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Learning and Memory

® Learning: sensing
and decoding

external information
with memory

Glucose gradient

® Memory: transient or

long term storage or T
. L representation of
® [earning: acquisition ) .
external information N ¥

of new information
from outside that

leaves a transient or
permanent trace or
memory or engram

Sensory systems: Bacteria chemotaxis, photon detection, acoustic pressure etc
Nervous sytem: Internal representations of past experience

or retention in the
organisation/ * Immune system: adaptive immunity, memory B cells

dynamics/behavior

of the system. Evolution: internalisation via selection of external world inside cells/organisms:

o the circadian clock network is an internal representation of external diurnal cycle,
o the chemotactic network of E. coli is an internal representation of the functionally
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Does increased complexity require new information?

® The complexity of an adult is seemingly compressed/represented in a single cell
e Consider information as the set of instructions required for this process
* Questions:

o doesthe egg contain all the information needed to rebuild a new organism?

o does the increasing complexity during development require new information?

Phillina/SCIFNICF PHOT(

Size: 104/1
Mass: 1010/1
Cell number: 1013/1
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Does increased complexity require new information?

® The information inside an embryo is usually closed, though in

Endometrium p Ovary
mammals, via implantation, the embryo receives information e -
from the uterus. = mm(?m & ®

- e
e Atthe cellular scale information flows in various channels and is . o 1, \m‘““"‘*“?‘"”“ i
o . . . e L LIS e
constantly decoded and recoded (eg. positional information, X
. . . . . . . Delrose, N. (2024). https:// o> ~_. 4 R
signalling information, assessed via mutual information). app biorender.com/biorender-templates ‘ }
. . t-6632€:1.957932dg70946caa5e-human- \‘
e As aresult, cells change state: chemical state, mechanical state, embryo-implantation Pl ol e
geometry.

e Cells are wired to decode and recode information in a noisy
environment, and amplify small differences/fluctuations in the
environment of stem cell aggregates in vivo or in vitro.

e Although the genome doesn’t change, cells express new states that constitute a
new set of information to be decoded within the cell and by neighbouring cells.

e As aresult, a cell receives new information (albeit not strictly Shannon
information) during development.
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Learning information during development

e During development, cells learn from their neighbours, and
keep a memory of these training signals.
e Fundamental property of living systems: Learnability

membrane (GAP43:mScarlet)
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Gehrels EW, Chakrabortty B, et al. PNAS. 120(6):e2214205120 (2023)

Q. Yang et al, E. Hannezo and P. Liberali,
Nature Cell Biol. 23, 733-744 (2021)
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A dynamic multidimensional information landscape

e Encoding of diverse and specific cellular responses by chemical,
mechanical and geometrical information.
o This information controls: cellular states (stem, differentiation etc),
cellular shapes and dynamics, and cellular physiology (behaviour).

e Cells receive and decode information, they also encode and release
information to neighbouring cells.

¢ Cells thereby follow complex dynamics in the high dimensional space of
information they encode collectively and decode individually.

e Thereby they contribute to the building of a high dimensional space of
information that will influence other cells.

e View Waddington landscape as a multidimensional encoding of
information that affects cell behaviours
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An dynamic multidimensional information landscape

e The information landscape is not static but dynamic. Cells are active agents that modify the landscape
and their response to the landscape.

e Cells can modify their response to a given landscape (the cell is not passively following a landscape, but
actively changing its course). The potential that forms the landscape is tuned by cells as they encode and
decode information.

* How to encode the future of a cell (eg. Its path towards a particular fate,
position and function)?
o Initial conditions and systems properties
o External cues along the path to orient the cells along the correct paths
(continued guidance)
o Alternative strategy: Learning cell trajectories. Cells are exposed to
transient cues in time and space and can memorise such signals.

o Memory can be viewed as a relatively stable or irreversible change in
landscape following a transient signal.
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Plan

e Molecular learning and memory
e Signalling learning and memory
e Cellular learning and memory

e Structural learning and memory
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Molecular memories

e Genome: permanent memory on the time scale of an organism. So
there is a need for mechanisms to tune this memory, to escape from the
« permanent » memory of the genome: gene regulation, and post-
translational modifications are mechanisms to impart tunable memory
states in chemical networks and cells.

* Molecular signals stimulate a response.

Question: how to maintain a response after disappearance of the input signal?
how to keep the memory of input signal?

How to tune the time scale of this memory?

e At single molecular scale: allosteric transition, post translation modifications.
e Molecular complexes

* Molecular networks and signalling.
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Molecular memory

Molecular cycles: molecular switch or allosteric transition

INACTIVE PATHWAY ACTIVE PATHWAY

e Signalling pathways may be in an active or inactive state. o
B
+

extracellular signal molecule

receptor protein

e This rests on protein that exist in 2 conformations, an active or inactive.
e Binding of an effector and/or inducer favoured in the active state (eg. open).

[

intracellular
signaling
proteins v

nucleus

Enzyme: The binding affinities for both inhibitor and substrate are different in
the two states, with the binding of the inhibitor favoured in the inactive state.

ACTIVE STATES INACTIVE STATES

ion channels enzymes receptors @ E
INACTIVE m EB
“— substrate “

enzyme
repressor

substrate
ACTIVE D G .ézqé inhibitor —i >@ DE
protein repre5§or
hosphat: protein
phosphate
group “ D “

METABOLISM

metabolic
enzyme

metabolic
enzyme

GENE REGULATION

R. Phillips, The Molecular Switch:
signaling and allostery. Princeton Uniyv.
Press. 2020

MOTILITY

cytoskeletal
regulatory
protein
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Molecular memory

Molecular cycles: molecular switch or allosteric transition

e Time scale of transition: micro to millisecond..
e Stability of new state following allosteric transition: 2-4 orders of magnitude longer.

e Ex 1: Acetylcholine receptor: a ligand gated Na* channel.

