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Cells are adaptive sensorimotor systems

" Neutrophil Chasing Bacteria™®

Goal: to extract principles behind
cellular behavior and information processing



E. coli chemotaxis as a minimal model

Chemical gradient

D Run: ~1s

Tumble: ~0.1s



E. coli under a microscope

Turner, Ryu, Berg. (2000) J. Bacteriol



E. coli use temporal information of signals to exhibit chemotaxis

,\/\/\@ Local concentration increases in time

€ — Increase the run length, on average



Extracellular signal is processed by
a biochemical reaction network

Tu (2013)

Can we measure the dynamics of the pathway inside living cells?



Molecular interactions inside cells are visualized by FRET

Interaction

rE

Miyawaki, 2011

FRET also detects:
* Enzyme activities
* Small molecules (e.g., Ca?*, cAMP)



The kinase activity has been studied by
population-level FRET measurements
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How do individual cells respond differently from the average?



Cell-to-cell variations have been revealed by
single-cell FRET measurements

/ Slow (~10 s) stimulus switching forced us to
study slow responses to supraphysiological doses

of stimuli
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How do individual cells respond in a faster and physiological regime?

Keegstra, Kamino et al. (2017) ELife



A computer-controlled microfluidic device has
enabled fast stimulus switching
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Kamino et al. (2020) Sci. Adv



Relative kinase activity

temporal variability
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Questions

How much information does an E. coli cell acquire from the environment during

chemotaxis?
To what extent is the performance of chemotaxis limited by the amount of

acquired information?



A graph captures the relationship between information
and performance

Internet speed
(bits/s)

|

Information processing

|

Performance:
Video Resolution

Video

Image: Netflix.com

Theoretical limit

X

More
efficient More
(unused)
x information‘ x

>

Internet speed (bits/s)

Tkacik and Bialek (2016) Annu. Rev. Condens. Matter Phys.



Direct analogy to E. coli chemotaxis
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In E. coli chemotaxis:
- What does the theoretical limit look like?
- Where dose a real cell locate in the information-performance plane?



How much information do you think is necessary for
chemotaxis?

E. coli determine whether a chemical concentration
increases or decreases in a single run

— Binary decision for each run (~1 sec)

- ~1 bit/sec?



Model of chemotaxing E. coli

Ar({s})

MmM=R ——— m=T

A ) — —log c(x(t))
Vo

c(x)



The model gives drift speed and information rate

Drift speed:
(1 —a)lgo Aro — Ar({s(O)})
Vg (AR ({S(t)})) =V (1— a)ARO 1 op. Tun Aro cos(6(t))
a
Balance between Appropriateness of
active and passive signaling response

reorientation
Information (transfer entropy) rate:

. 1 AR _AR 2
I(Ar({s(O)) = ElRoPrun << 0 AR((){S(t)})> >

Tumble events
per sec

What is the highest drift speed with a given information rate?

Locsei (2007); Mattingly* and Kamino™* et al. (2021)



E. coli need very little information to perform
chemotaxis, in principle
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E. coli don’t have to answer the binary question perfectly;
They just need to slightly increase the chance of getting the correct answer

Mattingly* and Kamino* et al. (2021)



How far is a real cell from the theoretical limit?
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Only a noise-less, infinitely
fast information-processing
system achieves the limit
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But real cells are noisy!




Measuring drift speed

Low Observation High
concentration region concentration
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How much information do E. coli get?
Mattingly* and Kamino* et al. (2021)



Information rate is determined by the statistical properties of
the signal, signaling response and signaling noise

L a2 oo 2
Information rate: [~ 2= [ QIS
41T ¥ — 0 N(w)

dw

Measuring signal = Measuring motion of chemotaxing cells

Tostevin & ten Wolde (2009) PRL
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Information rate that a single E. coli cell acquires from
chemical gradients
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How well does a real cell perform compared to the theoretically limit?

Mattingly* and Kamino* et al. (2021)



E. coli are efficient in information usage

0.12}

Theoretical limit

~ 42% of acquired
information used
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Cell signaling systems have evolved to efficiently use information

Mattingly* and Kamino* et al. (2021)
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FRET signals from single bacteria are VERY noisy

Raw FRET signal

Moving average /

10 s

>
t

Could we improve the SNR?



NAXIT I %

LWEFRETT — % BtE

mﬁaﬁ\l@'ft Kamino et al., PNAS in press

WEFRDTTIE #HUWE

AE

ot

Wsonion PG g misn

WAL

bt

0 500

1000

Time (s)

1500 0 500 1000 1500
Time (s)



RxEOH

« EYPZ2CHENTHRZ—REDBHRWBKRE E REIERILIEBNTVDID, EThe
EEHCIRZ DM TR,

« KIZBROFENMEICHEWTIE., ROBH=DZ (CIBRIVERISLEEREEN > Tz UH U
FRDNNSWEDHIC—BRLANILDEERIEH L <. TNHERERELE D TLV,

« I, FRETZEWT. KEBEE—BROAZBIRENSVVEE TRETEECR o7,
* Keegstra and Kamino et al. Elife (2017)
 Kamino et al. Sci Adv (2020)
* Kamino et al. PNAS, in press

* Moore* and Kamino™ et al. bioRxiv, under review
- —#RRFRETAIEZMA L., HMBRNMIBT BIEHRL — K~ (~102bits/s) EZFDFANE (
"'100) %ngﬁﬁ LJTCO

e Mattingly* and Kamino™ et al. Nat Phys (2021)



Acknowledgement

Henry Mattingly Benjamin Machta Thierry Emonet
@Yale/Flatiron Inst. @Yale @Yale

Mattingly*, H. H., Kamino*, K., Machta, B. B., & Emonet, T. (2021). <
Escherichia coli chemotaxis is information limited. Nature physics, PREE'-D

(*Equal contribution) —

sakigake



Kamino Lab

Quantitative biology
Join us! We are hiring at all levels of adaptive cellular behavior

Microfluidics

Mathematical Machine
modeling learning
' ™~ A 4 Output
!7‘ N
Noise burst Fillc:.- Delay

kkamino@gate.sinica.edu.tw

u @KeitaKamino



