
What reviewers say
• “If such oscillations are indeed optimal, why are they not 

universally present?” 
• “The approach to establish universality for all biological and 

physiological systems is simply wrong. It cannot be done…”  
• “While the notion of universality is well justified in physics, it is 

perhaps not so useful in biological sciences and medicine. To 
develop a set of universal principles for biological and 
physiological systems is mostly likely a dream that will never be 
realized, due to the vast diversity in such systems.”  

• “…does not seem to have an understanding or appreciation of 
the vast diversity of biological and physiological systems…” 

• “…desire to develop rigorous framework is understandable, but 
usually this can be done only by imposing a high degree of 
abstraction, which would then make the model useless …” 

• “… a mathematical scheme without any real connections to 
biological or medical problems…”  
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Caveats

• Start with paper, give context, brief tutorial
• Won’t repeat what can be read
• Mostly a departure point
• Move quickly to “architecture” (microbial cells)
• Massive topic, lots known, little published
• Fly thru most of the (way too many) slides…
• …all will be posted
• Sorry, if I was smarter this would be better
• Help
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Theory + biology case study

• Longstanding mystery (century? millennia?)

• “Universal” issues 

• Components “well-known”

• Experimentally accessible

• Evolution + physiology + “CDS/CME”

• Broadly relevant

• Extreme responses typical
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Glycolytic oscillations

Hard tradeoffs between

1. Fragility (disturbance rejection)

2. Amount (of enzymes)

3. Complexity (of enzymes)

• Most ubiquitous/studied “circuit” in 
science/engineering 

• New insights and experiments

Metabolic 
overhead



K Nielsen, PG Sorensen, F Hynne, H-G 
Busse. Sustained oscillations in glycolysis: 
an experimental and theoretical study of 
chaotic and complex periodic behavior 
and of quenching of simple oscillations. 
Biophys Chem 72:49-62 (1998).

Experiments



Figure S4. Simulation of two state model (S7.1) qualitatively recapitulates 
experimental observation from CSTR studies [5] and [12]. As the flow of material 
in/out of the system is increased, the system enters a limit cycle and then 
stabilizes again. For this simulation, we take q=a=Vm=1, k=0.2, g=1, u=0.01, h=2.5.
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Fluorescence histogram (fluorescence vs. cell count) of 
GFP-tagged Glyceraldehyde-3-phosphate dehydrogenase
(TDH3). Cells grown in ethanol has lower mean and 
median of fluorescence, and also higher variability.
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• Microfluidic experiments
• Yeast strain W303 grown in Ethanol
• Glucose and KCN added anaerobic glycolysis
• NADH measured every 3 s
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What about arbitrary
• Nonequilibrium (thermo)dynamics
• Control dynamics
• Realistic models

What if the control 
implementation is 
allowed arbitrarily 
complex dynamics 
(states plus 
nonlinearities)?
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1. Fragility (disturbance rejection)

2. Amount (of enzymes)

3. Complexity (of enzymes)
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• Fundamental multiscale physics
• Foundations, origins of

– noise 
– dissipation
– amplification

• General
• Rigorous
• First principle

?



IEEE TRANS ON AUTOMATIC CONTROL, 

FEBRUARY, 2011

Sandberg, Delvenne, and Doyle

http://arxiv.org/abs/1009.2830
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ShannonRecall
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d =disturbance arrival delay 
from where it is remotely sensed

*

* The interpretation of  depends on the details of the model.
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This is a nonstandard way of describing 
the results but will be convenient later.

r = total delay of encoding, decoding, 
and channel

d =disturbance arrival delay from where 
it is remotely sensed
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1. Hard bounds

2. Achievable (assumptions)

3. Solution decomposable (assumptions)

Incompatible assumptions (for 50+ years).

Bode Shannon
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What is the benefit to control of remote sensing?

It’s easy to pose a combined problem.
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What is the benefit to control of remote sensing?

