Cellular Motility

Howard Berg http://www.rowland harvard.edu/labs/bacteria/movies/ecoli.php

Course 4: Mechanics 3 — Walking and Swimming

Thomas Lecuit
chaire: Dynamiques du vivant
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Summary 2D and 3D cell motility

Migration Mode Adhesive Non-adhesive

Protrusion type Usually lamellipodia Usually blebs

Propelling force generation Filament extension/actin flow Cortex flow

Force transmission Focal adhesion Friction, protrusion intercalations, etc.
Substrate interaction Specific Non-specific

Bodor et al. and E. Paluch. Developmental Cell. 52: 550-562 (2020)

00:00 min

C. Wilson et al. Nature 465, 373-379. (2010) YJ. Liu et al, Cell 160, 659672 (2015)
Actin retrograde flow: v < 0.25um/s v <I2 ym/min = 0.2 pm/s
Cell: v=0.15um/s v < |0ym/min
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Summary

2D and 3D cell motility

Migration Mode

Adhesive

Non-adhesive

Protrusion type

Propelling force generation

Force transmission

Substrate interaction

Duration of cell-substrate interactions
Speed-substrate interaction strength relationship
Environment

Migration speed®

Stresses exerted on substrate®

Actin flow profile

Force dipole

Usually lamellipodia

Filament extension/actin flow
Focal adhesion

Specific

Longer than dwell time

Bell curve

2D surfaces and 3D environments
~0.1-1 pm/min

~10%-10° Pa

Mainly in lamellipodium

Contractile

Usually blebs

Cortex flow

Friction, protrusion intercalations, etc.
Non-specific

Shorter than dwell time

Plateau

3D confinement

~1-10 pm/min

<1Pa

At the cortex all along the cell body,
max velocity in cell center

Expansile

e In 2D, the strength and duration of molecular bonds must be strong enough to counteract Brownian
motion ( eg. catch bond for intern coupling to actin, and mechanical feedbacks)

® |In 3D, confinement prolongs the contacts of weak molecular interactions and multiply them
over the entire cell surface

¢ In non-adhesive motion, friction does not interfere with cell retraction. Increasing friction does not
lead to a plateau of migration speed, and no slowing down is expected even at high friction.
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Summary 2D and 3D cell motility

Adhesive: Frictional:

e Opposite force dipole in
adhesion and adhesion : ==t
independent motility

7]

® Adhesion dependent: Negative
force dipole of traction forces KPal fahge Pa range
reflects combined effect of
retrograde actin flow and cell

contraction
) . Puller Pusher
Contraction is used to de-adhere

Crawling cells it >
® Adhesion free: —> 7 < >
Positive force dipole reflects
expansion due to contraction at
the back and frictional resistance Swimming cells <
—> <« —>
(_

Bergert M, et al and G. Salbreux and E. Paluch.
Thomas LECUIT 2021-2022 Nat. Cell Biol. 17:524-29 (2015)




Can cells walk? — What is the gait of walking cells?

Land animals can:

crawl/creep

———

Thomas LECUIT 2021-2022




Studying animal movement

zoopraxography: movement of walking/running animals

Thomas Séon

Les Lois d’échelle

La physique
du petit et du grand

@ég%e

scionces

Eadweard Muybridge
(1830-1904)

Physical principles of movement
swimming, walking, flying etc
Dimensional analysis




The walk of single cells: Euplotes

Euplotes are ciliates that can swim or walk on a substrate

Euplotes eurystomus

|4 cirri on the ventral side
cilia form the membranellar band

https://www.youtube.com/watch?v=i9DUz9hOsaE

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall
Thomas LECUIT 2021-2022 bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123 (2021)




The walk of single cells: Euplotes

Cirri consists of bundles of cilia

A. Fleury Eur. J. Protistol.27,99-114 (1991)

outer

[Opum

radial spoke

inner sheath

Ben T. Larson, J. Garbus, J. B. Pollack, W. F. Marshall
bioRxiv 2021.02.26.433123; doi: https://doi.org/
10.1101/2021.02.26.433123 (2021)

central singlet
microtubule oo o 3

plasma—

membrane .
dynein arm
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_A microtubule B microtubule |
outer doublet microtubule

OLLEGE R. Phillips, J. Kondev, J. Thériot & H. Garcia. Physical Biology of the Cell (Garland Science) 2012
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Euplotes within Ciliates

Ciliates (ciliophora): 8000 species

PHYLUM CILIOPHORA

INTRAMACRONUCLEATA ™
W POSTCILIODESMATOPHORA S RABOTICHSA ©

oR ly defined or lished, nol p in Lynn 2008 or Adl et al. 2012

Gao et al and Song. Eur. J. Prostistology. 261(Pt B):409-423.
doi: 10.1016/j.ejop.2017.04.009. (2017)

MJ. Syberg-Olsen et al PlosOne | DOI:10.1371/journal .pone.0165442
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The gaits of euplotes

