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Izhikevich, Edelman (2008)
 PNAS 105:  3593-3598

The brain
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The dendrite

Fundamental Neuroscience
Squire et al. 2nd  ed(2003)
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The spine

Atlas of ultrastructural neurocytology (http://synapse-web.org/)
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Excitatory post-synaptic potential
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Bidirectional synaptic plasticity
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Signalling at the dendritic spine
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glutamate

Signalling at the dendritic spine
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Ca2+

Signalling at the dendritic spine
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Signalling at the dendritic spine
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GPCR LGICGFR

Signalling at the dendritic spine
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Calcium theory of Synaptic Plasticity
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Calcineurin (PP2B)

LONG TERM DEPRESSIONLONG TERM DEPRESSION LONG TERM POTENTIATION

Lisman (1989)
 PNAS, 86: 9574-8 

AMPAR
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Calmodulin, the memory switch

L-type
VOC
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Stefan MI, Edelstein SJ, Le Novère N (2008) An allosteric model of calmodulin explains differential
activation of PP2B and CaMKII. Proceedings of the National Academy of Sciences USA, 105:10768-10773
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Structure of Calmodulin
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State transitions of calmodulin
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State transistions of calmodulin
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Calmodulin is ultra-sensitive

Crouch and Klee (1980)
Biochemistry, 19: 3692-3698
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Hill (1910) J Physiol 40: iv-vii.
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Origins of cooperativity: Hill

Hill (1910) J Physiol 40: iv-vii.
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Hill Plot
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Hill Plot

        Kn[x]n

Y =                                                     Hill equation
        1+Kn[x]n

        Y                 

log (      ) =  n log K + n log [x]        Hill plot
        1 - Y                

Slope = n

N log K

Effect increases in function of
the  signal to the power of n:  
n>1, ultra-sensitive
n<1, infra-sensitive

BUT cooperativity of ligand, 
not of binding sites: unique affinity
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Origins of cooperativity: Adair-Klotz

Adair (1925) J Biol Chem 63: 529
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Origins of cooperativity: Adair-Klotz

Adair (1925) J Biol Chem 63: 529
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Origins of cooperativity: Adair-Klotz

Adair (1925) J Biol Chem 63: 529
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Adair-Klotz model applied to Calmodulin
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Klotz (1946) The Application of the Law of Mass 
Action to Binding by Proteins. Interactions with
Calcium. Arch Biochem, 9:109–117.
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Adair-Klotz model applied to Calmodulin

Crouch and Klee (1980)
Biochemistry, 19: 3692-3698
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Corresponding induced-fit model
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That does not work ...
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That does not work ...

Calmodulin bound to three calcium activates calcineurin

Kincaid and Vaughan (1986). PNAS, 83: 1193-1197

Calmodulin bound to two calcium can bind CaMKII

Shifman et al (2006). PNAS, 103: 13968-13973

Calmodulin affinity for calcium increases once bound to CaMKII

Shifman et al (2006) [but many previous reports on other targets: e.g. 
Burger et al (1983). JBC, 258: 14733-14739 ; 
Olwin et (1984). JBC 259: 10949-10955]

Calcium activates both LTP and LTD through calmodulin

Lisman (1989) PNAS, 86: 9574-9578 

High [Ca2+] (high freq) CaMKII ; Low [Ca2+] (low freq) Calcineurin
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Mistake: signals, activity flow and induction

X1

X2

X3 X3'

X4”X4'X4

X5'X5

 if X1 then X2

if X2 then not X3

...
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Induction Vs Selection

Induction = BAD
(Lamarck's first law, antibody moulding on the antigen, directed 
axonal growth, induced-fit ...)
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(Lamarck's first law, antibody moulding on the antigen, directed 
axonal growth, induced-fit ...)

Physically meaningless. Calcium has no inertia. Calcium cannot 
“trigger” a conformational change
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Induction Vs Selection

Induction = BAD
(Lamarck's first law, antibody moulding on the antigen, directed 
axonal growth, induced-fit ...)

Physically meaningless. Calcium has no inertia. Calcium cannot 
“trigger” a conformational change

Selection = GOOD
(natural selection, clonal selection, synapse stabilisation, 
conformation stabilisation ...)
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Monod, Wyman, Changeux (1965). On the nature 
of allosteric transitions: a plausible model. 
 J Mol Biol, 12: 88-118

Allostery and state selection
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Modulation of thermal equilibria ≠ induced-fit
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Concerted transi tions ≠ sequential model
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Monod-Wyman-Changeux model

L

Lc

KT

 
KR

Lc2

KT KR

KT KR

1

0

        [x]
 =
        KR

this
      =
that



10th International EMBL PhD Student Symposium. Decision making in Biology 
Heidelberg, 23-25 Oct 2008

Monod-Wyman-Changeux model

L

Lc

KT

 
KR

Lc2

KT KR

KT KR

1

0

        [x]
 =
        KR

this
      =
that



10th International EMBL PhD Student Symposium. Decision making in Biology 
Heidelberg, 23-25 Oct 2008

“Hill” Plot for MWC model

log K
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Extended MWC model

i  = [ligand]/KR
i,lig

k   = [modulator]/KR
k,mod

ci  =  KR
i,lig

/ KT
i,lig

ek  =   KR
k,mod

 / KT
k,mod

Based on Rubin and Changeux 
(1966)  J Mol Biol, 21: 265-274

Stefan MI, Edelstein SJ, Le Novère N. Computing phenomenologic Adair-Klotz constants from 
microscopic MWC parameters. submitted
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Concerted transition
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Observation Vs. Prediction

Observed by X-Ray and NMR
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Observation Vs. Prediction

