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Introduction

Mathematical Models

Presentation Abstract:

Facilitate 1. Introduction 2)
e Motivation:

Actin-Based Motility of Listeria Word Scientiic
e BR Model Applied to the Simplest Case:
Simple Chemica Single Polymer and Fluctuating Barrier

2. Realistic Feature 1: Attractive Force CTIONS, AND

fROWTH

e Attractive Force ~ Resistant Force

3. Realistic Feature 2: N Polymer Bundle
e Without Barrier:
Bundle Grows as Single Polymer
e With Barrier:
Bundle can Oppose N times External Force Qian, 2011]
(Compared to Single Polymer)

APPLIED MATHEMATICS
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Motivation: Actin-Based Motility

Listeria Monocytogenes:

Bacteria that Causes Listeriosis
Usually Only Flu-Like Symptoms,
CDC Estimates that in the U.S.
e 1,600 People per Year
Become Seriously Il due to
Listeriosis

e Out of Those, 260 Die

http://textbookofbacteriology.net/Listeria_2.html
At body temperature:
Listeria is propelled by polymerization of actin filaments.

APPLIED MATHEMATICS
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Motivation: Actin-Based Motility

Actin-Based Motility of Listeria (Click for Movie)

Image Source: Tllney & Portnoy 1989 J Cell Biol 109:1597-1608
Movie Source: Theriot & Portnoy: http://cmgm.stanford.edu/theriot/movies.htm
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Motivation: Actin-Based Motility of Listeria

Experimental Observations: Single Particle Tracking
Kuo & McGrath Measured Listeria Trajectory (Red)

v

5.4 nm (8)

¥

828 830 832 834
t(s)
Image Source: [Kuo and McGrath, 2000]
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Motivation: Actin-Based Motility of Listeria

Experimental Observations: Single Particle Tracking
Kuo & McGrath Measured Listeria Trajectory (Red)
1. “Stepping” Behavior
e Step Size: §
(Monomer Width)
e Suggesting:
Coordinated Growth
of Actin Polymers

828 830 832 834
t(s)

Image Source: [Kuo and McGrath, 2000]
APPLIED MATHEMATICS
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Motivation: Actin-Based Motility of Listeria

Experimental Observations: Single Particle Tracking
Kuo & McGrath Measured Listeria Trajectory (Red)
1. “Stepping” Behavior
e Step Size: §
(Monomer Width)
e Suggesting:
Coordinated Growth
of Actin Polymers

2. MSD Smaller than Expected

828 830 t(ieijz 83.4 e (Decreased Fluctuation)

Image Source: [Kuo and McGrath, 2000]
APPLIED MATHEMATICS
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Motivation: Actin-Based Motility of Listeria

Experimental Observations: Single Particle Tracking
Kuo & McGrath Measured Listeria Trajectory (Red)
1. “Stepping” Behavior
e Step Size: §
(Monomer Width)
e Suggesting:
Coordinated Growth
of Actin Polymers

Suggest Possible Explanation: 5 MSD Smaller than Expected

“Binding” between o (Decreased Fluctuation)
Listeria and Actin Cloud

Image Source: [Kuo and McGrath, 2000]
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Motivation: Actin-Based Motility

Actin-Based Motility of Listeria
Motivates Study of:

e Polymerization-Driven Motion of a Fluctuating Barrier
Mathematical Framework:

e Diffusion Formalism Brownian Ratchet Model

e Building On Simplest Case:
Single Polymer Ratchet

APPLIED MATHEMATICS
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Single Polymer Ratchet

What is a Single Polymer Ratchet?

Component 1:
Polymer

o o, 3

Adding/Subtracting Rates
e ): Monomer Width
o a> [

Polymer Grows

(On Average)

APPLIED MATHEMATICS
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Single Polymer Ratchet

What is a Single Polymer Ratchet?