This looks too good to be true?
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1. Hard bounds

2. Achievable (assumptions)

3. Solution decomposable (assumptions)

New unified comms, controls, and stat mech.? 
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 Can be modeled by optimal 
controller (?!?)
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Prices?

• Each constrained quantity has a carrier

• Delivery by rapid diffusion

• “Price” by concentration of charged carrier?

• Elegant implementation of optimization and 

duality, integrated with delivery?
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Long assembly lines

Highly structured
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features, destroys functionality
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This is all well-known:

• Power laws are everywhere

• But most “results” are wrong

• Such errors are required in  

all “high impact” physics 

journals and magazines

• All well-known results on 

SOC or scale-free are false 

• All papers challenging these 

errors rejected without review

• PRL is (supposedly) trying to 

reform, others not even trying



poised near a critical

point of a second-order phase transition



Claim:  

1.These are power laws

2.Power laws imply scale free (or SOC)

3.The brain is scale free or (SOC)









Look at data from this paper, which is often quoted.
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The data appear to have two very distinct length 

scales. What does this correspond to physiologically? 

Plotted with different scales to highlight the different lengths.
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S reactions PThe actual complexity of 

this part dwarfs the 

complexity of all other 

parts in this layer.

This is too simple, but at least 

shows the sublayer where enzyme 

form and activity is controlled.
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combinatorial explosion 
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Enzyme form/activity controlled by

• concentration of substrate and product

• concentrations of other metabolites

• interaction with other proteins

• covalent modification

• membership in complexes of many proteins
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“modularity

” and 

complexity 

here

Is almost trivial 

compared to 

what exists 

here.
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ATP• Complex machines
− Polymerization
− Complex assembly

• General enzymes
• Regulated recruitment
• Slow, efficient control
• Quantized, digital

• Building blocks
− Scavenge
− Recycle
− Biosynthesis

• Special enzymes
• Allostery, Fast
• Expensive control
• Analog
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• DNA replication
− Highly controlled
− Facilitated variation
− Accelerates evolution

• DNA modification (e.g. 
methylation)
• Complex RNA control

• Homeostasis
− pH
− Osmolarity
− etc

• Cell envelope
• Movement, 
attachment, etc

What we’ve neglected

• Ecosystems
• Biofilms
• Extremophiles
• Pathogens
• Symbiosis
• …
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Autocatalytic within lower layers

• Collectively self-replicating

• Ribosomes make ribosomes, etc

Three lower 

layers? Yes:

• Translation

• Transcription

• Replication

Naturally 

recursive
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Flow/error

Transcription

DNA level

Three lower 

layers? Yes:

• Translation

• Transcription

• Replication/

rearrangement

Replication

DNA Replication/

Rearrangement is 

complex and 

highly controlled Flow/error
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• 50 such “two component” systems in E. Coli

• All use the same protocol

- Histidine autokinase transmitter

- Aspartyl phospho-acceptor receiver

• Huge variety of receptors and responses

• Also multistage (phosphorelay) versions

Signal 

transduction



T
ra

n
sm

it
te

r 

R
ec

ei
v

erVariety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v
erVariety of

Ligands &

Receptors

Variety of

responses
T

r
a

n
sm

it
te

r 

R
ec

ei
v
e
r

Variety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v

erVariety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v

erVariety of

Ligands &

Receptors

Variety of

responses
T

r
a

n
sm

it
te

r 

R
ec

ei
v
e
r

Variety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v
erVariety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v

erVariety of

Ligands &

Receptors

Variety of

responses
T

r
a

n
sm

it
te

r 

R
e
c
e
iv

e
r

Variety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v

erVariety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v

erVariety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
e
c
e
iv

e
r

Variety of

Ligands &

Receptors

Variety of

responses
T

ra
n

sm
it

te
r 

R
ec

ei
v

erVariety of

Ligands &

Receptors

Variety of

responses



T
r
a

n
sm

it
te

r 

R
e
c
e
iv

e
r

Ligands &

Receptors
Responses

Shared 

protocols

Flow of “signal”

