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Brownian Ratchet (BR)
Main Reference: Presentation Outline:
1. Introduction
e Motivation:
(B s Aot RIS DU, Actin-Based Motility of Listeria
« BR Model for Simplest Case:

Single Polymer
& Fluctuating Barrier

2. N Polymer Ratchet Model

e “Pattern” Arises
o (Something Nonlinear)

3. Summary/Acknowledgments
[Cole and Qian, 2011] e Additional References
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Motivation: Actin-Based Motility

Listeria Monocytogenes:

Bacteria that Causes Listeriosis
Usually Only Flu-Like Symptoms,
Fall 2011 Outbreak:

e 146 Cases Reported

e 30 Deaths, 1 Miscarriage

http://textbookofbacteriology.net/Listeria_2.html http://www.cdc.gov/listeria/outbreaks/cantaloupes-

At body temperature: e een e inaexihel
Listeria is propelled by polymerization of actin filaments.
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Motivation: Actin-Based Motility

Actin-Based Motility of Listeria (Click for Movie)

Image Source: Tilney & Portnoy 1989, J Call 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)

¥

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

v e Suggesting:
5.4nm () Coordinated Growth
* of Actin Polymers

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

v

5.4 nm (8)

o Suggesting:
Coordinated Growth
of Actin Polymers

2. MSD Smaller than Expected

o (Decreased Fluctuation)

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
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Single Polymer Ratchet

What is a Single Polymer Ratchet?
Component 1:
Polymer

o o, 3
Adding/Subtracting Rates

@ e §: Monomer Length
HEEE ca>p

Polymer Grows
(On Average)
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Single Polymer Ratchet

What is a Single Polymer Ratchet?

Component 2:

F . .
T Dy Fluctuating Barrier
- e Biased Brownian Motion
. e Dy Fluctuation
1
' o —n—i: Drift
1
1
1
1
L}
I
y
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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
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Introduction

Diffusion Formalism for a Single Polymer Ratchet

N Polymer Model

Conclusion
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Single Polymer (No Barrier)

Random Variable X(t): Position of Polymer Tip
Pt — o Py(x — Ax, t) + BPx(x + Ax, t) — (o + B)Px(x, t)

Biased Random Walk Model

@ o Px(x,t) = Prob{X(t) = x}
‘ | | | | e (Spatially Discrete)

Spatially Continuous Model:

>I< e Taylor Expand in x...
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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

Biased Brownian Motion Model

S -
HEEN Prob{x < X(t) < x + dx}

a
o | e (Spatially Continuous)
X Diffusion with Drift

X
. Ax? L
Do = lim(a+ )= Vo= jim (a—B)Ax

APPLIED MATHEMATICS
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Barrier (No Polymer)

Random Variable Y(t): Position of Barrier

IPy(y,t) _ p PPy(y,t) | F OPy(yt)
ot~ = Db Dy?2 *% dy

Biased Brownian Motion Model

F
Ny’ Db (] Py(y, t) =
— Prob{y < Y(t) <y +dy}
' e (Spatially Continuous)
: Diffusion with Drift
y

APPLIED MATHEMATICS
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Single Polymer Ratchet

Diffusion Formalism Model: [Qian, 2004]

8ny(x,y, t) 82ny 82PXY OPxy F OPxy
=D, D -V, — 1
ot Ox? 12 dy? Ox + n, Oy (1)
F
%5 Db .
Joint pdf:

° Pxy(x,y,t) =
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) - 0Pxy 0% Pxy _, OPxy | F OPxy
ot =D Ox? +De dy? va Ox +17b Ay (1)

Strategy: Decouple System
Introduce:

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

Change of Variables:

_ o _ DpX+D;Y
A=Y X Z="205Y

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Single Polymer Ratchet

Diffusion Formalism Model: [Qian, 2004]
OPxy(x,y,t) & Pxy 0% Pxy OPxy | F OPxy

ot =D Ox? + D ay? Va Ox + n, Oy (1)
QPA(A, t) . 82PA OPa

ot~ Digpz TVegpa £20 (22)
OPz(z,t) . O°Pz Pz

En =D, 972 -V 5, ~—0<z<to (2b)

