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Why bacteria?

Anything found to be true of E. coli must also be
true of elephants.

— Jacques Lucien Monod (1910-1976),
1965 Nobel Laureate



Diversity & abundance in the bacterial kingdom

Humans?

10x more bacterial cells
100x more bacterial genes

(image via B. Bassler)

5x1030 bacteria on Earth, biomass > all plants+animals
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Different ways of bacterial movement

Swarming E. coli

Swimming E. coli

Twitching pseudomonas

1

Swimming S. volutans

http://www.rowland.harvard.edu/labs/bacteria/index_movies.html






E. Coli & Flagella-based motility

Schematic of the
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An analogy for torque-generation
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New adaptation mechanism

CheB P Motor ultrasensitivity

CheY—P il A PP

. — ' [ i :L’ ]

T 0.8] Y _ ]

| -+ n=10.3]
e ® 0 O
CheR CheZ -_‘55 0.6} ,
I ‘.i
% 0.4 v'

X" a # "\ Operating

Hill function: |Y = — . ame L | area _.

X" +K,, N To

[CheY-P] (uM)

Cluzel et al, Science 287:1652(2000)

How is signal relayed reliably: o _ |
(input & output robustly coupled) Mmaintain [CheY-P] in the operating area?
\ J

v
Discovery of the new adaptation mechanism will solve the prob.



Adaptation by CheR/CheB

Perfect adaptation: (wild type)

1,0’-

Step stimulus

CW bias

0 > 2 5 8 0
Time (s)

Segall et al, PNAS 83:8987(1986)



Partial adaptation in AcheRcheB cells

Partial adaptation: (mutant)

Add 1mM MeAsp

8‘18 i AcheRcheB
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0 100 200 300 400
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Unkown adaptation mech.!




Partial adaptation is independent of CheZ
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No adaptation in [CheY-P] in AcheR cheB cells

No adaptation in [CheY-P]:

0.23
— Add 1 mM MeAsp
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Adaptation @ motor!




Bias Vs. [CheY-P] curve for the adapted motor

Motor response curve shifts:
1 : : :
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N: 34 == A2 Motor adapts by adjusting N




Adaptation by changes in # of FliM units
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Quantitative analysis

©
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- Add strong attractant N=42+2
k,,+ K. =0.041 £0.006 s7*
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Motor intensity: N: 34 == 42
_I: o« (N _34)(6—1'[ . e_(kon+koff )t)

Agrees with the previous result

Yuan et al. Nature 484:233 (2012)
Yuan et al. J. Mol. Biol. 425:1760 (2013)



new adaptation mechanism

Motor remodels to adapt to the environment:

Input Signaling Ouput
repelient | Methyiation d -
. Kinase Chet
| ﬁ P b

Demethylation Flagelluﬁn

Fast adaptation Slow adaptation

“Adaptive remodeling” Yuan et al., Nature 484:233 (2012)



Summary

»Discovered a new level of adaptation mechanism for
chemotaxis: motor level,

»proposed “adaptive remodeling” as a general working
mechanism for molecular machines.
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Nonequilibrium effect in the
allosteric regulation of the bacterial
flagellar switch

A CIMEEES



Allostery

Regulatory Enzymes

Gene reqgulation

Membrane Proteins: ion channels, receptors

MWC, KNF ... models =) ISing model



Monitoring motor switching

{

y signal (V)
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»Interval distributions




Motor ultrasensitivity (high cooperativity)
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Hill function:

Bias =
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J. Yuan et al. (2012 ) Nature 484:233
J. Yuan etal. (2013) IMB 425:1760



Number of Intervals

300+

200

100+

Interval distribution

CwW
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Block et al. 1983, J. Bacteriol.



Two-state model
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MWC model
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Ising model for the switch
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Interval distributions
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Non-equilibrium effects

CCW k1+(n—l) k" (n
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Yuhai Tu, PNAS 105, 11737-11741 (2008)



Filament polymorphic transitions
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Interval distributions at medium load

0.5 um bead on filament

100 CW bias = 0.2 CW bias = 0.2 [ 109

—
o
sl

-

CW bias = 0.5

—
o
Liul L

-

—
o
Ll L

Number of intervals

0 1 2 3 4 0 1 2 3 4 5

Interval length (s)
F. Bai et al. Science (2010)



D

Number of events

Number of events

Interval distributions near zero load
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Summary of previous results
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— Different loads
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Number of events

Number of events

Interval distributions at high load
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Interval distributions at medium load
@lower PMF
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Number of events

Interval distributions at high load
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Dependence on torque

Experimental conditions Motor torque CWI/CCW interval
distribution shape
Different loads Near zero load with over | low Exponential
(high pmf, high stator expressed stator proteins
number )
Intermediate to high high Non-exponential
loads
(0.5, 0.75, 1.0 um beads)
Different pmfs Low pmf low Exponential
(high load, high stator [ High pmf high Non-exponential
number)
Different number of Small number low Exponential
stators Large number high Non-exponential
(high load, high pmf)




Dependence on torque
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Non-equilibrium effects
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Any equilibrium model:

(—1)™ ~->0, Vr>0 m=1,2,3,...,

Yuhai Tu, PNAS 105, 11737-11741 (2008)



Non-equilibrium Ising model
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Interval distributions @ 1- 10 stators

# of stators: 1 — 5
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Sensitivity increased for high load
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Summary

> Previous controversies are resolved.

» Nonequilibrium effect in motor switching.

E5H, [@in, BE, iR, KER

Wang,...,Zhang*,Yuan* Nature Physics 13,710 (2017)
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