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Bacteria




Lecture outline

* Bacteria: what are they and what do they do?
* Adhesion

 Swimming

* Crawling

e Sense of touch






Bacteria

why do we care about them?

Present in oceans, soil, humans, plants, air
> 1030 bacteria in the biosphere

~ 1014 bacteria in a human body

x 102 more bacterial than human genes in our body

Photosynthesis (oxygen)

Industry (fuel, food, waste management)

Pathogenicity (infection, food poisoning)

Symbiosis (immune system, digestion)

Biotechnology (CRISPR, cell-based therapies, natural products)

images: CDC, NIH, Wikimedia commons
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The origin of bacteria is the origin of life

Phylogenetic Tree of Life
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origin of eurkaryotes likely from
endosymbiosis of a bacterium by
archaeal host

LUCA was a prokaryote
(3.8x10° years)



The environments of bacteria

+many environments generate many types of stresses

- bacteria must (rapidly) adapt to these conditions
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The many shapes of bacteria
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Haloquadratum Prosthecomicrobium

 How do they maintain their shapes?

 Why these shapes?



The cell wall maintains cellular integrity

bacterial cell =
The bacterial cell wall is: outer membrane —_(fGBEEAN
cell wall —

plasma — [kt 8

 mechanically robust membrane

c".’ 4 '_e
DNA — |||k 08

SO
 maintains cell shape nucleoid T
ribosomes in _ﬁHL,_. )

* dynamic

T um

Synthesis is guided by cytoskeletal proteins

ﬂ ag e | | um




(A) phospholipid

protein

Simple lipid bilayer

The cell envelope Is complex

Surface components interface a cell with its environment

For all cells (prokaryotes and eukaryotes)
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The cell wall maintains bacterial integrity

A major distinctive feature from eukaryotes

~:;:f1fl Lipopolysaccharides &

AFM measurements on
single bacteria

Cell wall stiffness
10-50 MPa




Mechanical sensing
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Single cell mechanical interactions

Single cells mechanically interact with their
environments through surface structures

outer
flagellum membrane pill

capsule adhesin
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Adhesion



Bacterial adhesion in industry
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Bacteria adhesion in health and disease




Mechanisms of adhesion

bacteria attach using adhesins

Micropatterned surfaces

Flagellum

Micrometre range

Aa

Flagellum

Reversible ) Multicellular
adhesion Extracellular matrix community
Irreversible

adhesion




Physicochemical basis of adhesion

Adhesion Attachment

Interactions of
curli, flagella, & pili

Electrostatic
attraction & repulsion

= - Genetic regulatory
- - networks start to
change expression profiles
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van der Waals forces Hydrophobic interactions

Topography

Surface topography

changes bacterial
adhesion

Steric forces

Chemistry

Surface chemistry
changes bacterial
adhesion
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Bacteria secrete polysacchrides which

function as “glue”

OM

Non-specific adhesion

Cells attach to surfaces independently of precise chemistry

PAO1

Example of Pseudomonas aeruginosa
Psl is a polysaccharide glue

ApsiG




Specific adhesion

cells attach to specific receptors using specific adhesins

Staphylococcus aureus displays many adhesins

F,,B,,A,B S. aureus

Atl, AtIL, |
AtIC, Aas :
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vW Factor W

Desmoglein 1
aVvp3 CD36

Hsp60 Annexin 2

Unknown
receptor

Host cell

Enteropathogenic E coli injects the host with a receptor

(c)

Intimin o0 e

Pedestal

Fig. 1. Attaching/effacing (A/E) lesion formation by enteropathogenic Escherichia coli (EPEC).