Ds =Dp+ D,, Vs =Vo+F/np

e (1) Constraint: X(t) < Y(t)
alb — DbVa*Da b .
D: = D£Z+DD3’ Ve = Db+D::/n e (2a) Constraint: A(t) >0

APPLIED MATHEMATICS
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Single Polymer Ratchet

Diffusion Formalism Model: [Qian, 2004]

8ny(x,y, t) BZPXY 82PXY OPxy F OPxy
=D, D -V, — 1
ot Ox? i 6 dy? Ox + n, Oy (1)
6PA(A, t) 82PA OPa
= —= >
ot Digpe TVegar 420 (22)
aPz(Z, t) - (92Pz 8PZ
ot - Dz 922 Vz Oz 5 o0 <z < 400 (2b)

Ds =Dp+ D,, Vs =Vo+F/np

e (1) Constraint: X(t) < Y(t)
alb — DbVa*Da b .
D: = D£Z+DD3’ Ve = Db+D::/n e (2a) Constraint: A(t) >0
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Single Polymer Ratchet: Average Position

N Polymer Model

Avg. Position: Diffusion with Drift (Biased Brownian Motion)

aPz(Z, t) 82PZ (9PZ
——— = D—-V.—, = ;
ot 022 Bz oSz

Pz(z,0) = 04(2)

Normal Distribution

Solution:
_ (2= Vit)? e Mean:
— 1 4Dyt )
[ ] PZ(Za t) /7471_the ILL: Vzt
With: e Variance:
_ Di.Dy _ DpyVa—DaF [y 2 _
e D, = D,r D5 VZ_—Db+Da 0 =2D,t

APPLIED MATHEMATICS
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Single Polymer Ratchet

Diffusion Formalism Model: [Qian, 2004]

OPxy(x,y,t) _ o PPxy . &Pxy \, OPxy  F OPxy
=D, D -V, _— 1
o Ix2 + Do y? Ox +7]b Oy &
OPa(A, t) 9°Pa OPa
_ D >
ot Dsgnz *Vogar A=20 S
Py(z,t 2 P
TleaGE vy s @

Ds =Dp+D,, Vs =V,+ F :
° b+ Do Vo= Vot F/mo e (1) Constraint: X(t) < Y(t)
D, = D,Dy V, = DpVo—D,F /np

= DutD;’ Dy D, e (2a) Constraint: A(t) >0
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Single Polymer Ratchet: Gap Distance

Gap Distance — Steady State (Qualitative Argument):
6PA(A, t) 82PA OPa

or  Dronr T Voon 820
Subject to: Diffusion,
e No-Flux B.C. at A=0 “+": Drift — Boundary
e Vanishing C.’s at A = oo Conditions: Can't “Leak Out”

Pa(AD)

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Gap Distance

Gap Distance — Steady State (Qualitative Argument):

OPa(A,t) — D; 9*Pa . V(;aPA A0

ot OA2? oA’
Subject to: Diffusion,
e No-Flux B.C. at A=0 “+": Drift — Boundary

Conditions: Can't “Leak Out”

Pa(8)

e Vanishing C.'s at A = ¢

Pa(Ah)

A

Gap — Steady State!

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Single Polymer Ratchet: Gap Distance

Full Time-Dependent Gap Distance Solution:
Initial Boundary Value Problem for (A > 0,t > 0):

° 73%8(?”) Ds BPA + V55 BPA o D(ngf’” + V5Pa(0,t) =0
Pa(A,0) =46 ® lima 00 Pa(A,t) =0
® Pa(4,0)=4(A) fima_yo. 2PBG0 _ g
New Unified Transform Method of Fokas [Fokas, 2002], [Cole, 2011]:
VsA

Pa(A,t) = V5 e B

Y (kcos(kA/z)— —5|n(kA/2)) dk
5 o (2) m/
0

+ e Me
o (%) +¢)

