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Neutrophil chasing a bactertum

[Dav1d Rogers, Vanderbilt, 1950s]
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Computing with Reaction Networks

Turing machines

Boolean circuits

Linear input/ output systems
Analog electronic circuits
Algebraic functions

Marginals ot a joint distribution
Asynchronous computing
Distributed computing

Register machines, ...

Find: A computational model natural to reaction networks
— Explain biological reality
— Efficient use of resources, cheap to implement
— Exploit, extend statistical mechanics
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EXPECTATION MAXIMIZATION
THE EM ALGORITHM



E(xponential)-projection
D(pllq) : szlogpz pi — pilog i + qi

PXTY * Given: Sx =y
xck O (Y = ALE Iglm D(x||q)
T =

Rationalism: I.eibnitz



M (ixture)-projection

D(plla) ==Y pilogp; —p; — pilogqi + ¢

1

* q) =ko*
" 0" := argmin D(pl[q(9))
- ¢ :=q(0")

Empiricism: David Hume



—

Expectation Maximization (]

M) Algorithm

D(plla) ==Y pilogp; —p; — pilogqi + ¢

+ q(O) = ko
* Observation y
* Find
(c*,8%) = arg min  Diallq(6))

r:Sr=y,0

Synthesis: Immanuel Kant



E(xponential)-projection
D(pllq) : szlogpz pi — pilog i + qi

* Given: Sx =y

e z':=arg min D($||q)
o —




In vitro E-projection

*

x* :=arg min D(z||q)

S £

® Matrix S
® Compute basis of ker(S)
® Each basis element =@

reversible reaction
» Detailed Balance at q

® Deterministic mass-action

» Setx(0) s.t. Sx(0) = y

e Thm "= lim a(t) exists and is

the required E-projection.




M (ixture)-projection
D(pllq) == Zpi logpi — pi — pilogq; + g

i\ i
" 0" := argmin D(p[(9))

o+ q" = q(07)




In vitro M-projection
0" := arg m@in D(p||k6*)

e Matrix A
* Initial conditions

e FEach column of A => 2 irreversible
reactions.

* Apply mass-action kinetics

OD(p|[k6*)
g = 00;
Hence D(p | | k6%) decreases along
solution trajectories and the dynamics

 Thm: 0;

converges to a local minimum. If the
reaction network 1s detailed balanced,
then dynamics converges to the global
minimum and computes M-projection

DL |-eiell)
4=(515)
h= (p1,p27p3)

k1 ko k
291:0, 914—92:0, 292#30
p1 P2 pP3

9.1 = —2]619% = 2]91 = k?29192 —|—p2
0y = —2k303 + 2p3 — k26102 + po



Expectation Maximization (EM) Algorithm

D(pllq) : Zpﬁlogp@ pi — pilogq; + q;

* q(0) = ko
* Observation y
* Find

(&%, 8%)=arg _gngeD(xl|Q(9))




In vitro EM-algorithm o ( 29 1 0 )
(z*,0*) = arg min D(z||k6?) 01 2
TeF =450
Ii
Compute basis for ker S ker ( LI ) RS sdem—:
0--d4-—1 i

Each basis element => pair of
reactions

Each column of A => 2 irreversible
reactions

Convert data into initial conditions

Apply mass-action kinetics

Thm: D(x | | k6%) decreases along
solution trajectories and the dynamics
converges to a local minimum.

Xy A €210

91+92+X2f1—k§—>91+92+X1 + X3

2, 150, el i 2, 235 ¢,
B R D b 1 (s B OAh  R  Rie, € R, 8 5

z(0) = (u1,usz,us3),0(0) = (0,0)

X;=X3=—-X3 = —ko X1 X3+ k1k3 X065
91 = —2]619% + 2X7 — ko105 + X5
0y = —2k3602 + 2X5 — k6105 + X,

(#(00),6(0)) = (27, 07)




Outside Cell

Inside Cell
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Cellular sensing as an EM problem

® Hypothesis: “State of the world” parameters
Ot ot e 0

® Hypothesis: Ligand concentrations

q13 qZ)- cey qj,. .« oy qn Where QJ = ag kj H 95’%3
p=rl

® Observation: y = S x where ligand numbers in

unit aliquot are x, X,, ..., X X

]’ ..., n

® (Question: Best hypothesis 6*?



Conclusions and Future Work

Reaction network for EM algorithm

Hidden Markov Models

Boltzmann machine with learning rule
Limitation: Dimension explosion

Opportunity: Explaining cell signalling networks
Chemical controllers

Implementations with DNA molecules
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