Quantitative analysis

® Walking state: _ ® Gait state:

Encoded as a |4-bit binary vector oMa(?:'t:d: Reduced state space that describes
0: cirri in contact and stationary al T the dynamics

I:not in contact and moving N D|menS|0na||ty reduction |dentlﬁes
No stereotypical pattern b " 3 components that correspond to

Stochastic processes c u partitions of cirrri activity

What is the underlying structure? d H2 .

u 32 clusters or gait states each
characterised by an ensemble with
similar cirral activity during walk

2
o Reminiscent of finite state machine
C J 1 1
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30 Cirrus
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The gaits of Euplotes

0.07 .
2 0.06} cp®
Velocity does not correlate with the 8 0.05} . s .
number of active cirri ¢ °
. — 0.04 i ° ‘.‘ [
But correlates with small-moderate change o] °
. L © 0.03} i o o0 %
in number of active cirri o ®eoe °0°
2 0.02} o % 8
] TR ‘o‘{ o
ol &
° 2%
Ole @ o°®

-10-8 6 4 -2 0 2 4 6 8
Net change in cirral activity

The transition between gait states is necessary to account for movement

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall
Thomas LECUIT 2021-2022 bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123 (2021)




The gaits of Euplotes

Transition dynamics between gaits show stereotypy and stochasticity

© o =
o
o

® Restricted transitions between gaits are
observed

w
N
IS

Start gait state

N oo o

=
Transition rate (1/s)

N

3
o
N

® A few number of gait transitions are
unbalanced (asymmetric) reflecting out of 15 9 13 17 21 25 29
ofe . End gait state
equilibrium state

N
©

o

H H . Gait state Gait state =
Some give rise to cycles: 2>3->17>2 i osonces g 00 O et g 8O
Transitions @ o Transitions _Q,{.’-_

082 o
® Majority of transitions are balanced o5 o ° »
] ® o °
§ ® ° °
. . 048 ¢ . 1
2 ® °® °

® The majority of cell movement occurs during
infrequent, equilibrium-like (balanced) Return to 1 cycle state

transitions.
Resting/start state 2 ¢y le state
e Temporal irreversibility or directedness in the Q Q
. . . T . & Substantial cell movement

I

@@3

@ Return to 3 cycle state

gait arises from biased, non-equilibrium-like
(unbalanced) transitions, occurring at relatively

high frequency from a small subset of states. 1% cycle state

>> Stochastic gait cycle Q
8 Y 34 cycle stak

22
Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall

OLLEGE
E bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123 (2021)

E
FRANCE Thomas LECUIT 2021-2022

1530




Mechanics of Euplotes’ gaits

Interconnected microtubule fibers mechanically couple cirri in gait coordination

¢ A fiber system connects cirri

® [t was initially thought to be a rudimentary nervous
system

® [t consists instead of microtubule bundles (thick and
thin) that mechanically couple individual cirri into a
network

® The pattern of connectivity does not predict a simple
covariation of activity of cirri

® However, cirri that are closer to one another and with
fiber-cortex contacts in nearby regions of the cell tend
to have higher mutual information

N}
o
N

[
4
o

N
o
o

[e)
N
S

Scaled path length
Scaled fiber length

IS
o
N

o
o

® Microtubule deploymerization reduces the size of ;
. Control 0.02 yM 0.2 uM 2 uM % - Control 0.2 uM
fibers, reduces motility Nocodazole treatment Nocodazole treatient
¢ And modifies the transition states between gaits

Resting/start state

4 COLLEGE
¥ DE FRANCE Thomas LECUIT 2021-2022 B.en T: Larson, J. Garbus, J. B. Pollack, Wal'lace F. Marshall
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Walking Euplotes as a microtubule based finite state machine

Working Model:

e Broken detailed balance in gait transitions gives rise to:
—A combination of stereotypy and variability in gait transitions
—Cyclic activity

¢ Proposed mechanism:

— biased, actively controlled cyclic transitions serve to establish strain in fiber-cirri
network, effectively storing stress in certain cirri.

— the spontaneous release of these cirri from the substrate, during a series of unbiased
gait state transitions, allows the cell to move forward.

The ensemble of unbiased transitions associated with cellular movement is consistent with
motility not depending on the precise order in which the strained cirri are released from the
substrate.

