the pordo increasats affinity for a specific proteifaptamers are short singg&randed
nucleic acid molecules that are designed to have selective affinity for a target melecule
see the next section for more detallthough nanopore systems are becoming easier and
more reliable to manufacture, the design of effective nanopore devices can be greatly

assisted through molecular dynamics (Midhulations.

(a) Amplifier

Faraday cage
Headstage :D_L A

Flow cell ]

(b) DAQ card

“Fluidic eﬂ

andClamp
- \H -

Sensing lid

v
&

cquisitiot anopore rabrication
card ing unit

Figure 1.2: Experimental nanopore-sensing seUp:A: Simplified schematic illustrating how t

" Current apliﬁer - e

signalfrom an experimentalanopore system tsansducedo a compuer Adapted with permissic
from [25]© Royal Society of Chemistry: Nanopore fabrication and sensing unit, along with a
acquisition card and current amplifiddapted with permission from [6@) Nature Protocols



1.23 Ricin Detection Via Nanopores

To date, just onexperimental study has developed an integrated nanaptaener
system capable of selective, sensitared quantitative detection of ridia6]. The aptamer
encoded nanopore overcame the problem of selectivity associated with naryspamess
that attempt to detect single molecules via translocatssociated blockages. The problem
arises as any particle smaller than the pore can gererataspecific translocation
blockage and confound analysis. In contrast, aptamers enable clookaes associated
with a bound statdBy binding molecules within the nanopotieeé b o und 6 mddet ect i o
offersseveral advantages over the translocation detegtade First it enables discrete,
stepwise current blocks correspondingto the sequential binding oindividual ricin
molecules this featureenhance the sensitivity and signdb-noise ratio (Figre 1.3).
Second it offers a signal distinct from nespecific translocation blockages which occur
on a much short¢imescale (i.e-10*si 0.1s translocation blockag27]i [29] vs.~6x10°
s for a bound blockagd26]). Finally, it enables the use of a larger pore size, which
increases the capture rate compared to siitgedetection andpens the possibility of
multi-target detection via a universal pore. Indeed, afanationalized nanopore 56 nm
in diameter yieldd no blockage in the presence of ricin, as did the same system when
functionalized with a nomntiricin aptamef26]. This result suggesboth are necessary

to detecticin andit eliminates the possibility of norspecific adsorptioat that pore size



(a)

Ricin A chain

>

(b)

1% ricin molecule bound
(at 12.4 mins)

67.5 NA— diiae

Figure 1.3: lllustration of an experimental aptamer-encoded nanopore system to dete
ricin. (a) Schematidllustrating the functionalized 56 nm diameter nanopore bound to rk
chain. (b) Sample currefimA) vs. time(min.) recording inset axesepresenscale Curren
trace corresponds to a 100 nM solution of riciiM NaCl at-100 mV [26]; reprinted witl

permission ofAnalyst permission conveyed through Copyright Clearance Center, Inc.



1.2.4 AptamerEncoded Nanopores

As previously mentioned, aptamers are short sistfEnded nucleic acid
molecules that aréesigned to have selective affinity for a target moledserecognition
elements, aptamers are advantageous over antibodies (a-patethanalog) which have
traditionally been used for lab&ke detection of molecules. Unlike antibodies, aptamers
function reliably under nomphysiological conditions and are easily amenable to
immobilization on a variety of surfacg30], [31]. Aptamertarget interactions are also
much easier to tune via rational design or molecular evolution, and are cheaper to produce
[30]. Furthermore, aptam&have severalmportantadvantages over antibodies in the
context of nanoporbased detection. Firstly, aptamers are much smaller than their target
molecule, which enables much clearer detectmnalswithin a nanoporg26]. In this
way, aptamers create the possibility of maitlecule binding, which means that the size
of the pore does not necessarily need to match the size of the target &iadtg while
the aptameused by Ding et al. 200@6]was speci fic to ricinés
2011[32], developed a highly selective and sensitive DNA aptaraeredSSRAL.Unlike
manyantibodies, which are confounded by complex food matrixes, this aptamer binds to
ricin's B chain and can reliably concentrate the intaBt @omplex[8], [9], [32]. For these
reasonswe choséo use molecular dyamics tosimulateand visualizehe current blockage

associated with ricin bound to a nanopore via an aptamer.

/



1.3Molecular DynamicsSimulations

A fundamental challenge ibiophysical researcls attaining an atomitevel
description andmechanistic understanding of experimental results. Computer simulations
offer a complementary approadhis paragraph providesbrief overview of thaliversity
of molecular dynamics (MD) simulations that exist and lists some of the specific MD
approachs that were taken in this paper. These approaches will be explained in greater
detail in the following sectiong.he goal ofMD simulations is to identify causal factors
underlying experimental observatiohg simulating and visualizintheir effecs on the
dynamicsof the systenacross time. MD has been used effectively in this nratonmake
advances in many fieldscluding physics, biology, and engineerimg.essence, MDs
used tgpredictand visualizénow a system will evolr A number ofMID algorithms exist
which range from highly detailed quantumechanicalmodels (which are limited in
timescaleandlengthscalg to coarsegrainedmethodqwhich are limited in detatbut can
reach larger timescalesnd length scal@¢s Thus the algorithm selectedor a given
investigatiordepend®nrelevantsystemspecific propertieand questiongn other words,
theselectedsimulation method is a compromise betweemputational feasibilitandthe
level ofdetailit affords. We implement &oarsegrained MD simulation utilizing Langevin
dynamics(LD) and the Week&handlerAndersen (WCA) potentidB3]. Several earlier
studies have used similarly CoaiGeained/Atomistic Brownian Dynamidsased methods
to study ionpermeation through biological nanopores, and analogous nanopore systems to

detect protein and DN34]i [36].



1.3.1Modeling Ricin CoarseGrained Simulations

Coarse grainings a simulation approach that sacrifices fine detail for greater
timescales and/or larger systenrsthe present stugyweremovericind s hy dr ogen at
and treatheremainingnonhy dr ogen at o msas @ figiddalgiyilarast o ms 0 )
Noskovetald s t r e at me n thenwlysin{36]. hisinreans tedetailedonded
interactiondynamicshetween atoms are sacrificed andribn-hydrogenatomsarerigidly
restrainedo the center of mas@-igure1.4). Although his modeleliminates degrees of
freedom (.e.,independent rotation and translation of bonded atairigygely retainsthe
atomstic profile ofricin and permits a larger integration step between sieyes based on
its diffusion coefficient (Appendices A and.BAs a resultwe canreach timescales and
observe dynamics appropriate to inform protein detection via the nanopore system
(Appendix C) In nature, the structure of ricin is quite hetercapers and can vary
depending on glycosylation levels, deamidation, isoform (amino acid composition), post
translational modifications, and environmental [3A]i [41]. Therefore, in this workwve
usal a simplified, noAmodifiedor glycosylatednodel of ricin basedna crystal structure
of ricin (PDB code: 2AAI)42].

To retainthe correctnet chargeof ricin while removing hydrogen atoms (which
carry partial chargesdhe charge profile ofach constituerdmino acid residubad to be
simplified. The atoms of neutral residues were set to zero, while the partial charges
belonging to the atoms of charged amaomd atoms wereedistributed as an integer value
to the most acidi@atom for negatively chargeesiduesor the atom adjacent to the most
basic hydrogen for positively charged residuEsr example,the acidic oxygen in

glutamate was given a charge-b¢, while the chargeoff | ut amat e O wassett her a

10



to Oe (neutra). To generate this simplified charge profile, the software package
GROMACS [43] and the forcefield CHARMM36 [44yereused in conjunction with a
customPyt hon script. R-2e; come§pondingetd an enkiranmengal pi a s

of 7.3.Consequently, rici was sibject to an electrophoretic force from the electric field
(Figure 14). That said, aexperimental ricimanoporestudy found that even in conditions

where ricin was neutralized, it could still translocdteto an electrosmotic force[26].

An interestingextension of the present investigation woulddomodel ricin under various

pH values to better understand how unique charge profiles may affect current blockage
dynamis.Li mi t ati ons due to the simplification

discussed in the following chapters.

(a)

Figure 1.4: Coarse-Grained rigid -body model ofricin based on(PDB: 2AAl) [42]. (a
lllustratesofr i ci n 6 s ¢ heatralgpasitive,and riegatively charged atoms shi

in teal, red, and blue respectivg¢based on aH of 7.3, (b) represents the surface of ri
(c) representy/DW radius of the atomsi( p& B). Visualizations were prejpec
using VMD[104].
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1.3.2Langevin Dynamics

Langevin Dynamis (LD) is a mathematical approathmodelling the dynamics
of molecular systems. LD imnaequation of motion that eliminates the need to explicitly
represent solvent particley implicitly modeing their principal effectsdrag and thermal
fluctuation.This greatly reduces the computational expense associated with simulating the
solvent, wheh in the present project would amountid® watermoleculesThelLangevin

equationis a secongrder stochastidifferential equationand has been described as the
"® & @of stochastic physicRl3]. It is composed ofwwo key terms™®  and™® :
thatare added to thexternal(conservativejorcesresulting from theequations of motion
and norbondedpotentialswhere™® Y. Thus, ® §2) £2) . The

Langevin equation calpe expressed in a simplified form as equatiorrimore formally

as equation:2

ded O R2)
(1)

ﬂab @)
a 30

® includesthefricionc oef f i ci e nt , thedrag favde brcahpartiole fhreal s

givensolvent viscosityand therefora ct s t o di ssi pate®parigicl es

a stochastic (arandon) fluctuation term that captures thet force fromsolventparticle

collisionsin a thermal battor a giventhermal energkT. The stochastic tern® 0 is
appliedindependeny for each dimension (i.ex, y, 2), andacross time, antdasa time

average ofzero (Equation 2)and standard deviation obne In Equation 2, particle

12



acceleration, velocity and mass are giver@o®, andmrespectively; the integration step
is given as3O Together this pair of forcexcomposing the Langevin equationodel
particlesd | oss and gain of ener ggdueda e
molecular collisions The fluctuationdissipation theorenstates that the drag force
simultaneously dissipates a ptamtotheat[44p 0 s
According tothe equipartition theoremhts energy is theequally redistributedto the
molecular environmerdstranslational, rotational, and vibrational ener@pnsequently,
the velocity (translational kinetic energy) of the colliding particeegeriences a
correspondingfluctuaion. This phenomeon is illustrated by the EinsteinRelation
(Equation 3)which showsthaap ar t i c | e ©isprogartibnito iss thermal energy
and inversely proportional to tliection coefficient

0O —0mMiQ 7 4
(3)

1.3.3Diffusive and Ballistic Motion

t

0]

Ki

Diffusive motionis c har act eri zed by theofffubandom

micrometerparticles within a mediurf#5]. Two common ways of modelling thmaotion
are BrowniarDynamics (BD) and Langevin Dynamics (LO)e key difference between
these methods is theD modelsparticlesbinertiaand has acceleration, while BD has no
inertia, and therefore raverage acceleiiah (at any timescald) a valid simplification in
thesec al | ed MnAover da niweardg force g imach kargewtham the inertial
force Therefore, BD purely modediffusive motionwhile LD models bothdiffusive and
ballistic, albeitLD motion isonly ballistic (deterministic)at veryshort timescale@i< 1)

At this timescalginertia has a more prominent effect relativestodom thermal kickom

13
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other particlesin LD, thestate of gp ar t i ¢ | eab be determired quantitativdly
calculating how its velocity is correlated with itself over tiorehowits position deviates
from a referencepoint across time. Théirst approach uses the velocity autocorrelation
function (ACF), given byequation4:
60 aGbm OO
(4)
whered 0 is the velocity autocorrelation at timheandd Qilenotes thensemble average
of the product ofelocities at differenintervals of timepver thetotal timesimulated At
short timescale 0 e p when normalized byiis 1 b 1t O This indicates acceleration
and a velocity that is significantly correlated to itself. Conversa$ytimeincreases it
becomesuncorrelated (randomizedush that@ 11 b 6 Odiminishes towards zero
indicatingno average acceleratigire., arandom walk)which is the hallmark of diffusive
motion. The seconépproacho distinguishing diffusive from ballistic motionis to assess
t he p ameanisquareedssg@lacemémsD):
0"YO &gho wsO
©)
TheMSD characteristic of particles undergoing diffusive motion scales linearly with time

according tdequation6:

0 "YO ¢& 00
(6)

wheren corresponds to theumber of spatial dimensions considered @nsl the diffusion
coefficient (units: distance squared over tinkwever, in théallistictime regime, MSD

is proportional ta . This proportionality can be deriveding the equipartition theorem

in onedimensionand settinghetranslationakinetic energyequal to-"Q"Y
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P, ~ Pr.

