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e Chemical/Molecular computing ‘%’:‘
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Biological Principles of Cell Signaling
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Typical Information Flow in Cell Signaling

siggal/stimulus

reception

Do
p ; e information flow via

p activation cascades (pathways)
@¥—>«T
P

Lo
O=—=0

transduction: signal amplification, transformation, combination

o Motif: stepwise protein activation by phosphorylation
e Cascadization of motifs for signal transduction,
amplification, transformation, combination
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e Sequence of catalyzed reactions
¢ Reactants and products usually not acting as catalysts
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Mass-Action Kinetics: Background

Modeling Temporal Behavior of Chemical Reaction Networks

Assumption: number of effective reactant
collisions Z proportional to
reactant concentrations
(Guldberg 1867)

A+BLC ....Zc ~[A]and Z¢ ~ [B], so
Zc ~ [A]-[B]

...............
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Mass-Action Kinetics: Background

Modeling Temporal Behavior of Chemical Reaction Networks

Assumption: number of effective reactant
collisions Z proportional to
reactant concentrations
(Guldberg 1867)

A+BLC ....Zc ~[A]and Z¢ ~ [B], so
Zc ~ [A]-[B]

Production rate generating C: A
Vprod([c]) =k -[A]-[B]

...............
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Mass-Action Kinetics: Background

Modeling Temporal Behavior of Chemical Reaction Networks

Assumption: number of effective reactant
collisions Z proportional to
reactant concentrations
(Guldberg 1867)

A+B -5 C ....Zc ~[A]and Z¢ ~ [B], so
Zc ~ [A] - [B]

Production rate generating C: A
Vprod([c]) =k -[A]-[B]
Consumptionrate of C: ...... Veons([C]) =0

...............
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Mass-Action Kinetics: Background

Modeling Temporal Behavior of Chemical Reaction Networks

Assumption: number of effective reactant
collisions Z proportional to
reactant concentrations
(Guldberg 1867)

A+B -5 C ....Zc ~[A]and Z¢ ~ [B], so
Zc ~ [A] - [B]

Production rate generating C: A
Vprod([c]) =k -[A]-[B]
Consumptionrate of C: ...... Veons([C]) =0
% = Vprod ([C]) — Veons([C])

...............
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Mass-Action Kinetics: Background

Modeling Temporal Behavior of Chemical Reaction Networks

Assumption: number of effective reactant
collisions Z proportional to
reactant concentrations
(Guldberg 1867)

A+B -5 C ....Zc ~[A]and Z¢ ~ [B], so
Zc ~ [A] - [B]

Production rate generating C: A
Vprod([c]) =k -[A]-[B]
Consumptionrate of C: ...... Veons([C]) =0
% = Vprod ([C]) — Veons([C])
4L —k-[A] - [B]

...............
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Mass-Action Kinetics: Background

Modeling Temporal Behavior of Chemical Reaction Networks

Assumption: number of effective reactant
collisions Z proportional to
reactant concentrations
(Guldberg 1867)

A+B LC ....Zc ~[A]and Z¢ ~ [B], so
Zc ~ [A] - [B]
Production rate generating C: A

Vprod([c]) =k -[A]-[B]
Consumptionrate of C: ...... Veons([C]) =0
% = Vprod ([C]) — Veons([C])
Ao =k (A [B]

Initial conditions: [C](0), [A](0), [B](0)
to be set FORSYS
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Mass-Action Kinetics: General ODE Model
Chemical reaction system

1S +a 1S+ +an1Sh — b11S +b 1S+ ..+ b1 S

1251 + @22 + ... Fan2Sy — D125+ 022 + ...+ by S

anSt+anS+ ... +annSy — bipSt+banS + .. 4+ b Sy,

results in ordinary differential equations

h n
% — Z (ﬁy (bi, —ai,) - H[Sl]a"”) with i=1,...,n.
v=1 =1

FC
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Mass-Action Kinetics: A Simple Example

ke

2A+0B — O0A+1B *[% Zoo A A0 -2
—1I8] [B] (=0
ODE system )
d[A] A | I
2 = 2.k [A
i R BT e O
d [B] ~ 2 i I
—_ ki-[A !
T 1 [A] i MG et S S
Analytic solution rorom
1 -1
[Al(t) = <2k1t+[A]( )) iff [A](0) >0 else [A](t) =