(A) NICOTINIC
measure current ACETYLCHOLINE RECEPTOR Table 3.1 Model rate constants used

@
- _ Pc PC,L in examining the dynamics of the
acetylcholine- '
binding site i konc single-site MWC ion channel.
m - Rate constant s71
° ° CLOSED lpid I((C]2f
o . STATES ) _. bilayer o kon 10*
r
/

T r ’ —_
4rim 1 ) k+lT k_ k+l1 k— k‘(’%g 10 1
/’ L CYTOSOL @ © 105
ligand : of
r ) KonC ki 102
wild type | ® D G <T G k— 10*
L | closed Kot K, 106
TITIRTT Joosed .
100 ms
5 pA L
COLLEGE R. Phillips, The Molecular Switch: signaling and allostery. Princeton Univ. Press. 2020
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Molecular memory

Post-translation modifications: Reversible covalent protein modifications
GTP cycle, phosphorylation cycle, methylation cycle etc

« Post-translational modification (PTM) is nature’s escape from genetic
imprisonment. Gene sequences change on an evolutionary time scale but
not on one appropriate for organismal development, adult physiology and
the continual battle against disease and disintegration. »

Jeremy Gunawardena
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Molecular memory

Memory and molecular turnover

Jfrom Francis Crick

NATURE VOL.312 8 NOVEMBER 1984

How is memory stored in the brain so that its trace is
relatively immune to protein turnover?

All proteins turnover in hours or days.

Memory could be encoded in alterations to particular
sequences of DNA: in cells (akin to immune cells) or locally
at synapses.

Or RNAs: alternative promoter choice (eg. Protocadherins,
60 variable exons), or alternative splicing. RNAs tend to be
short lived

Memory could be encoded in very stable proteins (ex.
Prlons) Since none of these alternatives seems
especially attractive, oneis moreinclined to
suggest models that are cooperative in
nature. That is, the molecules in the
synapse interact in such a way that they can
be replaced with new material, one at a

time, without altering the overall state of
the structure.

COLLEGE
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Fréncis Crick

Consider a protein P that may be active (+)/inactive (-)
depending on post translational modification eg.

phosphorylation, and can dimerise.
Assume that an enzyme activates P if the other protein in
dimer is active:
(-, +) => (+,4) and (-, -) unchanged
New monomers are inactive when produced.
Protein turnover doesn’t change the state of dimer.
Synapse reinforcement leads to phosphorylation of P (or vice
versa for inhibition).
Synapse reinforcement in spite of protein turnover.



Molecular memory

Post-translation modifications: Reversible protein modifications induced by pairs of proteins
GTP cycle, phosphorylation cycle, methylation cycle
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Phosphorylation cascade: Kinase/Phosphatase

Yin et al. Signal Transduction and Targeted Therapy (2023)8:212
H.G. Garcia and R. Phillips. Physical Genomics - from E.coli to Elephants, PUP
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Molecular memory

Post-translation modifications: GTP cycle, phosphorylation, methylation

Transient stimuli yield transient or more sustained response dynamics.
This is based on the coupling of reversible protein modifications organised in cycles
The reversible state allows rapid tuning of molecular memory to external signals
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Molecular memory
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E

Post-translation modifications: GTP cycle, phosphorylation, methylation
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Transient stimuli yield transient or more sustained response dynamics.
This is based on the coupling of reversible protein modifications organised in cycles
The reversible state allows rapid tuning of molecular memory to external signals
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Molecular memory

Post-translation modifications: GTP cycle, phosphorylation, methylation

The life time of the GTP state depends on regulatory molecules that inhibit the GTP hydrolysis by GAP

Tuning chemical state memory with proteins

that kinetically enhance GTP hydrolysis (GAP): ‘f Inactive

memory is reduced by GAPs.

Ras GAPs
NF1-SPREAD, p120 GAP, _y Ras GEFs
For Ras, the intrinsic GTP hydrolysis time scale ~ SynGAP, GAP1 Family, € RasGRP, RasGRF1, 505

: . . . DAB2IP, GAPVD1

is approximately 30 minutes. However, this is

significantly reduced by GTPase-activating
Active

proteins (GAPs), with a hydrolysis timescale at
about 50 milliseconds

https://www.cytoskeleton.com/ras-cancer-therapeutic-targets
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Hebbian learning - lessons from neuroscience

Orgdﬂizdtion
of
BEHAVIOR

A Nedvopsychological Tiicory

By D. 0. HEBB

Dr. Hebb off vy @ theory to explain what
takes place (u the bumvan braiu in the inter- |

vl Setween & strmadus awd the vesponse.

Figure 2. FRepresentation of cell which
nctivates txo others in the cord. Cell D forss

Flgure 1. Disgras to\ tlluatrate a voseible route A,A',D,C 80 that imoulges in A'
1949 disctssion of conditioning. Arrows indlcate do not necessarily activate B, Arrows show
direction of transatssion of lapulses. direction of transasission of iapulses.

Acquisition of conditioned reflexes. Co-incidence of
excitation in A and reflex activity in X reinforces the synapse

R.E. Brown and PM. Milner Nature Neuroscience, (2003),4:1013-1019
The legacy of Donald O. Hebb: more than the Hebb Synapse
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« Neurons wire together if they
fire together »

« Let us assume that the persistence or repetition of a
reverberatory activity (or "trace") tends to induce
lasting cellular changes that add to its stability. ...
When an axon of cell A is near enough to excite a cell
B and repeatedly or persistently takes part in firing it,
some growth process or metabolic change takes place
in one or both cells such that A’s efficiency, as one of
the cells firing B, is increased ».

« If the inputs to a system cause the same pattern of
activity to occur repeatedly, the set of active elements
constituting that pattern will become increasingly
strongly inter-associated. That is, each element will
tend to turn on every other element and (with negative
weights) to turn off the elements that do not form part
of the pattern. To put it another way, the pattern as a
whole will become 'auto-associated'. We may call a
learned (auto-associated) pattern an engram »

D. O. Hebb, The Organization of Behavior; a Neuropsychological Theory
COLLEGE (Wiley, New York, 1949)



Hebbian learning - lessons from neuroscience

Resting Activation Cue-driven pattern completion

£ 4
N ) l\}
l\ \ \ b N
resting activity —e baseline

Hebbian plasticity @ cued activation —e strengthened
$ co-activation
I,
>—| /
Non-hebbian plasticity

Lansner et al. Current Opinion in Neurobiology (2023), 83:102809
Thomas LECUIT 2024-2025
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Hebbian rule in signalling networks

e Signalling networks a composed of many proteins that are shared among different pathways
e Promiscuous binding among different pathways.

e Similar principles of cue-driven activation of molecules in a signalling network.

\Hormones...