APPLIED MATHEMATICS
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Single Polymer Ratchet: Gap Distance

Full Time-Dependent Gap Distance Solution:
Initial Boundary Value Problem for (A > 0,t > 0):

° 73%8(?’” Ds BPA + V55 BPA o D(si""’gf’” + V5Pa(0,t) =0
Pa(A,0) =46 ® lima 00 Pa(A,t) =0
® Pa(4,0)=4(A) fima_yo. 2PBG0 _ g
New Unified Transform Method of Fokas [Fokas, 2002], [Cole, 2011]:
VsA

Pa(A,t) = V5 e B

g () /oo ke 0 (Kecos(kA/2) —  sin(kA/2)) dk
0

+ e Ms5e
o (%) +¢)
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Single Polymer Ratchet: Gap Distance

N Polymer Model

Pa..(A): Steady State Gap Distance

d?Pa., dPa..

>
dA? dA -’ S

+ Vs

0 = Ds

Steady State Distribution
e Exponential
F
- Vi=(Vat ) 7
Pa(8) = fie o

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Single Polymer Ratchet

Single Polymer Ratchet Summary

Average Position, Z(t) — Biased Brownian Motion
e Normal Distribution
o =Vt
e 02 =2D,t

Gap Distance, A(t) — Steady State:

e Exponential Distribution

— & — Db+Da
* K=V T Vit Fm

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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Single Polymer Ratchet

Single Polymer Ratchet Summary
Average Position, Z(t) — Bia: ' Polymer Model:

- Wlerrea | e buiem e More Realistic. Recall:
. o Listeria is Propelled by
¢ ,uz— Vat Network of Actin Filaments
© 0" =2D:t o Model Wil Predict
Gap Distance, A(t) — Stead) Observed Behavior:
e Exponential Distribution e Coordinated Polymer Growth
o 1, — Ds _ DytD, (with barrier present)
= v Vat+F /mb e Decreased Fluctuation

(D, deacreases with N)

APPLIED MATHEMATICS
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N Polymer Model
N Polymer Bundle (No Barrier)
N Polymer Bundle with a Moving Barrier (Ratchet)

APPLIED MATHEMATICS
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N Polymer Ratchet

What is an N Polymer Ratchet?

Component 1:
Bundle of

% N Identical Polymers

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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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

N Polymer Model
N Polymer Bundle (No Barrier)

Conclusion
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N Polymer Bundle (No Barrier)

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

BPxi(X,t) _ aZPx/.(X,t) o

9P, (x,1)

ot =D, Ox? Va

Each Individual Polymer:

e Normal Distribution
w= V,t, 0?2 = 2D,t

o pdf:
:D)(l.(X7 t) =
1 _(X*Vat)2
fx(x,t) = Zpze
e cdf:

Fx(X, t') = fi(oo fx(X, t)dX

Conclusion

[e]
(e}

APPLIED MATHEMATICS
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N Polymer Bundle (No Barrier)

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

BPxi(X,t) _ aZPx/.(X,t) o

9P, (x,1)
5 = Da—p2 Va

Each Individual Polymer:

e Normal Distribution

3 w= V,t, 02 =2D,t
/ o pdf:

‘ @ PX;(Xv t) =
H (x—Vat)?
: fX(Xa t) = 471D te_ #Pat
HEREEN oo i
X1 cdf:
X2 XN FX(X7 t) = fi(oo fX(Xv t)dX

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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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
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N Polymer Bundle (No Barrier)

Example: 3 Polymers Starting Out Separated:
Individual Polymers:

fX,(th)
Distributions are Identical
Distance Between Peaks is Constant
K
« . SN
X1 X2 X3 X1 X2 X3

(Click for Movie)

APPLIED MATHEMATICS
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N Polymer Bundle (No Barrier)

X()(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(¢)

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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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 (%, ) = =yt Fx (o NI = Fx (o, )] e (x, )
Qualitatively “Biased-Diffusion-Like:"
e Single Traveling Peak
e Increasing Width

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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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)

APPLIED MATHEMATICS
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N Polymer Bundle (No Barrier)