—return to the cycle states then are necessary to establish this process anew by winding up
the system for continued, proper cell movement. Return to 1% cydle state

Resting/start state  2nd cygle state

%

1st cycle state

@Substantial cell movement

34 cycle sta!\ @ @ Return to 3 cycle state

23

Ben T. Larson, J. Garbus, J. B. Pollack, Wallace F. Marshall
Thomas LECUIT 2021-2022 bioRxiv 2021.02.26.433123; doi: https://doi.org/10.1101/2021.02.26.433123 (2021)



Mechanical analogy

Theo Jansen — Strandbeest (« beach animals »)
Plastic skeletons get their energy from the wind.
based on evolution by selection of functional (moving) forms

Vi

L

https://www.strandbeest.com/

Thomas LECUIT 2021-2022




Walking choanoflagelates

S. rosetta alternate between colonial and solitary state
In solitary state, they can swim, remain static or walk

Colonial
A

Algoriphagus
dependent

T Theca

==_ Filopodia

Solitary

‘e
3
o, n

\) :
‘ \i 616\_

00:00:00

03/10/08
S.rosetta

OLLEGE
E F%ﬁ, NCE MI. Dayel et al and N. King. Developmental Biology 357 (2011) 73-82
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Walking bacteria

Pseudomonas aeruginosa

e walking: vertical

Bacteria Use Type IV Pili to Walk
Upright and Detach from Surfaces

Maxsim L. Gibiansky,'* Jacinta C. Conrad,?* Fan Jin,* Vernita D. Gordon,*
Dominick A. Motto,* Margie A. Mathewson,® Wiktor G. Stopka,® Daria C. Zelasko,?

Joshua D. Shrout,* Gerard C. L. Wong™t

e crawling: horizontal

loum

“~

diffusive

COLLREGE

DE FRANCE
1530

superdiffusive or subdiffusive

Thomas LECUIT 2021-2022
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% of detaching bacteria

in-plane

cell division occurs
mostly in walking,
upright position, and
favors detachment

M. Gibiansky et al. Science 330:197 (2010)

J. Conrad et al, Biophysical Journal 100:1608-1616 (2011)



Swimming

Cell Animal

Sperm from Sea Urchin Squalus

https://www.youtube.com/watch?v=yMpXCODiU-4

Brokaw C. Science 243:1593-1596 (1989) Etienne -Jules Marey (1830-1904)
Prof. at College de France (1869-1904)

Histoire naturelle des corps organisés

+ COLL E GE cited in : Thomas Séon — Les lois d’échelle . ed. Odile Jacob. 2018
® DE FRANCE Thomas LECUIT 2021-2022
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Swimming at low Reynolds number

Reynolds number

N /4 -
—r _‘2'
’ \\
/inertia A AN
ULp
Re = ——
viscosit
g Y / \ /_/
5 A AN
! 2 Ji %
For a Bacterium: lum and 10um/s Re= 10"

® Beating of flexible filament (e.g. cilia)

Forward (power) stroke

The Flexible oar

Y

f-z

[ For

Backward (recovery) stroke —

10

11

Thomas LECUIT 2021-2022
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Non-reciproqual movement leads to net forward movement at low

S?_
S‘g —— “#4
A
!f 81
\_/ 5 - ,5;"5:-
‘?IF

e Rotation of helical structure
(e.g. flagellum)

The tcorkscrew
b ————

E. Purcell. American Journal of Physics 45,3 (1977)



Bacteria swim, propelled by flagella

AWAOS <
Wikl type ok i
e 6 flagella bundle when they rotate il LS
counterclockwise (CCW) i smsd A2 o Wt
® Bundles rotate and propel E. coli along runs
e Runs are followed by tumbles due to CW o
rotation of flagella which are no longer bundled .
...... 3 .'
s L, e
A ! JETRER
|
|

% 2
Lo Ty

http://www.rowland.harvard.edu/labs/bacteria/movies/ecoli.php 0

Howard Berg and Douglas Brown. 1972, Nature 239, 500-504
Thomas LECUIT 2021-2022




Bacteria swim, propelled by flagella

Variations on the theme of flagella rotation in different bacteria

I
o1 g 44

Howard Berg

http://www.rowland .harvard.edu/labs/bacteria/movies/ecoli.php

Rhodobacter sphaeroides E.coli Sinorhizobium meliloti
¢ single flagellum rotates in single direction e CW rotation of motor/flagellum in bundle
e motor stops and flagellum relaxes and coils ¢ slow rotation causes flagella to separate
OLLEGE
E FRANCE Thomas LECUIT 2021-2022 J. Armitage and R. Schmidt Microbiology. 143,3671-3682 (1997)
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Bacteria swim, propelled by flagella

® Rotation of flagellum at angular velocity ®
with respect to cell body, which rotates CCW
at velocity Q. ®>Q)

® Why does rotation of a flagellum generate
thrust?

