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50 Years of Molecular Cell Biology

RECOGN

+ How cells work: SCIENTIFIC
- DNA stores information AMERICAN ‘
- DNA instructs Ribosomes to |
assemble Proteins DOUBLE’

- Proteins (>10000) do things:

* Process signals, activate DNA

- Catalyze reactions to produce
substances

- Control energy production and
consumption

- Bootstrapping still a mystery

* Happened a long time ago; not
understood, not essential.




Towards Systems Biology

» Biologists now understand many of the cellular
components, but do not yet understand how "the
system” works.

- Predictive biology and pharmacology still rare.

- Synthetic biology still unreliable.

- Massive data gathering and mining in progress (e.g.

Genome projects); much yet to be understood.

* What kind of a system?
- Based on digital information (DNA).
- But how is information structured? How is it used?
- How complex is the system?
- Can we fix it when it breaks?
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Functional Architecture

Regulation

The Abstract Machines of

Biochemistry
Biochemical Networks - The Protein Machine
Gene Regulatory Networks - The Gene Machine
Transport Networks - The Membrane Machine

Diverse:

- chemical toolkits

- instruction sets

- programming models
- notations

Gene
Machine
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2."6ather high-throughput data.” § v %

g8 %

asEEERyg
“"' Nu,
.

0‘ ° <
.* Model Integration %
el Different time o
’o,.and space scale§’.‘ 0,;

©

L .
"Ssapggunun®

Glycan
Machine

Sugars Holds receptors, actuators

hosts reactions

Protein

Surface and

Extracellular Aﬁgﬁo};‘:i?se Implements fusion, fission

Features v
Metabolism, Propulsion Confinement
Signal Processing Storage

Molecular Transport Bulk Transport
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1. The Protein Machine i amms *

Complex folded-up shapes that:

- Fit together, dock, undock.

- Excite/unexcite, warp each other.

- Bring together, catalyze, transform materials.
- Form complex aggr'ega’res and ne’rwor'ks.

. sctivaing
Mapping out such neTworks. -

- Inprinciple, it's "just” a very large set of chemical
equations.

- No’r ’rlxarfsaw_. bsen developed to summarize and

=" An actual molecular interaction network.
e (Nodes are distinct protein kinds,
= arcs mean that two kinds of proteins interact.)



Protein Structure

Primary Secondary Tertiary Quaternary

The 20 Aminoacids

Triose Phosphate Isomerase

Green Fluorescent Protein

Alpha Helix, Beta Sheet

http://www.cmbi.kun.nl/gvteach/bioinformatical/



Protein Function

Regulation i
Assembly
Degradation + :
ranspor
Structure
Metabolism i
Signalling
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Domain architecture

Repressed state Activated state

Currant Opinion in Structural Biclooy

(a) |
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Dormain architecture and autcinhibitory interactions in modular switch
proteins. (a) Src family kinases contain M-terminal SH3 and SH2
domains, and a kinase domain flanked by intramolecular SH3-binding
and SHZ-binding sites (when the C-terminal motif tywosine is
phosphoryated by Csk). The crystal structures of several family
members show that both intramolecular domain interactions function in
concert to lock the kinase in an inactive conformation. Activating stimuli
(red) include external SHZ or SH3 ligands. After initial activation, the
kinase is maintained in an active state by autophosphorylation of its
activation loop. (b) SHP-2 phosphatase contains two SHZ domains
and a phosphatase domain. The crystal structure of the phosphatase

shows that the M-terminal 5H2 domain participates in an autoinhibitory
interaction that directly blocks the phosphatase active site. Binding of
external SHZ ligands activates by disrupting the autcinhibitory
interaction. (¢} NAWASP contains an Enabled YVASP homology 1
(EVH1) domain, a B motif, a GED, a proline-rich segment (proj and an
output region (YCA) that alone binds the Arp2/3 complex and
stimulates its actin nucleation activity. The B and GBD maotifs are
required to repress activity and, by current models, are thought to
participate in intracomplex interactions (only the structure of the GED
intramolecular complex for WASF is known). GTP-bound Cde4? and
FIF; synergistically activate N-WASE,

Some Allosteric Switches

Allosteric ("other shape”)
reactions modify accessibility.

Kinase

= donates phosphate P
= phosphorilates other proteins

Phosphatase

= accepts phosphate P
= dephosphorilates other proteins

Logical AND

at equal concentrations of the
individual input stimuli, activation is
much higher if both stimuli are
present

“Phosphatase Kinase Kinase” =
a kinase that activates a kinase
that activates a phosphatase
that deactivates a protein.

Humans have the same
number of modular protein
domains (building blocks) as
worms, but twice the number
of multi-domain proteins.

Taken from
Wendell Lim



MIM: Molecular Interaction Maps (Kohn)

@-&-—} Thre dorulsle-acrowed [ine indicales ihal pooteins A and B
can ind 1o each otber.  The "node” placed an the line

reprezents the A:B complex.

@H—@ Asgymmetric binding where protein A donates a peptide that
Linds [0 & cecepiod site o pocksl o pootein B.

@ H“"‘@ Rapresentation of wmultunelecular complexes: © is &,

vz (ABIC This notation is extensible to any number
of cowtponents in a complex

Conalent inolilicetion of progein & The single-amowed
F —-—:-@ Iing indicates that A can exist in a phosphorylaed stabe
The mnda repeesants the phosphors(ated spacies.

Cleavagre of a4 covalent bond: dephosphorylation of & by
a phrosphatase.

{ . Proveol viie cleavage sl a specific site within a protein,

®B—C
s

@

R)ew>e

E'TY

Stonchiomeine conversion of A o B

Transpord of A from cylosol e nucleus, The node
represents & after it has been transported into the
nuclens.