Polymers Ordered by Length:
Example: 3 Distance Between Peaks Increases: ngth)
fraXt) o x V4D, t
In the Long-Time Limit:

e Bundle Grows as a Single Polymer
While Others Lag Behind

XRBY X  x? ¥

(Click for Movie)

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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N Polymer Bundle (No Barrier)

Longest Polymer, X()(¢)
We Can Show:
e cdf Satisfies a Nonlinear Diffusion Equation:

6FX(1) (X? t) _ 62 FX(l) (Xa t) 8FX(1)(X7 t)
ot D g 9t 5
e “Drift” Rate:
o, £) = Vi + Da(N — 1) OFxw(x, t)
) - a

NFxq (x, t) ox

APPLIED MATHEMATICS
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N Polymer Bundle (No Barrier)

As Promised:
Longest Polymer, X()(¢) Something Nonlinear v/
We Can Show:

e cdf Satisfies a Nonlinear Diffusion Equation:

aFX(l) (X? t) _ 62 FX(l) (Xa t) 8FX(1)(X7 t)
ot D g 9t 5
e “Drift” Rate:
o, £) = Vi + Da(N —1) 0Fxw(x, t)

NFxq (x, t) ox

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON



Introduction N Polymer Model Conclusion

00000 0000000 [e]
0000000000 900000000 (e}

Introduction

N Polymer Model

N Polymer Bundle with a Moving Barrier (Ratchet)

Conclusion
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N Polymer Ratchet

Bundle Ratchet:
Fluctuating Barrier Interacts with Longest Polymer, X(1)(¢):

X(N))((N—lg
51 .
' e Joint pdf for
5/* ] XM(t), Y(t)
| Z ] (MESSY!)
HEEEER
Dy, F/np —

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON




N Polymer Model

O@0000000

N Polymer Ratchet

Bundle Ratchet:

Fluctuating Barrier Interacts with Longest Polymer, X(1)(¢):
Db, F/np y:

e Joint pdf for
XM(t), Y(t)
(MESSY!)

e Joint pdf for

all {X;(t)}, Y(t)
(EASIER!)

N

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON
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N Polymer Ratchet

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

Of({xt,y,t)  — Pf of Pf  F of
RN AL A 0,2t v, o) p 2l 9
ot kz:; o2~ ox ) T ey, T oy (3)
Db) F/T/b :
y

Strategy: Decouple via
Change of Variables:

| @ « A =Y-X;,
f 7 — DT X4 DaY
[ [ [ []] e
X1
X2

APPLIED MATHEMATICS
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N Polymer Ratchet

Joint pdf for all {A;(t)}, ( ): f({&i}, z, t)

k) WO o, O FOF
; 8x +Db82 +7] oy (3)

({&} Z(D 8; -+ Dy) 5 ;2 < ) Z (4a)

OPz(z,t)  DwD, &Pz NDyV; — DiF /np\ 0Pz (ab)
9t  ND,+D, 9z2 NDs, + D, 0z
f({xi},y,t) = F({&), 2, 1) Geometric Constraints:
Decoupled: e For (3): X(t) <Y(t)
= o({&i}, t)Pz(z, t) e For (4a): Ai(t) >0

APPLIED MATHEMATICS
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N Polymer Ratchet
Joint pdf for all {A;(t)}, Z(t): f({& 1}, 2, t)
M=y (o5 -vi) om tay @

dp{&:, N &
¢(§t} t) _ iZj(Daaij + D) o ;2 ( ) Z (4a)

OPz(z,t)  DpyD, Pz ([ NDyV, — D;F [y 0Pz (4b)
ot "~ NDy+ D, 0z2 NDy, + D, 0z
f({xi},y,t) = F({&), 2, 1) Geometric Constraints:
Decoupled: e For (3): X(t) <Y(t)
= o({&i}, t)Pz(z, t) e For (4a): Ai(t) >0

APPLIED MATHEMATICS
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N Polymer Ratchet: Average Position

Avg. Position: Diffusion with Drift (Biased Brownian Motion)