Next, themeanvelocity s isolated

wy &Y
®E T 8

Finally, Equation 5 is used to rearranidpe units of velocityandsolve for MSD
FoO —o.

' 9)

An illustration comparing theallistic and diffusive regime is seenkigurel.5.

10° 7
1021:
(<)
Q 10!
)
s
8\ 4
= 10° 7
= o7 " MSDy
el . . MSDy
10-1 4 A «  MSD;
(/’ -=-- Diffusion Theory
] // - -~ Ballistic Theory
1024 ¢
1071 10° 10! 102 10°

log Time Window, T

Figure 15: Log-log plot of meansqguare displacement (MSD) vstime for a particle
undergoing Langevin dynamics The MSD in the ballistic regime scales accordir

—0 (pink line) and in the diffusive regime it scales accordgtg O ¢black line). The

MSD along the x, y, and z dimensions are shown in red, green, and dark blue resy
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1.3.4Peclet Tuning

Peclet tuning immethod ofadjustingthe driftdiffusion balance iwoarsegrained
simulationgo matchvalues derive@xperimentallyDrift is a directed motiodthat arises
from an external force while diffusion ia &chaotic motiodthat arises from thermal noise.
A c h ar ge divemngalift velacity ® dnsan electric fieldis defined by its mobility
coefficient' according tadhe equation

)

) (10

Equation10s h o ws t h a teledroplpoeetic tmobdityseadmeasure of the ease at
which an electric field can affeds average velocityln the present work, both the ions
and ricin are charged and therefore subject to an electrophoretic Yétbeut Peclet
tuning, simulations tend to overestimate diftusiand this significantly affecs the
probability ofatranslocation processherethereis atransition from a diffusion to drift
dominated regime (i.e. ions crossing a pore in response to an electripigldhe Peclet
number Pg is a dimensionless number reflecting the ratio of drift and diffusibra

particular species.€.,dsDNA, ions etc.) The Peclet numbes defined as

5q 36
v Ke) (12)
where' is mobility, 3ais the applied voltage ar@is thediffusion coefficient Onced Q

is determinedusing experimentavalues, it is set equal the simulatioh Qo tune the

correspondinglrift-diffusion balance simulateaicording toequationl2:

Y6 r'o 0Q
(12

16



where¥6 s the corresponding simulation voltage fato , T is the drag coefficient

and O is the simulationdiffusion coefficient.In this wayt he si mul at ed pz¢
relative motion is tuned to more accurately reflect the behavior seen experimémtaily.

work, the Peclet numbeawasspecifically tuned to matclxperimental values for the ions

in orderto achieve realistic current traces fa given voltage and ion concentration
(Appendix D) The Peclet number corresponding to the ions was in close agreement with

the Peclet number based on estimated experimental values for ricin (Appgndixus,

unlike alkatom MD simulations, the physicaalue of the simulation timestep was limited

by the diffusion of the ions rather than the vibration of hydrogen atapsendixC). This

enables highly efficient simulations which can reach the us timescale required to study ion

permeation.

1.3.5PairPotentials Non-bonded& BondedInteraction}

The interactions defined between FAwmonded particles playw critical role in
governingthe dynamicswithin a simulationin the presentvork, ron-bonded interactions
are defined byintermolecularpair potential functions that modelVan der Waalsand

electrostatic interaction3.he force imparted by these interactions is simply the negative

gradient of their corresponding potentfahction (®  Y). Non-bondedinteractions
typically represent a computational bottleneck in simulations by virtue of the sheer number
of pair interactions and the nature of their loagge effects. Therefore, the algorithwes

use to model norbonded interactions represent a traffe between accuracy and
efficiency (while still capturingtheir key effects on the system of intere$t)e following
subsectiors explain how these twtypes ofnonbonded interactions wemmplemented in

the simulations.
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1.35.1LeonardJones anifVeeksChandlerAnderson Potential

Non-overlapping systems of particles arise by modeling excluded vothme
occursin naturedue tovVan der WaalgvDW) interactionsThe LeonardJonegqLJ) 12-6
potential is one of the most widely ugeatentials inMD simulationshatmodel Van der
Waals interactionpt7]. Note,i12-60 simply refers tothe exponentef the two termsthat

compriethe repulsive and attractive components of the potdonation

Y - —— - (13)

wherei is the distance betwedme centerof two particles,, is thediameterof the particle
(and wheréY ) and- is thefidispersion enerdgy which corresporslito theattractive
strength of dipolalipole interactiong48]. Dipole interactions ardorces of attraction or
repulsion between molecules that arise as they seek to align transient or permanent patrtial
chargesFigure 1.6 illustrates that the Ljotentialmodels an infinite repulsive force as

i © 1 (due to the Pauli exclugigprinciple which stats thatelectrons cannot occupy the
same positionjand amaximum attractive forcof - wheni ¢ ¥ ,, which then
approaches an asymptote of 0 & H. However, this form of the LJ equation presents a
practical problem fosimulations because it hagh@oreticallyinfinite domain This makes
numerical calculationgnfeasible One solution is to truncate the potential at a cut off
distanca . Unfortunately, this approach makes the potemtiattiondiscontinuousnd
consequentlythe particles would feel no force beyond and a large force at . This

is unphysical behaviofor nanoscale systenad therefore problematidhis problem is
avoided by shifting the potential up byso that it goes smoothly to zero (Figur6é). The

combined effect is that the potentfainction is now continuous,purely repulsiveand
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models theparticlesasfi s o f t sO bypchoesm@  to be slightly larger than. The
resultof the shifted and truncated LJ potentssknown aghe WeeksChandlerAnderson

(WCA) potential[33]:

x - — — -QQ i (14)
T QQ i
wherei is the distance between the core of two partiglas,the diameter of the particle
and- is thedispersion energgndi ¢ 7, . While the standard LJ potential is more
completetheuse of the WCA potential is justified in certain coagsained models where
the longrange dispersive forces aoé secondorder importance to the experimental

guestion. In the present wostjortrange repulsive interactions (i.excludedvolume)are

the primary factor influencing current blockageuseof the WCA potential was justified.

3.0

— 4
WCA

--— rp=2Y0

--- U=0

2.5 A

2.04

1.54

> 1.0

0.5 4

0.0

—0.5 1

(B | Sy ——

—-1.01

1.0 12 14 16 18 2.0
Figure 1.6: Comparison of Leonard Jones (LJ) and Week&handler-Anderson
(WCA) potential. "Yrepresents potential energy, ant the distance between the ¢
of two particles, wherg and- are each set to 1 (ands in units of, ). The LJ potenti
is shown in blue and the WCA potential is orange. The burgundy dashed line re|
the cut-off distance for the WCA potential. The black dashed line indicate 1T wher

"Y mthe force is attractive and whén 1tthe corresponding force ispulsive.
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1.35.2ReactionField Electrostatics

Electrostatic interactions occur between charged particles and are governed by
Co ul o mb Besausetse electrostaticforce decreases as the squarghefdistance
between the chargdbere arisecomputationally expensividngrange interactionshat
have an increasingly minute effe€hereforejt is common practice in MD simulations to
implementan electrostatic cubff distancei ; this distances typically in the range of 12
14 A [49]. However, the naive truncation and omission of electrostatic forces bi7ond
erroneously models theolarizationof particlesandme d i uiglacticproperties. This
is because the truncation causesigphysical charge cloud to form along the surfaca of
sphere surrounding an oppositely charged central particle. The result is an artificial
depolarizing electric field that opposes the polarizatibthe central charged patrticla.
reaction field must be incorporated into electrostatic calculatmosrtect this unphysical
depolarization and produce results that are qualitatively consistent with experimentally
predicted polarization and dielectric proper{®8]. Onsager first introduced the concept
of a reaction field, as the naienting part of a local electric field that is itself dependent
on the instantaneous orientation of a given difslg, [52]. Our simulations implement

reactionfield electrostatics according Eguation 5 [53]:

L . p T pi
“'””"TW (19

wherery andr] are the charges of the particle pairs the permittivity of free space,is
the distance between particles and the cut off distance (1&4), and- is the uniform

dielectric constant of the solvent beyand(e.g.,- is ~81 for pure watér
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1.36 FENE BondsAptamer Model

Ricin hasbeen detected experimentally via hanopore systems tsingoinding
aptamergRBA) which increasea nangoresd a f f i n i theyebyhssiging in itsc i n
detection[32], [53], [54] Aptamers are short oligonucleotides (DNA or Ridased
polymers) that arepecially designed teelectivelybind target molecules such as proteins.
In this thesis, thaptameiis modeled as a short polynt@undto ricin and anchoreahside
of the nanoporéFigure1.7). The bonds betweeaptamermparticlesand ricinare modeled

using aFinitely Extensible Nonlinear Elastic (FENE) potential. The FENE potential
modifies the Hookean spring’Y -llw) by defining a maximum separation

distance between two bonded partidles and is expressed &sjuation 16

% gll‘l I 1p L (16)

wherell is a constant defining thmagnitude6 r e st or at iiviethefdistancee 6 a n ¢
between theenterof two bonded particles. In order to prevent unphysical booedsing

events (when a particle forces its way between two bonded particles) the valuasdof

i were setas €1, andp® , respectively, according to a polymer model developed

by Kremer and Greg$b5]. The combinedenergy associated with the W@btential and

FENE potential is shown in Figure8l This plot shows thatY© Hsboth astwo particles

begin tosignificantly overlap (dueto excluded volumes previously discussed), and as

101 (because the bonds are only finitely extensilfteythermore, Figure & shows

that when e 1@ @ , a stable equilibrium is reache® T, thus representing

the mean bond length.
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particles

Aptamer

Protein particle

Figure 1.7: lllustration of the Aptamer Model. (a) Illustrates the top view of ricin bou
to the nanopore via the aptamer (The A chain is shown in blue and the B chain in