Formarion of a homodimer. Filled circle on the right
represents another copy of A The node on the line
represents the homodimer A&

2 1% the combinaion of states defined by x and y.

Enzymatic sumuwlanon of a reaction.

Geperal symbaol for stimulation.
A bar behind the armowhead signifies necessity.

Gieneral symbeal for inhibition.

Shorthand aymbol for transeriptional acfivation.
Shorthand symbol for transcriptional inhibition.

DGegradation products Taken from
Kurt W. Kohn



Molecular Interaction Maps

http://www.cds.caltech.edu/~hsauro/index.htm

JIDesigner The p53-Mdm2 and DNA Repair Regulatory Network
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Figape 60: The p33-Mdn2 aad DNA vrepair vogulatory network (version 2p - May 15, 1355




The Protein Machine “Instruction Set”

. cf. BioCalculus [Kitano&Nagasaki], x-calculus [Danosé&Laneve]
On/Off switches .
Each protein has a structure

1 IInacesssitle of binary switches and binding sites.
But not all may be always accessible.

Protein

nactie
MPF BELivaLing

. Q
kinasa inhitxt
': e
—_—
ke,

inhibyitory kinase

Binding Sites

Inaccessible

ks

Switching of accessible switches.
- May cause other switches and

binding sites to become (in)accessible.

- May be triggered or inhibited by nearby specific

proteins in specific states.

“ Binding on accessible sites.
1 - May cause other switches and
binding sites to become (in)accessible.

- May be triggered or inhibited by nearby specific
proteins in specific states.




Notations for the Protein Machine

Stochastic n-Calculus

- Priami (following Hillston's PEPA)
formalizes a stochastic version of n-
calculus where channels have
communication rafes.

BioSPi

- Regev-Shapiro-Silverman propose

modeling chemical interactions (exchange
of elecfrons and small molecules) as
communication”.

- Standard stochastic simulation alg?_or'i’rhms
(Gillespie) can be used to run in-silico
experiments.

- Complex formation is encoded via -
restriction.

PEPA

- Calder Gilmore and Hillston model the
ERK pathway.
k-calculus

- Danos and Laneve (following Kitano's
BioCalculus) define a calculus where
complex formation is primitive.

(Stochastic) Petri Nets
- S.Reddy'94 modeling pathways.

- Srivastava Perterson and Bentley analyze
and simulate E.coli stress response
circuit.

Bio State Charts

- Harel uses State Charts to model .
biological interactions via a semi-graphical
FSM notation.

Pathway Logic
- Talcott-Eker-Knapp-Lincoln use term-
rewriting.
BioCham

- ChabrierRivier-Fages-Soliman use term-
rewriting and CLT modelchecking.

Kohn Diagrams, Kitano Diagrams

SBML (Systems Biology Markup Language)

- XML dialect for MIM's:
Compartments (statically nested)
Reagents with concentrations
Reactions with various rate laws

- Read and written by many tools

via the Systems Biology Workbench
protocol
Graph editors

Simulators (including simulation web
services)

Databases



Pretty far from

2. The Gene Machine i stoms.

The "Central Dogma" of Molecular Biology

DNA messenger PROTEIN SYSTEMS

RNA

interaction

4-letter 4-letter 20-letter 50.000(?)
digital code digital code  digital code shapes

Structural genes RNA polymerase
) PO — i

Lactose—4 .
facrepressor > 4
B-galactosidase Permease Transacetylase

DNA Tutorial

Metabolic space

Metzbolife 1 Metabolite 2

A . x
oo PrOtEIN Space

Complex 3id-u— )
Protein 4

Protein 1 Fratein 3
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%
’ Gene 3 ™

[ w1
Gene 1 ‘\
Gene space Gene 4/
buctitsl ol i TR trom

Pedro Mendes



The Gene Machine “Instruction Set”

cf. Hybrid Petri Nets [Matsuno, Doi, Nagasaki, Miyano]

Positive Regulation
Negative Regulation L-\ /—‘ Transcription In ut

Input

I

Gene
(Stretch of DNA)

Regulation of a gene (positive and
negative) influences
transcription. The regulatory
region has precise DNA
sequences, but not meant for
coding proteins: meant for
binding requlators.

Transcription produces molecules
(RNA or, through RNA, proteins)
that bind to regulatory region of
other genes (or that are end-
products).

Output Output2 J_ 1 Outputl

Codiiglieglor "External Choice"

The phage

Reqgulat ion
eguidrory reglo lambda switch

Human (and mammalian) Genome Size
3Gbp (Giga base pairs) 750MB @ 4bp/Byte (CD)
Non-repetitive: 16bp 250MB
In genes: 320Mbp 80MB
Coding: 160Mbp 40MB
Protein-coding genes: 30,000-40,000

M.Genitalium (smallest true organism)
580,073bp 145KB (eBook)

E.Coli (bacteria): 4Mbp 1MB (floppy)

Yeast (eukarya): 12Mbp 3MB (MP3 song)

Wheat 17Gbp 4.256B (DVD)




Gene Composition

_I:’_l_bl:’ Is a shorthand for:
a

Under the assumptions [Kim & Tidor]

1) The solution is well-stirred
(no spatial dependence on concentrations or rates).

2) There is no regulation cross-talk.

3) Control of expression is at transcription level only
(no RNA-RNA or RNA-protein effects)

4) Transcriptions and translation rates monotonically
affect mRNA and protein concentrations resp.

