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lasts for weeks

Fleming and England (2010) Nat Chem Biol
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Stefan MI, Edelstein SJ, Le Novère N (2008)    
Stefan MI, Edelstein SJ, Le Novère N (2009)
Edelstein SJ, Stefan MI, Le Novère N (2010)

Closed (T) Open (R)
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       Monod, Wyman, Changeux (1965) 
On the nature of allosteric 
transitions: a plausible model. 
J Mol Biol, 12: 88-118
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 Different targets stabilise CaM in different states

Neurogranin MLCK SK channel
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 Different targets stabilise lobes in different states

Neurogranin MLCK SK channel

Lai M, Brun D, Edelstein SJ, Le Novère N (2015)
Massimo Lai Denis Brun
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Bindings of calcium and targets (one lobe)
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Hemiconcerted model of calmodulin
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Calcium binding to lobes and whole CaM
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Targets are allosteric effectors

Peersen et al. (1997)
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Ca2+Target
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Stabilise R state
of C lobe

Stabilise R state
of both lobes

 



Drug Safety Gordon Research Conference, 11 June 2018

Stabilise R state
of C lobe

Stabilise R state
of both lobes

 

Targets move Ca2+ binding into physiological range
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range

ONE spike
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Calmodulin, its ligand and its targets
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Wait a minute!
Signal transduction is not at equilibrium!

AMPAR post-synaptic potential:   5 ms 

Calcium spike: 50 ms

Half saturation calmodulin (kon=1.5e6, kof=100):   5 ms

Relaxation between calmodulin states:   1 ms

autophosphorylation of CaMKII (kon=6):     100 ms

 ¹
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Dynamic of calcium
in the spine

Li L, Stefan MI, Le Novère N (2012)

Ø
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channels
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(Michaelis-Menten)

slow
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Main input

Sabatini et al 2002

Franks et al 2001
Naoki et al 2005 Ca2+

Lu Li
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Calmodulin

CaMKIICalcineurin

Ca2+

DARPP-32 PP1

AND

Ca channels
Ca pumpsCa bufers

342 “molecular species”, representing 7 actual molecular entities
1295 reactions
184 mathematical rules
7 conditional discrete events

Incoherent feed-forward loop
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CaM without targets. Low
frequencies do not activate
calmodulin (binding events 
without conformational changes)
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CaM with targets. Binding to 
CaN and CaMKII stabilises
R state, with higher affinity

LTP

LTD

At high frequency, effects of
calcium signals last much 
longer than the signal itself

CaM without targets. Low
frequencies do not activate
calmodulin (binding events 
without conformational changes)
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Calcium dose-response with 25 mM Calmodulin 
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Calcium dose-response with 0.1 mM Calmodulin 
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0.5
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Edelstein SJ, Stefan MI, Le Novère N (2010)
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Beware the ligand depletion
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Chemistry (mass-action law)

                =   f (                         )

                              free ligand

Beware the ligand depletion



Drug Safety Gordon Research Conference, 11 June 2018

Chemistry (mass-action law)

Cellular signalling

                =   f (                         )

                              free ligand

                =   f (               +        )

                              total signal

Beware the ligand depletion
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if               +              << Kd        =

                =   f (                         )

                              free ligand

                =   f (               +        )

                              total signal

Chemistry (mass-action law)

Cellular signalling

  

This is generally not the case in signalling:
Concentrations of sensors are in micromolar 
range, as are the dissociation constants.

Beware the ligand depletion
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[CaM]= 10-7 M   

no ligand depletion

[CaM]= 13.8 x 10-6 M   

[CaM]= 28 x 10-6 M   

[CaM]= 40 x 10-6 M 

Fractional 
occupancy

Fractional
activation

[CaM]= 1.8 x 10-6 M   

R & Y
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[CaM]= 10-7 M   

no ligand depletion

[CaM]= 13.8 x 10-6 M   

bovine hypothalamus

[CaM]= 28 x 10-6 M   

bovine caudate nucleus

[CaM]= 40 x 10-6 M 

published dose-
response experiments

Fractional 
occupancy

Fractional
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[CaM]= 1.8 x 10-6 M   
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[CaM]= 10-7 M   

no ligand depletion

~100 nM to 25 mM

[CaM]= 28 x 10-6 M   

bovine caudate nucleus

~5 mM to 120 mM

[CaM]= 1.8 x 10-6 M   

rat spleen

~1 mM to 45 mM
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Concentration span
of a calcium spike
in neurons

bovine caudate nucleus

rat spleen
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Ligand-depletion decreases effective cooperativity
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How general is an in vitro dose-response?
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How general is an in vitro dose-response?
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Le Novère N et al. (2006), Chelliah et al. (2015)
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Curation fgure
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Published fgure!
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Correct fgure ….
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Standard format to encode models

c
n

McG Mn

PP'

mathematical
relationshipsdiscrete events

http://sbml.org

Hucka et al. (2003)
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A

A very simple 
SBML file

B
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 8 compartments

 5 063 metabolites

 2 194 proteins

 7 440 reactions

A not so simple 
SBML file (Recon2)