_ 1 [AI(0)
BI(t) = ( <2k1t+[A]( )>) + = +[B(0) —

T. Hinze, M. Sturm. Rechnen mit DNA. ISBN 978-3-486-27530-5, Oldenbourg Wissenschaftsverlag, 2004 i
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Register Machine (RAM)

e Syntactical denotation of components
RAM = (R, L, P, #o)
jump label of first instruction

program (finite set of instructions)
finite set of jump labels L = {#o,. .., 3}%”}

finite set of registers R = {Ry, ..., Rm
¢ Available instructions
#i : INCRy¢ # increment register Ry, jump to #;
#i : DECRy #; decrement register Ry, jump to #;
#i | FZ R #5 #p if Ry = 0 jump to #; else jump to #p
#i t HALT terminate program and output
o Useful assumptions
Consecutive indexing of jump labels and registers
Determinism
Initialization of registers at start
Output of all m registers when HALT

R« € N
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Chemical RAM with Self-Reproducible Components

1. Construction of chemical reaction networks for boolean
logic gates

2. Introduction of a chemical clock based on oscillating
reactions

3. Specification of a chemical master-slave flip-flop (MSFF)

4. Utilize chemical master-slave flip-flop as 1-bit storage unit
(initial register)

5. Extend registers if needed by integration of further 1-bit
storage units (self-replicable components)

6. Transform register machine program into chemical
program control (INC, DEC, IFZ, HALT)
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Chemical Implementation of Boolean Variables and

Logic Gates

Boolean variable z represented by
two correlated species ZT and ZF

Chemical reaction network for NAND

X XYy

R P O O
O Bk O
o r K

T. Hinze, R. Fassler, T. Lenser, P. Dittrich. Register Machine Computations on Binary Numbers by Oscillating
and Catalytic Chemical Reactions Modelled using Mass-Action Kinetics. International Journal of
Foundations of Computer Science 20(3):411-426, 2009
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A Chemical Clock

e Based on Belousov-Zhabotinsky reactions
e Cascade of auxiliary reactions for fast-switching behavior
e Two offset oscillators provide clock signals [C;] and [C]

: nonoverlapping clock
cycle offset between
Ci1 and Ca

FORSYS

D G0 100 180 20 250 a0 '
] Pariner ntiative
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Master-Slave Flip-Flop (MSFF)

Reliable 1-bit storage unit, well-studied

S0 |?

O=2IT VO
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Chemical MSFF Implementation

Two-stage switching from FALSE to TRUE using
trigger species and offset clocks C; and C,

-_LO_.MT
S|

7

species M, MT: master bit value
species ST, ST: slave bit value

Outlook
[e]e}

FORSYS
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Chemical MSFF Implementation

Two-stage switching from FALSE to TRUE using
trigger species and offset clocks C; and C,

species M, MT: master bit value
species ST, ST: slave bit value
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Chemical MSFF Implementation

Two-stage switching from FALSE to TRUE using
trigger species and offset clocks C; and C,

Trigger )—\ Ci
|

species M, MT: master bit value
species ST, ST: slave bit value
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Chemical MSFF Implementation

Two-stage switching from FALSE to TRUE using
trigger species and offset clocks C; and C,

I Trigger h [CJ
5

species M, MT: master bit value
species SF, ST: slave bit value

Outlook
oo

FORSYS
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From MSFF to Register

e Four network motifs (all switching scenarios) form MSFF

Pariner ntiative

Computation by Synthetic Cell Signaling T. Hinze, R. FaBller, G. Escuela, B. Ibrahim, S. Schuster



Motivation Cell Signaling Mass-Action Kinetics Chemical RAM Examples Outlook
(e} [e]e]e} 000 00000080 (e} (e}