Ex: Bistable Switch I_._-I

Ex: Oscillator r

@

degradation T

@
o1, ]
protein @ @
translation t T

mRNA

A
transcription ET
gene
b

Expressed

C
1 Expressing




Gene Regulatory Networks

http://strc.herts.ac.uk/bio/maria/NetBuilder/
: Maternal inputs and some upstream zygotic responses
NetBuilder o

Y
>15hrs
T :(5 2 L1 Colored boxes indicate post gastrular domains of gene expression
il

b I—-GSKJMH.{-H Mesoderm Endoderm
np-TCF

Late vegl endoderm

il
= Yy ¥ 4 i r I

Pigment cell, mesoderm Endoderm structural ge:
structural genes cell motility, endo 1

\/—{ Begin coding region

DNA |

Or




Indirect Gene Effects

transcription protein protein transcription

No combination of standard (a) eor K phepeie e
high-throughput experiments | 1 o
can reconstruct an a-priori O

known gene/protein network ! T ! ! \ T
[Wagner']. DNA—E{’GeneHD—[TGene 2] —qune3| —[{.Gene4| QJ:{.Gene5|

(b) (c)

protein

Aspect of gene activity: mRNA expression Aspect of gene activity: phosphorylation state

Genetic perturbation: gene deletion Genetic perturbation: gene deletion

Gl: G2, G5 G1: G3.G4

G2: GS G2: G3.G4

Gl G5 G3: G4

G4 GS G4:

G5: GS: Taken from

Andreas Wagner

Fig. 1. The importance of specifiying gene activity when reconstructing genetic networks. (a) A hypothetical biochemical pathway involving
two transcription factors, a protein kinase, and a protein phosphatase. as well as the genes encoding them. See text for details. (b) Shown
is a list of perturbation effects for each of the five genes in (a), when perturbing individual genes by deleting them, and when using mRNA
expression level as an indicator of gene activity. The left-most symbol in each line stands for the perturbed gene. To the right of each colon is
a list of genes whose activity is affected by the perturbation. (¢) Analogous to (b} but for a different notion of gene activity (phosphorylation
state).

One of many bistable switches A 4 AB B
that cannot be described by

@
pure gene regulatory networks I \
[Francois & Hakim].
a




The Central Dogma

DNA

transcription 1

mRNA

translation 1

Protein @@

RNA is not just an intermediary: it can:

- Fold-up like a protein

- Act like an enzyme

- Regulate other transcribed RNA
- Direct protein editing

Structure of the Coding Region

Challenging the Dogma
(in higher organisms)

gene
chrom atin ———

transcription

L
primary transcript

splicing

o

rocassin
assembled exons + Introns P g

(RNA editing)
WRNA = microRNAs
transiation processing  (mgulatory functions)

¥ others?

protein ncANA
(structural, catalytic,  (various functions)
signaling, requlatory) -

97-98% of the transcriptional output of the
human genome is non-protein-coding RNA.

30-40,000 “protein genes” (1.5% of genome)
60-100,000 “transcription units" (>30% of genome is transcribed)




% Structure of a Regulatory Region

= 100bp
(-2300) G F E DC B A Bp
. £ AT F Otx 2
Proteins l—/. '\..»I % S I'u' . @ . . I
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C Module A functions:

Vegetal plate expression in early development;

Synergism with moedules B and G enhancing endoderm expression in later development: .

Repression in ectoderm (modules E and F) and skeletogenic masenchyme {(module DC):

Modules E, F and DC with LiCl treatment;

Fig. 1. Endo 16 cis-regulatory system and interactive roles of module A, (A)
Diversity of protein binding sites and organization into modular subregions
[madified from (7], Specific DNA binding sites are indicated as red blocks;
modular subregions are denoted by letters G to A Bp, basal promoter),
Proteing binding at the target sites considerad in this work are indicated: Ote,
SpOtx-1 (72); SpGCH (74); the proteins CG, £, and F, which are not et
cloned; and protein C [a CREE family protein (18]] in subragion F. Proteins for
which sites coour in multiple regions of the DMNA sequence (indicated by the
black lingl are shown bensath. (B) Sequence of module A and location of
protein binding sites. Sites are indicated in the same colors as in (&), A
fragment containing CG, and CG, stes as well as Bp has no endoderm-

Bp EEEE

A >
TN 3

L

specific activity and services other upstream cis-requlatory systems promis-
cuously; similarly, the Endol8 cis-regulatory system functions specifically
with heterologous promoters substituted for Bp (5, &8 19). Bovead sequences
indicate conserved core elements of the target sites (7, 12 74), not the
complete target site sequences. IC) Intearative and interactive functions of
module A5, 8. Module A communicates the output of all upstream modules
to the basal transcription apparatus. It also inttiates endoderm exprassion,
increasas the cutput of modules B and G, and is required for functions of the
Lpstream modules F, E, and DC. These functions are repression of expres-
sionin nonendodermal domains and enhancemeant of expression inresponss
to LiCl.

2300bp!

> average
protein

Taken from
Eric H Davidson



% Function of a Regulatory Region

A Bp
e
DNA | e >
R
Or
Sum

timea varying influsnce

—

B

if(F=1orE=10orCD=1}and (Z=1)
a=1

else a=0

if(P=1and CG, =1)

p=2

else p=0

if (CG,=1and CG, =1 and CG, = 1)
=2

else y=1
(1) = B{t) + G(1)
£(t) = *5(t)

if (e(t) = 0)
(1) = Otx(t)
else  E(t) =«(t)
Hlo=1)
n(t)=0
else  n{t) =&(t)
ot) = yn(t)

Repression functions of modules F, E, and
DC mediated by Z site

Both P and CG, needed for synergistic link
with module B

Final step up of system output

Positive input from modules B and G

Synergistic amplification of module B
output by CG,-P subsystem

Switch determining whether Otx site in
module A, or upstream modules (i.e.,
mainly module B), will control level of
activity

Repression function inoperative in
endoderm but blocks activity elsewhere

Final output communicated o BTA

/—{ Begin coding region

Taken from
Eric H Davidson



The Programming Model

Strange facts about genetic networks:

Not an operator algebra. The output of each gate is fixed and pre-
determined; it is never a function of the input!