Component 2:

Fext . .
b » Dp Fluctuating Barrier
— e Biased Brownian Motion
, e Dy Fluctuation
1
' o —Ffet: Drift
1 b
1
]
1
1
]
I
y

APPLIED MATHEMATICS
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Single Polymer Ratchet

What is a Single Polymer Ratchet?
When Components Interact:
e Barrier Motion

“blocked” by Polymer

e Polymer Growth
“blocked” by Barrier

APPLIED MATHEMATICS
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Single Polymer Ratchet

What is a Single Polymer Ratchet?

When Components Interact:
If Polymerization is Fast:

e Barrier Moves Far Enough
e Polymer Immediately Grows

e Blocking Backward
Fluctuation of Barrier

Barrier is “Ratcheted” Forward

APPLIED MATHEMATICS
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Introduction
Diffusion Formalism for a Single Polymer Ratchet

Modeling an Internal Attraction Force

N Polymer Bundle

Conclusions

Conclusions

(e]e]
0000
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Single Polymer (No Barrier)

Random Variable X(t): Position of Polymer Tip
OPxxD) — aPy(x — Ax, t) + BPx(x + Ax, t) — (a + B)Px(x, t)

3 Discrete Space Model:
d e Px(x,t) = Prob{X(t) = x}
L] ] e Biased Random Walk
To Obtain Continuous Space
Model:

e Taylor Expand in x. ..

APPLIED MATHEMATICS
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Single Polymer (No Barrier)

Random Variable X(t): Position of Polymer Tip

_8an(tx,t) = aPx(x — Ax, t) + BPx(x + Ax, t) — (o + ) Px(x, t)

apx(X,t) o DQP)((X,t) Opx(x7t)
ot =D, Ox2 -V, Ox

Continuous Space Model:

e ol
HEEN Prob{x < X(t) < x + dx}

«o
T | e Biased Brownian Motion
X (Diffusion with Drift)

X
. Ax? .
D= lmfat A%, Vo= lmfa=plax

APPLIED MATHEMATICS
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Barrier (No Polymer)

Random Variable Y(t): Position of Barrier

a’DY{(yJ) = Dbasz(Y7t) JL Fext a'DY(}/7t)

ot Oy? b dy
Fae D Continuous Space Model:
np ) b ° PY(y, t) =
— Prob{y < Y(t) <y+dy}
' e Biased Brownian Motion
E (Diffusion with Drift)
y

APPLIED MATHEMATICS
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Single Polymer Ratchet

Diffusion Formalism Model: [Qian, 2004]

OPxy(x,y,t) 0% Pxy 0% Pxy OPxy = Fex OPxy
=D, D -V, — 1
ot Ox? 12 oy? Ox + n, Oy (1)
fat Dy ,
b Joint pdf:

o ny(X, 1.') =
Prob{x < X(t) < x + dx,
y <Y(t) <y+dy}
e X(t),Y(t) Coupled by
Geometric Constraint:
X(t) < Y(t)

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Single Polymer Ratchet

Diffusion Formalism Model: [Qian, 2004]

OPxy(x,y,t) 0% Pxy 0% Pxy OPxy = Fex OPxy
=D, D, -V, — 1
ot Ox? 12 oy? Ox + n, Oy (1)
Fex
"7bt ) Db

Strategy: Decouple System
Introduce:

e A(t): Gap Distance
e Z(t): Average Position

Change of Variables:

— _ _DbX+DaY
cA=Y-X Z="2%D

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet

Diffusion Formalism Model: [Qian, 2004]

OPxy(x,y, t) 9 Pxy 9 Pxy OPxy | Fext OPxy
=D, D -V, — 1
ot Ox? 2 Oy? Ox + n, Oy (1)
8PA(A, t) 82PA Fext aPA

Q. = a TAA0 a >

o (D> + D) 557 + SA (820 (2)
OPz(z,t) . 0°P Pz

9 D, 952 Vziaz , —00< z< +00 (2b)

D, = (a +5)672v Va=(a—p)s e (1) Constraint: X(t) < Y(t)
D — D.Dy Vz — vaa_DaFext/nb

