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recursors

Protein level

RNA
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In the much simpler world of the Internet,
the details are still bewilderingly complex.

More details in application software

We'd need
to look at
the entire
industry.

TN

More details
about the
hardware

design and

supply
chain

\/

An
understanding
of architecture

IS essential to
making any
sense of this.



I We will take horizontal and vertical slices
through biology to illustrate the essentials.

ko il .
W . Acl(\S
Q)
‘ = ‘ Amin

[ .
‘We need
' to look at
‘the entire
| biosphere.

More details In protein layer

uu,_y chdS

_ An
details understanding
about of architecture

IS essential to
making any
sense of this.

lower
layers

DNA



Architecture= System-level

Constraints T

Aim: a umiversal
taxonomy of complex
systems and theories

/\

Component

Protocols

Emergent

* Describe systems/components 1n terms of
constraints on what 1s possible

* Decompose constraints into component, system-
level, protocols, and emergent

* Not necessarily unique, but hopefully illuminating
nonetheless




Systems requirements:
functional, efficient,
robust, evolvable

Hard constraints:
Thermo (Carnot)

Info (Shannon) | - MBS T Protocols
Control (Bode) B .

. = : Universal
e A
COIIlpllte (Turlng) SN & Control

outer mem.

lipopolysac ride

Diverse

Components and materials:
Energy, moieties




Essential ideas

Listening to engineers and physicians

Robust yet fragile (RYF)
“Constraints that deconstrain” (G&K)

Network architecture
Layering

Control and dynamics (C&D)
Hourglasses and Bowties
Unity and diversity



Systems requirements:
functional, efficient,
robust, evolvable

oL 1111l Are there universal §

that architectures?
;;;;; = T W

deconstrain - . [.]
At

/\

Components and materials:
Energy, moieties




Systems requirements:
functional, efficient,
robust, evolvable

Emergent |
Constraintg

Hard constraints:
Thermo (Carnot)

Info (Shannon) e B Protocols
Control (Bode) | -

- 1 Universal
e y =
COmPUte (Turlng) N s Control

outer mem.

lipopolysac ride

Components and materials:
Energy, moieties




Are there universal laws?

Emergent

Constraints No networks

Hard constraints:
Thermo (Carnot) A.ssume
Info (Shannon) different

Control (Bode) architectures
Compute (Turing) a priori.

New unifications are encouraging,
but not yet accessible or complete.




Robust Yet Fragile (RYF)

[a system] can have
[a property] robust for
a set of perturbations]

Yet be fragile for
[a different property]
Or [a different perturbation]

Fragile

Proposition :
The RYF tradeoff is a hard limit
that cannot be overcome.




Cyber

Thermodynamics
Communications
Control
Computation

Fragile

Physical

Thermodynamics
Communications
Control
Computation

Theorems :

RYF tradeoffs are
hard limits




Robust yet fragile

Biology and advanced tech nets show extremes
* Robust Yet Fragile

« Simplicity and complexity

* Unity and diversity

 Evolvable and frozen

What makes this possible and/ or inevitable?

Architecture (= constraints)

Let’'s dig deeper.




More details in applications

We'd need An understanding
to look at More details of architecture is
an entire about the esse_ntial to
industry. hardware making any

design and sense of this.

supply chain

Is there a simpler
example than

nt t'7 3 devil € details
niernet :

=> ® architecture
Jean Jour (alias John Day)



Other examples

Clothing




T-Shirt




T-Shirt

Jacket it

Shoes




System constraints

T-Shirt
Jacket

L shoes g

Robust to variations in

e weather

e activity

* appearance requirements
e wear and tear

* cleaning




ODODOD

Component constraints




Robust to

* perturbations to clothing
* variety of raw materials
* unraveling

Polyester

Component constraints



Horizontal networks of garments

Garments
Dress Shir. Slacks Lingerie Coal Scar. Tie

T-Shirt
Shir}
\ L

Boxers

Slacks ’//

Socks

Polyester

-
®)
=
N
2
=
Qo
O
3!
o)
o
.2
5
=

Wool  Cotton  Silk Polyester  Nylon  Rayon

Horizontal networks of fibers




Garments

Dress Shirt Slacks Lingerie Coat Scarf Tie

\

Wool , Cotton Silk Polyester Nylon Rayon

Material technologies




Universal
form Ctrl Magmt .
Seuing lf o I cri

Cloth available

Cloth

\
W Fiber




Universal functions?
Xfer [ Ctrl == Mgmt

* Transfer or transform (fastest)

— Domain specific (data, power, goods, etc)
— Depends on demand and supply

« Control (middle)

— Schedule/MUX resources in time and space
— Flow and error control

« Management (slowest)
— What resources are available?