Hormones...

o o

Activation © =) Inhibition

membrane

Kinases @
N
- ;\’b\
&

o
o
O

O O e 9
P T +@ m e
gene
Cloutier Wang. Integr. Biol., 3, 724732 (2011) D. Lee & K-H. Cho. Scientific Reports 1 8:5262 (2018)
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Hebbian rule in signalling networks

Conformational memory

e Proteins transiently keep their binding competent state after dissociation.
e Signalling induced reinforcement of protein/protein interactions

f- . | . d h .o f . hb . . v (1) First signal

[

(1) Afirst signal induces the association of neighboring proteins S e A+ 5 compln
A and B, which induces a binding-competent conformation of ProteinA .
protein B (e.g., via folding of an IDR of protein B) e

e (2) After the first signal’s termination, proteins A and B
dissociate. However, within a time window, protein B keeps its

Protein B
(2) Termination of the

Vo

e
L=
Qe

Vo

. . . . first signal
binding-competent conformation as a conformational memory.
* (3) Upon repetition of the first signal, the second signal finds
protein B still in a binding-competent state, which causes a \—: (3) Repeated Ry —
faster and more robust signal transmission. — signal —
* The signal-induced conformational memory of protein B Vo’ Faster and more —

robust signal

increases the binding affinity between protein A and protein B. transmission

Protein A + B complex Binding:competent

protein B

LLEGE o masLECUIT 2024-2025 Csermely et al , and P. Tompa. Trends in Biochemical Sciences, (2020), 45: 284-294
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Molecular memory

How protein stability affects signalling
e If proteins turnover rapidly, there is no memory of their past expression.

* Protein decay rate vs rate of negative feedback: dictates the response behaviour of a signalling pathway.

An optogenetic system to study quantitatively output responses to light input/Ras activation

light (650 nm) (A) BFP-Erk: MCP-mCherry RhoB-YFP:

sighaling ——— rhob mRNA ———— target protein
response transcription accumulation

@ red IR

@ OUTPUTS g,1— I 2 N EE . 21— - -

(=3 2 : :

(e =) : : :

o £ o S o 2o
H H [+a]
MS2 coat g Sdnaing response 0 40 80 120160 = 0 40 80 120160 * 0 40 80 120 160
protein time (min) time (min) time (min)

nascent RNA (B) nuclear Erk nuclear MCP foci YFP accumulation
mCherry : .

target gene
transcription
1 (e.g., rhoB)

0 min 80 min 0 min 20 min 0 min 160 min
ribosome\ ‘> _
target protein
accumulation

(e.g., RhoB) Wilson et al., and J. Toettcher. Molecular Cell 67,757-769 (2017)

COLLEGE i il ; ics - ;
l DE FRANGE Thomas LECUIT 2024-2025 H.G. Garcia and R. Phillips. Physical Genomics - from E.coli to Elephants, PUP
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Molecular memory

How protein stability affects signalling

e The Dual Specificity Phosphatase DUSP is a target of
ERK and exerts a negative feedback on ERK

—— target mRNA
—— DUSP protein
—— nuclear ppErk

molecular species
o
o [¥,] =

® This negative feedback causes a transient /20 40 60 80 100

time (min)

transcriptional activation of target genes.

P g 1
e If pulses of light at different time intervals are induced, %O i \/ \/ \/ \/ﬁ
different transcriptional outputs are observed as a ’/\ | } é ' | .
function of the time interval between pulses. E.:FE Eljj = g % 20 0 60 80 100
busP target genes )
e Key feature: degradation time vs time scale of negative i ' \\
feedback. ’—E 0.5
o If time delay is too short, then DUSP remains sufficiently high to g 0 20 a0 60 o 100
maintain the negative FB and reduce target gene activation. time (min)
o Atintermediate values, loss of DUSP « memory » due to
degradation allows new pulse of target gene transcription. ggas e 7 Thob z duspa o I Wi
o Iftimeistoo long,, fewer pulses and transcription is lower. é%zi z z :Z ‘J\‘ z #H}\
5% 2
Wilson et al., and J. Toettcher. Molecular Cell 67,757-769 (2017) SR U U (O Lo Lo aht ﬁseslf)r;in) 102 10° 100 102 107

*y COLLEGE
¥, DE FRANCE Thomas LECUIT 2024-2025

1530

23



Molecular memory in the life time of an organism

DNA methylation and genomic imprinting

U/

* DNA methylation occurs at C and A
e DNA methylation is associated with repression of

2 global methylation E

low

transcription - i

e DNA methylation pattern is erased at the onset of a new -.. ﬁ K\lﬂ \¢ /- sl
generation and reestablished during development. ORI \ /
DNA methylation is important for cell differentiation. o ol s 2ot Gk

* Inheritance of DNA methylation through cell division, ie Seisenberger S, et al. Phil Trans R Soc B 368: 20110330 (2013)
DNA replication. Hemimethylated sites are recognised A copy and ot el B nelgnborngtercament o
and lead to methylation of unmethylated strand % %

DNA replication

(following DNA replication).

DNMT1
maintenance

2999 -
_e o700

(I IR &Y
l
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pG h CpG CpG
l ¢ s s
methylation reaction ---3» Sliding on DNA DNMT1
e * 9 0 0 ® 0 0 0
by imperfect maintenance =~ ® O @ @ ¢ o 6 [
DNA replication
.- ."-) . -
DNMT1
maintenance S 6 6 O
Methylation level following ! 9 ! ! ! ! ! !
rounds of cell cycle ; 6 ; ; ; ; ; ;

Ming, Zhu, Li. Journal of Genetics and Genomics, doi.org/10.1016/1.jgg.2021.01.006 (2021)
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Molecular memory in the life time of an organism

VDJ recombination in immune cells (B and T lymphocytes)

VDJ somatic gene recombination (SGR) in the immune system
V segments D segments J segments C segments
1 1 1

=~ P P cChri4
C C C

r 1 r 1 r 1 r
Vi Vo Va3 V4 Vs Vi, DyDoDn Jy Jp'ds dn W ) n

Germline DNA

DNA

D-J rearrangement:
SGR by RAG and NHEJ

Rearranged somatic DNA

v SN AR~ o~ A= O 14
C

Vi Vo Vg Vg4 VsV, Dydgdy C, Cs n

V-DJ rearrangement: Heavy chain c
SGR by RAG and NHEJ I MEss switch ¢
. recombination Cs
ona —HHEI—A o +— —— —{F[[—{ }— onu i
v Ve VaDrg ol e ViDrls G, Rearranged somatic DNA
Transcription * Possible somatic
and splicing hypermutation
V,,(150) Dy (9) 1@
lgh 28 Mb 60kb Likb c,
T 1 I A — | L —— 3'RR
MRNA B[] Aaannn [T Jannaan Germine. {HH OO R
V4D,4J5 C, V3D,4J; C, TN P S R ecombination
X " “5::;::::‘*‘:\\\ "::jf" centre
Assembled — TR /—°—//—
vol

