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only in combating immune system diseases but also in
preventing the rejection of transplanted tissues. But the
general immune system suppression that results with
cyclosporin A and FK506 leads to severe side effects,
such as secondary tumors and opportunistic infections,30 and progressive loss of renal function and
neurotoxicity.5 Additionally, inhibition of transcription factor activation in other types of cells can have
unintended and undesirable consequences.1
To understand better how signal transduction
pathways function, to help ﬁnd therapies and cures for
immune system diseases, and to ﬁnd better ways to
control the immune system in transplant patients it
would be useful to understand the NFAT and NFjB
pathways in a quantitative fashion.

TABLE 1. NFAT rate constants.
Rate constant

Value

Source

k1
k2
k3
k4
k5
k6
k7
k8
k9
k10
k11

0.0000256 s)1
0.00256 s)1
0.005 s)1
0.5 s)1
0.0019 s)1
0.00092 s)1
0.005 s)1
0.5 s)1
0.5 s)1
0.005 s)1
6.63 lM)1 s)1

k12

0.00168 s)1

k13

0.5 s)1

k14
k15

0.00256 s)1
0.00168 s)1

k16

6.63lM)1s)1

k17
k18
k19
k20
k21

0.0015 s)1
0.00096 s)1
1.0lM)3s)1
1.0 s)1
0.21 s)1

k22

0.5 s)1

Estimate
Loh et al.34
Estimate
Estimate
Shibasaki et al.52
Shibasaki et al.52
Estimate
Estimate
Estimate
Estimate
Adjusted to control rate of
activation observed
by Shaw et al.51
Adjusted to control rate of
deactivation observed
by Beals et al. 10
to agree with similar reactions
given by Klee et al.32
Loh et al.34
Adjusted to control rate of
deactivation observed
by Beals et al.10
Adjusted to control rate of
activation observed
by Shaw et al.51
Zhu and McKeon62
Zhu and McKeon62
Klee et al.32; Kakalis et al.29
Klee et al.32, Kakalis et al.29
Estimate and adjusted
relative to k22 to give
equal calcium ion
concentrations in nucleus
and cytoplasm
Estimate

MODELS AND MECHANISMS
We have developed mathematical models for the
action of NFAT and NFjB that simulate the activation
and deactivation of each factor by changes in intracellular calcium concentration. Two separate models have
been developed, one for NFAT and one for NFjB. We
required both models to incorporate experimentally
determined reaction pathways and to simulate activation and deactivation of the transcription factors
through experimentally determined intermediates and
over physiological calcium concentrations. Both models use parameters derived, as much as possible, from
experimental observations (Tables 1–4). We required
the models to be capable of simulating the system
response to calcium concentration oscillations and, in
line with experimental observations,22 to show a different response in the activation of NFAT and NFjB
to changes in the frequency of the oscillations. We
expect the NFAT model to show that oscillations in the
concentration of calcium enhance the activity of NFAT
at low calcium concentrations and that overexpression
of calcineurin replaces the requirement for calcium
in the activation of NFAT. For both the NFAT and
NFjB models we expect the models to require
sustained calcium signaling for gene expression.
NFAT Model
A schematic diagram of the mechanism for the
action of NFAT is shown in Fig. 1b. A rise in the
cytosolic calcium concentration leads to an increased
calcium–calmodulin concentration which activates
calcineurin (denoted by C*). Calcineurin binds to and
dephosphorylates the cytosolic species NFAT:Pi, the
phosphorylated form of NFAT.40,46 Without calmodulin, the phosphatase activity of calcineurin is much
reduced.31 The dephosphorylated NFAT-calcineurin

TABLE 2. Concentration and volume parameters.
Parameter

Value

Source

Cell diameter

9000 nM

Nucleus diameter

6000 nM

Nucleus volume (vn)
Cytosol volume (vc)
Resting cell [Ca2+]
Activated cell [Ca2+]
Total calcineurin
concentration
Total NFjB concentration
Total NFAT concentration
Total IjB concentration
Number calcium ions
required to activate
each calcineurin molecule
Total PKCh concentration
Total PKCa concentration

113 lm3
269 lm3
100 nM
1000 nM
60.0 nM

Estimate
(Alberts et al.2)
Estimate
(Alberts et al.2)
Calculated
Calculated
Alberts et al.2
Alberts et al.2
Crabtree17

52.9 nM
7.23 nM
55.0 nM
3

Carlotti et al.13
Estimate
Carlotti et al.13
Kakalis et al.29

2000 nM
1000 nM

Estimate
Estimate