8Pz(z t) 82Pz 0Pz
8—t7 = DZNF— zNE’ —OO<Z<OO7
Pz(z,0) = 4(z)
Solution: Normal Distribution
. _(Z*gZNfF e Mean:
_ 4Dzp t
o |Pz(z,t) = 7\/W2Nte N p=Vyt
With: e Variance:
D o D.D, 0'2 = 2D2Nt
® Yzy = ND,+D,’
V.. — NDpV>—D;F /np
Zyv — = NDy+D,

APPLIED MATHEMATICS
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N Polymer Ratchet
Joint pdf for all {A,(t)} ( ): f({&}, 2, t)
{x,} y.t) _ v of of  Fof
; < 8Xk) * D"azy + nb Oy (3)
L > (050 o+ (v + D)3 Z (42)
OPz(z,t)  DyD, 0°Pz NDy Vs — DsF /np\ 0Pz
ot NDbb+ D, 9z? _( bNDb-i-Da b) oz 0
f({xi},y,t) = F({&), 2, 1) Geometric Constraints:
Decoupled: e For (3): X(t) <Y(t)
= o({&i}, t)Pz(z, 1) e For (4a): A;(t) >0

APPLIED MATHEMATICS
UNIVERSITY of WASHINGTON
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N Polymer Ratchet: Gap Distance

Can We Find Time-Dependent Solution?

fetici).0 Z(Ddu+Db)8£8£ ( )Z {&} >0,

Not Separable — Not Yet

APPLIED MATHEMATICS
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N Polymer Ratchet: Gap Distance

Can We Find Time-Dependent Solution?

8¢({€l} t) D.6; + D, (\/ 5) § % i+ >0
Z( it ")ag,ag to) 2oa €120
Subject to:

e No-Flux B.C. at each e
=0 iffusion,
f/ i<hing C.’ “+": Drift — Boundaries

* Vanishing .'s at Conditions: Can't “Leak Out”
{6} =0

Gap Distances — Steady State

APPLIED MATHEMATICS
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N Polymer Ratchet: Gap Distance

Gap Distances Steady State:

8 SS 855
O‘Z(D“"s”w”)as(gsj # (v >Z e ()20

Y}

W) V,+ F
ss({&i}) = €" exp <_e§§,-> €= ﬁ’

{A;}: Gaps are Identical,
Exponentially Distributed

_ 1 _ NDy+D,
® T e T VorF/my
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O0.00

N Polymer Ratchet: Gap Distance

Gap Distances Steady State:

N

8 s 8 ss
0= (D.dj + D) a&‘g& ( ) Z 3‘2 {&1 >0,

ij

N
¢ss({§i}) = GN exp <_GZ§:'> 5 € = LF/W’ PA(l)(X) = NeeiNEX

— NDy + D,’
{A;}: Gaps are Identical, Ay =min{A;}
Exponentially Distributed Exponentially Distributed
. _ 1 _ ND,+D; _ 1 _ DptDs/N
S Hi=C= Va—:F/m, ® M) = Ne T \/Z—i—F/r]b
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N Polymer Model

000000800

N Polymer Ratchet: Gap Distance

Steady State:
Gap Di Gaps are Identical
= Coordinated
0 Growth of
Polymers v/

dss({&i}) = €' exp <—6Z§i> ;

i=1

{A;}: Gaps are Identical,
Exponentially Distributed

. — l — NDb+Da
¢ Hi= = V+F/n

A (), Smallest Gap

e Gap Between

Bundle and 0,
Barrier!
_ va + F/nb _ —Nex
€= ND, + D’ Pag,(x) = Nee

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

. i — Db+Da/N
° /J,(]_) ~ Ne = Va+F/np

APPLIED MATHEMATICS

UNIVERSITY of WASHINGTON



Introduction N Polymer Model Conclusion

00000 0000000 [e]
0000000000 0O000000e0 (e}

N Polymer Ratchet

What is an N Polymer Ratchet? _
Characterized By:

Either:

e [ongest Polymer

E e Barrier
| a | e XO(r), Y(1)

Or:
e Smallest Gap Distance

Dp, F/np e Average Position
o A1), Z(t)
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N Polymer Ratchet

N Polymer Ratchet Pattern:

Average Position, Z(t) — Biased Brownian Motion
e Normal Distribution
o u=V,t
o 02 = 2D,,t

Min. Gap Distance, A)(t) — Steady State:

e Exponential Distribution

Dp+(D;/N
* 1) = 7\2#/{%)
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N Polymer Model

0O0000000e

N Polymer Ratchet

N Polymer Ratchet Summary:
N Polymer Ratchet Pattern: With Multiple Polymer Filaments:

Dy(D,/N
Average Position, Z(t) — Biasi Dzy = DbZE(Da//N)

— DoVa—(Da/N)F /1

e Normal Distribution Vay = =540/

o p=Vyt e Interaction with Barrier

o g% = 2D, t — Polymers Grow Together v
Min. Gap Distance, A(1)(t) — Increasing N:

e Exponential Distribution e Decreases Mean Gap Distance

® Q) = %ﬁ%ﬁ” e Increases V, (Drift)

e Decreases D, (Fluctuation) v/
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Conclusion
°

Results From the Brownian Ratchet Model

By Incorporating N ldentical Polymers:
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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Single Polymer Ratchet

Initial State of System:

Polymer Touching Barrier, Define Coordinates

Initial Conditions:

e Gap Distance is Zero:
Pa(A,0) =4(A)

‘ | | | | | e Average Position is Zero:

Pz(Z, 0) = 5(2)
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N Polymer Ratchet

Initial State of System:

Each Polymer Touching Barrier, Define Coordinates
t=0:

Initial Conditions:

e Gap Distances are Zero

e Average Position is Zero:
Pz(z,0) = 4(2)
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N Polymer Ratchet: Average Position

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

NDy,V>:—D,F . .
VZN = b/VDTDa/nb Qualltatlvely:
o Fi = NnDp o F<Fy:

Polymer Bundle
Pushes Barrier
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N Polymer Ratchet: Average Position

Fp Scales with N:

Bundle can Oppose

N times External Force
Value of the Force that “Stalls” the Drift: of a Single Polymer! v/

Define Stalling Force, Fp:

NDpV,—D,F 2 .
VZN = WDE)/TM Qualltatlve|y:
o Fi = NnDp o F<Fy:

Polymer Bundle
Pushes Barrier
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N Polymer Ratchet: Gap Distance
Da:4, Va:2, Db:2, F/??b:].

Each Gap Min. Gap

PA(x)
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Observations:
Adding Polymers to the Bundle:

D e Increases Mean Gap Distance for Each Gap
a

e Decreases Mean Gap Distance for the Minimum Gap
Each Gap Min. Gap

1.4
1.2
1.0
0.8
0.6

PA(x)

_ NDy+D,
i = VoxFim, )2

0.0 Lo

2.4 N\

_ Dp+Ds/N
Vat+F/np
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Observations:

In Other Words,
Adding Polymers to the Bundle:

e Decreases Mean Gap Between Bundle and the Barrier

1.4
1.2
1.0
0.8
0.6

PA(x)

_ NDy+D,
i = VoxFim, )2

0.0 Lo

2.4 N\

Each Gap Min. Gap

_ Dp+Ds/N
Vat+F/np
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N Polymer Ratchet: Gap Distance

Example: 2 Polymer Case

8¢(£17 527 t)
ot

8%¢ 0%¢ ) 9%
D, + D, 2D,
(s + ")(651851 606 ) T2 oq0e

F\ (96 , 9
- (Va * 7lb) (851 °F ,352) » {&,&} >0,
=V J(&, &, t)

“No-Flux" B.C.’s:
0p 0¢ F
_J:_(Jl)i (Da+Db)%§$+Db%%+(Va+%>¢ Jlgo’&’tgzo
. % p,% EVg |7 RE0,0=0
(Do D) 5 + Do+ (Vo)
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