G. Kaeser and J. Chun. Journal of Biological Chemistry 295(36):jbc REV120.009192

LLEGE . bi . i inati
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https://www.biorender.com/template/vdj-recombination

Molecular memory in the life time of an organism

CRISPR mediated immunity against bacteriophages

Prokaryotic cell P\ Y
Stage 1:Foreign DNA acquisition @j @
e Insertion of pieces of foreign DNA, such as a viral S — t
X o . SN i «  CRISPR locus
or plasmid genome, specifically into the CRISPR OO S ROROEOES — (LD LI stses

RNA-guided

host genome  \_ = s
@ @ targeting of
| CRISPR locus transcription viral element
' !
pre-crRNA jl j[ jt jt j[ > —/\/\-ﬂ —'\/—ﬂ j‘i
v 3 3 v v f— ﬂ

Stage 2: CRISPR RNA processing

array.
e Utilization of the processed CRISPR transcript

(crRNA) as guides for inactivation of the cognate
Doudna lab

target.
L4 Acq U i red / h e rita b | e, h i g h |y S p eCiﬁ C a n d eﬁi Ci e nt Immunologically Attack by an Random survival due Acquisition of virus-
naive population unknown virus to innate immunity derived spacer
protection against the cognate (parasitic) o \
element. &

2 .
(comwn) — Common) - (2222

Koonin and Wolf Biology Direct (2016) 11:9 DOI 10.1186/s13062-016-0111-z
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Plan

e Signalling learning and memory
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Signalling Learning and Memory

Transient signal (eg. from environment/neighbouring cells) leads to
a sustained response and change in behaviour.

Allows the cell to retain information about transient signals long
after being exposed to them.
e What would be a cell/organism without cellular memory?

Signals would have to be retained for as long as a response is needed.

Cells would have to remain physically near the inducing/inhibitory cues.
Complexity and cost would be intractable.

Thomas LECUIT 2024-2025
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Memory of cellular state - Signalling

General Conclusions: Teleonomic Mechanisms in Cellular
Metabolism, Growth, and Differentiation

by Jacques Monop AND Frangors Jacos

Services de Biochimie Cellulaire et de Génétique Microbienne, Institut Pasteur, Paris

e Cell differentiation in eukaryotes persists once it has been induced.
* What are the mechanisms of perpetuation of cellular state?

F. Jacob and J. Monod

The models involving only metabolic steady-states
maintained by allosteric effects are insufficient to ac-
count for differentiation, which must involve directed
alterations in the capacity of individual cells to syn-
thesize specific proteins. Such models would seem to
be most adequate to account for the almost instantane-
ous, and thereafter more or less permanent, “memori-
zation” by cells of a chemical event. The problem of
memory itself might usefully be considered from this
point of view.

Monod, J. & Jacob, F. Cold Spring Harb. Symp. Quant. Biol.26,389-401 (1961).

Thomas LECUIT 2024-2025
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Memory of cellular state - Signalling

e Network with cross
inhibitory feedback

RG

* Inducible system
positive feedback circuit
(via double inhibition)

1+ COLLEGE

DE FRANCE
1530
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« Let us study a certain number of

RG, 0, SG
l )A l theoretical model systems in which we
e shall use only the controlling elements
[ ! Sy known to exist in bacteria, interconnected
PR s, however in an arbitrary manner. »
L, YT
RG, "0, SGp

e Network with cross inhibition

0, RGy : 0, 564 SG, SG3 RG, .
T_ ) Tl Bt Wi Y
RG1 104 X SG1 I j i i i
e A
A :
EZ
"—[—-17 i 14_T—4_ . .
RG, 02 SGp e Network with double negative

feedback, ie. positive feedback
¢ Network with co-activation

Monod, J. & Jacob, F. Cold Spring Harb. Symp. Quant. Biol. 26,389-401 (1961).
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Memory of cellular state - Signalling

A mechanism for memory storage insensitive to molecular turnover:
A bistable autophosphorylating kinase

(long-term memory/nervous system/protein phosphorylation)

JouN E. LisMAN

Department of Biology, Brandeis University, Waltham, MA 02254 Proc. Natl. Acad. Sci. USA
Communicated by William P. Jencks, January 14, 1985 Vol. 82,. pp. 3055-3057, May 1985
Neurobiology

ABSTRACT A mechanism is proposed for a molecular

switch that can store information indefinitely, despite the com-

plete turnover of the molecules that make up the switch, The |

design of the switch is based on known types of biochemical

reactions. Central to the mechanism is a kinase that is activat- ATP _L w

ed by phosphorylation and capable of intermolecular auto- |
K

Stimulus —— ———+ K2

phosphorylation. It is shown that such a kinase and an associ- Kinase _,. Neuronal
ated phosphatase form a bistable chemical §witch that can be K / Phosphatase Ip ™ Function
turned on by an external stimulus and that is not reset by pro-

tein turnover. P04

LLEGE .
FRANCE Thomas LECUIT 2024-2025 Time
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Memory of cellular state - Bistability

(@) (b)

* A genetic or biochemical network is bistable roserti > G Rt et G Do
when two states are possible at the same PR moger1 2
T

concentration of a stimulus.

100% B
* Two general classes of bistable networks: g { ;EE 2 { IB:L
0% 0%

o Mutual cross-inhibition Time Time
o Positive Feed back Current Opinion in Cell Biology