From MSFF to Register

e Four network motifs (all switching scenarios) form MSFF
e Chaining of MSFFs to build register of arbitrary length
e Assumption of MSFF as self-replicable modular unit

|
C @
L_Waal_Niso Tﬁf =
e 7T
._
SEl AR ST i ; s; 5 s,
le] - -
5% K\:
! q o
M il =
pect | %) prcl’
F,' FP
A ¢l \

.............
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Chemical Program Control
Simple example for sequential instruction flow:

#o : IFZ Ry #2 #1
#1 : DEC Ry #¢
45 - HALT

° **ﬂ@
R

bit1 bit2 bit3

FORSYS

................
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Chemical Program Control

Transformation scheme

instruction reactions
4 INC Ry #; #+Cp = INCL+Cy
INCL+C; 2% #4C
4 : DECR,, #; #+C, = DECL+C,
DECL +C; 2% #+¢y
1 IFZ Ry 5 #4q #4Cp, o FZh G,
IFZIO 1 Ef +C1 X #+E]+C
IFZ)9 4 EF +C; S #,+Ef +C
4 HALT 4 +Cy 2 HALT +C,

C,,C,: Species providing offset clock signals
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Example 1: Integer Addition “2 + 1"

Initialization of registers R; and R, with summands
R, =Ry, +R;; Ry :=0

Bitwise extension of registers if needed

Simulation carried out using CellDesigner (SBML)

clock C» register Ro
by wy
o o o o IS - o o oS o =
o RES88 .k K -R%88+-%
° 00
5 o #0 INC R1#1
3 — 0o #1 INC Ra#y
< ~ G #2 INC Ra#ts
49 — | o #3 IFZ Ruttetta
3 g 5 ‘ oL #4 DECR1#s5
2 8 — 0 #5 INC Ro#3
~ g - B SECCTTECISSRESEERRNS R o #3 IFZ Ruttetta
3 — i #4 DECR1#s5
f“ — = b #5 INC Ro#3
S/ i 11 #3 IFZ Ratte#s
‘§ #5 HALT

Partner
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Example 2: Maximum of Three Numbers “max(2, 1, 3)"
e Rg = maX(Rl, Ry, Rg)
e Idea: Ry := max(Ry, Ry); Rs := max(Ry4, R3)
e Full network: 142 species and 223 reactions in total

register Ry register Ry register Rg register Ry register Ry 5 %
T T T T T T T T T T
by IMJ  byIM{] || by IMpT by IMp] || by M) by [M] by Mg by IM] [) by (MJ] by [MJ) N
——
#0 —
# ———
w2 —
#3 —— —
“ly : : . ! . N " " —
0 H g g g g B H g
# - —_
#5 —
# —
#1 —— ——
#11) — ]
o . . = = N
#2g g g H 3 g
g § £ £ £ i =
w14 —
#1! | —_——
6 —
#12 —
% -~ " o " N o il | p——
i | ] E] g H % ] g g g y
e — —
#16] ——— 4 ——
2 —
17 e
#18) —
ny oy N 5 . S : = " e Y e
2R 2 H H g g g g
41 e
w24 —

R. Fassler, T. Hinze, T. Lenser, P. Dittrich. Construction of Oscillating Chemical Register Machines on Binary
Numbers using Mass-Action Kinetics. In O.H. Ibarra, P. Sosik (Eds.), Proceedings PIWMC2008 in conjunction
with DNA14, ISBN 978-80-7248-468-3, pp. 11-22, Silesian University Press, 2008
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Outlook

Take home message

e Pure chemical computers with self-reproducible
components can reach Turing-completeness

e Oscillatory processes as universal clock generators

¢ Digital (based on two correlated species) vs. analog
(concentration-based) encoding of data
e Chemical RAM: Framework for providing network
prototypes with dedicated functionality for comparative
studies (reverse engineering)
Further work

¢ Parallelization of chemical RAM following CREW strategy
for memory access
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