I. Low Reynolds number: movement is
dominated by viscosity of fluid

2. The viscous drag coefficient f on a thin rod/
filament (or ellipsoid) is about twice for
lateral movement compared to longitudinal
movement

\_/

—_—
F,
v /
%
v ﬁ’
A FI
S
|
_ﬁt"f — — | — —

e For each segment along flagellum: its movement at velocity v, is decomposed into normal and parallel
velocities vy and v.. The drag forces acting on each segment F» and F) are such that Fu/Fp= 2 vp/vn.
® Fuand Fp can be decomposed into forces normal and parallel to helical axis F'eand F
e Foand F’e contribute to the Torque
e Fyand F’y contribute to the Thrust

Thomas LECUIT 2021-2022

Howard C. Berg. Random walk in biology. Princeton Univ. press (1993)



Structural organisation of Flagellar motor

Propeller: helical structure powered by a rotary motor anchored to cell periphery

outer
membrane

flagellar
motor

inner
membrane

® Each flagellum is 25nm wide, up to
50um long

e Rotates at 100 Hz in E. coli, 300 Hz Eiagllljr flagellum
in Salmonella and up to 1700Hz in
Vibrio

® Without the filament per se,
>175 subunits , 6.3MDa

ATP

GPCR Synthase

Motor:complex

https://www.youtube.com/watch?v=cwDRZGj2nnY

i ne v:t COLLEGE R. Phillips, J. Kondev, J. Thériot & H. Garcia. Physical Biology of the Cell (Garland Science) 2012
. DE FRANCE  Thomas LECUIT 2021-2022 P Y 8y of ( )
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Structural organisation of Flagellar motor

e >]|75 subunits , 6.3MDa

® 3 main parts:
— basal body: reversible motor
— hook: universal joint
— flexible filament

¢ Different rings: C-ring, MS ring, L and P rings

Basal body:
e Rotational elements:
Rotor can rotate clockwise or anticlockwise

e Static elements:

Stator is anchored in inner membrane and
peptidoglycan layer

LP ring supports rotation of rod

COLLEGE
DE FRANCE Thomas LECUIT 2021-2022
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L-ring
P-ring

MS-ring

C-ring

Export ;paratus
J. Tan et al. Cell 184,2665-2679 (2021)

(A) cap FIiD

filament
FlgL
FlgK
FIiC  filament
hook FIgE
hook
outer bushing [Flgl FlgB,C F] drive shaft
membrane
basal
bod inner )
Y membrane \ FIiF
rotor \ FliG MotA stator
FliM,N FIhA,B FliH,,0,RQ,R

transport apparatus
J

45 nm



Rotation of Flagellar motor

Successive incorporation of force-generating units

® a motB mutant E. coli cell does not swim and cannot el > v L
rotate its flagella. It is rescued by lac promoter
induced expression of motB transgene

e Cells are tethered to coverslip via a single flagellum

Rototion rote (Hz2)

e Following induction (8-25 min), rotation of cells was 7
rescued from <|Hz to >8Hz T

® At low speed, rotation rate doubled in Time o
discontinuous steps. T° “ )

e Rotation evolved in 7 steps of constant size.

(L1 - - N

13
L4
|
Aorotign g 12)

Jctabza perise (5]

Up to 16 steps could be inferred

e Suggests that incorporation of individual units \ _ L .. ]
contribute increment of applied torque in each bt e . nz G )
flagellum i E A

® Confirmed to be at least | | torque generating T ‘ P
units using | um fluorescent beads attached to L B e

Bzizine e HI

|!
w2
H
I'
]
]
iR
3
"
Rolaton rcle Az}
Y
1
A
N

ro
1
' \

pl
tip of flagella ok PR S I it

= e sl Level rumber
S.Reid et al. And J Armitage and R. Berry PNAS. 103: 8066-8071 (2006) 4 cells.Variation reflects

difference in rotational drag
COLLEGE
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Rotation of Flagellar motor

Successive incorporation of force-generating units

e At low Reynolds, linear proportionality
between torque and angular velocity, with
proportionality constant being viscous
drag: M = b4, where b depends on
cell geometry (sphere: M = 877222

® Estimate increments in torque associated with each 7 1
force-generating unit: 2.7 dyn.cm =270 pN.nm * Time ) o

(correspond to 10 pN per force generating unit at periphery of rotor (27 nm)

S. Block & HC Berg Nature 309:470-472 (1984)
e Calculate number of protons passing through motor in one revolution (N):
27M = eNeAp.

motor
efficiency (1)

Ratctign rate (Hz)
’

[
T
<
|
L4
]
o
- .‘ ;E
.L ,
N ';
-

proton motive force (162mV)

e There are n force generating units per motor:nup tol6 N =nm

e For each force generating unit: M>= 270 pN.nm so m =65electrons per revolution
® So for each motor: N = 16x65 = 1040 electrons per motor revolution.

e HC Berg gave similar estimate in 1974 based on tight coupling and zero dissipation:

Huow s tha lorque generated? Larsen of 7 hava lound
that nn intermediate in oxidative phosphorylation (bul net
ATP} 18 required Mor motility in £ cofi. This snpgesta a

Simer the power disgipalion for an o eqlt spiouing 10
r.s. s of avder 10 erg 71 and the chergy which can He

meehanism in which the moveruent of one meleenle dasm gained frooo the trangic of wne molerile through the tem-
' i ' i e o brane is of arder KPS erg, 108 such events could drive Lhe
an cleervachentieal gradient (through the membrane] causcs €
annther moleeule 1o exerl s foree on the S rine cell HJI‘OIIgh onc rt}"(‘fk\.
o -
FO FLRIA hN((;:[E ; HC Berg Nature 249:77-79 (1974)
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Rotation of Flagellar motor