Z = DytD;’ Dy+D, e (2a) Constraint: A(t) >0

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Gap Distance

Gap Distance Approaches a Steady State:

OPa(A,t) ext | OPa
A=) >
e = (D, + Dy) 3A2+(Va+ nb)aA A>0
Subject to:

“+": Diffusion — Boundary

o Mo L. g A =10 Conditions: Can't “Leak Out”

e Normalization Condition

Pa(AD)

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Gap Distance

Gap Distance Approaches a Steady State:

OPa(A,t) ext | OPa
LN -2 >
o ( —|—Db) 8A2+<Va+ ﬂb)aA A>0
Subject to:

“+": Diffusion — Boundary

o Al B st A =10 Conditions: Can't “Leak Out”

e Normalization Condition

PaAH Pa(8)

A

Gap — Steady State!
APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Gap Distance

Pa..(A): Steady State Gap Distance

d?Pa dPa
— D SS V SS A >
0=Ds"gp2 T Voga =0
e D5 = (D, + Dp) Steady State Distribution
e Exponential

[ ) V5 = (Va —I— E)

" Vi _%
e No-Flux B.C.at A=0 Pa.(A) = Ds€ °°
e Normalization Condition

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Average Position

Average Position: Diffusion with Drift

3Pz(2, t) 82Pz 0Pz
=D -V, —0<z< X
ot Z 922 29z
Solution:
1 (2= Vet)?
o |Py(z,t) = ke it
With
_ D,D, _ DbVa*DaFext/nb
® DZ - Db+Dba’ VZ - Db+Da

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON



Introduction Attraction Force N Polymer Bundle Conclusions

00000 00000000 0000000 (e]e]
0O00000e00 000000 0000

Single Polymer Ratchet: Average Position

Average Position: Diffusion with Drift

3:’32(27 t) 82PZ 8Pz
=D -V, —00 < z< o0
ot Z 922 29z
Solution: Normal Distribution
(= Vet e Mean:
1 - :
o | Pz(z,t) = VarD,t < e pu= Vit
With: e Variance:
_ D,D _ DbVa*DaFext/nb 2
.DZ_Db“l‘Dba'VZ_W o =2D,t

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Stalling Force

Define the Stalling Force, F*:
Value of the External Force that “Stalls” the Drift:

V _ vaa_DaFext/nb
2 Db+Da

o F* = nyDpg?

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Stalling Force

Define the Stalling Force, F*:
Value of the External Force that “Stalls” the Drift:

_ DpVa—DaFext/np g 0 .
V, = DD Qualitatively:
* .,
(] F*:T]bDb%z O ext<F-

Polymer Pushes Barrier

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Single Polymer Ratchet

Single Polymer Ratchet Summary
Gap Distance — Steady State:

e Exponential Distribution

_Ds _ _Dp+D,
° M o V(S o Va+Fext/77b

Average Position — Biased Diffusion
e Normal Distribution
o =Vt
e 02=2D,t
Stalling Force:
o F*=npDpg?

Conclusions

APPLIED MATHEMATICS
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Single Polymer Ratchet

Single Polymer Ratchet Summary
Gap Distance — Steady State:

e Exponential Distribution

—Ds _ _DptD.  |ncorporate Two Realistic Features:
° M o V(S o Va"l‘Fext/??b p

Average Position — Biased 1. Attraction Force
Between Polymer and Barrier

e Suggested by Kuo & McGrath
® p=Vat 2. Multiple Polymer Filaments
* 0% =2D;t e Listeria is Propelled by
Stalling Force: Network of Actin Filaments

o F* =Dy

e Normal Distribution

APPLIED MATHEMATICS
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Modeling an Internal Attraction Force

APPLIED MATHEMATICS
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Internal Attraction Force

Internal Attraction Force, Fip:(y — x)
To Represent "Binding” of Polymer to Barrier, Define Fint(y — x):

e Acts on both
Polymer and Barrier

e Function of
Gap Distance:
A=y —x

e Appears in Model:
— Drift Terms

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force

Internal Attraction Force, Fip:(y — x)