. .. . .. (a) (b)
¢ Bistability requires minimally: corming down
. .. 100% 4‘,/;:—__'/—— 100% ‘///‘
o a non linear step (eg. ultrasensitivity). 2 {"%“S‘xﬁ qoing up 2 { coingup
. . < <
o Arelative symmetry in the 2 arms of the network. ool = oul —
[trigger] [trigger]
e Bistability requires hysteresis, namely path-dependent tigger tigger
. . S I
behaviour, such that the trajectory forms a loop. 100% 100%
e Hysteresis locks the system in a given state, and : { j—L E { F
<< <
imparts memory to a transient stimulus %" 0%
Time Time
Current Opinion in Cell Biology
LLEGE
FRANCE Thomas LECUIT 2024-2025 J.E. Ferrell. Current Opinion in Chemical Biology, 6:140-148 (2002)
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Memory of cellular state - Bistability

e Bistability in a simple Positive Feedback Network in silico

Feedback
d[A*] [A* ]n o as a function b =
= {stimulus X ([Atot] = [A* D} +F————— — Kinact|A*] Stimulus — of A° 3
at { ( (6] )} Kn + [A*]r) inact J :é_,
I f=0.00 f=0.01
®=®
K'is the effector concentration for half-maximum - - -
response (ECsg) for the feedback as a function of [A*] g
$ f=0.02 f=0.03 f=0.04
f represents the strength of the feedback -
0|9 h i
: 7|
As the strength of the feedback increases, the response 8 f=0.05 - i rm007l  Kinaet = 0.01
evolves. stimulus = 0-1
ol k |
¢ First, Michaelis-Menten kinetics at f=0 g ;//”" = — | n=5 K=1
* As fincreases, non-linear feedback increases which induces | /e f=008| |i/, f=009| | J f=0.10
sigmoid kinetics in the response as a function of stimulus. But still
monostable gl |2 |
e i :
. . 5 al : :
e Beyond a threshold, f=0.07, the system is bistable and hysteresis 8 o1 : ool | o043
keeps increasing (the range of [stimulus] with bistability) ~ Gl Z
P 9 9 y Stimulus Stimulus Stimulus
COLLEGE i
DEFRANGE Thomas LECUIT 20242025 Xiong, W., and Ferrell, J.E., Jr. (2003). Nature 426, 460—465
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Memory of cellular state - Bistability

e Bistability in a complex Feedback Network in vivo

. . . . Progest ;
e Oocyte maturation is induced irreversibly by a i Xenopus oocytes are arrested in G2
phase. In response to steroid
short exposure to PrOQGSterone MReceptor hormones, the oocyte is released
. ) .. VN from G2 arrest, undergoes germinal
* This entails two coupled positive feedback v . @  vesicle breakdown (GVED)
networks Oastradiol 4 Ve e E>E>@ completes meiosis | arrests in
P42 MAPK Cyc B/Ode2 metaphase of meiosis Il.
¢ Testing hysteresis: Induction by increasing ®
imul nd maintenan reasin :
[St_ ulus] and maintenance by decreasing Progesterone Oestradiol RafER
[ Stimu lus ] ) Induction i Maintenance Indicrion Malnfenanca!
100 100 100 100
a 8
. a & 50 50
Maintenance C 50 50 8
100% _ —— o ; :
// 0 l_ll_l ° ARSLER| | e "-M—GST—MEK
.é‘ | Phospho- e R ———— T activity
= | MAPK blot MAPK
= MATK ““--m“ —— | 142 MAPK
<((-) | Cdc2 ™ m ]Histone blot
h H1 o -l i
_—/| activity a(gic\i/itgz/ = z.--. - ..- THistone H1
0% ——» Induction 5T o100 100
0355 100 100 g1
. 285 5 548
[trigger] 528 5 ©ggd
3L Sco
oo 0 0 0 0 a9
Progesterone (nM): 0 5 10 20 50100300600 0 5 10 20 50100 300 600 Oestradiol 0 05 1 2 4 6 8 10 0051 2 4 6 8 10
(nM):
LLEGE
FRANCE  Thomas LECUIT 2024-2025 Xiong, W., and Ferrell, J.E., Jr. (2003). Nature 426, 460—465.
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Memory of cellular state - Bistability

* Maintenance of the pluripotent cell state in early mouse embryos with a positive feedback loop:

¢ |n totipotent blastomeres, the TFs Sox2, Oct4 and Nanog are expressed.

¢ Positive feedbacks maintain expression of totipotency genes.

o Nanog activates its own expression by forming a complex with Oct4 and Sox2
o Oct4 and Sox2 also form coupled positive feedback loops

PLURIPOTENT STATE % e
: ) y Compact Early Mid Late Q
Zygote 2-cell 4-cell 8-cell morula blastocyst blastocyst blastocyst
E0.5 E1.5 E2.0
e , ‘.". ...."\

E2.5 E3.0 E3.5 E4.0 E4.5
] | ] ] 1
' ) l
/\ .
Trophectoderm (TE) Nanog
. Cdx2, Gata3, Eomes
Totipotent Pluripotent epiblast (Epi)
blastomeres Inner cell mass (ICM) | Nanog

Oct4, Nanog, Gata6

Primitive endoderm (PrE) l

—>
Gata6, Sox17, Gata4, Sox7

A. Czechanski et al. Nature Protocols 9:559 (2014)

B colLicE Glauche I, Herberg M, Roeder I PLoS ONE 5(6): e11238 (2010)
, DE FRANCE Thomas LECUIT 2024-2025 H.G. Garcia and R. Phillips. Physical Genomics - from E.coli to Elephants
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Memory of cellular state - Multistability

e Multistability in development

e Transient signals induce a variety of stable cellular responses during development.
e Multistability allows genetically identical cells to be in molecularly distinct and mitotically
stable cell states.

o Ex 1: Embryogenesis in the mouse: Specification of Epiblast and Primitive endoderm in the Inner Cell Mass.
Tristability with pluripotency state, (GATA6+Nanog), Epi (Nanog) and PrE (GATAé). Coupled cross inhibition.

o Ex 2: Myogenesis, the transcription factor MyoD heterodimerizes with E proteins to activate itself and the
myogenesis program, and Id family proteins heterodimerize with E proteins to disrupt this process.

32-64 cells é @‘
| ¢ 17: PreE marker
4 Nanog Sox
i il Cdx2: Trop oderm marker

co-expression”

22

‘salt-&-pepper”

64-128
cells

G |— | W
(Gata6 ) — | (Nanog)

E |

(Fgfr2 total)

|

ERK
(active ERK/total ERK)

Nanoq jcas EPI
e

>128 cells
sorted”

ERK

~'LJ |- Gata6

4 SE) LLEGE Bessonnard et al. Chazaud. Development 141, 3637-3648 (2014)

FRANCE Thomas LECUIT 2024-2025
36 N. Shrode et al. Developmental Cell 29,454-467 (2014)
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Memory of cellular state - Multistability

A synthetic multistable system

® Principle: TF homodimerization causes non-linear positive autoregulation. Heterodimerization mutually
inhibits each other’s transcriptional activity because the heterodimer does not bind DNA.

e Tristability requires sufficient protein stability.