Stoechiometry of stator component MotB in motor

. a /D Evanescent field
® Rescued of motB mutant with GFP-MotB ﬁ

transgene
e Track fluorescence intensity at single,

functional flagellum (cell rotation), using
TIRF

50 nm

e Photobleaching curves indicate stepwise
decay of fluorescence with unique step of

FLIP = { @} = bleach area

. . . *2 [ =Rol
around 5400 counts consistent with single g {F&%O&%O FRAP - -CED} ® = motor
g A 5,110 e
GFP molecule. o = L v T '1 i Motor
® Fluorophore counting indicates 22 (+/-6) F ] \ 1
GFP-MotB molecules per motor 7;@ 1500 98154 TN
.. . . Y g 5680 G & & =
e This is consistent with | | stators/motor TR i feo ‘ >‘
and 2 MotB per stator. 5 s - /./9 .
b4 ./O—-.~._.—.
0 oA ~r ~r

FLIP and FRAP experiments indicate dynamic exchange with
membrane pool of 200 GFP-MotB diffusing at ~0.008 pm?s™"

Thomas LECUIT 2021-2022 M. Leake et al R. Berrry and J. Armitage. Nature 443:355-358 (2006)




Rotation of Flagellar motor

Rotation is driven by energy harnessed from H+ or Na+ gradient

https://m.youtube.com/watch?v=B7PMf7bBczQ

Thomas LECUIT 2021-2022

EXTRACELLULAR SPACE

outer
bacterial
membrane

inner bacterial
membrane
(plasma
membrane)

proton pump

stator rotor

H+
\ proteins proteinsJ
flagellar motor rotating
at more than 100 revolutions CYTOPLASM

per second



Mechanical adaptation of the flagellar motor

Tuning the stator stoechiometry

e Each stator unit is an ion (H+ or Na+) translocating unit anchored to the
peptidoglycan layer and inner membrane

e |t causes rotation of MS ring in rotor

e The number of stator units is tunable

;‘S-‘am f{/ f
iﬁ [ e

A. Baker and G. O’Toole. J. Bacteriol. doi:10.1128/JB.00088-17 (2017)
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Mechanical adaptation of the flagellar motor

® Increased viscosity of the environment is associated with a switch to swarm behavior
— Long-term genetic adaptation

swarming: multicellular movement across surface powered by rotating flagella

—Induction of flagellar genes and increase in number of flagella per cell
Flagella cover the entire cell (peritrichous flagella)

Peritrichous flagella bundle together when they rotate to increase the effective flagellar
stiffness and make force generation more efficient in viscous liquids

Swimming

Swarming

Flagellum
i ‘Flagellum

Kearns DB (2010) A field guide to bacterial swarming motility. Nat Rev Microbiol 8(9): 634—644. (2010)

—synthesis of new flagella (lateral flagella) in Vibrio parahaemolyticus: flagellar dynamometer
o -

g !
A . ' g Iafllux%gene expression i
r I
|
' » 5 ol e
{ 1 / /o
swimming : . swarming y N /ff-&
polar flagellum (Fla genes) lateral flagella (Laf genes) time (min)
- o
4 COLLEGE
¥ DE FRANCE Thomas LECUIT 2021-2022 L. McCarter et al. Cell 54: 345-351 (1988)
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Mechanical adaptation of the flagellar motor

¢ Increased viscosity of the environment changes rotation speed
—Short-term mechanical adaptation

—~Rotation of flagellum decreases in more viscous environment

c"r'}' ozl .
-7 1 cP=10Pas

ca BT TR T L2 1/7]
“a Pt

HC Berg Nature 278:349-351 (1979)
—As flagellum grows (up to 50um in E. coli) , the viscous drag increases, so rotation needs
to adapt so rotation persists.

Moreover, adaptation ensures that the energy engaged in rotation is adjusted to the
needs (see later)

Q: How do cells perceive increased viscous load as they swim?

COLLEGE
DE FRANCE Thomas LECUIT 2021-2022
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Mechanical adaptation of the flagellar motor

The stator is a dynamic mechanosensor A

Viscous drag on flagellum is increased by
attachment of | pym bead to filament stub (using

optical tweezer) " 00T

This causes a sudden drop in rotation speed
And is followed by a stepwise increase in CCW
and CWV rotation speed

v (Hz)

Torque adapts to viscous load:

— a: near zero load for a single stator element at 300Hz:
torque is ~10 pN.nm

— b: at higher load, the same stator slows down instantly
(6-8Hz) and driving torque increases to 100-200 pN.nm.
—b-c: as stator units are recruited, torque increases

Much higher viscous load when cell attached to substrate

Rotation speed increases along with YFP-MotB
recruitment to motor

v (Hz)

Indicates that the number of stators driving the
motor at a very low load is less than at a high load