OPxy(x,y,t) 9 Pxy 9 Pxy
=D, D
at o2 TP
0 Fin - 0 Fex Fin -
g [(v i M) va} - {MPXY 3)
Ax Na dy b
Fine(y—=x Strategy: Decouple via
Ie Change of Variables:
‘ | | | | | Oé( : e A=Y —X,
= 1Fint(y—x __ DpX+D,Y
0 : R L= Dy+Ds
X 1

w Arrricyu ma1ncATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force

Internal Attraction Force, Fi,:(A)

2 2
OPxy(x:y:t) _ Daa Pxy " Dba Pxy
ot Ox? Oy?
9 i O [(Fext + Fine(y —
[(Va + Fine(y — X)> XY:| &L {MPXY (3)
Cox Na dy b
O0Paz(A, z, t) 0?Paz 82Ppz O )
=D D, — (Vi(A)Paz) — =— (Va(D)P 4
ot 5—5pz TDPz=g2 + ga (Vi(A)Paz) — o~ (Va(A)Paz) (4)

e (3) Constraint: X(t) < Y(t)
e (4) Constraint: A(t) >0

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Internal Attraction Force

Internal Attraction Force, Fi,:(A)

IP; Y, t %P %P

XY(X y ) =D, XY + D, XY

ot Ox? Oy?
0 [(V + int(y_x)>nyj| + = 0 |:(Fext+Fmt(y_X))PXY (3)

T ox Na dy s
aPAz(A,Z,t) 82PAZ 82PAZ 0 0

= Ds D — (V4(A)P, — — (Va(A)P, 4
ot *Ton2 =5,z + op (Vi(&)Paz) = 52 (Va(A)Paz) (4)

Gap Dynamics
e Do Not Depend Z

e Gap — Steady State
APPLIED MATHEMATICS

e (3) Constraint: X(t) <Y(t)
e (4) Constraint: A(t) >0

UNIVERSITY of WASHINGTON
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Internal Attraction Force: Gap Distance

Steady-State Gap Distribution, Pa_ (A)

d’Pa_ (D) d

———— 4+ — (V4(A)Pa_(A A >
dA2 +dA( 1( ) Ass( ))7 _07

No-Flux B.C. at x =10

Vi(a) = Vs + (£ + L) Fine(B)

0= D;s

V5 = (Va + Fext/nb)

N: Normalization Factor

Fint(A) _ _ dUine(A)

. dA
Solution:

Pa_(A) = N exp [7 vL;Af(l/naE;/nb)u,m(A)}

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force: Average Position

After the Gap Reaches the Steady State, Average Position:

/0oo PASS(A)%dA = /OOO (PASS(A) (Dzagzpj - % (Vz(A)Pz))> dA

Dy _ D,
6‘Pz(z, t) o 82Pz 0Pz (E - "Tb) 0Pz > ,
gt Pz Ve D,+ D, 0z /0 Fint (AP (A)dA

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force: Average Position

After the Gap Reaches the Steady State, Average Position:

/0oo PASS(A)%M = /0oo (PASS(A) (Dzagzpj - % (V2(A)Pz))) dA

Dy _ D,
6‘Pz(z, t) o 82Pz 0Pz (E - 'r]T,) 0Pz o ,
gt Pz Ve D,+ D, 0z /0 Fint (AP (A)dA

Expected Value of the Internal Attraction Force

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force: Average Position

Define Mean Internal Force, F;,;

F.o— / Fine(A)Pa (A)dA
0
Then:

D D, \ .
aPz(Z, t) -D 62Pz _v 0Pz . (77: - '07;) Fint 0Pz
dt T 922 “ 9z D, + Dy 0z

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force: Average Position

Rigid Polymer Structure:
For Listeria's Actin Tail, the Polymer Structure is “Rigid,” 7, > np

