
conservation: 
 
rates: 
 
steady-states: 
 
slope-weighted root mean square (SWRMS) goodness-of-fit metric 
between model response, ym(I) and target response, yt(I): 
 
 
 
 
      where: 
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Push-pull preserves DoRA 

Signaling is precise 

Cells make decisions, including fate decisions, based 
upon information that they collect about their 
environment using signaling systems. This raises the 
questions of how accurately these systems can transmit 
signals and what mechanisms they use to improve 
transmission fidelity. Using modeling methods and 
analyses of published data, we show (i) signaling is 
relatively precise, with at least 2.3 bits of information per 
signal, (ii) information can be maintained in a signaling 
pathway through “dose-response alignment,” in which 
relative activity levels are maintained along a signaling 
pathway, and (iii) “push-pull” mechanisms, in which both 
active and inactive species transmit signals, can 
preserve dose-response alignment. 
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However, most response variability arose from temporally 
consistent cell-to-cell differences, not signaling noise: 

What mechanisms enable cells to exhibit dose-response 
alignment (DoRA)? We explored this using models of 
enzyme cascades, in which each enzyme or "node" has 
"active" and "inactive" states7. A system with a linear 
topology, in which each node activates the subsequent 
node, cannot produce DoRA6: 

However, push-pull mechanisms enabled perfect dose-
response alignment. Here, the "active" form of node A 
activates node B and the nominally "inactive" form of 
node A deactivates node B. 

Push-pull mechanisms may arise in 
the yeast system from (i) parallel 
and complementary Fus3 and Kss1 
pathways, (ii) a newly discovered 
G-protein activation mechanism. 

Cooperativity may arise from (i) 
multiple phosphorylation in the 
kinase cascade, (ii) allosteric 
interactions in the Ste5 scaffold and 
other protein complexes. 

• Yeast cell signaling is relatively precise, with at least 2.3 
bits of information per signal 
 

• This information can be maintained through “dose-
response alignment,” in which relative activity levels are 
maintained along a signaling pathway. 
 

• Dose-response alignment is hard to achieve. However, 
it can arise from (i) “push-pull” mechanisms, in which 
both active and inactive species transmit signals, (ii) 
enzyme cooperativity, and/or (iii) negative feedback that 
involves enzyme saturation. 

 
1.  Cheong, Rhee, Wang, Nemenman, and Levchenko, Science 

334:354, 2011. 
2.  Levchenko and Nemenman, Curr. Opinion in Biotechnol. 

28:156-164, 2014. 
3.  Uda, Saito, Kudo, Kokaji, Tsuchiya, Kubota, Komori, Ozaki, 

and Kuroda, Science 341:558-561, 2013. 
4.  Colman-Lerner, Gordon, Serra, Chin, Resnekov, Endy, Pesce, 

and Brent, Nature 437:699-706, 2005. 
5.  Yu, Pesce, Colman-Lerner, Lok, Pincus, Serra, Holl, Benjamin, 

Gordon, and Brent, Nature 456:755-761, 2008. 
6.  Black and Leff, Proc. R. Soc. Lond. B 220:141-162, 1983. 
7.  Andrews, Peria, Colman-Lerner, and Brent, Cell Systems In 

press, 2016. 

Recent publications have suggested that cell signaling is 
noisy, with only about 1 bit of information transmitted in 
each separate signal1-3. One bit is equivalent to 2 
distinguishable states, so this suggests that cells can 
distinguish whether an external ligand is present or 
absent, but cannot detect ligand concentrations at finer 
levels of detail. We find a similar result when analyzing 
yeast data with the same approach: 
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information = 1.0 bits 

Mathematics 

p r,d( ) = p r | d( ) p d( )

define: d = dose, r = response 
mean response: 
standard deviation of response: 
conditional response: 
dose distribution:              assume:  
joint distribution: 
mutual information: 
if Gaussian noise and                         is constant 
then: 

p r | d( )
p d( )

I r;d( ) = p r,d( )log p r | d( )
p r( ) dr dd

r
∫

d
∫

r d( )
σ d( )

 
p d( ) ∼ ′r d( )

σ d( )

I r;d( ) = log2
ln rmax − ln rmin
cv 2πe

cv =σ d( ) r d( )
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std. dev. of single trace is 0.32 
 
i.e. single-cell noise is 32% of 
population standard deviation 
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We recomputed dose-response-noise curves, now for the 
noise for single cells: 

Thus, cell signaling is actually precise to at least 2.3 bits 
of information, or 5 distinguishable pheromone levels. 

DoRA maximizes information 

Yeast cells, and others, exhibit substantial dose-response 
alignment (DoRA): i.e. dose-response curves at multiple 
stages of the signaling pathway align with each other5. 
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DoRA implies a linear transfer fuction. This reduces 
signal overlap, which improves information transmission:  
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Mathematics 
a[ ]+ A[ ] = 1 b[ ] + B[ ] = 1

d A[ ]
dt

= a[ ] kA + kIA I[ ]nIA( )− A[ ] ka( ) d B[ ]
dt

= b[ ] kB + kAB A[ ]nAB( )− B[ ] kb( )

A[ ]s.s. =
kA + kIA I[ ]nIA

kA + kIA I[ ]nIA + ka
B[ ]s.s. =

kB + kAB A[ ]nAB
kB + kAB A[ ]nAB + kb
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1
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nodes A and B 

Varying enzyme cooperativity, meaning that reaction 
rates became non-linearly dependent on reactant 
concentrations (e.g. the nAB parameter) also improved 
DoRA. Combining push-pull with cooperativity enabled 
excellent agreement with yeast experimental data: 

Most other network topologies also failed to exhibit 
DoRA. This was also true for combinations of arrows. 
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Negative feedback 

Dose-response alignment can also arise from negative 
feedback, if the negative feedback operates through a 
Michaelis-Menten mechanism and the enzyme (B in the 
"active" form) is highly saturated, i.e. KM << [A]. 

input 

a A 

b B AB 