Recognition,

specificity

• “Name resolution” within signal transduction

• Transmitter must locate “cognate” receiver 

and avoid non-cognate receivers

• Global search by rapid, local diffusion

• Limited to very small volumes
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Huge variety
• Combinatorial

• Almost digital

• Easily reprogrammed

• Located by diffusion
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Limited variety
• Fast, analog (via #)

• Hard to change

Reusable in 

different pathways
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Note: Any 

wireless system 

and the Internet 

to which it is 

connected work 

the same way.
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Flow of packets
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Specificity (MAC)
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= molecular recognition

= localized functionally

= global spatially

Transcription factors 

do “name” to “address” 

translation
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= molecular recognition

= localized spatiallyBoth are

• Almost digital

• Highly 

programmable

“Name” recognition

= molecular recognition

= localized functionally

Transcription factors 

do “name” to “address” 

translation
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external sensing,
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greater complexity and 

overhead 
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Feedback control

There are simpler 

transcription 

factors for sensing 

internal states
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DNA

RNAp

DNA and RNAp

binding domains

Sensor domains

Domains can 

be evolved 

independently 

or coordinated.

Application 

layer cannot 

access DNA 

directly.
Highly 

evolvable 

architecture.

There are simpler 

transcription 

factors for sensing 

internal states
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DNA and RNAp

binding domains

Sensor domains
This is like a 

“name to 

address” 

translation.

Sensing the 

demand of the 

application 

layer

Initiating 

the change 

in supply



Sensor 

domains

Sensing the 

demand of the 

application 

layer

Any 

input

Any 

other 

input

• Sensor sides attach to metabolites or other proteins

• This causes an allosteric (shape) change

• (Sensing is largely analog (# of bound proteins))

• Effecting the DNA/RNAp binding domains

• Protein and DNA/RNAp recognition is more digital

• Extensively discussed in both Ptashne and Alon 

DNA and RNAp

binding domains

DNA and RNAp

binding domains



Sensor 

domains

“Cross talk” can be 

finely controlled

Any 

input

Any 

other 

input

• Application layer signals can be integrated or not

• Huge combinatorial space of (mis)matching shapes

• A functionally meaningful “name space”

• Highly adaptable architecture

• Interactions are fast (but expensive)

• Return to this issue in “signal transduction”



DNA

“Addressing” 

= molecular recognition

= localized spatially

Both are

• Almost digital

• Highly 

programmable

“Name” recognition

= molecular recognition

= localized functionally

= global spatially

Transcription factors 

do “name” to “address” 

translation



RNAp

Can activate 

or repress

And work in 

complex logical 

combinations

Promoter Gene1 Gene2 …

• Both protein and DNA sides have sequence/shape

• Huge combinatorial space of “addresses”

• Modest amount of “logic” can be done at promoter

• Transcription is very noise (but efficient)

• Extremely adaptable architecture



Promoter Gene5 Gene6 …

(almost analog) 

rate determined 

by relative copy 

number Binding 

recognition 

nearly digital



Promoter Gene5 Gene6 …

rate (almost analog) 

determined by copy number

Recall: can work by 

pulse code 

modulation so for 

small copy number 

does digital to 

analog conversion 



Promoter Gene1 Gene2 …

No crossing layers
• Highly structured interactions

• Transcription factor proteins 

control all cross-layer interactions

• DNA layer details hidden from 

application layer

• Robust and evolvable

• Functional (and global) demand 

mapped logically to local supply 

chain processes

Any 

input



OS

Physical

Diverse 
applications

Layered architectures

In operating systems:

Don’t cross layers

(rings)

Direct 

access to 

physical 

memory?

In programming:

No global variables



Problems with leaky layering

Modularity benefits are lost

• Global variables?   @$%*&!^%@& 

• Poor portability of applications

• Insecurity of physical address space

• Fragile to application crashes

• No scalability of virtual/real addressing

• Limits optimization/control by duality?



App App
Applications

Router

IP addresses 

interfaces 

(not nodes)



App App

IPC

Global 

and direct 

access to 

physical 

address!