Fext Db

I

e Must Apply a Much
Greater Force to

Generate Drift
° = Fint(y—x) < Fint (y—x)
Na b
(Neglect Effect of
Attraction Force on
Polymer Drift)

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force: Average Position

Rigid Polymer Structure:

D D\ FE.
P, 0P (- 2)Fnop,

0Pz(z,t) Pz Pz
dt =D: 0z2 Ve 0z D, + D, Oz
V., = (vaa - DaFext/nb)
i Da 4 Db
If the Polymer Structure is Rigid, 1, >> np, Frl‘;’f < Fr]’z*

8Pz(z, t) D 82PZ B (vaa - D, (Fext +Fint) /77b) 0Pz
dt “ 022 D, + Dy 0z

APPLIED MATHEMATICS
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Internal Attraction Force: Average Position

Rigid Polymer Structure:

If the Polymer Structure is Rigid, n, >> np, % < F’rz’Zt

8P2(Z, t) D 62PZ . (vaa - D, (Fext +Fint) /77b) 0Pz

dt “ 022 D, + Dy 0z

Internal Attraction Force ~ Additional External Resistant Force:
e F:Fext+Fint

For the Rest of This Talk!

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Internal Attraction Force: Average Position

Rigid Polymer Structure:

If the Polymer Structure is Rigid, n, >> np, % < Fn’zt

8Pz(z, t) D 82PZ . (vaa - D, (Fext +Fint) /77b) 0Pz

dt T 7% 072 A ) A~
First Realistic Feature Results:
1. Attraction Force
o |F=Foi+ Fin Between Polymer and Barrier
o Effectively Decreases V, (Drift)
e No Direct Effect on D, (Fluctuation)

Internal Attraction Fc

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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N Polymer Bundle
N Polymer Bundle (No Barrier)
N Polymer Bundle with a Moving Barrier (Ratchet)
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N Polymer Ratchet

What is an N Polymer Ratchet?

Component 1:
Bundle of

% N Identical Polymers

APPLIED MATHEMATICS
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N Polymer Ratchet

What is an N Polymer Ratchet?

Component 2:
Barrier

Db7F/77b :

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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N Polymer Ratchet

What is an N Polymer Ratchet?

When Components

: Interact:
ﬁ/+ E Ratchet:
‘ « i Longest Polymer
E E aF
‘ | | | | | ‘ ' Barrier
Dy, F /1 -

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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Introduction

Modeling an Internal Attraction Force
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N Polymer Bundle (No Barrier)

X;(t): Position of i Polymer Tip at Time ¢

IPx.(x;t) 1 0°Px;(x,t) dPx. (xt)
Xat - Da gxz - Va XBX
Each Individual Polymer:
e Normal Distribution
5/* p= Vit 02 =2D,t
‘ @ e pdf:
1 _(X—Vaf)2
i fx(x,t) = A€ 4Dat
BEEEREN . cdf:
X
X1 = Fx(x,t) = f_oo fx(x, t)dx
XN

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON



Introduction Attraction Force N Polymer Bundle Conclusions

00000 00000000 0@00000 (e]e]
000000000 000000 0000

N Polymer Bundle (No Barrier)

X;(t): Position of i Polymer Tip at Time ¢

IPx.(x;t) 1 0°Px;(x,t) dPx. (xt)
Xat - Da gxz - Va XBX
Each Individual Polymer:
e Normal Distribution
5/* p=V,t, 02 =2D,t
‘ @ e pdf:
1 _(X—Vaf)2
i fx(x,t) = A€ 4Dat
HERREN . cdf:
X
X1 = Fx(x,t) = f_oo fx(x, t)dx
XN
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N Polymer Bundle (No Barrier)

Example: 3 Polymers Starting Out Separated:

t:1 t:25.

fX| (X,t) fx‘ (X,t)

« — T~

X1 X2 X3 X1 X2 X3

(Click for Movie)

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON



Introduction Attraction Force N Polymer Bundle Conclusions

00000 00000000 000@000 (e]e]
000000000 000000 0000

N Polymer Bundle (No Barrier)

