MAE 545: Lecture 19 (4/17)

Chemotaxis of E. Coli




E. coli chemotaxis

L. Turner, W.S. Ryu, H.C. Berg, J. Bacteriol. 182, 2793-2801 (2000)
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Swimming of E. coli

swimming Vs ~ 20pm /8
speed
body spinning £, ~ 10Hz
frequency b
spinning

frequencyof  f ~ 100Hz
flagellar bundie

Thrust force generated by Torque generated by

spinning flagellar bundie spinning flagellar bundile
Fthrust — Fdrag ~ 67T77Rvs N = Ndrag ~ 87777R3Wb
Fthrust ~ O4pN = 4 X 10_13N N ~ 2pN I = 2 X 10—18Nm

sizeof E.coli R~ lum

water viscosity 7~ 10 °kgm~'s™!



How quickly E. coli stops if motors shut off?

swimming Vs ~ 20pm /s
speed

sizeof E.coli R~ lum

.wate[‘ N~ 10_3kg m—Llg—1
viscosity

mass of 4T R3p

E. coli my~ ~ 4pg
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Newton’s law
mx = —6mnRx

E. coli stops almost instantly!

signature of low Reynolds numbers

Ty = VgT ~ 0.1A




Translational and rotational diffusion of E. coli

(%) = 2Dt <(92> = 2Dpt
Einstein - Stokes Einstein - Stokes
relation relation

_ kT 2 Dgr ~ kel ~ 0.2rad?/s
Dr =~ 6nnR 0.2pum* /s R™ SR /

After ~10s the orientation of
E. coli changes by 900 due

sizeof E.coli [t~ lpm to the Brownian motion!

water viscosity 1~ 10 3kgm !s7!
Boltzmann constant kp = 1.38 x 107%°J/K

temperature T'= 300K .



E. coli chemotaxis

-~

Tumble

Run
swimming speed: v, ~ 20um/s

typical duration: ¢, ~ 1s
all motors turning counter clockwise

Increase (Decrease) run durations, when
swimming towards good (harmful) environment.

Tumble
random change in orientation (0) = 68°

typical duration: ¢; ~ 0.1s

one or more motors turning clockwise
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_E. coli chemotaxis

Homogeneous environment

run duration:

tumble duration:

swimming speed:

drift
velocity

”Ud:O

t, ~ 1s
tt ~ 0.1s

Vs ~ 20pum/s

effective diffusion

eff

Deff

Y
Y

(AL)

6 (At)
vst;

6(t, + t¢)

~ 60pm? /s

Tumble

j /;

Gradient in “food” concentration

run duration increases (decreases) when
swimming towards (away) from “food”

tr-(n) =t, +a(n-2)(0c/0z)
drift velocity

(Az)  wvsa(dc/0z)

(ALY 3(f, + ;)

7 (Az) = (vz(M)t, (7)) = (vs(72 - 2)t,(7))

Vg —




Sensing of environment

E. coli surface is covered with receptors, which can bind specific molecules.

Average fraction of bound receptors ps is related to concentration ¢ of molecules.

C

PB = —
¢+ ¢ 0

koff
Kon

Chemical sighaling network inside E. coli analyzes
state of receptors and gives direction to rotary motor.

&
periplasm . ‘

cytoplasm

’

........ 4 flagellar motors
Cher . *CHs . X /" (default = CCW)



Diffusion limited flux of molecules to E. coli

\ l Fick’s law bourrc!ary
/ conditions
c(R) =0
/ I \ steady state flux density of molecules
c(r) = Coo [1 - %] J(r) = —p2d) _ _Deoolt
absorbing or r2
sphere rate of absorbing molecules

I(r) = J(r) x 47r® = —4nDRcoe = Iy = —konCoo

diffusion constant for

~ 103 2 4 3
small molecules 2~ 107 pm /s kon ~ 107 pm=/s

example R~ 1luym s~ 1nm  E. coli can use many

7 flux drops by factor 2 for types of receptors

I= . N — 7R/s ~ 3000 _specific for different

1+7R/Ns . / ™% molecules, without

fractional area covered by R
significantly
N absorbing these receptors

affecting the
disks of radius s (N7s?)/(4nR*) ~ 1073 diffusive flux
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Accuracy of concentration measurement

How many molecules do we expect inside a volume occupied by E. coli?