High protein stability Low protein stability

inactive 08 B 20 04 B 10
complex G-=:0.0, 5 = b Non-dimensionalized parameters
1 l / //7 // //,/ / // / %/ / a = basal protein production rate
¥E B | TN 2

o Mathematical model:

B = maximal protein production rate
Y& = K, = dissociation constant (dimerization)

n = Hill coefficient

v
,’.
o
=
= «%

Phase portrait legends
—— Nullclines
@ Stable fixed point
O Unstable fixed point
- = Separatrix

TF A (a.u.) TF A (a.u.) Attractor basins
Type Il tristability Bistability

TF B (a.u.)

TF = transcription factor

e Type Il tristability (ie. 3 states expressing either A, B, or both), is analogous to multilineage priming in
uncommitted progenitor cells. Double positive state plays the role of a multipotent progenitor.

LLEGE R.Zhu et al, J. Garcia-Ojalvo and M. Elowitz. Science, 375(6578):eabg9765 (2022)
FRANCE Thomas LECUIT 2024-2025
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Memory of cellular state - Multistability

A synthetic multistable & eras T

e Experimental system:

Dox
Nhe T S
FKBP-ZF-VP48-DHFR IRESImCIlnne PEST]

. - ZFbs-ZFbs
e Transcription factor self-activation can be controlled e
by induced dimerisation (AP1903) and protein , s ) ) -
DR Ro orarao = ST o | 3 +
stabilisation (TMP). : @7?6 + 1 Deeemrirld
o Induction by DOX followed by stable expression via 'E’!f g . - Eos 5% L
D . . . . ZFbs-ZFbs 5 :Eoz A= .
positive feedback. Without homodimerization, o Al i Sool e+
transcriptional activation is not maintained: no memory. ® RP1503 (M) ¥ Tnownes) e s o s 1 0 100 to0rmeo
. . .. . . inactive complex - - - -
e Self-activation is inhibited by competing ‘ » \ ¢«
104 _ee 5 1.0 —eee—
transcription factors that heterodimerize with g% %‘ - ™7 s s -
self-activating TF. d & [ s9 Eoof Eool
Perturbation .g 0.4 .§ 0.4+
ﬁg o8 ‘®© 2o D 2oz "D
0.04 —— o 0.04 ——
g O DU m@ N 3% €
s K
Perturbation Perturbation
Thomas LECUIT 2024-2025 R.Zhu et al, J. Garcia-Ojalvo and M. Elowitz. Science, 375(6578):eabg9765 (2022)
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Memory of cellular state - Multistability

¢ Implementing bistability ad tristability:

o Induction by DOX (38h) followed by culture
over 18 days.

o Stable states over days of culture.

e Activation of dimerisation and protein

, DE FRANCE

stabilisation lead to 3 states (A, B or A+B).

Imaging after few days reveals the 3
populations of cells in adjacent clonal
domains.

Reducing protein stability destabilised

selectively the A+B state leading to bistability.

Hysteresis: reintroducing protein stabilisation
(high TMP) did not revert to tristability.

COLLEGE
Thomas LECUIT 2024-2025

1530

A Experimental MultiFate-2 design B

e X
83 4 +AP1903
inactive g +TMP
complex QQ“@@ g 20 = 3 days
G £
03 ’@
) w g
ToTi) W) == 1999 0.0
Q :
9%‘6'@ = &d’m@ %o 0 T0r 108 108
TF A Expression
) U (mCherry) (a.u.)
4-OHT S— a“”@ * +AP1903
or Dox A Dox A B-only A+B  +TMP
\d ! 3 days
BCRbs-BCRbs 37bs-37bs
6x or 10x 6x or 10x OFF A-only
High TMP
High TMP, Image at 119h 60h  119h o

TFB(au.)

TFA(au)

Initial

Siate High TMP

267 a8
ol i
10* ’
10
0.1 32.9
1% 0 107 10° 100
TF A Expression
(mCherry) (@U.) o, of cells
+ 100
B-only A+B 80
60
40
OFF A-only 20
0
Modeling
a=04,8=10
/77 77

)

TF B (au.)
TFB (au)

TFA(au)

Experiment

Day6 Day12 Day18§

ngh T™MP

High TMP
a=08,6=20

TFA(au)

= Nullclines

@ Stable fixed point

O Unstable fixed point

=+ Separatrix
Attractor basins

Day 0 Day 21

R.Zhu et al, J. Garcia-Ojalvo and M. Elowitz. Science, 375(6578):eabg9765 (2022)
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Plan

e Cellular memory:
o Case study 1: chemotaxis in E. coli
o Case study 2: cell habituation in Stentor

LLEGE
FRANCE Thomas LECUIT 2024-2025
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Bacteria swim, propelled by flagella

e 6 flagella bundle when they rotate counterclockwise (CCW) %‘i]ggpe |

¢ Bundles rotate and propel E. coli along runs ig.e;l:ln:peed 21.2 ymjs e

® Runs (1s long) are followed by tumbles due to CW rotation of ;
flagella which are no longer bundled TSom

& .
Q. . ~
tumble @ Y

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

o= </

run
COLLEGE Howard Berg and Douglas Brown. Nature 239, 500-504 (1972)

> DE FRANCE Thomas LECUIT 2024-2025
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Chemical guidance of cell motility

Key features of chemotaxis:
e Specificity
e Cell surface sensing (receptors)
e Sensitivity to ratio (gradient) but not
difference in concentration of
attractant

E. coli attracted by 2mM Aspartate in capillary
Bacteria enter the capillary during 1h

* How can cells respond to a chemoattractant gradient?
Problem: Bacteria can go up an exponential gradient, over 20mm.
For a 2um cell to detect such a gradient, they would need to detect 0.0001% difference on both ends

Sensitivity to stochastic fluctuations: estimate of 60 molecules of attractant at 1uM on a sampling volume
of Tum x Tum x 0.1pm . The standard deviation is \/60. Yet the response is very accurate and fast (few ms)...