Inferred from Zn binding
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Warren et al. (2007).
 J Mol Biol 374: 517-527
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Observation Vs. Prediction

Our prediction
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Full mechanistic thermodynamic model

320 reactions
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Restriction of the generalised model

Hypothesis for the whole model: free energy of 
conformational transition is evenly distributed: c is unique

Additional simplification to determine L: affinities are 
identical
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Targets as allosteric effectors

Peersen et al. (1997) Prot Sci, 6: 794-807
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Restriction of the generalised model

Hypothesis for the whole model: free energy of 
conformational transition is evenly distributed: c is unique

Additional simplification to determine L: affinities are 
identical

Model constraints for the determination of c and L

Ca binding in presence of target: none, skMLCK, PhK5, 
CaATPase (Peersen et al (1997) Prot Sci 6: 794-807). 
Concentration at 50% saturation.

100 000 parameter sets plus least-square

13 identical minima. e for skMLCK is e-15, which can be taken 
as skMLCK binding only to R state.
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Restriction of the generalised model

Hypothesis for the whole model: free energy of 
conformational transition is evenly distributed: c is unique

Additional simplification to determine L: affinities are 
identical

Model constraints for the determination of c and L

Ca binding in presence of target: none, skMLCK, PhK5, 
CaATPase (Peersen et al (1997) Prot Sci 6: 794-807). 
Concentration at 50% saturation.

100 000 parameter sets plus least-square

13 identical minima. e for skMLCK is e-15, which can be taken 
as skMLCK binding only to R state.

L=20670

c=3.96.10-3
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Restriction of the generalised model

Determination of individual affinities:
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Restriction of the generalised model

Determination of individual affinities:

Model constraints for calcium dissociation constants

Complete CaM (Bayley et al (1996) Prot Sci 5: 1215-1228)

N and C term Mutants (Shifman et al (2006) PNAS, 103: 
13968-13973)

R-only - skMLCK(Peersen et al (1997) Prot Sci 6: 794-807)

Concentration at 25% and 50% saturation.

Systematic logarithmic sampling of the affinity space (coarse-
grained, 50 values per affinity, then refined 66 values per 
affinity) = 25 millions parameter sets
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Restriction of the generalised model

Determination of individual affinities:

Model constraints for calcium dissociation constants

Complete CaM (Bayley et al (1996) Prot Sci 5: 1215-1228)

N and C term Mutants (Shifman et al (2006) PNAS, 103: 
13968-13973)

R-only - skMLCK(Peersen et al (1997) Prot Sci 6: 794-807)

Concentration at 25% and 50% saturation.

Systematic logarithmic sampling of the affinity space (coarse-
grained, 50 values per affinity, then refined 66 values per 
affinity) = 25 millions parameter sets

KR
A
=8.32 10-6

KR
B
=1.66 10-8

KR
C
=1.74 10-5

KR
D
=1.45 10-8
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Comparison with experiments

Crouch and Klee (1980) Biochemistry, 19: 3692-3698c
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Comparison with experiments

Porumb et al (1994) Anal Biochem 220: 227-237
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Comparison with experiments

Peersen et al (1997) Prot Sci 6: 794-807
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Derivation of Klotz's constants from MWC 
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Comparison with measured KASSOC
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Binding to target increases the affinity for Ca2+

 [Ca2+]
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Activity of unsaturated calmodulin

Fractional activity depends on the number of calcium 
ions bound. E.g.:

R2       1
              = 
T2     L . c2 

R0/T0 = 1/20000 (1/L)             

R1/T1 = 1/170

R2/T2 = 0.69               half-saturation = equi-probability

R3/T3 = 80

R4/T4 = 10000
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But ... we're out of the physiological range?

No target

Y

R

Physiological
range
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No target

Physiological
range

PP2B
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But ... we're out of the physiological range?
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No target
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range

CaMKII
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But ... we're out of the physiological range?
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No target

Physiological
range

Y

R

But ... we're out of the physiological range?

CaMKII+PP2B
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No target

Physiological
range

Y

R

This is Systems Biology!

Physiological
range

CaMKII+PP2B
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Bidirectional synaptic plasticity
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Bidirectional synaptic plasticity

half saturation of calmodulin
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Bidirectional synaptic plasticity

LTD LTP
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Sven Sahle
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Melanie Stefan
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The team
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Melanie Stefan, AU

Stuart Edelstein, CH, US 
Cooperativity crew

Spatial simulation crew

Dominic Tolle, EI, DE

Michele Mattioni, IT

Lu Li, CN

Noriko Hiroi, JP

Signalling pathways crew

BioModels DB crew

Viji Chelliah Lukas Endler Chen Li

Nick Juty, UK Camille Laibe, FR

Christian Knüpfer, DE Dagmar Köhn,DE
Standard and ontology crew

Duncan Berenguier, FR Anika Oellrich, DE Kedar, IN

Nicolas Rodriguez, FR
SBML crew


	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22
	Slide 23
	Slide 24
	Slide 25
	Slide 26
	Slide 27
	Slide 28
	Slide 29
	Slide 30
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36
	Slide 37
	Slide 38
	Slide 39
	Slide 40
	Slide 41
	Slide 42
	Slide 43
	Slide 44
	Slide 45
	Slide 46
	Slide 47
	Slide 48
	Slide 49
	Slide 50
	Slide 51
	Slide 52
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60
	Slide 61
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67
	Slide 68
	Slide 69
	Slide 70
	Slide 71
	Slide 72
	Slide 73
	Slide 74
	Slide 75
	Slide 76
	Slide 77
	Slide 78
	Slide 79
	Slide 80
	Slide 81
	Slide 82