Mechanics of adhesion

cells resist detachment



WHO WHERE
CAULOBACTER CRESCENTUS UNITED STATES

WHEN
2006

In 2006, researchers at Indiana University, USA, found that the bacterium
Caulobacter crescentus produced a sticky substance that allowed it to attach
to virtually any surface and even under water. The bacteria produced a
mixture of long sugar-based molecules called polysaccharides that are
around 7 times stronger than a Gecko's sticky foot! The scientists measured
14 bacteria attaching themselves to a borosilicate substrate (glass-like base)
and found it took a force between 0.11to 2.26 micro-Newtons, averaging 0.59
+ 0.62 micro-Newtons, to detach the microbe. This equates to a ripping force
of around 70 Newtons per square millimetre (10,153 pound-force per square
inch) force over all compared to commercial 'super’ glue (cyanoacrylate) that
fails at around 25 newtons per square millimﬁ(:’a,&b pound-force per
square inch). The report on the research appeared in the Proceedings of the

National Academy of Science.




Some bacteria attach better under load

E. coli In flow

“catch bond”

Adherent bacteria
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Moderate flow
at high imaging speed



Catch bonds

the molecular adhesin senses force

C Mechanosensation in adhesion
Catch bond

1 Force

A
Adhesin

Receptorw

Adhesion/detachment
force (N)

Small Force i Dissociation Foading rate () in N »
lr(;?éjmg %S—ﬂlow $ at low force
T
— Catch bonds are common inpathogens
P— e that experience flow environments
loading T Bond
rate j—flhigh 1 strengthens . . .
g (urinary tract infections, bloodstream

- infection)



Structural basis for catch bonds
Uropathogenic E. coli (UPEC)

’ E. coli structure

Fimbria structure

FimH
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FimF ’
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lectin
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Other catch bond examples

Staphylococcus aureus binds to the blood plasma fibrinogen

Attachment to fibronectin-coated surfaces

WT Fibronectin-binding Low stress  High stress
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Summary: slip vs catch bonds

biomechanics vs mechanobiology




Moving

Review Article | Published: 21 September 2021

Bacterial motility: machinery and mechanisms

Navish Wadhwa & & Howard C. Berg ™

Nature Reviews Microbiology 20, 161-173 (2022) | Cite this article




“No more pleasant sight has ever yet come before

my eye than these many thousands of living creatures
seen all alive In a little drop of water ... each several
creature having its own proper motion.”

Antonie van Leeuwenhoek’s 18th letter to the Royal Society on _4 L
observations made on 6 August 1676 of “little eels”



Bacterial motility

Swimming
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Living at the microscale

- How does it feel to live at the scale of a few micrometers?
- How did microorganisms evolve to adapt to these different conditions?

- What are the consequences of small scales on biological microflows?

Life at low Reynolds number

E. M. Purcell
Lyman Laboratory, Harvard University, Cambridge, Massachusetts 02138

(Received 12 June 1976)

) ) ) he  Scallop Theorem
The hydrodynamics of swimming

microorganisms

Eric Lauga' and Thomas R Powers



Bacterial swimming
Ready, set, go!

1 E. coli chimera

2 E. coli

3 V. alginolyticus (puller)

4 V. alginolyticus (pusher)

5 P aeruginosa
6 R. sphaeroides

/ R. rubrum

8 Y. enterocolitica




Bacterial flagellum

a rotating filament

outer
membrane

flagellar

inner
membrane

flagellar flagellum
bundle




Bacterial flagellum

transmitted electron cryo electron microscopy
microscopy of E. coli of a bacterial flagellum



Hydrodynamics of flagellar propsulsion

Drag anisotropy generates thrust

flow
—
V F / Ji=nv ~dmploy
>
CO~AN /N, fi = vy > 2mplo
~— v, = 27 (from "resistive theory”)
F = 6mpuRV




Bacterial flagellar motor

e Works on H+ gradient
(not ATP!)

e (Can rotate both directions

e f~ 100 Hz

EXTRACELLULAR SPACE

outer
bacterial
membrane

inner bacterial
membrane
(plasma
membrane)

proton pump

stator rotor H
| proteins  proteins |

flagellar motor rotating
at more than 100 revolutions CYTOPLASM

per second

Figure 16.14a Physical Biology of the Cell, 2ed. (© Garland Science 2013)



The flagellum iIs a rotating protein machine
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Rotating protein assembly
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Molecular mechanism of rotation

(A) rotor
PERIPLASM
Na*
CYTOPLASM
rotor —
charges / \

stator stator charge

(B) : Na*
Icrll'g%tnel\@l‘)
l lon transport
@@ -> charge screening
stator rotor
@
Na*
\J
Rotation and ion
& @ & release
@
Na™*

Figure 16.42 Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Where do bacteria swim?