R. Macnab. D.E. Koshland. PNAS. 69:2509-2512 (1972)

LLEGE J. Adler, Science 166, 1588 (1969).
FRANCE Thomas LECUIT 2024-2025

1530

42




Two general classes of Mechanisms

® Spatial mechanism: comparison of chemoattractant
concentration along cell length

® Temporal mechanism: comparison of chemoattractant at

different positions and memory.
g /\
w
tuml:iA @ %\
(D

tumble P

— T ok
Thomas LECUIT 2024-2025

run
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Molecular circuit driving chemotaxis

chemoattractants and chemorepellents

W sensor ]
kinase
) BAS=C
/~ A CheY-P

— regulator

flagellar motor

\_

flagellum

()

mponent
syvsvt%\motif
% response

PERIPLASM

CYTOPLASM

chemoreceptor

inner m¢mbrane

outer m¢mbrane

—J

INPUT

sensor
module

transduction
module

actuator
module

OUTPUT

R. Phillips, The Molecular Switch: signalling and allostery. Princeton Univ. Press. 2020
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Mechanism of adaptation

CONCENTRATION HISTORY

The evidence/principle

(A) (B) ©

chemoattractant  chemoattractant chemoattractant
concentration ¢;  concentration ¢, concentration ¢,

* (A)-(B) Cells respond to an increased concentration
of attractant (c2) by lowering activity

(reduced FRET reflects reduced CheY-P

concentration)

CHEMORECEPTOR ACTIVITY

* (B)-(C) Then cells restore/reset their activity: they il state NN adapted state

jump

adapt to the new stable concentration c2

I I
concentration
run

2O 2 \CD 2O
"_1 \_'_1

) )

COLLEGE tiilelo

’ DE FE?(.)NCE Thomas LECUIT 2024-2025 45 T T




Mechanism of adaptation

e Adaptation requires reversible methylation of the
chemoreceptors by the methylate CheR and the
demethylase CheB.

e |[n presence of ligand, receptor inactive and CheR
methylates the receptor. This pushes the receptor
towards the active state and the cell is reset/adapted.

* |[n absence of ligand, receptor is on, CheB is activated

and demethylates the receptor. e
o®
Active

= &E&@

—_ >

Inactive

8:@ = &E:@

CheR

LLEGE
FRANCE Thomas LECUIT 2024-2025
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chemoattractants and chemorepellents

|
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flagellar motor
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R. Phillips, The Molecular Switch: signalling and allostery. Princeton Univ. Press. 2020
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Chemotaxis entails detection of a temporal gradient

e Bacteria detect a temporal change in concentration of chemoattractant
e As they navigate in space, they detect in time different concentrations
e This requires comparison of 2 measurements and memory

Salmonella typhimurium

1+ COLLEGE R. Macnab. D.E. Koshland. PNAS. 69:2509-2512 (1972)
DE FRANCE Thomas LECUIT 2024-2025
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How is adaptation required for chemotaxis?

e Cells have a built-in short term memory to compare present and recent past
and thereby read the concentration gradient

e Methylation and demethylation take a few seconds and thus
reflect receptor activity a few seconds ago (« memory »).

e Receptor occupancy by ligand influences the current activity
state (which takes a fraction of a second).

e By comparing the activity state of the cell (CheA) and
methylation, the cell can compute how signal evolved in a few
seconds, whether it increased, or decreased.

CheY-P CheY CheB CheB-P

Fast (<<lIs) Longer (2-3 s)

LLEGE
FRANCE Thomas LECUIT 2024-2025

1530

48



How is adaptation required for chemotaxis?

e Cell response is integrated over few seconds: response to very short pulse (ms), lasts about 4 seconds,

the signal persists after the ligand is no longer present at the cell surface (it diffuses away within a

fraction of a second).

* The response is biphasic (2 lobes): Cells increase their CCW bias, ie. they run for about 1s, then, reduce

it and undershoot below the steady state value, and catch up. In other words, cells run smoothly for 1s

(=30um distance), then tumble for 3s and catch up.

e This indicates that cells perceive changes in concentration during this time interval

LOr Excitation

Adaptation

0 : '
0 5 10 15 20
Impulse of attractant (few ms) 10 (sec)

Thomas LECUIT 2024-2025
49

e Cells compare the response in first 1s (positive
lobe), and next 3s (negative lobe).

® The comparison is a consequence of the
adaptation mechanism

e \Without adaptation, cells have no memory of
recent past, and cannot read temporal gradient,
hence cannot do chemotaxis.

SM. Block, J. Segall and H. Berg. Cell,. 31, 215-226 (1982)
J. Segall, SM. Block and HC. Berg. PNAS. 83:8987-8991 (1986)



Learning, memory and cell habituation

C
, D

(0]
E

LLEGE
FRANCE
1530

Thomas LECUIT

2024-2025

Stentor coeruleus

macronuclear node

micronucleus

Vance Tartar 1911-1991
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Learning, memory and cell habituation

Habituation: the reduction of response to
repetitive stimuli.

The ciliate Stentor contracts in response to
mechanical stimulation. This response attenuates
with repeated stimulation.

Defensive responses affect feeding, such that organisms

should only respond defensively if the stimulus is really a
threat.

As Stentor cells habituate, they learn and store a
memory of previous stimulation to adapt their
behaviour.

Thomas LECUIT 2024-2025

‘. _Membranellar
band

!

LJ~Myonemes
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o
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S

[a
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Deepa H Rajan and Wallace F. Marshall. bioRxiv https://doi.org/10.1101/2024.11.05.622147 (2024)
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Learning, memory and cell habituation

® Learning: Internalisation of the receptor is induced by past stimulations.
e Memory: the internal pool desensitises cells and forms an internal representation/memory of past experience.

e Cells can be induced to forget by recycling the receptor at the cell surface.

. tt e
stimulus
09|
Q 0.8
= b
L P 3
>
®
O 06F 4 E
[}
N i K
Ca% = osft % @ -
© ® g
£ b 3
5 il ¥‘ |
.
Z 03f
PO ——— D
L e o -
02 &~ Q © total receptors
y surface receptors
01k & ©  internalized receptors | |
P . . __®  response probability
2 1 stimulus/min
0'e- 1 L e D
0 20 40 60 80 100 120

Stimulus Number

Deepa H Rajan and Wallace F. Marshall. Biorxiv https://doi.org/10.1101/2024.11.05.622147 (2024)

LLEGE
FRANCE Thomas LECUIT 2024-2025
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https://doi.org/10.1101/2024.11.05.622147

Scales of memory and learning

e Structural memory

o/l %4y COLLEGE
¥ S ¥ DE FRANCE Thomas LECUIT 2024-2025
) 1530
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Structure and Geometry: information and memory

Cellular structures and cell geometry guide and constrain mechanochemical
processes in cells.