— Where are they?
— Cost? Risk? etc



Sewing function?
Xform [<—={ Ctrl [¢<—= Mgmt

* Transfer or transform (fastest)

— Transform cloth to garments
— Depends on demand and supply

« Control (middle)

— Schedule/MUX resources in time and space
— Flow and error control

« Management (slowest)
— What resources are available?

— Where are they?
— Cost? Risk? etc



Network,
Xform ¢ > Ctrl == Mgmt . o
universal~
Xform
Xform  Ctrl and Mgmt just aspects of a single
problem on different time scales
Xform * The distinction may be somewhat
artificial and domain specific
\/ e Ctrl/Mgmt in NetME:
. — More complex as the “Net” part grows
Domain . P bart 9
i — Will be our focus/goal of a unified theory
SpecITic, — From physics to information to
local computation to control



Universal

m functions?
| o

Cloth




Networked,
universal,

layered !
cir B vigrt |




Networked,
universal,
layered

|

gt |
Crll=fiam |
trl = Mgmt §f

Ctrl :
l




Universal strategies?

Even though CENNEINCIIEVE
garments seem limited access to
analog/continuous threads and fibers

guantization constraints on

for robustness cross-layer
Interactions

Prevents unraveling of lower layers




Garments
1

Cloth

Sustainable?




Functionally diverse garments

|

Diverse fabric
General

SUrDOSe Fragilities?

machines Diverse Thread

Fiber

Geographically diverse sources







Barter

Commodities
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Consumers

Money

Barter

Commodities
Commodities




Consumers

Commodities




New fragilities

Theft, counterfeiting, fraud,
and “‘creative accounting”
are now possible

The beginning of a growing
complexity-fragility spiral
Complex legal infrastructure

Law, banking, finance,
Ponzi schemes, derivatives,
credit default swaps, ...

Consumers

Commodities




Lego hourglass

Diverse
toys

Universal
Control

Diverse
1nstruct10ns



Robust yet fragile

Extremes of

* Robust yet fragile

« Simplicity and complexity
« Constrained and flexible
* Frozen and evolvable

* Digital and analog

e Diverse and conserved

Instructions |




Lego system requirements

Alternative designs?
Performance
Trauma
Allowed connections
Reuse
Evolvable parts
Evolvable systems
Labor cost

Parts cost




Alternatives

No interface. Simple blocks.

Standard interface. (Wild type.)

Q)
=

Add glue to hold the parts together.

Injection mold the whole toy from scratch.

AL




Complexit)ﬁ> control

assembly § = ~.




Analog behavior
Kinematics
Dynamics

Digital description

el
Control ‘, j

Assembly

Sy

Instructions |




Huge variety

of toys

Standardized mechanisms
Highly conserved

Huge variety

of instructions




Lego hourglass

Huge variety

of toys

: : control
Standardized mechanisms

Huge variety
of instructions




Robust yet fragile '
= - p "

Extremes of

* Robust yet fragile
* Unity and diversity
- Simplicity and complexity _
» Constrained and flexible ~
* Frozen and evolvable

- Digital and analog 2=

Jre=eniy

=3




Diverse

Lessons from Lego:

* Infinitely diverse toys from
 moderately diverse parts

* Hourglass organization of control
« Conserved control mechanisms
« Bowties within layers Conserved
« Complexity is overwhelmingly in
conserved control parts, but :
* largely hidden in ordinary operation assembly
» Greater internal complexity means

more robust yet fragile external

behavior

control

Diverse



.

Diverse = iersal !Dlverse
Inputs carriers _ inputs

wWe’'ll come
back to this
aspect later.

Layers of
bowties




Why bowties?