MODEL1109130000MODEL1109130000
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Systems Biology 
Graphical Notation:

One standard
Three languages

http://sbgn.org/

Le Novère et al. (2009)
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Systems Biology 
Graphical Notation:

One standard
Three languages

http://sbgn.org/

Le Novère et al. (2009)
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https://co.mbine.org
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archive

https://co.mbine.org/standards/omex

Bergman et al. BMC Syst Biol (2014)
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Pecunia est nervus belli



Drug Safety Gordon Research Conference, 11 June 2018



Drug Safety Gordon Research Conference, 11 June 2018



Drug Safety Gordon Research Conference, 11 June 2018

Calmodulin carries 4 Ca2+ binding domains

Ca2+
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L

Lc

KRKT

Kuboniwa et al. (1995).
 Nat Struct Biol 2: 768-776
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Babu et al. (1985).
 Nature 315: 37-40
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Warren et al. (2007).
 J Mol Biol 374: 517-527
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Incoherent feed-forward loop
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L=20670

C=3.96 10-3

1 in 20000 active w/o Ca2+

Affinity of Ca2+ for “open 
state” 250 times higher 
than for “closed state”

KR
A
=8.32 10-6

KR
B
=1.66 10-8

KR
C
=1.74 10-5

KR
D
=1.45 10-8

2 high, 2 low, as expected

● Ca2+ binding in presence of targets: none, skMLCK, PhK5, CaATPase
● Ca2+ dissociation constants for complete calmodulin and N and C term mutants

Parametrisation using accurate measurements
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Activity of unsaturated calmodulin (state function)

 Fractional activity depends on the number of calcium ions bound

 R0/T0 = 1/20000 (1/L)             

 R1/T1 = 1/170

 R2/T2 = 0.69

 R3/T3 = 780              

 R4/T4 = 10000

half-saturation ≈ equi-probability
 

Do we need to represent the four calcium bindings
to understand Calmodulin activation?
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Calcineurin stabilises CaM R → no deactivation
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Neurogranin affects Ca2+ binding to CaM

Hoffman et al (2014)
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Kumar et al (2013)

Hoffman et al (2014)
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No large effect of 
Ng on [Ca2+free]

Ng affects 
CaM distribution
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T R
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Are those spikes realistic?

Sabatini et al (2002)
Neuron 33: 439–452.Fluorescence Free calcium

Relative uncertainty increases when 
concentration decreases, both in 
concentration and time, but no 
difference in dynamics.
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Bradshaw JM, Kubota Y, Meyer T, 
Schulman H (2003). PNAS 100: 10512–10517.

Frac
T286P

Frac
Ca2+

released

Black DJ, Selfridge JE, Persechini A (2007). 
Biochemistry 46: 13415–13424.

Quintana AR, Wang D, Forbes JE, 
Waxham MN (2005). BBRC 334: 674–680.

Validation of 
CaMKII kinetics

Validation of 
CaM kinetics

Validation of calcium-
activation of CaN
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CaMKII and CaN 
activation 

All calcium frequencies increase 
CaN AND CaMKII.  It is not a 
Switch. But the ratio of activation 
changes
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Constant catalytic rates of active enzyme

→ quantity of catalysed reaction events 
      prop to integral of the activation curve 

Bidirectional plasticity
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Bienestock-Cooper-Munro 
(BCM) curve: difference of 
active areas*catalytic activities

Qm

Bidirectional plasticity

Constant catalytic rates of active enzyme

→ quantity of catalysed reaction events 
      prop to integral of the activation curve 
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Bidirectional plasticity

Bienestock-Cooper-Munro 
(BCM) curve: difference of 
active areas*catalytic activities

QmQm

R
Q
~1.5

Constant catalytic rates of active enzyme

→ quantity of catalysed reaction events 
      prop to integral of the activation curve 

CaN wins

CaMKII wins
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Effect of calcium duration and amount

10 spikes
= 70 Hz

180 spikes
= 3 Hz

12 mM
= 0.3 Hz

0.3 mM
= 20 Hz

Prolonged or intense signals
decrease Qm: It is not an 
intrinsic property of the synapse 
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Effect of intrinsic system perturbations

Never any positive plasticity

CaMKII not constitutively active
No CaM trapping 

Lower deactivation of CaMKII

1.3 Hz 4.3 Hz

0.5 Hz 4.5 Hz 40 Hz

Giese et al (1998) Science, 279:870-873 

Effect of I1 and DARPP-32 activation by cAMP

Competition for CaM, CaN wins

Effect of Ng-/- (Huang et al 2004). 
Better performance at low frequencies.

NB: No need of direct interactions between 
CaN and CaMKII to explain paradoxical effects 
of T306 phosphorylation (Pi et al 2010) on CaN. 
T206P releases limiting CaM, that can then activate CaN
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M ligands binding on different sites

Rbar, Edelstein and Le Novère version
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