Bacteria use a reversal strategy

propulsion with flagella generate 1 s runs
brownian motion enable tumbling

% 9
Q&/w-s

tumble

tumble G

7

\ </
run

Figure 4.16b Physical Biology of the Cell, 2ed. (> Garland Science 2013)

Tumbling allows single cells to change direction



Chemotaxis

attractant repellent
\7 m ( Biasing swimming toward dun allows
for motility up/down gradients
mcreasing decreasing 2

concentration concentration

NO ATTRACTANT POSITIVE NECATIVE
OR REPELLENT CHEMOTAXIS CHEMOTAXIS

Figure 4.16d Physical Biology of the Cell, 2ed. (© Garland Science 2013)

CheY clockwise
counterclockwise rotation
rotation (run) (tumble)

no ligand

ligand

At the molecular level: l

chemotaxis system connects ligand
sensing to motor activity

flagellar
motor

/receptor

CheY cIockwnse
Figure 4.16c Physical Biology of the Cell, 2ed. (© Garland Science 2013)



Harnessing motility

Bacteria can power machines

Sokolov, PNAS 2010

Vizsnyiczai, Nat Com. 2017


https://www.nature.com/articles/ncomms15974#auth-Gaszton-Vizsnyiczai

Tethering flagella

A tool to perturb flagellum rotation

/

Nesper, elLife 2017



Bacteria can change gears

A Rotating electric field
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Type IV pili are protein polymers

back N N front

Major pilin

* PilA (P. aeruginosa,
M. xanthus)

* PilE (N. gonorrhoeae)

* TcpA (V. cholerae)

Secretin

* PilQ (P. aeruginosa,
N. gonorrhoeae,
M. xanthus)

* TcpC (V. cholerae)

Alignment proteins
* PilM, PilN, PilQ, PilP
(P. aeruginosa,
N. gonorrhoeae,
M. xanthus)
* TcpR TepD, TepS
“ (V.cholerae)

Platform protein

* PilC (P. aeruginosa,
M. xanthus)

* PilG (N. gonorrhoeae)

* TcpE (V. cholerae)

Retraction ATPase
* PilT (P. aeruginosa,
N. gonorrhoeae, M. xanthus)

Minor pilins

« PilE, PilX, PilW, PilV,
FimU (P. aeruginosa)

« PilH, Pill, Pil), PilK PilL
(N. gonorrhoeae)

* PilX1, PilV1, PilW1,
FimU1 (M. xanthus)

* TcpB (V. cholerae)

Cytoplasm

Assembly ATPase

* PilB (P. aeruginosa, M. xanthus)
* PilF (N. gonorrhoeae)

* TcpT (V. cholerae)



Type IV pili are motorized

Early measurements with optical tweezers

pilus bacterium

=)

laser trap

Mike Sheetz and Berenike Meier



Bacteria twitch using motorized filaments

“type IV pili” extend and retract from the cell surface

PilB PilT, PilU

— PilA o =




Working hypothesis

Chang et al., Science 2016



Dynamics measurements of response to surface

YFP/mKate per cell F (A.U.)

time (min)

Persat, PNAS 2015



Mechanosensing with pili
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Mechanotaxis with pili

Motility, Virulence, Biofilm formation

minutes
TFP extension/retraction

|
1
seconds

o~ C = _=< )é

MNG-FimX

PNAS 2021




Mechanotransduction in Pseudomonas aeruginosa




How do pili sense force?

Pili (and any protein) behave as springs
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E. coli commonly infects the urinary

tract
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the end?



Squeezing bacteria

It’s not so simple
A

Positive pressur

Air tubing PDMS layer

Cover glass
E. coli cells




Bacterial growth under compression

Bacteria sense and respond to cell envelop perturbations