X(K)(t): Position of k*' Longest Polymer Tip at Time t

X(N))((N—% Instead of Tracking
¢ Individual Polymers

5/* e Order Them By Length
o Define:

| “ X(K)(t): Position of
kt" Longest Polymer:

XO (1) > XO (1) > ... > xED (1) > xB (1) > xED (1) > ... > xWD (1) > xN(¢)
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0000e00

N Polymer Bundle (No Barrier)

X(K)(t): Position of k* Longest Polymer Tip at Time t

XO(t) > x@(£) > ... > XED (1) > XB (1) > XE (1) > .. > XV (8) > XM (1)

XK)(t): kth Longest Polymer:
Order Statistics:
e pdf:
fw (%, 1) = =yt Fx O NI = Fx (o, )] fx(x, £)
Qualitatively “Biased-Diffusion-Like:"
e Single Traveling Peak
e Increasing Width
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N Polymer Bundle (No Barrier)

Example: 3 Polymers Starting Out Even (Same Length)

t:1 t:25.
fra(X,t) Fra(X,t)

XRBY X  x? ¥

(Click for Movie)
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N Polymer Bundle (No Barrier)

N ldentical Polymers

In the Absence of a Barrier, Bundle “Spreads Out:"
e Distance Between Peaks Increases:
o x /2Dt
In the Long-Time Limit:

’ Bundle Grows as a Single Polymer While Others Lag Behind
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Introduction

Modeling an Internal Attraction Force

N Polymer Bundle
N Polymer Bundle with a Moving Barrier (Ratchet)

Conclusions
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N Polymer Ratchet

Joint pdf for all {X;(t)}, Y(t): f({x},y,t)

OF({xity,t)  — PF
Ty — Z (D _

a9 2
X
k=1 9 k

Db)F/T/b :
Y

of O’f | Fof
aaixk> +Db@+%@ (5)
Strategy: Decouple via
Change of Variables:
e Aj=Y X,
7_ Dy YN | X;j+DsY
NDp+D,
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N Polymer Ratchet

Joint pdf for all {A,(t)} Y( ): f({&i}, 2, t)

k) WO o, O FOF
; 8xk 8x +Db82 +7]b8y (5)

({f,} Z(D 8 + Db) 85;2 < )Z (6a)

OPz(z,t)  DwD, &Pz NDyV; — DiF /np\ 0Pz (6b)
9t  ND,+D, 9z2 NDs, + D, 0z

f({xi},y,t) = F({&), 2, 1) Geometric Constraints:

Decoupled: e For (5): X(t) <Y(t)

= ¢({&i}, t)Pz(z, t) e For (6a): A(t) >0
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N Polymer Ratchet: Gap Distance

Gap Distances Approach Steady State:

N
B = exp (—ezs,) . e=pti

i=1

{A;}: Gaps are Identical,
Exponentially Distributed

[ ] = l = —NDb+Da
€ Vat+F/np
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N Polymer Ratchet: Gap Distance

Gap Distances Approach Steady State:

S({&}) = " exp (‘525") ,

i=1

{A;}: Gaps are |dentical,
Exponentially Distributed
1 _ NDb"l‘Da

* L= T VorF /e

‘T ND,+D,’

Va F —INex
= 74— /7]b PA(I)(X) = Nee 8y

A(l) = min{A,-}
Exponentially Distributed

_ 1 _ Dp+Di/N
* U= Ne = VitF/m

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON



Introduction Attraction Force N Polymer Bundle Conclusions

00000 00000000 0000000 (e]e]
000000000 [o]e]e] lele] 0000

N Polymer Ratchet: Average Position

Average Position: Diffusion with Drift

(9/32(2, t) D 82PZ V 0Pz
ot TN 922 NoHz
Solution: Normal Distribution
L _(Z*;’ﬁ e Mean:
_ 4Dzp t
*|Palz )= N p= Vet
With: e Variance:
e D _ D,Dy 0-2 = 2E)ZNt
ZN = NDp1D5’
V. — NDy,V>—D,F /np
Zv — = NDp+D,