Not term-rewriting, nor Petri nets. Inhibition is widespread.

Not Communicating Sequential Processes. Feedback is widespread:
asynchronous communication needed to avoid immediate self-deadlocks.
Even the simplest gates cannot be modeled as a single synchronous process.

Not Message-Passing between genes. Messages themselves have behavior
(e.g., they stochastically decay and combine), hence messages are
processes as well.

Not Data-Flow. Any attempt to use data-flow-style modeling seems
doomed because of widespread loops that lead to deadlocks.

Stochastic broadcasting. The apparently crude idea of broadcasting a whole bunch of
asynchronous decaying messages to activate a future gate, means there are never
any “pipeline full” deadlocks, even in presence of abundant feedback loops.

Stochastic degradation. Degradation is fundamental for system stability, and at the
same time can lead to sudden instability and detection of concentration levels.



Notations for the Gene Machine

* Many of the same
techniques as for the

Protein Machine apply.

- Process Calculi, Petri
Nets, Term-Rewriting
Systems...

* But the "programming
model” is different.

- Asynchronous
stochastic control.

- Biologically poorly
understood.

- Network "motifs" are
being analyzed.

+ Specific techniques:

- Hybrid Petri Nets

* [Matsuno, Doi, Nagasaki,
Miyano] Gene Regulation

* Genomic Object Net
www.genomicobject.net

* Gene Regulation

Diagrams

* Mixed Gene-Protein

Diagrams



. Vi far fi
3. The Membrane Machine oo 7"

Molecular transport and
transformation through
dynamic compartment
fusion and fission.

-} The Instruction Set

L)
2 \ Mature

rotein
B |

Copyright 1959 John Wiley and Sons, Inc, Ml rights reserved,




Positive curvature to

Membrane Fusion e

Cell membrane

/

Aggressive fusion
(virus)

1]

Virus membrane }—1/

' By unknown mechanisms,

the exoplasmic leaflets

of the two membranes
fuse” [MCB p745]

Cooperative fusion
(vesicle)

"Fusion of the two
membranes immediately
follows prefusion, but
precisely how this occurs is
not known" [MCB p742]




Negative curvature to

Membrane Fission SRR

Vesicle
Formation
ST : Tk SN "Nonetheless, the actual : ]
e (4 < = N process whereby a segment of ~ Movie by Allison Bruce

phospholipid bilayer is ‘pinched
off' to form a pit and

eventually a new vesicle is still

not understood” [MCB p.746]

Cytokinesis
(Mitosis)




Notations for the Membrane Machine

- "Snapshot" diagrams - BioAmbients

- In biology literature. - An extension of BioSPI
. P-Svystems along Ambient Calculus
Y lines (with more bio-
relevant mobility
primitives) to model
dynamic compartments.

- 6.Paun uses ideas from
the theory of grammars
and formal languages to
model "Membrane .
Computing” (book 2002). * Brane Caleuli
http://psystems.disco.unimib.it/ - Computation onthe
| membrane...



The Membrane Machine "Instruction Set”

Arbitrary
subsystem

Arbitrary




Locally Implementablel

Global ‘ﬁ, » “ ., (Fission)
Views

E » ﬂ .

DR D
famf ﬂ » w (Fusion)
View!




Mito/Mate by 3 Endo/Exo




Membrane Algorithms

LDL-Cholesterol
Degradation

Protein Production
and Secretion

Viral Replication ..




Abstract Machines of Molecular Biology

. @ ®
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. . % Different time - % .
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Holds receptors, actuators
hosts reactions

Protein

Membrane

'-e Implements fusion, fission > .ie y
Metabolism, Propulsion Confinement
Signal Processing Storage

Molecular Transport Bulk Transport



Stochastic
Process Calculi




A Frequently-Seen Slide

Computational Modeling Approaches
-- Diverse Spectrum

SPECIFIED ABSTRACTED
I -

differential equations

A
e Markov chains
: T Boolean models
| . A
mechanisns Bayesian networks
(including T statistical mining
structure) : T ot
influences
relationships
pil i Pagific Norttwest National Laboratory
Ba“e“e Bio” * \olecular LLA. l}e.'“mrmmaﬂl%; Encrey &

Systems



A Frequently-Seen Slide

Where are the scalable,
precise, dynamic, highly
structured, maintainable
representations of
biological processes?



Chemistry vs. n-calculus

A process calculus (chemistry, or SBML)

A compositional graphical representation,
and the corresponding calculus.

+ -
Na + Cl —, Na* + Cl Na  df
+ -
Na* + ClI- —,, Na + Cl )
Na cl e? el % ¢e?
k1 k2 k2
Na* Cl-
(Can be converted (Can be converted
to a CTMC) to a CTMC)
Na* cl- The same "model NCl*
k2

This Petri-Net-like graphical representation degenerates
into spaghetti diagrams: precise and dynamic, but not
scalable, structured, or maintainable.

Na =e,!. e,,?. Na
Cl= ey ?. el C

A4

Cl-

A different process calculus (r)

J




Stochastic n-calculus Executive Summary

» A process calculus:

The modular representation of
concurrent (and stochastic)
processes of all kinds.