(b) lllustrates the FENE bonds between the aptamer particles and ricin. The black

corresponding toY . Images were prepared using VMID4].
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Figure 1.8: lllustration of combined WCA and FENE potential. Thedashed black ai
burgundy linesorrespondo the equilibrium and maximum bond lengtih € v a |
andi were s et Zas d3 Ghccdbdingtahe model developed by Kremer &
Grest [55].
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1.3.7 Velocity VerletNumerical Integration

Due to the complexity of the coupled differential equations governing the particles
motion, they must be integrated numericallhis means the trajectoryapproximated as
aseries ofdiscret positionswith a timestes-0. Numerical ntegrators face the challenge
of being both accuratee., presere conservation laws) armbmputationallyefficient (.e.,
allowing the largest possible time step for a given level of accurdéy chose aommorty
used integrator called the velocityVerlet algorithmwhich fulfills these criteria The
integration scheme requires the initializationeathparticles position andrelocity and
proceeds by iteratinthroughthe followingalgorithm whichsimultaneouly updates each

p ar t positioeand velocityateach timestep[56], [57]:

1. Cal cul astte pdlyasleflooe¥dt 0 06 - 0Y0

2. Updatepositionas®w © Y0 @0 U 0 -YoYo

3. Calculate acceleratioh 6 Y0 "O ¥& based omositiors:

w0 Yo

4. Calculatenewvelocitp 6 Y0 0 o -Yo -® 06 YoYo

5. Update timestep o6 Y0
The velocity Verlet algorithmis a symplectic integratpbmeaningit is consenrative of
important quantities such as energy and momentum antimis revergble [58]
Consequently, the global error of the simulatomer a long times very small leading to

stableandaccurate simulations.
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Chapter 2SimulationMethods,Setup andObservables
2.1 SimulationPackage (HOOMDblue)

This section describes the simulasens ed t o rel ate ricinds d
blockageacrossa nanoporeunder variougonditions.The smulations were implemented
using the software package HOOMRue [59]. HOOMD-Blue wasa desirablgpackage
because it suppartll the required physicandis optimized to executsimulatiors on a
graphics processing unifGPU) which r educ e s the simulations?o
(compared to CPWased computation)t alsosupports neilgoor lists, which accelerate
the search for pairs of atoms within a-otitradiusto calculatehenon-bonded interaction
and increase the efficiency of the simulationsurthermore as a Python package
HOOMD-Blue makesit fieasy to create custornmitialization routines, control simulation

parametersand analge simulations.

2.2 Simulabn Parameters and Features

Eachsimulation vasrepeatedhree timesvith unique seed statésr statistics and
wasset in a (300 )3 culic cell with periodic boundary conditiorslong each dimension
A singlenanoporevas centered at theoordinate (0,0,0andwas constructed using a WCA
wall potential(Figure 2.). KCl| was selected athe solute because it has been used in
experimental nanopo#ieased protein detection studiasdsimilarly, the concentratioof
200 mM wasusedas it too is within the typical range of such studi@g], [61]. It is
important to note, that both ionic strength and identity can have a catidadometimes
unexpectedmpact s proteintranslocation behavioy61], [62]. However, the coarse

grained nature of the simulation may have prevented the capture afutireced
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physicochemical dynamics related to ionic identioys were initialized in a random, nen
overlapping (energetically favorable) configurat@md equilibrated to achieve a steady

state ionic current. Ricin was modeled as a rigid body containing ithydrmgenatoms
andtetheredot he nanopore via a series of Oapt ame
1). The radius of the constituent protein and aptamer particlet . 7basid on Van der

Waals radius of Carbof63] while the radi of the ions were based off the hydrodyme

radiusof KandCland were 1.295 0 §4]l.dheHe &hdNieméyerr e s p e
correlation[65jwas used to estimate riciné67l8xper i
101 m?.s? (Appendix A), and the simulah diffusion values were tuned to match

experimental values via the friction coefficienfAppendix B).
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Figure 2.1: Snapshot of nanopore systemEach simulation utilized aubic 300, box witr
periodic boundariealonge ach di mensi on at N1 5oreisdegicted

gray and is centered at (0,0,0). Ricinb

+ -
K ions are purple, Clons are areen, and aptanfeads are red
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Oncethe system wasitialized, a Pecletuned spacelependent electric field was
applied across the nanopore (Figur®.2l'his electricfield wasimplemented according to
the methodology described by Farahpetial. (2013)[66], but with a uniform electric
field implemented across the thickness of the pbinés electric field was implemented to
better model the access reaiste associated with typidalkulatingsolid-state nanopores
[68]. Eachsystenmthenunderwentn initial phase okquilibration(where the electric field
was set to zerojprior tothe production runyherethetrajectory data was outpand saved

for analysigseeAppendix Ffor output frequency validatign

Velocity, o/t

-150 -100 -50 0 50 100 150
Figure 2.2: Spacedependent electric ;(i)gltgr;;n translocation velocity vg-coordinate(0, O
z), where QY 1t to eliminate thermal noise. The dashed black lines represent the t
bottom of t he imwihmnohjscegiathe(eléctrid field i Jniform (not spa
dependent)Voltages represent the experimental valinasthe electricfield wasPeclet tune
for 200 mV (blue), 400 mV (greerand600 mV (red) see Appendix D for more details
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The WCA potential was used to model Van der Waals interactions between
particles and electrostatics was modeled using the reaction field method. The specific
coefficients implemented for these features are summarized in Table 2.1. An approximate

conversionof simulation time and length to their corresponding Sl units is available in

Appendix C.
Table 21: Summary of Shared Simulation Parameters
Parameter Value
Box size (300, )3
Timestep Yo T18tp

Equilibration pmOOADO

Run ¢ pnOOAD (Trajectory atput period=p TOOAD O
FENE bonds I on=7IA i PR A

Voltages 200, 400 & 600 mV (Peclet numbers: 8.5, 17 & 25.5)
Reaction Field i p T, - X @

electrostatics

WCA potential | ¢k ” TP

A Cd w A 8 w A 0 o8
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2.3 Simulated RicirfNanopore Systems

The goal of thdollowing simulations was to elucidate conditions that optimize the
detection of ricin in various regimes of the nanopdiereedifferent detectionregimes
were exploredas follows (1) the cis regime, (2khe interior (or cylinder)regime(i.e.,
within the pore glinder), and (3) the trans regimeEach regime was defined by the z
coordinate of r i(GOM The transeregime was esubcategarizesl as
0 p a rot dulkglba@sed on whether the entire ricin molecule could enter the trans regime
not justthe COM. Various pore radiiapplied voltags, lengtls of aptamer and aptamer
pore conjugation sitewere evaluatedvhile salt concentration and pore height wéreld
constantat 200 mM and 6@ respectively The specific parameteexplored for each
detection modalityare summarized in TableZandareillustrated in Figure 2.38ecause
ricin was modeled as a rigid body, ricin could not deform or conform to the nanopore
irrespective of thdorce acting on itAs a rigid body,the maximum span of ricin was
approximatelyd5,670 and 81 (0 acr oss e achdthefadiusbfe t hr
gyration was25 O . C o n ammngihee pore fadii exploredranslocation was only

possible for, O 3 @Figuie 2.3)

Figure 2.3: Snapshots of sample systemepresenting each detection modality The
detection modalities illustrated are as folloja}cis regimegrp= 1, 35-béad tether (b)
poreinterior (rp=  4,%-bead tethdr (c) partial trangegime(rp=  3,B-beadd tethey
and (d)full trans regimgr, =5 5, 1Bbead tether
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Table 2.2: SystemSpecific SimulationParameters

Target Detection Cis Regime* | Interior Partial Full Trans
Modality of Protein Regime | Trans Regime Regime

Aptamer-pore Cis side of the,  Pore Cis side of the| Cis side of the

conjugation site pore Interior pore pore
Apt amer | 76.5 15.3 25.5,41,51.0 76.5
Aptamer, n beads 15 3 5,8,10 15

Nanopor e 5,10, 15,25 | 35,45,55| 35,45,55 35, 45, 55

Voltage, mV 200, 400, 600
Peclet number 8.5,17.0,25.5
Constant variables [KCI] = 200 mM, Pore heighthy) = 6 @T=0{,

*Note: Allr,O 35 G with areateatharddendsdid hoeyield sigmificant
current blockage while ricin was in the cis regime, and therefore these simulations are not

included in the 6Cis Regimed col umn.
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2.4 Simulation Observables and Metrics

2.4.1 Current Assessment: Open, BlockaablFractional EvehAmplitude

Beforethe current blockagdue to ricincould be assessethe steadystateopen
pore had to be determinedrhis baseline currentO could then becompared tothe
fiblocked current. A python script was used to obtainrcent tracesby counting the
number of iondo complete translocation across the pore for each frame of the output
trajectory More detail regarding theython scrips used to calculate the currestvailable
in Appendces G and H The mean opepore currentcan beestimatedaccording to

Equation 1767]:

W | TQ p
° v ol g (17)
wherew is the voltagell is bulk conductivity d and "Qarethe diameter and height (or

thickness) of aylindricaly shapedhanopord67]. The two resistance terms represent the
resistance due to thelume of the pore—, which constricts the space available for the

current andthe access resistanp#cll'Q which results from the currepathsconverging
from the bul k s ol uandbenomésaominanewitlplargesedeadii o p e n i

[68], [69]. Thus, the total resistance is as follows: Y Y (Figure 24).

pore
cylinder h

Figure 2.4: Components of nanopore resistanc{ . «twl— »g Fdidvev
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The differencéetweerthe baseline and open currebtOis the blockade amplitud@rior
studies have showthat the instantaneousiockage amplitud€Y) is approximately
proportional to thenstantaneousxcluded volume of thanalytewithin the pore ¥ ) [70];

this relation can be expressedeagiation18 and illustrated in Figure 2.5

o I o2 _a
0 o P Popo (18

wherew is the voltagell is bulk conductivity,O is the effective thickness of the pore
(accounting for the extension of the electric field lines beybagbhysicathickness of the
pore) Q anda arethe diameter and length of the target prqt@mis the diameter of a
cylindrical nanopore an?Q 7O hx 7O s a correction factogprimarily accounting

for the particular geometry of the protebut alsoa variety ofotherpossibleparameters

[70].

@ Electric Field Lines

Silicon
nitride

C trans P

Figure 2.5: Schematic diagram of factors contributing toad, according toEquation 18.

Adapted with permission frofif0], © 2009American Chemical Society.

Next, Y'Ois used tocalculate the fractional event amplitud&¥O, which is a
measure of the overall current blockaggnal This value is then set as a ratio to the overall
electrical noisdn of the baseline curreri® to compose the overall signtd-noise ratio

(SNR) [67]; In was quantified as the SBf 'O (which, assuming a Gaussian noise, is

31



equivalent to root mean square (RM8)the electrical noise)Studiessuggest thatdr
practical purposes, thBeNR must meet or exceed a value of, 4@ distinguish it from
background electrical noidé0], [67]. Thereforeto reducel, andtherebyimprove the
SNR, thefi o p e n 0 a n currénbtiace wdreepdeprocessed as a moving average

overt p mU.

2.4.2 Protein Distancand CurrenCorrelatiors

Thedistanceof i ci n6s cOddhate a théemer of the porf,0,0), was
recordedto determinehow it correspondd to thecurrent blockageand to determine the
corresponding detection regime (previousdscribed) The sign of the COM distance was
given as the sign afs z-coordinate, i.e.a positive COM distance corresponds to the cis

regime, whilea negative COM distance corresponds to the trans regime (Figure 2.