Robust?

• Secure

• Scalable

• Verifiable

• Evolvable

• Maintainable

• Designable

• …

DNS

IP addresses 

interfaces 

(not nodes)



Physical

IP

TCP

Application

Naming and addressing need to be 

• resolved within layer

• translated between layers

• not exposed outside of layer

Related “issues”

• DNS

• NATS

• Firewalls

• Multihoming

• Mobility

• Routing table size

• Overlays

• …



Architecture 

is not graph 

topology.

Architecture 

facilitates 

arbitrary graphs.

Persistent 

errors and 

confusion.





Notices of the AMS, 2009



Reactions

Assembly

DNA/RNA

control

control

DNA

O
u

ts
id
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T
r
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n

sm
it
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r 

Ligands &

Receptors

R
ec

ei
v

er

Responses

control

Receiver

R
esp

o
n
ses

Protein

Cross-layer control

• Highly organized

• Prices? Duality?

• Minimal case study?



Reactions

Flow/error 

control

Protein 

level
Assembly

Flow/error 

control

DNA/RNA 

levels
Instructions

Building 

blocks
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Any 

input

GLC

DPG
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6PG
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3PG
PEP
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E4P

PYR
OA

SUCOA

PRPP

DAH DQT DHS SME S5P PSM CHO
AN NAN CD5 IGP

PPN HPP

BAPASS HSE PHSDHD PIP SAK SDP DPI MDP

PHP PPS
ASE

GLN

SER

TRP

ASP

TYR

THR
LYS

CYS

GLY
ASN

AKG GLU

RNA

Gene

Transc.

RNAp

trans. EnzymesAA

mRNA

• Slowest transcription control

• Complex transcription factors

• Lowest metabolic overhead

• Easily reprogrammed



All transcriptional 

regulatory links 

are downward. 

Nodes are 

operons. Global 

regulators are 

red. Yellow 

marked nodes are 

operons in the 

longest regulatory 

pathway related 

with flagella 

motility.
Ma et al. BMC 

Bioinformatics 2004 

5:199 doi:10.1186/1471-

2105-5-199

Hierarchical 

structure of 

E. coli transc. 

regulatory 

network. 

http://www.biomedcentral.com/1471-2105/5/199/figure/F1




Note: all feedback in this picture has been 

removed in two ways:

1) There are self-loops 

where an operon is 

controlled by one it’s 

own genes

2) All the real complex 

control is in the 

protein interactions 

not shown (e.g. see 

heat shock details)

These are not really 

control systems, 

they just initiate 

manufacturing

http://www.biomedcentral.com/1471-2105/5/199/figure/F1


This architecture has limited scalability:

1) Fast diffusion can 

only work in small 

volumes

2) The number of 

proteins required 

for control grows 

superlinearly with 

the number of 

enzymes (Mattick)

“Control”

Enzymes

http://www.biomedcentral.com/1471-2105/5/199/figure/F1


Any 
mRNA

Translation

Initiation codon

Any 

input
Any 

protein

GLC

DPG
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PGC RL5P

X5P

6PG
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CIT

ICIT

SUCFUM

G6P

F6P
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PRPP
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PIP SAK SDP DPI MDP

PHP PPS

ASE

GLN

SER

TRP

ASP

TYR

THR

LYS

CYS

GLY

ASN

AKG GLU

• Fast translation control

• Complex RNAs

• Medium metabolic overhead

• Highly reprogrammable?



GLC

DPG

PGL
PGC RL5P
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Any 

input

RNA

Gene

Transc.

RNAp

trans. EnzymesAA

mRNA

• Slowest transcription control

• Complex transcription factors

• Lowest metabolic overhead

• Easily reprogrammed

Any mRNA

Translation

Initiation codon

Any 

input
Any 

protein

• Fast translation control

• Complex RNAs

• Medium metabolic overhead

• Highly reprogrammable?

• Fastest allosteric feedback control

• Complex proteins

• High metabolic overhead

• Hard to reprogram