Cuts down to CTMCs in the
finite case (not always), then
standard tools are applicable.

Can be given friendly
automata-like scalable
graphical syntax (work in
progress).

Is directly executable (e.g. via
Gillespie).

Is analyzable (large body of
literature, at least in the non-
stochastic case).

= remove ()
unbind()

tail
al

\]:v@n:.déui.bd.nd, gend, removes
removes = degrade ()
Bound TF
% degrade () E *—\-r o

send(tail)

unbind ()
| hew gend bind (unbind, send, remowve )

degrad=i)

protein TF()

tedin h<= rotein TF<>
tranalatei) translate(]
on
degrads’ {)

Figure 2. Regulating Gene Expression by Positive Feedback [9)
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Figure 3. Protein A molecules v.s. time in presence (left) and absence (right) of TF




Regev-Shapiro: "Molecules as Computation”

Molecule Process

Interaction capability Channel
Interaction Communication
Modification State change

Cellular Abstractions: Cells as Computation
Regev&Shapiro NATURE vol 419, 2002-09-26, 343

This mapping works well both for the "protein machine” (synchronous
communication) and the "gene machine” (asynchronous communication).
But is not enough for the "membrane machine”.



nt-calculus

Syntax
i \

m u= x(y) receive y alongx
F(y) send y along x

Pu=0|3Y,em-Pi|[t=9y] P| PP | (newz)P |IP

> Syntax

Structural congruence
Renaming of bound variables
2@)}P = 2(2)-({z/y}P)  ifz¢ FN(P)
(newy).P = (newz).({z/y}P) ifz¢g FN(P) J
Structural congruence laws
~
PlQ = Q|P commutativity of parallel composition
(PIQ))R = P|(Q|R) associativity of parallel composition
P+Q = Q+P commutativity of summation
(P+Q)+R = P+(Q+R) associativity of summation
(newz)0 = 0 restriction of inert processes
(new z)(new y)P = (new y)(new z)P polyadic restriction
((new z)P)|Q}) = (new z)(P|Q) ifr¢g FN(QQ) scope extrusion
LB = <BllP replication S
Reaction rules
\
(«o-+F()QD(- - +2(y).P) = Q|P{z/y} communication (COMM)
P|5 :: B 0 reaction under parallel composition (PAR)
ol reaction under restriction (RES)

(new z) P — (new z)P'

Q=PP— P P =
Q- Q

structural congruence (STRUCT) J

Chemical
Mixing

> Reactions




Stochastic w-calculus

+ Stochastic extension of m-calculus. [C.Priami]

Associate a single parameter r (rate) in (O, infinity] of an exponential
distribution to each activity a; it describes the stochastic behavior of the
activity

a.P is replaced by (q,r).P
Exponential distribution guarantees the memoryless property: the time at
which a change of state occurs is independent of the time at which the last

change of state occurred.

Race condition is defined in a probabilistic competitive context: all the
activities that are enabled in a state compete and the fastest one
succeeds.

* New implementation: SPiM. [A Phillips]. Paper at BioConcur.



Proteins



MAPK Cascade - Huang&Ferrell

Ultrasensitivity in the mitogen-activated protein cascade, Chi-Ying F. Huang

and James E. Ferrell, Jr., 1996, Proc. Natl Acad. Sci. USA, 93, 10078-10083.

Biochemistry: Huang and Ferrell

Proc. Natl. Acad. Sci. USA 93 (1996)

Table 2. Predicted Hill coefficients for MAP kinase cascade components: Varying the assumed Ky values

Range of assumed K,

Range of effective Hill coefficients (nH)

predicted for

INPUT
(E1)

¥
MAPKKK = MAPKKK®
4

Reaction values MAPKEK MAPEKK MAPK

1. MAPKEK — MAPKKK* 60-1500 nM 1.0 L7 4.9

2. MAPKKK* — MAPKKK 60-1500 nM 1.0 L7 4.9
i MAPKK — MAPKK-P 6G0-1500 nM 1.0 L3-23 4.0-51
4. MAPEK-P — MAPEK 60-1500 nM 1.0 L5-19 36-6.7
5 MAPKE-P — MAPKK-FP 60-1500 nM 1.0 L3-24 38-52
6. MAPKE-PP — MAPEE-P 6G0-1500 nM 1.0 L7-1L8 4.1-64
7. MAPK — MAPK-P 60-1500 nM (300 nMt) 1.0 L7 37-62
8 MAPK-P — MAFK 60-1500 nM 1.0 L7 4352
0. MAPK-P — MAPK-PP 6G0-1500 nM 1.0 L7 3d-n1
10. MAPE-PP — MAPEK-P 60-1500 nM 1.0 L7 4.7-51

The assumed K values for each reaction were individually varied over the ranges shown, with the assumed K values for
the other mine reactions held constant. The effective Hill coefficients were calculated from the steepness of the predicted

stimulus,/response curves, as described in the text.

tThe K, value for reaction 7 has been measured to be 300 nM for the phosphorylation of a mammalian MAPK by a MAPKK
(N. Ahn, personal communication). All of the other K values were initially assumed to be 300 nM as well.