Trans regime

Pore Center (0,0,0)

Cis regime
COM Distance

COM

Figure 26: Definiton of ri ci nds <center of Tineaangore(s
depictedin gray ands centered at (0,000Ri ci nés COM i s dept
purple sphere. The green arrow represents the COM distBmeezaxis was defined .
positive in the cis regime and negative in the trans reditme A and B chains afcin are

blue and yellow, and thaptamer is coloured red.
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Chapter 3: Results & Discussion

The results foithe four systemgreviouslydescribedn detailin Chapter2, will

now be discussedtach uniqugp | ot of Ri ci n 0 sorreSgomdinglurrentt a n c e

trace vstimeare available a&ppendicesOnly select plots are included withingithapter

for succinctness iillustrating thegeneral trends and features

3.1 Open Pore Current Assessment

Before assessing currents associated with the-mediated pore blockage, the
open pore currents were analyzed to get a baseline cutreat aso important to assess
how faithfully the simulatiormodelreproducedhe theoretically expected current across
the range of pore sizes and applied voltages assdsgeerimentalstudies have shown
that theconfining effect ofnanoporesan affect the flow of water molecules and ions;
nanomre radius wettability (i.e., whether it is hydrophobic or hydrophilar)d applied
voltagehave all been shown #dfectthis behavioby alteringhydrogen bondingndionic
hydration shell§71]i [73] and simulations did not model these effeéis seen in Figure
3.1, the simulated currentds behaviour
across various voltages for a given nanopore radius, but notdiwea voltage across
nanopore radii. A linear regression of the current vs. pore radidedqgot (Figure 3.1c)
shows that theelationship is between linear and quadradied that it increases with
voltage. Interestingly, Sahu andwdlak [74] cite earlier simulation studies that
demonstrate a conflicting relationship betw&én  and the pore rads; some studies
report it is proportionate tofi [75] while others say it is proportionate pdi [76].
Although the present method simplifies some dynamics influef¢ing , even aHatom

simulations cannot accurately model it; this meanstti@asimulation results may nbé
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directly quantitatively comparable to experimejitg]. The discrepancy (and dependency

on voltage) in the present work is likely related to the simulation cell geometrthand
periodic boundary conditions implemented as described by Sahu and Zv4ldk8]. A
nonphysical interplay of the simulation cell geometry and electric field can distort the
ionic density and potzengerailoditc thheumugpaprey
explaining why the exponent increases with voltage and the fact that votiagelized
current data points do not line up with each other (Figure 3.1). This possibility is explored

in Appendices | & J and it did appear to have a minor contribution thlientehavior

warranting further exploration.
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Figure 3.1: Open pore current assessmentA: Current vs Applied Voltage- each subple
indicates the corresponding pore radigs. (Red line represents fit to Equation. Bf Curren
normalized by voltages. poreradius C: Log-log plots of current vspore radiusThe error bai

represent + SD of the raw data (without moving average)renlGl concentration was 200 m
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3.2 Detecting Ricinn the Cis Regimeof the Nanopore

This section characterizes the current bloclagesedy ricin within the cis regime
with respectto variousnanopore radii and applied voltag@hie smulatiors were first
analyzed by plotting i ci nds COM di stance angdaseeainr espor

Figure 32 (other current traces are availableAppendix K) These plots revealed basic

Ricin COM Distance and lonic Current vs. Time
[Pore radius: 25 g, 600 mV, 15 Bead Tether]
Replicate = 1 res+ =088 re-=0.90 Replicate = 2 ry+ =098 rg.-=0.98 Replicate = 3 rx+ =089 re-=0.89
- 2 : mr——— T Sy ~

tance, o

°

A e A AAAA A i s | |[==+ Cl Baseline=1.69 ¢

e RS e -=- K Baseline=1.68 ¢ R A 1

Current, ¢

COM Dis

0.00 025 050 075 1.00 125 1.50 175 2.00 0.00 025 050 075 1.00 1.25 150 175 2.00 0.00 025 0.50 075 1.00 125 1.50 175 2.00
Time, T x10° Time, T x10° Time, T x10°

Figue322Ri ci n6s COM di stancet i theTheCOM distamce i® shawast blue
solid linewhile theK* and Ci currens areshownaspurple and greesolid lines along with their respecti
meanbaseline valug(dashed lines). Each subplot tittelicates the uniqueeplicate as well as the glob
Pearson correlation for the COM distancecatsrent. The pictorial illustrations are catecoded accordir
to the time and simulation that the snapshot was taken (see corresponding triangles-aaten)
System conditiong, =25 (G, vol t,agle5 =be6add .(nf"W6. 5 G) tethe

trends such agstrongglobalc or r el ati on between rici,nds poc¢
indicatingrelatively stable blocked statdheseplots also revealed a preferential blockage

of ioniccurrentthatwasdepaxdeton r i ci nés | o c BorexampleFigurd hi n t
3.2 shows that théocalization of ricin at the cis moutbf the poreresulted ina greater

blockage of K than Cli (also see Figure 3.4dfhisphenomenomasobserved in the other

detection regimes as well and will be revisited in more detidfdwing a discussion of the

remaining detection regime§he rext step of analysis was forther define the blocked
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statedby collating allthreereplicates angblottingthec ur r ent tr ace as a f
position (Figure 3Ra). For each systeraxhibiting notable current blockage, one or two

distinct blockage clustergeresubjectivelyobservedFigures 3.3 and 3.4a)These clusters
wereassociated witlCOM distance around60 0 or less(Figure 34a). Interestingly, this
distancecorresponds with the distance one might expect ricin to ibevds docked near

the mouth of the pore, which indeed wihe case (Figure 3.3b). For exampthe pore

mouth was 3@ from the origin(0,000)and r i ci nds r adistesmmf gyr a
of thesedistancess 55 0, whichisc | ose .Thhi $0ra@&isult reiterates
distance from the pore is therefore an important design considergb@nticularly for
aptamerencoded nanopores where the tether length is turjd$le Furthermore the

currents associated with the blocked stalidsnottypically exhibit ahigh level of noise,

and thisaids signal detectiorin contrast, the base clustdkghich did not correlate to

significant current blockagewere insensitivet o r i ¢ i nand weppegeseratlyi o n
associated witiCOM distance that were>6 0 Tliat saidfwo notable excepticsto this

trend wereobserved when, = 150 at 200 mVand wherr, = 100 at 600 mV The former

system demonstrated relatively highariability in current blockage, and the latter
demonstrated | imited current blockage even
cases shared a fAsidewayso0 o IrThus, heseaekamples an d
illustrate the importance of orientatioand pore occupation asnportant factors
modulating current blockagghi ch coul d pl ausi bl y -skates | mpac
[79], [80]. This is an encouraging resuledause isuggestghatit may be possible to
discriminatesimilarly sized proteisbasedon their foldstateand corresponding binding

orientation or ability to occupy the pore. This would represent an exciting possibility of
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diagnosingand monitoring disase states by identifying current traces associated with

Current vs Protein COM for the Cis Regime of the Nanopore
(a) (Nanopore Radii assessed: 5, 10, 15, 25 g, Tether: 15 Beads)
Pore radius = 5 g, 200 mV Pore radius = 10 g, 200 mV Pore radius = 15 0, 200 mV Pore radius = 25 @, 200 mV
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Figure 3.3: Cluster analysisof KClc ur r entr,i ci nws COM di st anchle

Scatterplot of current v€OM distance (each subplot consolidates data from three replicates). ¢

weresubjectivelyidentified visually based oran increased density of data poistashown in blac

were considereditransitionalclusteso. B: representative illustrations of cluster evemtsté:image:

are not all equivalently scaleshd/orcropped.
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Next, to determine whichanopore size and appliedltagefacilitated the greatest
signal, theopen and blocked currenwere plotted alongside each other (Figurec)3.@f
the pore radii tested,< 1 5 rge  a@rbdndt yieddisignificant current blockage when
ricin was in the cis regime (Figure 3.4h).contrast, th@ 5 an@ll 5 pdies werelarge
enoughto allow ricin to dockwithin the pore mouth without bouncing away, dindsexert
a largerand more stableffect on the pore resistanbg increasing its volume fraction
within the pore Therefore, ie maximalfractional event amplituderas then analyzedfor
these pore sizehis analysis showed thdte magnitude of current blockage a¥iFO
increased with voltageand this result isn accordwith experimental resultd83] and is
implied byEquation Bin Chapter ZFigure 3.5)The 25 (0 pore &W@Oci t ed
for + #dtvalue of0.4,f ol | owed by the 15 & poreb.at 0.2
However, even thoug@Oincreased witlvoltage the results preliminarily indicate that
tuning the voltage can optimize detection signal consistency. For examplgure 3.3
there are two unique blockage states at 600 mV forgoth 15 rg= azxd@d 0 vs. o
blockage state at 400 m¥urthermore, the greatest SNR (16.27) occurred wfren 2 5 (
at 400 mV (Table 3.1) even thoutfie greates¥'@O occurredat 600 mV (Figure 3).
Thus, high voltages may arbitrarily pin the protein to the pore even if it is tioe most
energetically favorable orientation. This can lead to greater variability in current traces
independent of protein denaturing effectsigh voltages (see sectior6B.Overall, this
work shows that the cis detection modalitysensitive to analyte omeation, and isa
plausible and evemhighly desirable method aofetecing single moleculethat aresimilar

in sizeto thenanopore

38



(a) 200 mV 400 mV

600 mv
2.00
— & 5
I 320
0.80 | R egend Legend Legend
¥ Nanopore Radius Clusters 160 Nanopore Radius Clusters Manopore Radius Clusters
B 5o | mmbesduser B 5g | == base custer <D 50 | == base cster
- 100 - = cluster 1 == cluster 1
0.601 £ 150 | Tt ¥ 7 100 | O e 240 @ A 100 | e
- 2 1.20 tH 150 o H 150
o - c b 250 - -%— 250
g
5 # _ 1.60 .
0.401 080 o ——
# 2 —_——
0.80 A
0.204 0.40 A
40 0 80 100 120 40 80 100 120 0 0 80 100 120
COM Distance, o COM Distance, @ COM Distance, o
(b) 200 mV 400 mV 600 mV
& cuter 1 e chster & e
& cluster 2 ] 5 o & cluster2 ©
== base cluster == base cluster
20
8
3 4 o @
15 6
s 8 el ° 2 ¢
£ g £
g e i
g Lo 3 G4
® 2 ° °
o
@ fo)
05 o 1 . 2 A o
@ o
e @ &
° ) o
0.0 o 0- 0
5 10 15 25 35 45 55 5 1o 15 25 35 45 &5 5 10 15 25 35 45 55
Pore Radius, ¢ Pore Radius, o Pore Radius, ¢
(C) 1o and Max. Current Blockage [600mV] (d) Max. adll, [600mV]
3.5 10
P — o= vkl + 117 k=018 (PP=098) A& | | y=0.0013x2 —0.023x + 0.12 (r2 = 1.00) 3 -
o] == =0 0032x2 +0.061x — 0.15 A I — y= —0.0016x2 +0.071x — 0.31 (+2 = 1.00) 3 Kkt
' y=0.089x—0.20 087 e y=0.019x — 0.06 (2 = 1.00) ¥ KCL(average)
@ Blocked
25
® Baseline .
- 0.6
E- 2.0 0] o
5 1.5 4 e T
0.4 o R
10 E e
0.24 -
0.5 E
0.0 0.0 ¥ B i
5 10 15 25 : 5 10 15 25
Pore Radius, o

Pore Radius, o

Figure 3.4: Maximum current blockage event vs. nanopore radius for the cis regimé\: Plots of the mee
position and current of the clusters showfigare 3.4);y andx error bars represent the + SD of the cu
and distance respectivel: KCI current blockage vs. pore radius, based on clusters shosubjiot (a) as

well as additionaldatht or pores O 35 0 ( pr G:BassliseKT! ciurnent ant raxis!
blocked curren{cluster 1)at 600 mV for,025 G. A quadratic regressio

openpore current (black line) are fit to the baseline current; a linear regression is fit to the mablimcket

current.D: Maximum fractional event amplitud®@'0) vs. pore radius correspondingaiocked states shown
subplot €). Error bars represent + SD £ 3).
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As an extensionof this work, it would be interesting to explore nanopore
geometries that are complementary to target mole@ules u r f a ¢ @imigreacotime t r vy
lock-andkey model ofenzymesubstrate interactionsas a means ttabelfree i and

perhaps evenaptameifreedetection of specific analytes.