N ~ R’c

Probability p(N) that cell measures N molecules follows Poisson distribution
—N -
N E—N — standard e

p(V) N mean N deviation Y
Error in measurement
ON _
Forr ~ ~ ~ (RSC) t/2 for c=1uM =6 X 10°m™ = Err ~ 4%

E.coli can be more precise by counting molecules for longer time L.
However, they need to wait some time 1 in order for the original molecules
to diffuse away to prevent double counting of the same molecules!

- N ~ Rct/tg ~ DRct .
to ~ R*/D ~107°s /to for t=1s, precision
Frr ~ (DRct)_1/2 improves to Err~0.1%

When E. coli is swimming, it wants to swim faster
than the diffusion of small molecules

vst > (D)2 =t > D/v? ~ 1s Molar concentration
10 1M =6 x 10°°m™3



How E. coli actually measures concentration?

Probability for motor to rotate in CCW direction (runs) as a function of time
In response to short pulse in external molecular concentration

.0

Input
concentration

:l
O | 1 ! §
5 0 5 20

Time (sec)
E. coli integrates measured concentration observed during the last second

and compare this with measured concentration during the previous 3
seconds. If difference is positive then increase the probability of runs,
otherwise increase the probability of tumbles.

J. E. Segall, S. M. Block, and H. C. Berg,
PNAS 83, 8987-8991 (1986) 11



Adaptation

Probability for motor to rotate in CCW direction (runs) as a function of time in
response to a sudden increase in external molecular concentration

1.0
Input
concentration
(7p)
B 0.5}
a
O J B | | 1 1

0 2 4 6 8 10
' Time (sec)

E. coli adapts to the new level of concentration in about 4 seconds.
This enables E. coli to be very sensitive to changes in
concentration over a very broad range of concentrations!

J. E. Segall, S. M. Block, and H. C. Berg,
PNAS 83, 8987-8991 (1986) 1o



How efficient is motor of E. coli?

Each proton gains energy due to

Energy source forrotary  p,nsmembrane electric potential difference

motor are charged protons

0 ~ —120mV
pH = 7.0 Change in pH
H* oU = (—2.3kgT /e)ApH ~ —50mV
- Total protonmotive force
Flament Ap =0+ 90U ~ —170mV
Edz Need 1200 protons per one body revolution
Input power

Pn =nxeAp x f=1200 x 0.17eV x 10Hz ~ 3.2 x 10°pN nm/s
Power loss due to Stokes drag

Piot = N x (27 f) = 4600pN nm x (207Hz) ~ 2.9 x 10°pN nm/s

Pirans = F x v = 0.4pN x 20000nm/s ~ 8 x 10°pN nm/s

MS-ring
C-ring

Type lll
secretion system

pH ~ 7.8 " Motor efficiency Ptra“;;r Frot
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pH value of solutions

HYOH | _ [Ho0)Keo(Tp) _ | 1
c2 N c2 -~
0 0 at room
co = 1M temperature

pH = —log; ([H+]/Co)
pOH = —log;, ([OH™|/¢p) ~ 14 — pH

How much free energy is changed when H+

goes to environment with different pH?
pH, pH,
H"——
po — pi1 = kpTIn ([H"]/[H™])
— 2.3026 kT’
p=r2"m o “— (pH, — pH,)
€0 €0

Nernst electric potential E o

BASE

ACID

Examples

Liquid drain cleaner
(pH=14)

Bleaches, oven cleaner, lye
(p H=1 3.5)

Ammonia solution
(pH=10.5-11.5)

Baking soda
(pH=9.5)

Sea water

~ (pH=8)

Blood
(pH=7.4)

Milk, urine, saliva
(pH=6.3-6.6)

Black coffee
(PH=5)

Grapefruit juice, soda,
tomato juice
(pH=2.5-3.5)

Lemon juice, vinegar
(PH=2)

Battery acid, hydrochloric acid

(PH=0)



Further reading

Random
Walks in
Howard C. Berg A ¥\ ! | BiOIOSY

E. coli in Motion § i
Howard C::Bérg

New, expanded dition,
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