E2

MAPKK = MAPKK-P 2 MAPKK-PP

£ 3

MAPKK F'ase

MAPK %= MAPK-P = = MAPK-PP

r

MAPK P'ase

Calculations. Egs. 1-10 represent the reactions of the MAPK
cascade, which are shown schematically in Fig. 1. We have used
Goldbeter and Koshland’s nomenclature for the rate constants—
the letter a denotes association, d denotes dissociation without
catalysis, and k denotes praduct formation (11). KKK denotes
MAPKKK: KK denotes MAPKK: and K denotes MAPK.

a, k,

KKK + E1 == KKK'El — KKK* + E1 [11
dy
s ks

KKK* + E2 == KKK-E2— KKK + E2 [21
d2

ag ks
KK + KKK* = KK'-KKK* — KK-P + KKK* 131

ds

dy
KK-P + KK P'ase == KK-P*KK P'ase

dy
ky
— KK + KK P'ase [41

as ks
KK-P + KKK* = KK-P-KKK* — KK-FP + KKK*  [5]

s

2
KK-PP + KK P'ase == KK-PP-KK P'ase

ds

&
— KK-P + KK P'ase [6]

as ks

KK-PP + K= KK-PPPK — KK-PP + K-P [71
d;
ag ks
K-P + KP'ase = K-P-K P'ase — K + K P'ase [8]
ds
Ay ko
K-P + KK-PP = K-P-KK-PP — K-PP + KK-PP [9]
dy

a1
K-PP + K P'ase == KK-PP-K P'ase
dyg

lel
— K-P + K P'ase [10]

ouTPUT

Fic. 1. Schematic view of the MAPK cascade. Activation of
MAPK depends upon the phosphorylation of two conserved sites
[Thr-183 and Tvr-185 in rat p42 MAPK/Erk2 (4, 5)]. Full activation
of MAPKK also requires phosphorylation of two sites [Ser-218 and
Ser-222 in mouse Mek-1/MKK1 (6-10)]. Detailed mechanisms for the
activation of various MAPKKKs (e.g., Raf-1, B-Raf, Mos) are not yet
established; here we assume that MAPKKKSs are activated and inac-
tivated by enzymes we denote El and E2. MAPKKK?* denotes
activated MAPKKK. MAPKK-P and MAPKK-PP denote singly and
doubly phosphorylated MAPKK, respectively. MAPK-P and
MAPK-PP denote singly and doubly phosphorylated MAPK. P'ase
denotes phosphatase.



As 18 Ordinary Differential Equations

The 10 reactions described above give rise to 18 rate + d{KK-P-KKK"] — a{KK-P][KKK*] [17]

eauations. _
%[KKK] = —a,[KKK][E1] + d,[KKK-F1] %[KK-P*KK Plase] = ay|[KK-P][KK P'ase]
¢ kg 2 ol sech ek @S — kiR P

;ir[KKKEl] = a;[KKK][E1]- (d; + k;)[KKK-E1] I“foncen‘fr‘aﬁon E?lzymes (j) i = as|[KK-P][KKK"]

d — (ds + ko)[KK-P-KKK*] [19]
5 [KKK*] = —a)[KKK*][E2]+ d,[KKK"E2] ;

+ K[KKK-E1] + (ks + do)[KK-KKK*] — a{KKK*JKK] 5; [KK-PP] = ks|KK-PKKK*] — a[KK-PP|[KK P'asc]

+ (ks + ds)[KK-P-KKK*] — aJ KK-P][KKK*] [13] + do|KK-PP - KK P'ase] — a;[KK-PP][K]

) + (d; + k;)[K-KK-PP]

o [KKK*"E2] = a,[KKK*|[E2] - (d; + k;)[KKK"E2]

) [14] + (do + ko)[K-P-KK-PP]
! — a[K-P|[KK-PP] 1201

K] =~ [KK][KKK*] + d,{KK KKK’

d

I [KK-PP-KK P'ase] = ag|KK-PP][KK P'ase]

+ kyKK-P-KK P'ase] [15]

— (ds + Kg)|[KK-PP-KK P'ase] [21]

;—1[KK+KKK*] = a,[KK][KKK*] d
[ 5 [K] = —a;[K][KK-PP] + d/[K-KK-PP]

— (ds + k;)[KK-KKK*] [16]
+ kg[K-P+K P'ase] [22]

d
I [KK-P] = —a,/KK-P][KK P'ase] + d JKK-P-KK P'ase] d
— [K-KK-PP] = a,[K][KK-PP] — (d; + k;)[K-KK-PP]
+ ki|KK-KKK*| + ki KK-PP:KK P'ase] dt 23]

+ dJ{KK-P+KKK*] — a{KK-P][KKK*] [17]



.. Plus 7 conservation equations

d
< [K-P] = k[ K'KK-PP] — ag[K-P][K Pase]
+ dJK-P+KP'ase] — ao[K-P][KK-PP]
+ d[K-P+KK-PP] + ky[K-PP- K P'ase] [24]

d
o; [K-P-K Pase] = ag[K-P][K P'ase] Each molecule
in exactly one

— (ds + ka)[K-P-K P'ase] state
d
5; [K-PKK-PP] = as[K-P][KK-PP]

— (do + ko)[K-P+KK-FP] [26]

d
o [K-PP] = —ayo[K-PP][K P'asc]

+ dyg[K-PP-K P'ase] + kJfK-P-KK-PP]  [27]

d
57 [K-PP-K Pase] = a;[K-PP][K P'ase]

— (dyy + ko)[K-PP-K P'ase] [28]

In addition, there are seven conservation equations (Egs.
29-35).