1.4 1
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Figure 35: Maximum current blockage event vs.voltages for the cis regime.Max
blockagecorresponds to cluster 1 blodes in Figure 3.4aleft: currentdifference(«)
between open and blocksthte right: fractional event amplitude.

Table 31: Signal-to-Noise Ratio for Maximal Cis Regime Current blockages

Applied Voltage, mV
200 400 600

Radius,
G
15 7.07 | 1198 | 13.31
25 10.88 | 16.27 | 14.54
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3.3 Detecting Ricinin theInternal Regime of thBlanopore

Whenricin was restraineavithin the nanopore cylinderia a short aptamer, the
associated current blockages wagnificant andstable(Figure 36 andAppendixL). Even
though these current blockages were significre simulations revealed a conspicuous
variation in the degree of blockage correspogtbd i st i nct variations
and position For example, replicate 3 in Figure 3.6 (right subplot) illustratesritiat
begins with itsA-chain oriented downwards before flipping upwards vaitubsequent
decline in current blockag&his finding fits with earlier experiments and simulatio
resultsthat linked the rotational dynamio$ single proteins to temporahd orientational
modulation of ionic currenf79]. The authors even linked the corresponding current
modulation tdive unique parameters including shape, volume, charge, rotational diffusion
coefficient and dipole momeri79]. These results support the feasibility of probing these

parameteratthe singlemoleculelevel suggestingxcitingdiagnostic possibilities.

Ricin COM Distance and lonic Current vs. Time
[Pore radius: 45 g, 600 mV, 3 Bead Tether]

Replicate = 1; Overall Pearsonr = 0.49 Replicate = 2; Overall Pearson r = -0.80 Replicate = 3; Overall Pearson r = -0.76
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Figure 36:Ri ci ndés CQRf dnsdt anoc e.émetU ThaeCON distance is shown in bl
while KCI current trace, antaseline current is shown as a solid and dashed orangeHas¥ssubplot titl
indicates the replicateas well as the global Pearson correlation for the COM distanceuu®nt. Th
pictorial illustrations are color coded according to the time andlation that the snapshot was taken

corresponding triangles alomgaxes).System conditions, = 45 U ltagew @00 mV.
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In general, Y@ increased athe voltage increased arakrp, decreased (Figure
3.7). In accordance with these trendse tgreatesy’ @O was 0.36 (SD = 0.04which
occurred whemp=3 5 (0 at Thésérésultsfitivith the volume exclusion model of
current blockage67], [70], [84]. As previously mentioned,ni smal pores, access
resistance accounts for ralatively small fraction of the total resistan@eross the
nanoporeand so as ricin occua largevolumefraction of thecylinder, the conductivity
through the pordecreased/oltage likely increased"@Oby increasinghe magnitude of
resistance imparted by rigimvhich is consistent with previous studig®], [85], [86]
However, he Y@O noise increasedsthe voltage increasewhenr, = 45 (Tfiable3.2),
and thiswas likelyattributableto a corresponding increasethe tumbling of ricinFigure
3.6). For examplethe SD corresponding t¥@Ofor thed50a n d pore was 88% and
98% of Y@O at 600 mV(Figure 3.7) In contrast, th&50  p r@strietedtumbling and
the SD was only 12% o¥'@Oat 600 m\, and also facilitate the greatest SNR (11.23) for
this detection modality (Table 3.ZJhis resultindicates thathe tumbling of theanalyte
can be a significant source of noise, which camitigated by tuning voltage amdnopore
geometrySimilarly, Li et al. (2013jound that the translocation of glucose oxidase through
a nanopore yieledtwo unique blockagéy/pes and hypothesized that these were due to a
horizontal and vertical orientatid87]. Thus, as previously mentioned thambling of
proteirs within a nanoporenayyield distinct anisotropic resistanspecificto theprotein®
orientation.In the present simulatiothis effect was likely mediated by a reduction in the
protein volume fraction within the pore (Figure &63.7). A greater range of mapore
sizes and shapes (truncatmmhe, hourglass, square colunmeic.) and more replicate

simulations and/or longer simulation times would help probe this effect more robustly by
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gathering a greater pool of even@her ways to potentially reduce enhanceéumbling
could includethe usage of enodified magneti@antibody (or aptamerhpanoparticle$22]
or tagging ricinwith a polylysine peptidd88] to introduce a stronger dipole to ricin and

facilitate atumble resistandrientationin the presence @ electric field
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KCL {average) 200 mV 4  KCL (average) 400 mV 4 KCL (average) 600 mV

A,
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0.2
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0.0 - ’
35 45 55
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Figure 3.7: Mean fractional event amplitude ¢/ &k) vs. pore radius(internal regime). Errot
bars represent $D (n = 3). Data points are staggered for clarity (kg5 35 U, 4
only), only systems restraining ricin to the pore were included (i.e., those usinbehd Bther

Table 32: Signalto-Noise Ratio forinterior Regime Current blockages

Applied Voltage, mV

Ra‘g'us' 200 | 400 | 600
35 9.28 | 923 | 11.23
45 574 | 489 | 4.06
55 195 | 155 | 2.22
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3.4 Detecting Ricin in the Trans Regime of the Nanopore

Detecting ricintethered using longer tether lengths that facilitgpedial and
complete translocatioeventsappeared tbeless efficacious than either this orcylinder
detection regime First, although the additional tether length permittedide variety of
blockageeventqi.e., within thecis, cylinderand transegime) the blockage events tended
to betransientandinconsistenor insignificant (Figure 3.8) In addition to tethetength,
the variety of events may also haveen influenced by the nanopore size. For example,
whenrp =  3,%he protein could not effectively reorient itself without fully backtracking
out of the pore (Figure 3.8, left subplot). In contrast, whe&5 G, ri cin had

reorienting(if required on route to its partial or complete translocation (depending on the

length of tether)Tethers ranging from-20 beadsdr25.55 1 0 i) facilikatedparttalh

Ricin COM Distance and lonic Current vs. Time
[Pore radius: 35 o, 600 mV, 10 Bead Tether]

Replicate = 1; Overall Pearsonr = 0.96 Replicate = 2; Overall Pearsonr = 0.21 Replicate = 3; Overall Pearson r = 0.89
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Figure 38:Ri ci nds COM di st anc et i mé¢ataldranslacatione The
COM distance is shown in blue whillee KCI current trace and baseline curranéshown as
solid and dashed orange linEsich subplot title indicates the replicatenber as well as the glo
Pearson correlation for the COM distanceotsrent. The pictorial illustrations are catecode
according to the time and simulation that the snapshot was taken (see corresponding trian
x-axes) System conditiongp =35 0, v ol t al@eeadteth6r0 0 mV
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translocatiorandgenerally yielded sustained but shallow current blockéggsre 3.8 and

AppendixM).

On the other handthe 15b e a d ( 7 6 . Swhich Facilitated tcdmplete
translocationacross the poreallowed ricin to oscillatein and out of the trans side
generatingransientdeep,anddistinctblockageevents(Figure3.9 and AppendixXN). To
investigate thepotentialsource of tksefluctuations ricin was simulated ithree non
physicalelectrolytic environments: only Konly CI, andwithout anyions (Figure 310).
Interestinglyt hese tests revealed that ricisnds oS
fisteadystat® position with only CI and without ions (Figure 3.10. This observation
suggeststhat i ci nds osci | | atthe buldugpod dienvcloud opposings d u e
r i c i-2e &harge, which then dissipates followed allowing ricin to return to its
Aequil i brium posi tengthofthe tethertitevouldiba iaterestimyto t h e
explore whetherthis effect is retainei evenlonger tetherare usear whether it could be

used to probe factors such as.the proteind

Finally, both partial and complete translocation eseyielded relatively
unremarkabl& @ Ovaluesand poor signalo-noise ratiogompared to the cis and internal
detection modalitiesThe fractiomal event amplitude for the trans regitypically only
ranged from BL0% and any blockage that did occur wggically overwhémed by the
electrical noisgparticularlyat higher voltages (Figure 3.ahd Table 3.8 The best SNRs
for the trans regime corresponded go= 35U and either the 8 or 1bead tether (Table
3.3). Thereforethe partial,and(especially)completetranslocatioreventswererelatively
undesirable modeof detecton compared tdhe detectionregimes previouslyliscussed.

This result corroboratesan earlier alatom study which assessed the conductance of a
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nanopore in response to a static protein placed in various locati@mebythe change in

current was negligible when the protein was around the pore entadgaaximal when

the protein waseantered in the porf89], asexpected according tihe stericexclusion

model of current blockage.

[Pore radius: 45 g, Pore height: 60 o, 400 mV, 15 Bead Tether]

Ricin COM Distance and lonic Current vs. Time

Replicate = 1; Overall Pearsonr = 0.04

Replicate = 2; Overall Pearsonr = -0.27

Replicate = 3; Overall Pearsonr = -0.23
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Figure 39: Ri ci nd s

Z

COM di st ance.t i indfalnrdihslocationy. €he

COM distance is shown in blue whillee KCI current trace and baseline curranéshown as

solid and dashed orange lingsach subpilot title indicates the replicaiember as well as t

global Pearson correlation for the COM distanceusent. The pictorial illustrations are cote

coded according to the time and simulation tthet snapshot was taken (see correspo

triangles along-axes) System conditiongy, =45

Table 3.3: Signalto-Noise Ratio forTrans Regime Current blockages

a

v ol t alfplecadtethér0 0 1

Izetnhzr 25.5 (5 beads)| 41 (8beads) | 51 (10beady | 765 (15 beads)
Voltage, mV | 200 [ 400] 600 200 | 400 600 | 200 ] 400 ] 600 | 200 [ 400 | 600
] 35 | na] nal na|3.98]3.22] na [3.69]3.00]322]1.58]0.13]0.00
© | 45 |268] na| na|152]1.40]1.07|1.12]1.00]0.54]0.24] 0.08] 0.21
v | 55 [1.21| na| na]0.75/0.47| na |0.52]0.33] na |0.33] 0.09] 0.07
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Ricin COM Distance in Various lonic Conditions

Replicate = 2

[Pore radius: 45 o, Pore height: 60 o, 400 mV, 15 Bead Tether]

Replicate = 3

COM Distance, o
o

Replicate = 1

—— KCL (200 mM)
=== Clonly (200 mM)
+= Konly (200 mM)

.

b

H
=
2
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Figure 3.10: Effect of ionic flow on ricind slynamics The ppersutplotsshow i ¢ i n 6
di st an.d¢d e ,medOMwistance is plotted undésur different electrolytic conditionghe
standard 200 mM KCI (bluelk* only (red), CI- only (green)and a vacuuniblack). Each subplc
title indicatesa unique simulationeplicak. lllustrations of the nestandard conditionare show

below (the border outline areconsistent with legendK*™ and CI ions are showin purple an

greenrespectively

‘ Legend:
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In addition to the current blockage, the translocation dynamics werasalessed
albeit in a highly tentativemanner. The following data andiscussionof r i ci no6 s
translocation probability and timare both provisional due tahe limited number of
replicates simulation timeandsimulation output frequendyvhich was not validated for
precisetranslocation assessment§hat said, several preliminary trends were observed,

which could informstrategies for nanopofeasedsinglemolecule detection.