Thomas LECUIT 2021-2022
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P. Lele, B Hosu and HC Berg PNAS 110:11839-11844 (2013)



Mechanical adaptation of the flagellar motor

Mechanism of motor mechanosensitivity: catch-bond model

e The lifetime of stator unit in motor increases when higsher force is applied

PG/ g
MotB,
MotB,
MotA,
IM '
Force
q
Rotor
OLow load High load
ko ¢ Kofr ‘.
PG~ T (/:o,,‘ : A ‘//kon
Forc?l
-
For 1
‘7L Rotor ‘
Q)(
COLLEGE
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5 min
rslall
450 ‘
£ a00f - Thais
= 350} A release load line
£ 300 - (
S 2507
£ 2000 | ( 5
= (] @
150
B:j / 8‘ \C&fo‘t)
0 I o —_
§ 7t 2 stall steady-state
© 6 -
@
w 3 o
° 4]1_ .
z 3l o o o o o
-100 0 100 200 300 400 Speed
Time (s) P

e Magnetic tweezer to stall and release motor
A. Nord et al, R. Berry and F. Pedaci. PNAS. 114:12952-12957 (2017)
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Mechanical adaptation of the flagellar motor

® The applied torque due to
electrorotation lowers the load on
motor and torque/stator (|—»3)

¢ When applied torque is released, motor
rotation speed is lower (4)

e This reduction in rotation is enhanced as applied
torque increases, up to zero torque (300Hz)

A some B 1eom: C 1mm
.
D mm E 20w F mw
K 1 i s T
e ./
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N. Wadhwa, R. Phillips and HC. Berg. PNAS. 116:11764-11769 (2019)



Mechanical adaptation of the flagellar motor

® Model: kinetics of the torque-dependent stator assembly:

— stator bound to motor at time £ dp(™ 1) _ 4y b1 )4 (N —nt 1)k p(n—1,1) master equation

ky and k_ are on and off rates di
_nk—p(n> t) - (N - n)k-i-p(nv t)a [1]
d<n> <n>ss 1
—— =k (N —(n)) —k_(n r= = )
= ke (N = () = k- (n), NTIRE K
_|_
average occupancy at steady state
o 1
solution:  (n)(t) = (n)ss + (10 — (n)ss) e F+TE=)1 relaxation time: 7=
® Data: steady state number of stator units increases with load, so K» decreases with load.
Only consistent with load-dependent off rate (catch-bond model)
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E FRANCE Thomas LECUIT 2021-2022 A.Nord et al, R. Berry and F. Pedaci. PNAS. 114:12952-12957 (2017)
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Mechanical adaptation of the flagellar motor

® Model for speed dependent on rate k£ to assemble a complex between stator unit and rotor (made of 26 FligG).
— contact between stator and rotor: diffusion limited k,
probability of assembly once contact occurred: p;
ps depends on contact time 7. and assembly rate ~
probability that stator unit contacting rotor at time 0 successfully assembles at time e is: ps=1— e '
—rt
Therefore: ky =ko(l—e ")

Since the time of contact is inversely proportional to the rotation speed F

' _k
k—l— = ko (1 —e F ) free energy of chemical potential
bound stator at for taking stator out
zero torque of membrane pool
® Torque dependent stator assembly ‘ /

Equilibrium model: binding of stator to rotor changes its free energy by: € — [
Hypothesis: applied torque lowers the free energy change by: €T

:average occupancy at zero torque is

(n)ss 1 1 % —1 known from experiments.
Therefore: r= N = 1+ eBlev—n—er)’ Or €T — —E log 1 v TO This yields: €b —p = 38k T
70 8 : : ‘
average occupancy 3 _ _1 ol
at steady state kg T so €T is calculated for different torques:
Yz o
£, < 2
2 ) r
ko =koePlep—rmem) (1 — e~ F), 0|
5 2}
Y
2, -4

o

‘ ‘ , ‘ 250 0 50 100 150
£ FRANGE  Thomas LECUIT 2021-2022 L CHE foraue persiatorunt E (e nm)

1530 N. Wadhwa, R. Phillips and HC. Berg. PNAS. 116:11764-11769 (2019)
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How the stator exerts torque on rotor

Structural insight: direct contact between MotB and C ring FligM

CoIIar
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’5 w.)
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cring w4 ' . OO
Stator ring
(16 units)
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Collar f 4
4 Stator C Stator "__Collar
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TR RN
WA 244777700 -
"1 . Stator
WAL

C-riné
“EXP

COLLEGE
= ¥ DE FRANCE Thomas LECUIT 2021-2022 Y. Chang et al and J. Liu. Nature Structural & Molecular Biology. 27:1041-1047 (2020)
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Torque transmission in motor

5>CW
CCW

Torque transmission
A q

0000000000000 bul 0000000000000
0000000000000 a

LP ring

POCO0000000000

Electrostatic
erces

S. enterica

) A SO 0000000000000
st )
5 000000000004

Export apparatus ;' |
Cring. | MotA

The LP ring applies electrostatic forces to support rotation of
the rod

Thomas LECUIT 2021-2022

Tan et al., 2021, Cell 184, 2665-2679 (2021)



Run and Tumble require rotational switch

Semi coiled
/
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Mechanism of rotational switch

cm} ‘
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Thomas LECUIT 2021-2022 Y. Chang et al and J. Liu. Nature Structural & Molecular Biology. 27:1041-1047 (2020)



Mechanism of rotational switch
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Y. Chang et al and J. Liu. Nature Structural & Molecular Biology. 27:1041-1047 (2020)
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Motor coordination at both poles : mechanical?