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON



Introduction Attraction Force N Polymer Bundle Conclusions

00000 00000000 0000000 (e]e]
000000000 0000e0 0000

N Polymer Ratchet: Average Position

Recall Stalling Force, Fp:

Value of the Force that “Stalls” the Drift:

V. — NDyVaD,iF/mp
ZN = = NDy+Ds

o Fiy = NnyDpp
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N Polymer Ratchet: Average Position

Recall Stalling Force, Fp:
Value of the Force that “Stalls” the Drift:

NDpV:—D,F S
VZN = bNDTDa/nb Qualltatlvely:
o Fy = Nanb%‘: o F<Fy:

Polymer Bundle
Pushes Barrier

Bundle can Oppose N times External Force of a Single Polymer!
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N Polymer Ratchet

N Polymer Ratchet Summary
Min. Gap Distance — Steady State:

e Exponential Distribution

_ Dp+(Ds/N)
¢ H= \b/a'f‘F/ﬁb

Average Position — Biased Diffusion
e Normal Distribution
o u=V,t
o 02 = 2D,,t
Stalling Force:
o Fjy=NnsDy %
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N Polymer Ratchet

Second Realistic Feature Results:

N Polymer Ratchet 2. Multiple Polymer Filaments:

Min. Gap Distance — Dz, = %

e Exponential Dist V;, = Dy Vo= (Da/ N /5

Dy+(D./N)
_ Dp+(Da/N) . .
® B= VA F e Stalling Force Scales with N
Average Position — | o |nteraction with Barrier
e Normal Distribut — Polymers Grow Together v*
o p= Vgt Increasing NN:

2 _ .
° 0" =2D,t e Decreases Mean Gap Distance

Stalling Force: e Increases V, (Drift)
o Fjy = NnpDpp i
N b5, e Decreases D, (Fluctuation) v/
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Results From the Brownian Ratchet Model

By Incorporating Realistic Features:
Can Predict Observed Listeria Behavior:
e Coordinated Actin Polymerization

o Decreased Fluctuation of the Bacterium (Barrier)
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o

Results From the Brownian Ratchet Model

By Incorporating Realistic Features:
Can Predict Observed Listeria Behavior:
e Coordinated Actin Polymerization
e Decreased Fluctuation of the Bacterium (Barrier)
Not just a Model for Listeria. Also:
e Other Actin-Based Motility Scenarios
e Molecular Motor "Pushing” a Barrier (Load) Along its Track
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Future Work

Incorporate More Realistic Features
e Explicit Incorporation of Hydrolysis Cycle
e Interactions Between Filaments in a Bundle

e Capture Discrete “Stepping” Events
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Diffusion Formalism: Single Polymer Ratchet
Full Time-Dependent Gap Distance Solution

Initial Boundary Value Problem for (x > 0, t > 0):
BPA(0,t)
o 2Palc) _p 8%Pp ® D5 =B + VsPa(0,t) =0
ot ® lim o0 Pa(x,t) =0
APp (xst) 0
Ix -

® Pa(x,0) =8(x) limy—s o0

Solution Via New Transform Method of Fokas [Fokas, 2002]

_ Vsx
:DA(X7 t) = g—‘;e Ds

2

i0; (z cos(zx/2) — g—i sin(zx/2)) dz

() [

2Ds 5 5

+e e | 2
(&) +#
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k=142 Iy — 1 — /Tl + erf(w)]e

o(N) ——

Limiting Curve
10 20 30 40 50 60 70 80 90 100
N

e Forw; >1, N~ 2\/7?w1ewf
e For Large N, wi grows as vIn N

Wy

Limiting Curve —

0 0.2 0.4 0.6

k/N

0.8 1

® Wy > Wkt
(monotonically decreasing)
. k 1—erf(wy
o limyosoo 7 = 51
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