Translocation Probability

To better understand how tether length and applied voltage might impact
translocation rates, the number of translocation events from the simulations targeting
partial and full translocatiowasassessedn general, the results for the range of values
simulaed suggest that increasingpltage is negatively correlated to translocation
probability while increasingtether lengthis positively correlated to translocation
probability (Table 3.4 and 35). Tether length has previously been shown to be a key
tunable feature in nanopore detectjdd], and as previouslgiscussedavithin thecontext
of the trans detection regime, shorter tethers were associated with a greaterbgignal
modul ating ricinods v aHaweverlorigertethdérsappetaidi t hi n
in the translocation process facilitating a nore favorable capture and translocation
orientation.In contrast increasinghe voltage reduced translocation ragegygestinghat
the electric field also increased the access resisi{@mee the outflow of counterions),
which | i kely hamper edae entiancavheréeectraphgetiadrit c h t o
velocity would be dominant dfiffusion mediatemotion As an additional caveat, it is
important to note that ricin was already agygted to the aptamer in these simulations, and

it is highly likely that these parameters would impact the rate of conjugation in an
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independentmanner An interesting avenue of future research could explore the effect of
voltage and tether lengtbn the linding association process of ricin to an aptamea as
function of bindingproximity and binding affinity Ka. This experimentwould facilitate a
more complete understanding of hoveskparametersmpact both the capture rate and

corresponding translocation time of ricin.

Table 34: Summary of Translocation Events for Partial Translocation Systems*

Tether Pore 200 400 600 Total
length NI} RAd mV mv mvV
Hp ®p 35 0 0 0 0%
45 2 0 0| 22%
- 110
Total 11% 55 1 0 ol 11%
nmMm 35 2 1 O 33%
45 3 2 1| 67%
- 510
Total 51% 55 3 > ol 56%
pwm 35 3 3 2| 89%
45 3 2 1| 67%
- [0)
Total: 67% 55 3 1 ol 22%
Total 74% 41% 15%

* n= 3 for each unique systefne., translocation events could range froto G)

Table 35: Summary of Translocation Events for Full Translocation Systems

_:IIJ_.‘H |'D »ﬁ:.ﬁ U O 1 D-"Jlu <

8 d ov o G o b

i TU o o p b

1 <Fw 00 5 : c .
1o «fm p b b

* n= 3 for each unique systefne., translocation events could range froto G)
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Translocation Time

To further character i z atstranslocatiorotisnevasr ans | o
measuredas a function of both pore radius and applied voltabasedon the fifull
translocation systems. As expected, translocation tideereased ahe applied voltage
increaseghowever, the relatioappeaed to be aske\{Figure 3.12)It is likely that this is
because theositiontime resolution decreases with increasing voltageich leads to
artificially high translocatiortimes This is becausthe additional electrophoretic force
causegicin to move fastel(i.e., move a greater distance per output framesultingin
delayedi st ar t 0 a nida higremodtgut frequeney svould be ded to achieve
greater accuracy, particularly at higher voltadrore size only appeared to bagnificant
factor at 200 mVr{otably,where the dates alsomost accurate). At an applied voltage of
200 mV, the 35 U stgstaranslodibratime fbllowed dy ¢hés Gtafde f a
45 0 ; phe fatter twoyielded comparable translocation timéSigure 3.12). As
previously mentioned, the smaller pore size likely reduced the tumbling of ricin within the
pore andacilitated a more diredtanslocation pgthi these tentative observations should
be explored with greater rigor, as potential ways of tuning treastm rateso optimize

detection efficiency and signandinvestigateother creative biophysicalpplications.
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Figure 3.12: Mean translocation time of ricin vs. applied voltage Error bars represe

+ SD,andn represents the numberaafntributing translocation events.
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3.5 Asymmetric Current Blockage

As previously mentioned, each of the detection modalities exhibited some degree
of asymmetry with respect to the blockage 6faid Ci (seeFigure 32 and Appendicés
To betterunderstand how the*kand Ci current was asymmetrically resisted, a simplified
series of simulations were performed usirgirglespherical obstruction located one of
four positions: (1)the center of the por€2) the trans opening of the por@) the cis
opening or (4) outside the cis opening of the pore (FigurE3B. Thissimplified physical
modelomitting the complex electrostatic and geometric profile of ricin proved sufficient
to reproduce a similar asymmetry based on the position of theiciiwtr along the pore
axis In this regard, the obstruction preferentially resisted ionic specigshisically
impeding their translocation path towattteir corresponding outldfFigures 3.3 and
3.14). For example, when the obstruction was located tieacis mouth of the pore, the
outflow of K" washamperedesulting in a greater reduction of iKurrent. Conversely,
blocking the trans mouth of the pore hadoaplementareffectreducingthe current of
CI'. The nature of the current blockage was further probed by analyzing the translocation
time, and the-xomponent of ionic velocity at various regimes along the pore axis. Longer
translocation times and reduced velocity were observed exclusivelybiotiked species

which is consistentwith the physical blockage hypothesis of current blockdggure
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3.14). This theorywas further supportedby visualizng the trajectory of thelong

translocation events (Figurelac).

06 T . . - I K+
4 CI
05 7 -
< 0.4 I I
3 -
0.3
-
0.2 -

Figure 3.13: Mean fractional event amplitude (Y k) vs. obstruction location. Error bar.
represent = SIPn = 3). Inset illustrations show the location of the obstruction (large red s
Simulation conditionsr, = 35, =06,0 0, [ KCI ] = vdtagé = 6001m\
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Approximate Translocation Time of K* & CI" (open)

Approximate Translocation Time of K* & Cl- (cis-obstructed)
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= c
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Figure 3.14: Analysis of current blockage due to spherical obstructionA: Histogram of th
approximate translocation time for idnd Cl (the frame output frequency was set to 1e2 ¢
i.e.,e v e r. B. Agdgssment of the mearcomponent of the ionic velocity in various regil
along the pore axi€rror bars represent + SD of the raw datee left pair osulplotsin Figure:
A and Bshow the values for the open pondile theright pair showsthe value®of the blocke
state. (c) lllustration of a sample trajectory corresponding to the longest translocation ti
K*ion (lefjandaCli on (ri ght) . E a ¢ led acoordirdy g0 it$-mocadinat
(red indicatesrz, blue indicatesz). Simulation conditionst,= 3 H,,=60 G, [}

mM, applied voltage = 600 mV.
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3.6 Limitations of SimulatiotMethod

Finally, it is important to poinbutseveral notable limitations of the coag@ined
system that could impact the accuracy of the resultder certain conditiong=irstly,
although increasing voltage consistently increa4@it was also inconsequentialfoc i n 6 s
rigid-bodygeometrywhichmighthave naturallyexperiencd some degree of deformation,
particularly whenit wasiwedgedo i n t the pore.iTss resuti istnbt o f
necessarily physical across a large range of voltagestdtih andexperimental studies
have found thatvhile ¥'Odoestend toincrease with voltage, when the voltage is high
enough, even stable proteins will unf¢gD]i [92]. Consequently, the excluded volume
within the nanoporés reduced as the protein unfolds and becomes linearized (elongated)
causing a reduction i¥'Qmaking it norspecific to a single structuf80]. To partially
account for this, multiple rigitbody conformations of ricin could be utilized based on the
equilibrated structures from standard-attbm simulations under the same voltage
Secondly, because the nanopore was modeled using a purely repulsive potential, attractive
proteinpore interactioasuch as adsorption are absemtdthis could haveesuledin non
physicalinflation of Y'Qparticularly within the pore cylinder detest regime[89], [93].
Finally, the absencef formal hydrodynamics and positiaependent ion diffusivity
(which is associateditlhn the hydrogefbonding to polar surfacespuldhave affectedhe
behavior ofthe ions within the pore and around the proiemthough the effect would
likely be trivial. For examplea similar method usingrownian Dynamicsanda rather
crude positiordependent hydrodynamic model ioh diffusion demonstratedufficient
agreement with experimentaesults including an asymmetric channel conductance

(throughU-Hemolysin Channg[36]. Despite these limitationthe simulation method was
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remarkably efficient and provided a relatively robust atomdsgcriptionof the blockage

events

Chaper 4: Conclusion

This thesisimplementedcoarsegrained LD simulations toefficiently explore
various parameterf®r the singlemolecule detection aficin via a cylindrical, aptamer
encoded nanopore systeifhe results were consistent with earlier models of current
blockagewhere excludedolume and voltagaretwo key factorghatcontribuedto w 'O
Furthermore, pre sizes most closely matching the crssstional size of ricin also
mitigated against electrical nejsparticularly at higher voltages. Interestingly, these
conditionsalso facilitated a selective current blockagbat wasdependat on the axial
position of ricin within the nanoporén general, nder the conditions tested, the greatest
SNR occurredin the cis detectionregime followed by the internal detectioregime
Current tracesarising from either partial or complete translocation were infenidh
respecto bothad/l, andnoise Finally, the method of simulation developed hetespite
its inherent limitationsis ahighly efficient method of exploring similar nanopdrased
system®n relevantimescales an easily extendabldo a variety offurtherexperimental
guestionsA coupleof these questionsould include:

1 Whateffect do multiple proteirs bound within a hanopoteaveon current blockage
1 Can heterogeneousonformational or pathological states of protein folding be

distinguishedsia current blockagandas a potential means to diagnose disease 3tates
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Appendices

A Estimation of Ricinds diffusion coeffic
Ricinods experi ment al di ffusion coeffic

correlation parameterizday molecular weight and size was used to esterit. Several

studies have found strong correlations to estimate diffusion coefficients for proteins based

on of the StokesEinstein equatiori65], [96]1[98]. In 2003 He and Niemeyef65]

discovered a correlatidinkingapr ot ei n6és di ffusion coeffici

molecular weight andadius of gyratior{’Y ) Equation 1:

oguv pmt JY (1)

0 S
-20 T oY

WhereOis the diffusion coefficientim 230 , @& v p T is a constangwith
appropriate units)Yis thetemperature in K+ is the solvent viscosity il A0 0
ismassirE CE | T 1 andY is the radius of gyratiorEquation2) in A.