Metabolism, biosynthesis, assembly

1. Carriers: Charging carriers in central
metabolism

2. Precursors: Biosynthesis of precursors and
building blocks

3. Trans*: DNA replication, transcription, and
translation

Signal transduction

4. 2CST: Two-component signal transduction



1. Carriers

e
. 3
VETEIEl E £ Variety of 2. Precursors
Ligands & 2 S responses
Receptors = & 3. Trans*
=
7. 2CST
@S Bacterial
: 3 S bowties
_— —
O -
e X -
~— T
av]
@)
: .
-
@ 3
> Trans*| @
D ® Z

replication



1. Carriers

2. Precursors

Transmitter
Receiver

3. Trans*
7. 2CST
=
S
&
|Carriers)

Trans*




Constraints

REYNEREN |

J3)IWSUBIL

?8&58&

Trans*

|Carriers)




o
: -
Variety of E § Variety of
Ligands & = ‘D :
Receptors 5 2 TESPOTSES Constraints
= That Deconstrain
(Gerhart and Kirschner)
= 2 %‘b‘c"
Z 3 =
S =
s |3 .
~— T
<
O

SUI01J

(@)
= Trans*
D 0}

replication



The bowtie
architecture ——\
of the cell.

Flow/error

Need a more The layered
coherent architecture
cartoon to of the cell.

visualize how

these fit

together.



XformfE——

Ctrl

<—> Mgmt

Network,
universal?

Xform

Xform

Xform

NS

Domain
specific,
local

Ctrl/Mgmt in NetME:

 More complex as the “Net”
part grows

* Will be focus/goal of a
unified theory

* From physics to information
to computation to control



Reactions
Flow/error
Protein level

Translation

RNA level

ranscription
Qlow/error
DNA level




Diverse Reactions

Flow/error

Protein level

Conserved

core

\ation
a
control Trans

RKNA level

Reactions

—\—rans()f‘\p’“o_r.\g

low/error

DNA DNA DNA
Diverse Genomes



) g ) /

Dlverse Reactlons

a,
2
\0
O
o@
O
LN
e
Q\)
DNA DNA DNA

Diverse Genomes



Reactions

Protein level Reactions
@B

Carriers Proteins

Layering
revisited

More complete picture



Biology versus the Internet

Similarities
Evolvable architecture
Robust yet fragile
Layering, modularity
Hourglass with bowti€s
Dynamics
Feedback
Distributed/decentralized

* Not scale-free, edge-of-chaos, self-

organized criticality, etc

Differences

Metabolism

Materials and energy
Autocatalytic feedback
Feedback complexity

Development and
regeneration

>3B years of evolution




|

g\»%%@

AMINO Acids
Nucleotides

F

Q

[ Carriers ]

Catabolism

recursors

Protein level

RNA
DNA



Protein

RNA

Transc.

DNA

“Central dogma”

_transl. Protein
\ Ribosome




%0% 2
2| Amino A
A Nucleotides
5| UF
o atty acjq
£ Ny,
1 aCtOI‘S

RNA
DNA

Biosynthesis



[PI’GCU.I’SOI’S ]

S\)%zd%

Fatty acids

Co-factors

Biosynthesis

XRNA RNA level/
.~ Transcription rate

DNA level



Catabolism

ﬁ)recursors ]




Catabolism

ﬁ)recursors ]

_ anl Enzymes
%0/ / ’:é“ \
[tRNA l Ribosome

ncRNA mRNA




nsl. . Enzymes

[tRNA.l”“’ Ribosome

Catabolism
ﬁ’recursors ]




Analog/continuous dynamics

|

50%
. S
S| AminoAC
Catabolism g Nucleotides
e
[ Carriers ]

Specialized enzymes
for each reaction



General

- -

RNA :Trans(j;‘;ff purpose
I N polymerases
Quantized, Gene RNAp
digital Genome

DNA [ ]




Autocatalysis
E’ z everywhere
= %
s |3
S S AA ML> Proteins
]
Y,
/

All the enzymes
are made from

(mostly) proteins
and (some) RNA. RNAp




%

!

G6P

t

F6P

1-6BP,

This is just charging and discharging

consumption FeEYSECTR|
= discharging

(ATP
charging
Ceep Dy (py >



The carrier (AMP)
must be synthesized

AMP




The carrier (AMP) Ang thep «

must be synthesized With energ Charge
y (P S aq

B “eq)

—

z .

= Nucleotides = A M P AMP— ADP— ATP

O
& sed @S @

gefore it 2% O 1 the cel
| Carriers | _nergy O

Think of AMP as a battery, and ATP as the charged battery.
There are two autocatalytic processes requiring the
feedback of resources:

* manufacturing the “battery” (slower process)

» and then repeatedly charging/using the “battery” (very fast)



The carrier (AMP) must be
synthesized in metabolism

N

—

)

g Nucl. — AMP AMP level  Protein level

Q

O .