[KKK,.] = [KKK] + [KKK*] + [KKK-E1]

> + [KKK*~

+ [KKK*-K] + [

%« K-P] [29]

[El,] = [E1] + [KKKEI] [30]

[E2,.] = [E2] + [KKK*EZ2] [31]
[KKoi] = [KK] + [KK-P] + [KK-PP] + [KK-KKK"]
+ [KK-P-KKK*] + [KK-P-KK P'ase]
+ [KK-PP-KK P'ase]
+ [KK-PP:K] + [KK-PP-K-F] [32]
[KK P'asey] = [KK P'ase] + [KK P'ase-KK-P]
+ [KK P'ase - KK-PP]| [33]
[Kiat] = [K] + [K-P] + [K-PP] + [KK-PP-K]
+ KK-PP-K-P| + [K-P-KPase] + [K-PP-K P'ase] [34]
[K Prase,, ] = |[K P'ase] + [K-P-K P'ase]
+ [K-PP:K P'ase] [3

n

These equations were solved numerically using the Runge—
Kutta-based NDSolve algorithm in Mathematica (Wolfram
Research, Champaign, IL). An annotated copy of the Math-
ematica code for the MAPK cascade rate equations can be
obtained from J.E.F.



MAPK Cascade in SPiM

[ 'KKK();
new dl:rl:<>

(al<d1>;(d1<>;KKK<> + kl<>;KKKst<>)) [1]substrate
KKK:E1 complex

| IKKKSst();
new d2:r2:<>
(a2<d2>;(d2<>;KKKst<> + k2<>;KKK<>) + [2]substrate
a3(d3);(d30;KKKst<> + k3();KKKst<>) + [3]kinase
a5(d5);(d50;KKKst<> + k5();KKKst<>))  [Slkinase

['E1();
al(d1);(d1();El1<> + k1();E1<>) [1]enzyme
\‘ E1:KKK complex
[ TE2();
a2(d2);(d2();E2<> + k2();E2<>) [2]enzyme
[ 'KK();

new d3:r3:<>
(a3<d3>;(d3<>;KK<> + k3<>;KK_P<>)) [3]substrate

| 'KK_P();
new d4:rd4:<> new dS:r5:<>
(ad4<d4>;(d4<>;KK_P<> + kd<>;KK<>) +  [4]substrate
a5<d5>;(d5<>;KK_P<> + k5<>;KK_PP<>)) [S|substrate

['KK_PP();

new d6:r6:<>
(a6<d6>;(d6<>;KK_PP<> + k6<>;KK_P<>) +
a7(d7);(d7();KK_PP<> + k7(); KK_PP<>) +
a9(d9);(d9(); KK_PP<> + k9(); KK_PP<>))

| 'KKPse();

ad(d4);(d4(); KKPse<> + k4(); KKPse<>) +
a6(d6);(d6(); KKPse<> + k6(); KKPse<>)

KO3

new d7:r7:<>
(a7<d7>;(d7<>;K<> + k7<>;K_P<>))

['K_P();

new d8:r8:<> new d9:r9:<>
(a8<d8>;(d8<>;K_P<> + k8<>;K<>) +
a9<d9>;(d9<>;K_P<> + k9<>;K_PP<>))

['K_PP();

new d10:r10:<>
(a10<d10>;(d10<>;K_PP<> + k10<>;K_P<>))

| 'KPse();

a8(d8);(d8(); KPse<> + k8(); KPse<>) +
a10(d10);(d10();KPse<> + k10(); KPse<>)

[6]substrate
[7]kinase
[9]kinase

[4]phtase
[6]phtase

[7]substrate

[8]substrate
[9]substrate

[10]substrate

[8]phtase
[10]phtase



MAPK Cascade in SPiM (the complete program)

new KKK:<> new KKKst:<> new El:<> new E2:<>
new KK:<> new KK_P:<> new KK_PP:<> new KKPse:<>

new K:<> new K_P:<> new K_PP:<> new KPse:<> /I All rates 1.0 12!

new al:1.0:<<>> new k1:1.0:<> new a2:1.0:<<>> new k2:1.0:<>
new a3:1.0:<<>> new k3:1.0:<> new a4:1.0:<<>> new k4:1.0:<>
new a5:1.0:<<>> new k5:1.0:<> new a6:1.0:<<>> new k6:1.0:<>
new a7:1.0:<<>> new k7:1.0:<> new a8:1.0:<<>> new k8:1.0:<>
new a9:1.0:<<>> new k9:1.0:<> new al0:1.0:<<>> new k10:1.0:<>

new spike:<<>,int>  (* a spike #2 high of #1 molecules *)
( !spike(a,n); if n=0 then () else (a<> | spike<a,n-1>)

| E1<> (* input signal *) | E2<> | KKPse<> | KPse<>
| spike<KKK,100> | spike<KK,100> | spike<K,100> )



MAPK Cascade Simulation
120 ) KKK*

" - KKK -9.9() MAPKKK £ MAPKKK®
BU | | "
KKK KK_-9.9() KK-PP
/ AN KK_PP_-9.9()

60 |/ D e MAPKK T_= MAPKK-P 5 MAPKK-PP
0 KK / \ j \ \ 5 1_'—T

K I/ /MW \b\ \ \ — K_PP_9.9() MAPKK Pase K-PP
20 f_f//f ,—r/ &_ ’*W — K_P_9.90 MAPK <> MAPK-P
0 T o . FTOY 4 B adiety M.M\AMW'\JI : \I o

; ° 8 10 14 ~—

16 MAPK P'ase

KKK_PP KKK* reacts =~ , L
KK-PP rises quicker
injected ﬂips up to 100!
120
T . — All coefficients 1.0 lll
i VA L ||| 100xKKK, 100xKK, 100xK,
60 iN r il 1xE2, 1xKKPse, 1xKPse.

40 \ \\{—\_\’_« / :Ef_g:_[}g 9 |
N e, Pl T A Input is 1xE1.
X el Ty o Output is 100xK-PP

50 100 150 200 250 300 7 400 450 (UITI"GSCHSiﬁViTY).
KKK* | KK-PP (KPP down slowly

removed

(1xEl)injected




MAPK Cascade Simulation

— KKK_9.9)

— KKKst -9 9()
KK_-9 9()
KK_PP_9.9()

— KK_P_9.9{)

— K -9.9()

— K_PP_9.4(

— K_P_99)

60

B, '|',“';‘.~-- ) .L-‘.;:*‘. ﬂl‘*m_ A o AIJL‘I.I'.“”‘;!

