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Dose-response is the most general measurement 
in biomedical sciences



How general is a dose-response?



Calmodulin, the memory switch
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Stefan MI, Edelstein SJ, Le Novère N (2008) An allosteric model of calmodulin explains 
differential activation of PP2B and CaMKII. Proc Natl Acad Sci USA, 105:10768-10773



State transitions of calmodulin



State transitions of calmodulin



Calmodulin is ultra-sensitive

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



Origins of cooperativity: Bohr

Bohr C (1903) Theoretische behandlung der quantitativen verhältnisse 
bei der sauerstoff aufnahme des hämoglobins Zentralbl Physiol 17: 682
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Origins of cooperativity: Hill

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

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

Imai (1973) Biochemistry 12: 798-808
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Adair-Klotz model applied to Calmodulin

Crouch and Klee (1980)
Biochemistry, 19: 3692-3698

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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Monod, Wyman, Changeux (1965). On the nature 
of allosteric transitions: a plausible model. 
 J Mol Biol, 12: 88-118

Allostery and state selection



Modulation of thermal equilibria ≠ induced-fit
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Concerted transitions ≠ sequential model



Monod-Wyman-Changeux model
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“Hill” Plot for MWC model
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Concerted transition

closed (T)      open (R)

Stefan M.I., Edelstein S.J., Le Novère N (2009) Computing phenomenologic Adair-Klotz 
constants from microscopic MWC parameters. BMC Syst Biol, 3: 68



Allosteric model of Calmodulin function
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Calcium dose-response on 25 M Calmodulin 
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Calcium dose-response on 0.1 M Calmodulin 
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Calcium dose-response on 0.1 M Calmodulin 
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Edelstein S.J., Stefan M.I, Le Novère N. Ligand depletion in vivo modulates the dynamic
 range and cooperativity of signal transduction. PLoS One (2010), 5(1): e8449



What is ligand depletion?
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if               +             << Kd        =

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

                              free ligand

                =   f (               +        )

                              total signal

Chemistry (mass-action law)

Cellular signalling

What is ligand depletion?



Dose-response depends on Calmodulin concentration
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Dose-response depends on Calmodulin concentration
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Ligand-depletion modifies sensitivity

[CaM]= 10-7 M   

no ligand depletion

~100 nM to 25 M

[CaM]= 28 x 10-6 M   

bovine caudate nucleus

~5 M to 120 M

[Ca2+]tot

[CaM]= 1.8 x 10-6 M   

rat spleen

~1 M to 45 M



But we cannot build a large [Ca2+] in neurons ...
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Concentration span
of a calcium spike
in neurons



Evaluating cooperativity: Hill Plot?

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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Hill number not suitable for state function
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Hill number not suitable for state function
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The maximum value of n
H
 does not 

depend on the free energy of 
conformational transition and does 
correspond to the maximal cooperativity
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Hill number not suitable for state function
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H
 is significantly lower than 1 for 

many values of , which is usually 
associated to negative cooperativity.
One needs to normalise.
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Equivalent monomer
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Equivalent monomer

If we define the relative 
stabilisation of the T state by 
the ligand as

can be
rearranged

We assume that the free energy of 
conformational change spread over all 
the subunits (symmetrical protein)

State function for an 
equivalent monomer

then



Equivalent monomer for calmodulin

1 2 3


R & Y

R* & Y*



New index of cooperativity



New index of cooperativity



New index of cooperativity

ν is insensitive too ligand depletion!



New index of cooperativity

e®ective º =
d ¹R0=d®
º



Ligand-depletion decreases effective cooperativity



Highly cooperative: bacterial flagellar motor



Duke, Le Novère and Bray (2001) Conformational spread in a ring of proteins: a 
stochastic approach to allostery. J Mol Biol, 308:541-553.

Concerted behaviour of bacterial flagellar

coupling energy between subunits



Effect of ligand depletion on dynamic range

Sourjick and Berg (2002) Binding of the Escherichia coli 
response regulator CheY to its target measured in vivo by 
fluorescence resonance energy transfer. PNAS 99: 12669-12674



Ligand-depletion increases dynamic range



R

R*

Ligand-depletion increases dynamic range



Ligand depletion explains different reports

Cluzel et al (2000) An ultrasensitive 
bacterial motor revealed by monitoring 
signalling proteins in single cells. 
Science  287: 1652-1655

Alon et al (1998) Response regulator 
output in bacterial chemotaxis. 
EMBO J 17: 4238-4248 

cooperativity = 2.5 cooperativity = 10.3 



How general is a dose-response?



A “dose-response” cannot be reused directly!



Conclusions

Dose-responses are the basic characterisations of 
“systems”, but also at the core of pharmacological 
treatments. Here we show that: 

A “dose-response”cannot be reused directly in 
models of signalling systems. Instead one needs to 
build “mechanistic” models and run parameter-
fitting approaches.

Ligand depletion decreases the effective 
cooperativity of transducers in situ

Ligand depletion increases the dynamic range

Modifying the concentration of the sensor may be a 
powerful way to quickly adapt to a new environment, 
and switch from a measurement mode to a detection 
mode.
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