Implications:

Inheritance of cellular structures (organelles, membranes, centrioles,
egg shape etc) as a structural and geometric memory.
Stable memory, which may be reset by cellular signals.

b Modules of Programmed Self-organized
morphogenesis
Information
Genes == Biochemistry Biochemistry Geometry Blochemlstry
Geometry
Mechanics Informatlon
Mechanics
Mechanlcs
Geometry j
Morphogenesis Morphogene5|s
y COLLEGE Collinet C. & Lecuit T. Nature Rev. Mol. Cell Biol.,2021
DE FRANCE Thomas LECUIT 2024-2025 ’
1530
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Structural memory

Cytoskeletal structures are dynamic and adaptive, yet manifest stability

e Turnover on different and tunable timescales.
e A brief signal may elicit a lasting structural reorganisation.

Lamellipodium
branched and crosslinked
filaments

S
-~
P

Filopodium Stress fibers
K K bundle of parallel filaments antiparallel
Microtubules (green) : t~few minutes contractile structures
ACtIn f|.|ame.nts (blue): t~ 1 0-1 OOS . . focal adhesion % lamella cortex actin mesh
Intermediate filaments (red): t >10 min
Harald Herrmann (University of Heidelberg, Germany)
Pollard, T.D., Goldman, R.D. Cold Spring Harbor perspectives in biology 10.7 (2018). Letort G, Ennomani H, Gressin L et al.
COLLEGE https://doi.org/10.12688/f1000research.6374.1

DE FRANCE Thomas LECUIT 2024-2025
1530
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Structural memory

In vitro self-organisation of microtubules and actin networks_

Time = 30'
e ’/passivéted '00:00 min:sec ° é - Se==
® MT network form ordered, T ) ; - e 304
self-renewing networks. y A N c
: ) gliding o
e MTs grow from seeds on glass dynamic ) "v\v direction g
. . . . i bul bi g . ~
coated with kinesis 1, with ATP microtubule kinesin-1 N ol 2 |
and GTP, crowding agent. ) | = )
o
o 0
0 10 20
Time, t[min]
* Actin filaments form semi gongaing F-scin.,_ Jpassate G e [
el d e d bl T coverslip Bl
disordered and stable P 2% §
networks. ;A T
¢ Filaments are stable and Ty ;3’\ N %
X - 2
don't turnover. kinesin-1 5
10 um °
iy COLLEGE _
) DE FRANCE  Thomas LECUIT 2024-2025 0. Kucera et al, M. Théry and L. Blanchoin. PNAS, 119(31):¢2209522119 (2022)
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Structural memory

Co-assembly of MT and actin networks show reciprocal influences

-1 25
H o g3
e Co-assembly of MT and actin o , _ 5 05 2 g8
. elongating F-actm\ ) /pa33|vqted iy & = - - 8 €
filament networks lead to the co- - ’ 2o - —— 1 o
ordered organisation of both N XN z = 505 Z 2 23
E gliding w b o
networks. dynamic drecion |~ |POSEEMEE Th | © 0 15
) ) microtubule kinesin-1 . c €
e Actin filaments can be deformed by g S g:os)‘
. 3 £E59
growing MTs (left) ° =5,
0 10 20
e Conversely, MTs growth may be Time, ¢[min]

guided by pre-existing actin

filaments (”9 ht). 00:00 min:sec

iy COLLEGE
DE FRANCE Thomas LECUIT 2024-2025 O. Kucera et al, M. Théry and L. Blanchoin. PNAS, 119(31):e2209522119 (2022)
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Structural memory

Stable actin filaments impart structural memory for microtubule growth

e Sequential re-assembly of MTs after depolymerisation.
* In absence of actin, re-assemby is in new direction.
* In presence of actin, re-assembly follows the orientation

e Depolymerisation of MTs following co-assembly does

not perturb F-actin organisation.
* However, actin disassembly causes MTs network to

loose nematic order. of actin network.

before +CaCl, before +gelsolin 1%t cycle 2" cycle 1%t cycle 2" cycle
) » ) ® =
[ =
£ £ = £
: : Sl o || @ | 8
L [T [T L
— — D —
1 10 um 10 um ><10 um
= B
= 0.5 '
3 +CaCly| -
(@)
0 =
0 10 20 30
Time, t[min] MT dispersion MT re-orientation memory effect
LLEGE . ,
FRANCE Thomas LECUIT 2024-2025 O. Kucera et al, M. Théry and L. Blanchoin. PNAS, 119(31):e2209522119 (2022)
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Structural memory

Intermediate filaments template MT growth and drive persistent cell polarity during motility

® Rests on lower turnover rate of intermediate filaments which forms a stable template

Directional cues

Myosinll

— Actin

= VIF "'

= MT

) Adheson & ém |VIF [>10m

Control shRNA VIMK.D. P0|arity
p=0.056
S04 E — "
— 4 : 8
Noc wash-in 3m 'Noc wash-out 10m Noc wash-in 3m Noc wash-out 10m ,;-‘05 ACtln/ACtomyOS|n ~30'1 20 S
5 X
£ . .
MT Self snmllanty MT Self 5|m|Iar|ty %’ 0.3 Control VIMJ;.O. Mlgratlon
LLEGE Gan et al., and G. Danuser. Cell Systems 3,252-263 (2016)

FRANCE Thomas LECUIT 2024-2025
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Structural memory

Structural memory in actin filament network assembly: cytokinesis

Actin filaments orient new filament growth
to create structural memory of filament orientation

Actin filament lifetimes are very short (<10 s) during cytokinesis in C. elegans

Formin-assembled Actin filaments use existing filaments to orient their growth.

Formin

Filament-guided filament assembly increases the effective lifetime of filament

orientation and thereby encodes structural memory of filament orientation.
allowing cells to build a highly aligned contractile
Structural memory allows compressive flows to build highly aligned filament ring in response to slow equatorial compression
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Conclusions and Perspectives

¢ Cells have evolved to learn and store chemical, structural information as memory.
® The time scale can be tuned (enhanced or reduced) and convey adaptive responses

Evolved learnability in biological systems? Why?

e Arriving at correct end point because initial conditions constrain and guide evolution

¢ In self-organised system there is no clear initial cue that constrains so reproducibility lies in
properties of self-organised dynamics. Such properties are encoded in the system.

¢ Alternatively, such directionality may be learned in the life time of a biological system.

® Prescription (received information at onset), versus Learning.

Learnability is a key property of biological matter across scales.
Evolution produced learnable materials (chemical, mechanical and geometrical learnability).
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