The'Y s used togproximatea p r osizeeanchshagpend is given as Equation 2:
B i @)

Y B &

wheree is the number of mass elements comprising the macromolecule, each with

massdt  phc 8 R, at fixed distancels from the center of mass

He and Nicemegpémads on was us ed caefociergasitis mat e r
suitablefor globular proteins (such as riciapdhas been shown to be more accurate than
several alternative metho{B5]. Using equatioal and 2 and the parameters in Table 2,

the diffusion coefficient of ricin was estimated to be 7.18 *'hef-s*.
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Table2Ex peri ment al values used to Estimate

Parameter Experimental value
I ECETTI ‘65,000[37]
t 0AD ' *0.891[97], [98]
4, B A 25.36
1 1 298.15

* Estimated value for concentration ranging from -Z0@mMKCI at 25 °C

AY was calcul ated according to the | UPAC
northydrogen (heavy) atoms from itsrdy structure (PDB code: 2AAJ%2]
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B: Simulation vsExperimental Diffusion values

This appendi x shows how t h egraided $irhulatiomn was i n
tuned to match the experimental values and/or theoretical estimates of diffusion. To do
this, the friction coefficienf was tuned for each particle type, as it repnesdhe
dampening effects of the solvent and therefore along with the thermal énéxgjives

diffusionO, Equation 1:

o0 Qv (1)
[
The friction coefficient for the ions and ricin were calculated in reduced terms according
to equation 2 and @spectively(the aptamer beads were given the sarase ricin) where

0O represents the experimental diffusion coefficient for the ions (at a given
concentration, see Table 1), and the estimated diffusion coefficient of ricin. The calculated

[ anddiffusion values for each simulated particle tgpeshown in Table 2.

0 @
S

0 ©
[ o)

Table 1:KCI Diffusion Coefficient at Various Concentrations

Concentration [nmM]  Diffusion coefficient[m?/s x 10 1

200 1.830[99]
330 1.844[100]
500 1.867[99]

Table 2: Simulation and Experimental Diffusion Vald@s QY p

Particle Type Experimental Diff.  Friction Coeff. Simulation Diff.
a F [ . At
lons KCI) *See Table 2 1 1
Ricin & Aptamer 7.18 x 10 *25.5-26.0 *0.038-0.039

* Range provided, dependent on ion diffusiBquyation 3) andherefore [KCI]
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C: Simulation Unit Conversion

This appendix describes the calculations used to relate how the simulation units
correspond to 6real 6 units of distance and
which corresponsito 1A (10! nm). The simulatioi i me wastdi mandni ns eqgr
using a time steoof 0.01; thereforet Yo . Simulationtime was
mapped to redime through a conversion factor (seconds/tau) definethéyatio of

diffusion in simulation and experimeBtuation 1

; [ ) 1
ar 23 @

WhereO has units, 7tandO hasunitd FOand, pm |

The totalfireattimeo simulated is calculated by multiplying this conversion factor by

t Equation 2

|
o ot - (2)

Total simulationtime - Sample Calculation:

Yo 18t 0 =2 10

t Yo 0

t ¢ prnt

Total realtime - Sample Calculation

diffusion values for ricin:

0 xpyYpmn | 7O
(0] T8t o W It

i (Ffoe v® p 1 OFf (Using equation 1)
0 e p®A (Using equation 2)

60



D: Peclet Tuning

This appendix shows how the simulations were tuned to match thdifftiftion
balance that would be expected experimentdle Peclet number ‘(s a dimensionless
number reflecting the ratio of drift and diffusion used to tune sinoumdor this purpose

(Equation 1)[See Chapter 1, section 1.3.4 for a full description of Peclet tuning]

<o . 36 (1)
L Q o)

Where' is mobility, 36 is an applied voltage, ar@is diffusion. The product O
36 gives the drift velocity)

The Peclet number was calculated using experimental values for the ions aset tupral

to the simulatiord ‘@o derive the corresponding simulation voltaBguation?:

()

Y6 ro 0Q (2)
Note, equation 2 can be equivalently expresse¥éas 0 ‘Q when and O are

the inverse of each other
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Peclet tuningSample Calculation(basedon concentratiordependent diffusion
coefficient, as well amobility values for KChq)

26 ¢ 6
X8p pmi D X&® ¢ pm i 7630 [97]

X& @u prmt i 7620 (Average fromt & )
(0 p& o p mm I TO(For [KCI] = 200 mM, see Table 1)
0Q =85C Y6 1)

Peclet tuningSampleCalculation:(basedonr i ci n6s esti mated diffus
mobility values)i NOT USED (see rationa on next page)

36 ¢ Tin6

. o)

v W p T F6 D

Where:
N ¢Q(le=1.60p x x ©)
0 X® ¢ p 1t | FO(see Appendix A)

- pm *
Q'Y p8rtprtcpr—ea+—$c WY b
VB wpm i T620
0Q =156CY6 p @&
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Table 1: Peclet Tuning for Various Salt Concentrations and Voltages

[KCI, mM ¥V Yy g

200 200 8.5
400 17.0
600 25.5

330 200 8.4
400 16.8
600 25.3

500 200 8.3
400 16.6
600 25

The rationale for choosing to tune for KCI rather than ricin itself wasprwaged. First,

for the purpose of assessing current blockage, the translocation dynamics of the ions are
the priority as ricin is tethered to the pore, and we are primarily concerned about the
resulting current trace, over the translocation rate of thteipr. Secondlythe experimental

charge, diffusion coefficient, and mobility values of K&eestablished in the literature.

In contrast, with respect to ricin, these values are ambiguous since ricin exhibits a highly
heterogesous charge profile (sectiol.3.1), andhe netcharge is linked to mobility (via

the Einstein relation). Thus, the imased Peclet tune was selected as it is better positioned

to produce consistent and accurate current

charge, mobility, and diffusion values.
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E: Current Aalysis

The simulated current was recorded using the simulation wnitdicating the
number of i1 ons to cross t ha toaphysicalanitagheper u
number of ions is mitiplied by their physical charge and divided by the converted total

simulation time AppendixC).
Example:
Step 1. Calculate simulation current in 6s
GQOBOT 1 Q& O "YE OGAAME | & £QDCRXTTQE ¢Equationl)
Wheret 3 € 00 MAAN VN0

Units=da (i ons/ U)

Step 2. Convert simulation current to Ophy
GQMBEOT 1 Q¢ O - A (Equation2)

Example:

laeaort !

Where:sedle u® pmt & Aepdpmgpm #
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F: Trajectory Output Frequency Validation

To accurately analyze the instantaneous current, a suitalyieoutput frequency
needed to be determined Because the current analysis
the cisto thetrans side (or vice versa), the output frequency was limiteidrisp dwell
time in these regimedhe output frequency needed to bghhenoughto record all the
translocation eventdut as low as possible to reduce the trajectory file, $iwecase of
storage and to increase the analysis efficiency (i.e., lower computation tiré)en
keeping the applied voltage constant at 600 dwkll time in the cis/trans regime deeay
according to a power law dke nanopore radius increasérigure 1.). The minimum
dwel | t i meso anoawst plult9 fUr,e q u e n ¢ yto en$ure arDaccUratev a s

analysis of the instantaneocsrrent anlysis across aloltages (206600 mV) andpore

radii tested (5 to 55 0).
10000
y = 20670x*-336
2910 5 _
o. R2? =0.9897
.4 .....‘3=;‘ 893
g lOOO ...G.... ..?77
[ D == J O e 240 o
— Trans L
[o) T R — &5 o 136 119
= 5 r, X )
A 100 g "
5
B - -
Cis w
A =
10
4 20
Nanopore Radius,
Figure1l:Logl og pl ot of dwel | t i m2wel(titdd wayvdefined asthe aver

time aCl ion dweltin the cisor trans regimdbetweerregions and AB and CD in the inset illustra
respectively)Voltage and energy were constant at 600 aw'd kTion, the pore radii were: 5, 10, 15,

35, 45 and 55 0. |l nset il lustration of ci s/
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G: CurrentAnalysis Code (Method 1)

This code calculates the instantaneous current oftgpelof ion by counting the
numberof complete translocation evarfor each frame, and dividing by the associated
Uie(theé 6 6 AW QNP The codealso records the average time of all the
translocation events. The code recttte last frame beforeachion enters the pore and
the first frameaseachion exitsthe pore and checks that the image number is the same to
eliminate any noitranslocation(due to the periodic boundary conditipn©nce a
translocation event is recordede image number is reset to prevent double counting. This
code also records the nmeeurrent by taking the cumulative sum of the translocation events
and dividing by the total simulation tim&he next page shows tlamalysiscodeused to

calculatethe instantaneousurrent(assumes trajectory data is already loaded).
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1 #calculate instantaneous current and passage time
2 def calculate_instant_current (p_traj ,p_img, ptype , pHeight , outfreq ):
)

3 print  ( f 'counting {ptype}ions...'
4
5 Z_pos = p_traj [, 0,;] #makes array 2D (time, ion z coord)
6 z_image = p_img[:;, 0,] #makes array 2D (time, ion z coord)
7 reset = 0.5 #image num is integer, thus non- integer dentifies 'reset’
8
9 if  ptype =='K' :
10 #K ions flow opposite of CL; flip z coord & img so flowis R 1 ->R3
11 reset =reset *-1
12 Z_pos =z_pos *- 1
13 Z_image =z_image *- 1
14
15 tau_max = p_traj .shape[ 0]
16 tau = np. arange (tau_max)
17
18 num_ions =z_pos . shape [ 1]
19
20 start_time = np. zeros (num_ions )
21 finish_time = np. zeros (num_ions )
22
23 start_img = np. zeros (num_ions ) +reset
24 finish_img = np. zeros (num_ions ) +reset
25
26 total_cross =0
27 avg_cross_time =1
28 times =[]
29 instant_current = np. zeros (tau_max )
30
31 for t in range (tau_max ):
32
33 #check if ion is in relavent regions (True/False values)
34 R3=(z_pos[t] < -pHeight /2)
35 R1=(z_pos[t] > pHeight /2)
36
37 start_img [ np. where (R1)] =z_image [t, np. where ( R1)]
38 start_time [ np. where (R1)] =t
39
40 finish_img [ np. where (R3)] =z_image [t, np. where ( R3)]
41 finish_time [ np. where (( start_img ==finish_img ) &(start_img !=reset )&(finish_img !=reset ))] =t
42 cross_index =np. where (( start_img ==finish_img ) & (start_img !=reset )&(finish_img !=reset ))
43
44 num_ions_crossed =np. array (cross_index ). size
45
46 if  num_ions_crossed >0:
a7 # print(f'crossing at frame {t}')
48
49 total_cross += num_ions_crossed
50 cross_time =finish_time [ cross_index ] -start time [ cross_index ]
51 times . append ( min ( cross_time ))
52
53 avg_cross_time . append ( cross_time . mean())
54 instant_current [t] = num_ions_crossed / (outfreq *dt)
55
56 start_img [ cross_index ] =reset
57 finish_img [ cross_index ] =reset
58
59 avg_cross_time = np. array (avg_cross_time ). mean()
60 times = np. array (times )
61 current =total_cross /(outfreq *tau_max *dt) #runtime = outfreq*tau_max
62 return  current , instant_current , times
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H: CurrentAnalysis Codg€Method 2)

The following python code was used to calculate the mean current through the
nanoporeand doublecheck the accuracy of thdinstantaneous current(which is
dependent on the trajectory output period). The code counts the total number of ion
trarslocation events over the total runtime and calculates the mean current by dividing this
number by total simulation time, see equation 1 (where dt=0.01). A translocation event is

definedasthe passagef an ion across the full length of the nanopore.
GQOBGOT | QEYS 0&IamE | & éQ0dXFTQL €Equationd)
Wheret 3 € 00 MMAA Q0Q

The code yields accurate results independetiteofrajectory output period. To do

A

this, the code makes use of each ionds O0in
the fact that voltage bias causes the imnsavel unidirectionallyacrossthe pore due to
t he r e g-diffusian baladceThefimage number indicates the numbigimes each
particle crosses the periodic boundary; the image number increases or decreases by one
each time a particle crosses the (+)igrzboundaryi(e.,DA A vs. AA D in Figure 1).