® A run in spirochetes requires opposite direction of rotation of flagella at both poles
® Cells are too long for chemical coordination at poles (5-10 s for >10um length)

Cc flex

igh CheY3-P

)cw

low CheY3-P
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Eukaryotic cilia and flagella bending and beating

Flagella — Sperm cell (sea Urchin)

Brokaw C. 1989. Science 243:1593-1596. doi: 10.1126/science.2928796 20|J m

https://www.youtube.com/watch?v=4vsYNPwSZks
¢ Cilia - swimming protists

Pharyngomonas kirbyi

Protist, 162,691-709 (2011)
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Eukaryotic cilia and flagella bending and beating

— Ultrastructure tubulin

dimer
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v

Chlamydomonas reinhardtii
Green algae

cilium microtubule
H Ishikawa and WF Marshall Nature Reviews Mol Cell Biol 12: 222-234 (2011)
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Eukaryotic cilia and flagella bending

— Bending models

STUDIES ON CILEA

II. Exawimation of 1hie Thislal Region of the Ciliary

Shatt und the Role of the Filaments in Mokility

PETER SATIR

From the Whitrran Tatorctene, Taicereity af Chicngn, Chingoa, Dlivaia

Tue Joukrnarn or Cerr BioLoay - YoLUME 26, 1965

L 1
100 nm

Axoneme

e Sliding model e Contraction model
Filaments shorten on one

COLLEGE side to bend cilium

DE FRANCE Thomas LECUIT 2021-2022
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Eukaryotic cilia and flagella bending

— Motor driven sliding forces bend cilia

¢ (Cilia bend in response to
collective effect of Dynein
motor activity

® Dynein induce sliding
forces at doublets
interfaces

Dynein motors convert the chemical

energy of ~10° ATP per beat into a
relative sliding motion among the nine
microtubule doublets of the axonemal
sheath.This causes a tension of ~10 nN to
build up between neighbouring doublets.

isolated
doublet

+ATP

microtubules

(A)  DYNEIN PRODUCES
MICROTUBULE SLIDING

OLLEGE
E

FRANCE
1530

c
D Thomas LECUIT 2021-2022

membrane -’ 9" e ad idnynneerin arm
o3
] — (B)

outer

.‘/ dynein arm

radial spoke

inner sheath

central singlet
microtubule

plasma—"

LA microtubule B microtubule |
outer doublet microtubule

linking
proteins

normal
flagellum .
due to crosslinks and

constraints at the base of
axoneme

(B) DYNEIN CAUSES
MICROTUBULE TO BEND

R. Phillips, J. Kondev, J. Thériot & H. Garcia.
Physical Biology of the Cell (Garland Science) 2012



Eukaryotic cilia and flagella beating

— Beating models: Mechanical Feedbacks

e Bending and beating require spatial and
temporal coordination of motor activity
on both sides of axoneme

e Bending induces stresses that feedback

on and regulate motor activity

e Dynein motor activity needs to
alternate between the 2 sides of
axoneme. If forces are equal, then they
cancel each other and no bending

bending plane
occurs == F=== - = = v -
e Motor switching is rapid (2x per cycle nexin
. cross-links two 90°
@ 100Hz in Chlamydomonas) : il

® Mechanical feedback model

Thomas LECUIT 2021-2022 P. Sartori et al. F. Jiilicher and J. Howard. eLife 2016;5:¢13258. DOI: 10.7554/eLife.13258




Eukaryotic cilia and flagella beating

— Beating models: Mechanical Feedbacks

e Bending and beating require spatial
and temporal coordination of

principal bend

z

motor activity on both sides of A B <_<L

dynein y %
axoneme

e Bending induces stresses that ‘ |

feedback on and regulate motor bending plane_ — projection. — {25 — — — () —
activity I

nexin

cross-links two 90°

e Model I:Sliding-forces and slip
bond behavior of Dynein, when
forces opposed to sliding. Build up
of tension on one side induces C
detachment on other side

rotations

e Model 2: Curvature of doublets
(opposite signe of curvature on

both sides of the axoneme)
D  curvature control sliding control normal force control

—>
e Model 3: Normal forces Mietach &Letach load kﬂ}etach normalT
force force
- + - + -

+

P. Sartori et al. F. Jiilicher and J. Howard. eLife 2016;5:e13258. DOI: 10.7554/eLife.13258
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Ciliary synchronization

multicellular problem (next year)

ciliary bands produce vortices associated with motion and feeding

Pre-oral hood

Mouth

Circumoral field

Ciliary band

Side lobe

Prakash Lab, Stanfor

Gilpin, W., Prakash, V. & Prakash, M. Vortex arrays and ciliary tangles underlie the feeding—swimming trade-off in starfish larvae. Nature Phys 13, 380-386 (2017).