= AA . Protein level/
B AA Protein Translation rate
The amino acids must be The protein must

synthesized in metabolism be made via trans*



We know what's going on here, but it's hard to draw the layers
neatly.

* The carrier (AMP) must be both synthesized (in nucleotide
biosynthesis), and then charged in a controlled way.

* The protein must be both synthesized and then its form and
activity controlled.

o0 .cnarged Flow/error

riel m d na .
Th’?hcea‘: sy P 2 added) AMP level  Protein level
\

nnel
0(\“’0\\ ed maf .
Protein level/

Protein .
Translation rate



ATP supplies

energy to all Rest of cell
layers
(ATP>
<D
AMP level Protein level

RNA
DNA



The discharged

ATP Is recycled Rest of cell
:Ar:g)PAMP and %
%@ <>
CA*P) Flow/error
AMP level Protein lgvel
RNA

DNA



@ Flow/error

AMP level Protein level
Lots of RNA
ways to DNA

draw this.



Catabolism
&’TGCUYSOTS }

AA AA m> Enzymes

/\/210 /

RNA |

Layered RNA fransc,” xRNA




Reaction rate

Enzyme form/activity

Enzyme level/
Enzymes Translation rate

RNA form/activity

RNA level/
Transcription rate

Ribosome



All products

Control?
feedback
everywhere
But each layer .
has its own = i Proteins
controlling "
molecules
(proteins and iR
small RNAs) . . N ncR-NA
___________ ,'.,...{:-"::0- . e “‘

So X-layer interactions are highly structured



Recursive
control
structure

Application

>\

| Global

, S : Relay/MUX

Relay/MUX

a4 > )
: : Local :

Relay/MUX

Physical

Reactions

Protein level

Reactions

RNA level

Reactions

DNA level



Horizontal gene transfer What is locus

HGT and of early
an .
Shared Eukaryotes evolution?
PrOtOCOIS Animals Fungi Plants
N1\

Bacteria Archaea \V /" // pgae

YAl INdY ‘ VA
A\ S A\ 7z z Architecture!?!




p products  Reaction

rate
HGT and
Shared =
. nzyme
Protocols form/activity
Bacteria Enzyme level/
Enzymes Transiation rate
— " mRNA
Rlbosome " A
g ncRNA  form/activity
¢ . RNA level/
o \i\\w('RNA XR}\IA Transcription rate
A ‘.:. "ea,
/ £ RN Gene

Common Ancestral Community of Primitive Cells



Horizontal gene transfer . ., siatic database

* Not only point mutations

HGT and
Shared Eukaryotes
PrOtOCOIS Animals Fungi Plants
\ /
Bacteria Archaea | Algae
| "o\’
v:‘ 3 *,“"f: Gene
L XN/ ; DNA level
Hyperthermophilic o C j -
bacteria s _ (’ '
A; N ( Controlled,
YN\ dynamic

Common Ancestral Community of Primitive Cells



Fragility example: Viruses

Reactions

Viral Protein level
proteins
Reactions
Viruses exploit the universal m

bowtie/hourglass structure to
RNA level
hijack the cell machinery.

Reactions

Viral m

senes DNA level




Reactions

Reactions
FIowI
L

- Carriers Proteins
Protein level

Layering
revisited

More complete picture ?



Reactions

Carriers Proteins
N
QO\NG‘ ‘”z:@\gg T ranS\a“vauuons
o eN© Flow/error
RNA level
zhis iS a '\‘ranscr _p“ aulions
Vel Flow/error
inStructiop Flow/error
DNA level

Manufacturing supply chain



Operating
System

Hardware

»

Physical

What are the additional layers?

?

* Where is the power supply?
* Where are the designs and
processes that produce the
chips, PCs, routers, etc?

Reactions

Carriers Proteins

ation
Translah® - ctions

RNA level

fion
TranscriP ~eactions

DNA level



Networ the transcriptional regulation

network of Escherichia coli

Shai S. Shen-Orr!, Ron Milo?, Shmoolik Mangan! & Uri Alon!»?