— KKK_:9.90

—— KKKst_:9.9()
KK_:9.9()
KK_PP_-9.9()

— KK_P_9.9{)

— K_99)

— K_PP_9.9{)

— K_P_99()

0o 120

K-PP

N lr&lnfl Aol M) s A,

|
—<-KK-PP

" R LN |
sy R

80 100 120

— KKK_9.9()

—— KKKst_9.9()
KK_-9 9()
KK_PP_9 9()

— K_99)
— KPP 99
— KPP 99

— KK_P_98() |

— KKK_9 9()

— KKKst_9.9()
KK_9.9()
KK_PP_-99()

— KK_P_9.9()

— K_9.9)

— K_PP_9.9()

— K P 99

120 4

100 4

80 4

60

20

KKK*

MAPKKK & = MAPKKK®

A

MAPKK T MAPKK-P < MAPKK-PP

3

MAPKK P'ase

MAPK © = MAPK-P

MAPK P'ase

ouTPUT

All coefficients 1.0 lll
100xKKK, 100xKK, 100xK,
10xE2, 10xKKPse, 10xKPse.

(so 1xE1 is no longer sufficient
to produce an output)

X GxED _
i = ’—
J AN ol w’?{; Turns off quickly

D AT N A

— KKK_99()

— KKKst_99()
KK_99()
KK_PP_9 9()

— KK_P_99(

— K_94()

— K_PP_99(

— K_P_99)




Genes



Gene Gates and Circuits

A gene gate  neglab] £ The SPiM program

Cl b ar-()- Th. neg[a,b] + new ptn:<<>> (: Protein *) )
1- I Tg- (p.‘.n[b] I neg[a,b]) new dk:0.001:<> (* Decay rate *)

neg new neg:<<>,<>> (* Neg Gate *)
A new tInh:0.001:<> (* Inhibition rate *)
an[p] _ pr'<>p1-n[p] + TS new tCst:0.1:<> (* Constitutive rate *)

(* Protein-Gene interactions *)

A genetic Cir‘cui.'. (engineer‘ed in E.CO“) new a:1.0:<> new b:1.0:<> new c:1.0:<>

( !ptn(p); (p<>;ptn<p>+dk<>; Q)
r | 'dkQ
--::]---- '1€3S;[(1lt)] I

C neg b neg[b’c] | | !neg(a,b);

(aQ; (tInhQ; neg<a,b>) +
tcst(); (ptn<b> | neg<a,b>))
e I a 1 neg[c’a] | 'tcst<> | !tInh<>
neg neg (* The circuit *)

| neg<a,b> | neg<b,c> | neg<c,a>

)

A stochastic simulation

r=1.0, £=0.1, h=0.001, 8=0.001

:;E A g Ly LA |l L g Ay ALY "l A N P a b |
e i1 Yl ! AT R h") . VAL o
A MY f § s [T | FaslRY 4 P
I F / i i ¥ ' I ! { i ]
o N ] I N I A Y f A N ! A AN /
. N I W~ e [ e N 1 | I N \

100000



Membranes




Brane Calculi Q
-

systems . P,Q 1= o | PoQ | IP | cPD nests of membranes
branes o,T = 0 | (5|’C | lo | a.o combinations of actions
actions a:.: =1 | (fill in as needed)

. .. . TWO commutative monoids instead of
1D fluids (o) inside a 2D fluid (P)  oNE of normal process caleul

odPD Gl’C((PD a.c|t = (a.0)|t
: ()
membrane — membrane t
contents patches

N.B. Restriction (vn) could be added to both systems and branes. It usually would
originate in branes, but would extrude to whole systems.



Brane Reactions (Cartoons)

Q-

@ - @
W - O
@D -~ @




Brane-Molecule Reactions (Cartoons)

With molecule multisets p q:

P1\ rch

/) > (o)



Phago E‘MlG'GPBEDLn(p).’Cl’C'GQD = t|t'(plo|c'APDDoQD

Exo WSn.Gl(S'GPDOQD = Pog|c'|t|t'AQD

Pino . o(p).c|c'(PD = g|c'(pdoDoPD

N.B.: the parity of nesting of P and Q is preserved;
this makes the reactions preserve bitonality.

B&R o =3 . dp, o PD =» q, o dg, o PD
Ul(pg)\ ql(QZ)OCIG/EZ q; © oodq;

(multiset rewriting, inside and outside membranes)




Derivable Reactions (Cartoons)

(@) e [ra
9 = © 9

F) = O @




Viral Reproduction

|MBC E.279|



Conclusions

gy ( + "The data are accumulating and

NTI '
EEE:EQ\KQ ;f;’g: e the computers are humming,

s what we are lacking are the
?\;t ',E)G(GC%A; words, the grammar and the
74

CGCATAACTG syntax of a new language..."
D. Bray (TIBS 22(9):325-326, 1997)

S|
%\ : “The most advanced tools for

computer process description
seem to be also the best tools
for the description of

s+ : .
/ biomolecular systems.

80  SCIENTIFIC AMERICAN  March 2001 E.Shapiro (LZCTUPZ NOTCS)
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Papers
BioAmbients
a stochastic calculus with compartments.
Brane Calculi

process calculi with computation "on" the membranes, not inside them.
Bitonal Systems

membrane reactions and their connections to “local” patch reactions.
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