Gilpin, W., Bull, M..S. & Prakash, M. The multiscale physics of cilia and flagella.

COLLEGE Nat Rev Phys 2,74-88 (2020). https://doi.org/10.1038/542254-019-0129-0
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Cyanobacteria swim without flagella

On the Mysterious Propulsion of Synechococcus

Kurt Ehlers'?, George Oster®*

1 Mathematics Department, Truckee Meadows Community College, Reno, Nevada, United States of America, 2 Department of Atmospheric Sciences, Desert Research
Institute, Nevada System of Higher Education, Reno, Nevada, United States of America, 3 Department of Molecular & Cell Biology, and ESPM, University of California,
Berkeley, California, United States of America

Ehlers K, Oster G. PLoS ONE 7(5): €36081. doi:10.1371/journal.pone.0036081 (2012)

Synechococcus swims at 25um/s
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Waterbury, J.B. et al. A cyanobacterium http://www.rowland.harvard.edu/labs/bacteria/movies/synecho.php

capable of swimming motility. Science 230,
74-76 (1985).
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How can a cyanobacteria swim without flagella?

Model: Surface traveling wave (oscillations)

Small amplitude, high frequency waves: Swimming speeds of order 25 pm/s are

expected for a spherical cell propagating longitudinal waves of 0.2 pm length,
0.02 ym amplitude, and 160 pm/s speed

HDdHD dD

water molecule

g -
-~ -~ ..—v/T\v-.. - -—— *...--/l\m- — - _..-/T\;._--
iy — iy =i A b - -t - i i, B, i, — i, el el el e meliie. sl
C E C
contraction expansion

® water molecules are moved away (up) and closer (down) to the cell surface as the contraction waves pass
e the molecules are pushed farther to the right than to the left because the velocity decays away from surface
e the cell moves in same direction as the wave

Ehlers, K.M., Samuel, A.D.T., Berg, H.C. and Montgomery, R.
Do cyanobacteria swim using traveling surface waves?
Thomas LECUIT 2021-2022 Proc. Natl. Acad. Sci. USA 93, 8340-8343 (1996).




How can a cyanobacteria swim without flagella?

Model: Surface traveling wave (oscillations)

Synechococcus

Model: an unidentified motor
embedded in the cell membrane
utilizes the spicules as oars to
generate a traveling wave external to

Spicules cover the §
the surface layer

entire surface

CMi: inner cell membrane
S:surface layer

Cristalline
arrangement of
spicules

' 50nm

freeze-fracture EM
Samuel, A.D.T., Petersen, J.D. and Reese, T.S. BMC Microbiology 2001 1: 4
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How can a cyanobacte

ria swim without flagella?

Model: Surface traveling wave (helicoidal track)

Cargo causes local deformation of surface layer and forms

surface ridges.

Synechococcus utilizes a continuous loop helical rotor

—Rotating helix model: motors anchored to the
peptidoglycan layer drive rotation of the rotor
creating helical waves along the cell surface

—Traveling cargo model: motor cargos move along

the helical track creating deformations along the
surface

Motor drives helicoidal wave of surface indentation

Surface travelling wave drives cell movement
I

—t—

Thomas LECUIT 2021-2022

cell

Ehlers K, Oster G. PLoS ONE 7(5): €36081. doi:10.1371/journal .pone.0036081 (2012)



How can a cyanobacteria swim without flagella?

Model: Surface traveling wave (helicoidal track)

® The surface layer presents tilted spicules

e The surface layer amplifies the distorsions
induced by the cargo

e The intrinsic asymmetry of the S layer causes an
asymmetry in the surface deformation

¢ and asymmetric fluid flow

—when cargo moves against tilt, this causes large
transverse deformations and fluid flow in the McCarren J, Heuser J, et al. J. Bacteriology, 187: 224-230. (2005)

direction of the wave
— -

—when cargo moves in direction of tilt, this causes
local expansion of the membrane and fluid flow in
opposite direction of wave

—therefore, CW and CCW rotation of cargo causes
fluid flow in the same direction, and the cell moves in
the opposite direction of flow

~1 Hz

e This in turn causes the unidirectionality of cell 'WP e
movement 4

COLLEGE
DE FRANCE Thomas LECUIT 2021-2022 Ehlers K, Oster G. PLoS ONE 7(5): e36081. doi:10.1371/journal.pone.0036081 (2012)
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