1. anaerobic/aerobic 2,carbon utilization 3. osmotic stress 4. stationary phase  5.DNA metabolism 6. superoxide
metabolism DOR DOR DOR DOR DOR DOR
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Network motifs in the transcriptional regulation

network of Escherichia coli

Shai S. Shen-Orr!, Ron Milo?, Shmoolik Mangan! & Uri Alon!»?

2.carbon utilization
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1. anaerobic/aerobic
metabolism DOR
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1. anaerobic/aerobic 2.carbon utilization

metabolism DOR
ORI DeeaeE BEENE
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1. anaerobic/aerobic
metabolism DOR

N Transcription factors

Special purpose
( proteins that control
gene expression

Operons

Small groups
of co-regulated
genes
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Translation @
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RNAP:

Control
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Various inputs

Transc.




Cross layer
interactions
are highly
structured

Transc.

Control

@otein.?

Transcription factor




Much control

occurs within
the RNA layer

@otein.?

Transcription factor
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Anaerobically on w -1

Autocatalytic Q 0 262
Glycogen/
glucose
-q| WX’ l+g¢

Control
feedback
everywhere
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Catabolism

ﬁ)recursors ]

_ anl Enzymes
%0/ / ’:é“ \
[tRNA l Ribosome

ncRNA mRNA




Autocatalysis
E’ z everywhere
= %
s |3
S S AA ML> Proteins
]
Y,
/

All the enzymes
are made from

(mostly) proteins
and (some) RNA. RNAp
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Reaction?

Control?
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glucose

Reaction?
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everywhere



Network motifs in the transcriptional regulation
network of Escherichia coli

Shai S. Shen-Orr!, Ron Milo?, Shmoolik Mangan! & Uri Alon!»?
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metabolism DOR

R
&
NAIATN /
\

i1

$

AIA

.

AH000I0Ga6000

| /
|/

EEERARR

O:

y @gg

IPT CERAREAAAN

.

2.carbon utilization
DOR
[‘v'm i §
/ N/ [
] A RN 2l o
FHOOHOOTUE

N\

RER

\

3. osmotic stress

@%a A aéoo%oo aaa%asasé éé/\/\vo/\%o]\o/\ B AAA

4. stationary phase  5.DNA metabolism

6. superoxide
DOR

logend
Ae
EI O tranwcription fackr (TF) CO  gkesl TF
%_—'g dense overapping regulons (DOR) e poMive reguiation

[ engleinput module (3I1M) ————  negaiie regnietion
[\ coharent fesdforward loop dunl roguiaton
/N icoharent feadforward loop & makdnput module
©  single opecon

disjoint systems

only single it irput promoters additional SIM
B D
»)
omeRAB aw.e R-2
: HUABR- R~ 2gaR-,
m kdpEe :M«. QR rpe purR- b2
+dNCOTR e nyoHQH, Pote —
' apel At st <A 11
moda € mhphe PapF+, -IHF+ potis 352
A * +,
A O :‘ “purRt- 14
K-
iR+

Fig. 4




Lon F

PNAS, PLOS CompBio

See El-Samad, Kurata, et al...



Lon #




Layered architecture?

DNA
rpoH

This is all
within the

Other DNA layer.

operons

Transc ‘LEVE|S? ‘
Reg

| DNA
DnaK Lon #




Layered architecture?
DNA

rpoH

Other ?

operons

‘ Rates? ‘

‘Levels? ‘

| DNA
DnaK Lon #

Transc
Reg




Folded unfolded

proteing ' @




folded unfolded

degradation







w 0] naK} {DnaK
' ftsH

DnaK | FtsH | Lon F




DnaK } [ DnaK

ftsH

FtsH

Lon F




Regulation
of
protein

levels




Regu.lation. of - SR
protein action Pl
Regul.atlon of levels G
protein levels
<«
/
DnaK | Ft | L -:-

Allosteric

Trans®




The greatest
complexity
here is
primarily in
the control
of rates

That is not always the case.

Allosteric

TCA Trans*®




Where are these layers?

Protein

RNA

DNA

Reactions
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MRNA activity is
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All at the DNA layer
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What theory is relevant to
these more complex
feedback systems?

metabolism
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New fragilities

Consumers

* Theft, counterfeiting, fraud,
and “‘creative accounting” are
now possible

* Need complex legal
infrastructure to protect

* The beginning of a growing
complexity-fragility spiral

Commodities




