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•  Information processing relies on 
post-translational modifications 
(e.g. serine, threonine, tyrosine)

•  Kinases add phosphate and 
phosphatases remove phosphate.

•  Phosphorylation state 
determines localization, activity, 
binding partners.

Processing of extracellular information via               
intracellular signaling networks.

Lin & Weiss (2001) J. Cell. Sci.
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T cell receptor proximal signaling.

Acuto et al (2008) Nat. Rev. Immuno.

Why have multiple phosphorylation sites?

•  Signal amplification.

•  Signal diversification.

•  Kinetic proofreading.

•  Switch-like response?
Weiss & Littman (1994) Cell.

Regulation of TCR phosphorylation:

•  Phosphorylation by Lck.

•  Dephosphorylation by CD45.

•  Enzymes are membrane-anchored.

•  Enzymes are constitutively active.

•  [Enzymes] > [Substrate]

Questions:

1.  How does the phosphorylation 
state of the TCR depend the relative 
Lck / CD45 concentrations?

2.  What is the effect of multiple sites?
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Goldbeter & Koshland 
PNAS (1981)

Background: classical zero-order ultrasensitivity.

Ultrasensitivity is possible when the substrate saturates the enzymes.

Recall: Lck/CD45 saturate the TCR.
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Cytosolic vs. Membrane-anchored proteins.

•  Classical ODEs assume the system is “well-mixed”.

•  Cytosol: coupling is reaction-limited (D=1-10 μm2/s).

•  Membrane: coupling is diffusion-limited (D=0.01-1 μm2/s).

Features to include in mathematical model:

•  Diffusion-limited reactions.

•  Saturation of substrate by enzymes.

•  Substrates with multiple sites.

Objectives: 

1.  Substrate phosphorylation state as a function of E/F.

2.  Effects of multiple sites.
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An ODE model that captures diffusion effects.

Chemical species:

•  Sj : substrate.

•  X : enzyme (kinase/phosphatase).

Parameter definitions:

•  k+: diffusion-limited on-rate.

•  k-: intrinsic diffusion rate (k-=k+/A).

•  k*on: intrinsic on-rate (k*on = kon/A).

•  koff: unbinding off-rate.

•  A : encounter area.

•  kr: modification rate (not shown).

Output:

•  <S> : mean phosphorylation
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Model assumptions.

1.  Enzymes are in excess over substrate.

2.  One enzyme in the encounter-complex (steric effects).

3.  Enzymes act distributively.

4.  Random phosphorylation.

5.  Complete parameter symmetry.
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Effective processivity via rebinding.

a single enzyme-substrate encounter results in multiple 
modifications (i.e. effective processivity).

(cytosol) (membrane)
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Rebinding and inactivation timescales.

Parameter estimates:

•  k- = 100 s-1 & k*on = 10,000 s-1 

Therefore rebinding timescale ~ 0.1 ms.

On these rapid timescales enzymes may 
remain refractory.

e.g.  ADP must be removed and ATP re-
attached to the kinase.

Additional parameter:

• μ :  rate of enzymatic re-activation

(Take μ = 1 s-1) 
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Ultrasensitivity via local enzymatic saturation and inactivation.

(cytosol) (membrane)
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Parameter regimes supporting ultrasensitivity.

Parameter regimes supporting ultrasensitivity:  

k*on > k-  > μ

Coupling/Uncoupling Module Modification Module

11Monday, 27 September 2010



Explicit spatial simulations using Smoldyn.

•  Smoldyn by Steve Andrews (Fred Hutchinson CRC).

•  2D domain of 1 μm2 with periodic boundaries.

•  Fixed time step of 5x10-6 s (Recall: k*on ~ 10,000 s-1).

•  Binding radius is 5 nm and unbinding radius is 5 nm.

•   Volume exclusion (i.e. steric effects):
Incorporated as a binary reaction occurring at 5 nm 
and displacing molecules to 5.5 nm.

•  Full model simulations require 4 days per data point 
using 2.8 GHz CPU. 
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Volume exclusion effects in the ODE model.

•  Non-trivial to implement in the ODE model due to 
combinatorial complexity:

‣  Problem:  
    Allowing 5 enzymes requires 20x35=4860 equations. 
    Note: there are more equations than molecules.

‣  Solution: 
on-the-fly reaction generator in BioNetGen.

•  Exactly as before, but now allow multiple enzymes 
within the reaction radius:

Blue: Allowing only 1 enzyme in the reaction radius.

Magenta: Allowing up to 5 enzymes in the reaction 
radius.
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Summary 1/2.

Ultrasensitivity arises in multisite proteins by local enzymatic saturation and inactivation. 

Local saturation:

•  Established by passive processes: slow diffusion, steric hinderances, & multiple sites.

•  Consistent with this interpretation,

1) Allowing multiple enzymes in the encounter complex, 

2) Increasing the diffusion coefficient, and

3) Reducing the number of sites

can decrease (and, in the appropriate limit, abolish) the observed ultrasensitivity. 
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Summary 2/2.

Enzymatic inactivation:

•  Kinases: Inactive until ATP rebinds.

•  Phosphatases: Inactive until covalently linked phosphate is 
removed by hydrolysis.

Can we estimate the lifetime of the inactive state?

Experiments measure kcat, which is the overall rate 
from [ES] to active [E],

Lck: kcat = 2 s-1 & CD45: kcat = 50 s -1 

Therefore, 10 ms for refractory is possible.

(we can estimate a lower bound on μ)

If we resolve kcat into a modification step and a 
reactivation step, we find

kpμ

Ubersax & Ferrell Jr (2007) Nat. Rev. Mol. Cell. Bio.
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Implications for the T cell receptor.

TCR Triggering:

•  [E] / [F] << 1 in resting T cells.

•  Ligand binding increases [E] / [F] ratio
(mechanism unknown).

•  Perturbations of sufficient magnitude and 
duration => productive signaling.

Utility of a switch:

•  Reduce spurious signals.

•  Produce definite signals.

Future work:

•  Relate ligand binding to [E]/[F] perturbation.

•  Molecular architecture of TCR.
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Relation to previous work on multisite phosphorylation.

Salzar & Hofer (2009) FEBS.

•  Many models of multisite 
phosphorylation have been explored.

Within zero-order regime:

•  Multisite phosphorylation supports 
multistability.                              
(Thompson & Gunawardena (2009) Nature).

Outside of zero-order regime:

•  Multisite phosphorylation supports 
ultrasensitivity when including:

‣  Cooperativity.

‣  Conformational changes.

‣  Product inhibition.

‣  Two-stage binding.

‣  Local enzymatic saturation & 
inactivation (today).
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Summary.

•  Ultrasensitivity in membrane-anchored proteins can 
arise by local enzymatic saturation and inactivation.

‣  Local saturation is a purely passive process.

‣  Enzymatic inactivation occurs but is often over 
looked due to its rather fast timescale.

•  ODE model can capture effects of diffusion (at least 
in the dilute substrate limit).

•  Detailed mathematical modeling of even small 
modules can have dramatic and surprising results. 

•  Future: Include mechanism of E/F perturbation & 
the molecular architecture of the TCR.
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