Dz

C
Pore + Z-aXis

Radius T
B I
A

Figure 1.1: Schematic ofthe relevant regions for current analysis.The positive zaxis

Pore Height

is oriented upwar dsDb sruephr esheartt afzhOdas thes booAd |
equator)and segment BC represents tlamopore height
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The algorithm used tcalculate the total current forgavenion typeis as follows

1) Prepare image numbers:
a. Record the absolute value of each pa
b. Negate image numbers fraime first outpuframe to account for the
translocation events duririge equilibration period
2) Calculate total translocation events
a. Count the number of o6false positivebd

-take the sum of ions within or downstream of the pore in the initial frame

b. Count the number of O6false negativebd
- take the sum of ions downstream of the pore in the final frame

c. Count total translocation events:
-take the sum of each i1 onds i mage nun

simulation
d. Calculatethe6 Tr ued number of transl ocation
-Subtract tihvee s66f aflrsoem ptohsei t6 f arésslte ne g a't
to the total translocation events
3) Calculate the total mean ionic current

a. Divide the total number of true translocation eventd by

The next page shows the analysis code used to calculatetreurrent (assumes data

from theGSDfile is loaded correctly).
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1 import numpy as np

2

3 def calculate_total current (p_traj , p_img, ptype , pHeight , outfreq ):
4 # calculate mean current based on image (independent of outfreq)

5 #args =z coord, z image, particle type, pore height and outfreq

6

7 print (f'counting {ptype} ions...' )

8 z_ pos = p_traj [, 0,]

9 z_image = abs(p_img[;, 0,])

10

11 # remove effect of equilibration on image

12 z image -= z_image [ 0]

13

14 max_frame = int (p_traj .shape][0])

15 max_ndx = max_frame - 1

16 total_tau =max_frame *outfreq *dt

17 num_ions =p_traj . shape [ 2]

18

19 print (f'max frame is {max_frame} total_tau = {total_tau}' )
20

21 if ptype =='CL' :

22 false_positives = (z_pos[0] < pHeight /2)

23 false_negatives = (z_pos [ max_ndx] < -pHeight /2)
24

25 false_positives = np. sum( false_positives )

26 false_negatives = np. sum( false_negatives )

27 correction = false_negatives - false_positives

28

29 total_cross = np. sum( abs(z_image [ max_ndx])) + correction
30 total_current = total_cross /total _tau

31

32 if ptype =='K' :

33 false_positives =(z_pos[0] > -pHeight /2)

34 false_negatives =(z_pos [ max_ndx] > pHeight /2)

35

36 false_positives = np. sum( false_positives )

37 false_negatives = np. sum( false_negatives )

38 correction = false_negatives - false_positives

39

40 total_cross = np. sum( abs(z_image [ max_ndx])) + correction
41 total_current = total_cross /total tau

42

43

44 print (f'[False Positives - False Negatives] = {correction}
45 print (f' total cross: {total_cross}' )

46 print (f'total current: {total_current} \n")

47

48 return  total_cross , total_current
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ILEf fect of Cubic and 060Gol dendé Simulation Ci
To determine the effect of tlsgmulation cell geometry on the baseline current, two

aspect ratios were assessed: a cubic aspec(38fo 3japdasec al | ed 0 Gol dend

ratio - referring to a cuboid box with a width and length,(Where L = 30Q1, andthe

height = 1.2-L+hp, whereh is the pore height (thicknes|g)], [78]. An earlier studyby

Sahu and Zwolak2018) found thathe Golden aspect ratiitigates against finitsize

effects which can distort how easily ionic current can converge from a bulk medium into

a pore (i.e., access resistang&]. The upshot of this is that a simulation cell utilizing a

cubic aspect ratio may experience a reducti@caess resistanoghich can becoméon

physicallyddependent on factors such as concentration and vgra8gé& he results shown

in Figurel.2 indicate that the cubic aspect ratio yields consisteighyen baseline currents

than the 6Gol dend aspect ratio andbdthhat th

rp and voltageThis dependence suggests that the access resistandadeaghave been

underestimated using the cubic aspect ratio. Howemarents from both geometries

confornedto the expected current depende on voltage ant, (while [KCL] was held

constantat 200mMa | beit t he 6Gol den aspect ratiobd

based a thetheoretical relation:

T,—Q E 19
1] Q Q

e % w
wherew is the voltagell is bulk conductivity;d andQare the diameter and height (or
thickness) of a cylindrically shaped nanopf@&]. Al t hough the 0Gol den:¢
yields more accurate currents, the simolagiwhere ricin was most likely to impact access

resistance occurred whepO2 5 ; within this regimethe simulation geometries were

largely within error of each othefherefore,althoughthe smaller cubic simulation cell
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was selectedbecause it was sufficiently accurate for our purposes rauicel
computational timgfewerions required for a given concentration), future investigations
would do well to uti |l i deter mbdel acteSoresttante a s p
particularly if larger pore sizes are explored or to better tease apart the access and pore
contributions to resistance. However, the latter investigation, accotdir@hu and

Zwolak, would alsdirequire knowing where tpartition the voltage drop (in the presence

of chargedouble layers and other nanoscale structiwdsch is no]simple taskd [74].

(a) Cubic Aspect Ratio

( ) 200 mV 400 mV 600 mV

— lo = VI3 + 517 k= 0,08 (*=089) — lo = VKIZE + 317N K= 0,09 (2=0.92) 104 = lo = VKl + 317 k= 011 (7=093)

— Jp = VK2 + 517 k= 0.06 (+*=0.90) — o = VK[Z + 317% k= 0.07 (2=0.93) — lo = VK2 + 317 k= 0.07 (2=0.94)
—F - Cubic Aspect Ratio

<F- 'Golden' Aspect Ratio

7| =F- cubic Aspect Ratio
=F- 'Golden' Aspect Ratio

—§- Cubic Aspect Ratic
<F- 'Golden' Aspect Ratio

8-

Current, ¢
Current, ¢
Current, ¢

[
o
1

24

0.5+

0.0

T T T T T T T
10 20 30 40 50 10 20 30 40 50 10 20 30 40 50
Pore Radius, o Pore Radius, o Pore Radius, ¢

Figure 11: (a) illustrates acubic (300 3{simulation celland (b) illustrates a Golden aspect 1
simulation cell, i.e., a cuboid box with a width and lengidhof 300 , @&nd a height of.2-L+h,, where
hpis the pore height (thickness): i shown in purple, Cls green, and the pore is shown in gria
= 66=025 10) . asdlime)urrdiaa3)(()lvs. nanopore radiusi), for a cubic and Gold:
aspect ratio. Subplots from left to right correspond to 200, 400, and 600 mV, [KCI] was 200 ml|
bars represent standard deviation, each dataset is fit to Equation 1.
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JEffect of Cubic and 0Gol 8leckedCu®ntmul ati on C
Once the effect of the simulation cell geometry (i.e., the cubigalden aspect

ratio) on the baseline current was determined, we explored whether it could indirectly

impact the dynamics associated with the blocked current state. To do thigg@ &0 )

and electrically neutral spherical obstruc

placed atfour distinct locations: (1) the pore equator, (2) trensopening, (3) thecis

opening of the poteand (4) outside the cis opening (vertigall of f set.They 17 . 5

spherical obstruction was used rather than the-bgualy model of ricin to eliminate

confounding factors such as charge profile and geometry of the protein, which would make

consequent interpretation more complicated. The reshiie/ similar patterns of current

blockage, but the cubic cell geometry yielded a greater ow@idwhen the cis or trans

mouth was obstructed (Figurel)L. Although the overaly @Ois still lowerfor the Golden

aspect ratio than the cubic aspect ratio, the key trends were the same, and the level of noise,

denoted by SD, is quite similar (Figurel)l.

(a) Fractional Event Amplitude (600 mV, r, = 35 0)
Cubic aspect ratio (300 0)? Golden aspect ratio (L = 300 o)
0.6 1 - - L3 K+ 3 K+
ENNe ¢ CI”
0.5 -
i1 B
= 0.44
=] B -
0.3 h -
.
==
0.24
-
cen.ter tra'ns c{s c;'salm,?r cen'ter tralns c‘fs cisﬁ'urer

Figure 11: Comparison of mean fractional event amplitud@(O for a cubic simulation aspect re

(a), and

Pore Radius, o

Pore Radius, o

a 0 golEdaebarsseprgsent#SDE3H.t i o0 ( b)

73




K: Cis Detction Regime: Current and Ricin COM vs. Time

Plots of cis degction regime COM distance and current tra¢ée. thickness of each pore

wa s

current

over

4E3

U.

Each

syst em 3csbe dmukaton

cell, where ricin wagetheredvia a 15bead aptamer affixed to the cis mouth of the pore.

Instantaneous K & Cl and COM Distance b Instantaneous K & Cl and COM Distance
a (15 Bead Tether, Pore radius: 5 o, Pore height: 60 o) (15 Bead Tether, Pore radius: 10 0, Pore height: 60 0)
200 my. n=1 020 rg-=041 200mV.n=2__ re.=007 ro. =007 200mv.n=3  re =008 200 mv. n=1 =021 ro.=013 mV.0=2  fe,=011 ro-=002 200my.0=3  re.=
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Instantaneous K & CI and COM Distance Instantaneous K & Cl and COM Distance
(c) (15 Bead Tether, Pore radius: 15 o, Pore height: (15 Bead Tether, Pore radius: 25 o, Pore height:
00mVn=l  re.=084 ro.=018 00mV.n=2 1,082 1. =006 =019 H0mV.0=2 10,093 ro.=079
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Figure 11: Ri ci n
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L: Pae Cylinder (internal) Detection Regime: Current and Ricin COM vs. Time

Plots of cis detection regime COM distance and current trdibesthickness of each pore
was ddredice the noise, therent is plotted as the running averagehef instantaneous
current over 4E3 U. Each system 3csbedmuatiod mM KC

cell, where ricin wagdetheredvia a3-bead aptameasonjugated centrally within the pore.

Figure 11: RicinCent er of Mass Distance (COM) and curr
is shown in purpleand Cl is shown in green; their respective baseline current is shown as a dashed
subplots (b), (d), and (f) the total current is shown in orange. Each subplot column represents a uniqu
(n), each row from top to bottom corresponds to an agploltage of 200, 4Q@nd 600 mV. Nanopore ra

assessed include: 35, 45, 55 Q.
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