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Exploring Chemistry

Example: Retrosynthetic Analysis

Given: The (properties of a) target molecule
Find: Synthesis mechanism to target molecule

Todo: Simplify molecule in retrosynthetic direction

B+C — D
D+FE — F
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Example: Retrosynthetic Analysis
Given: The (properties of a) target molecule
Find: Synthesis mechanism to target molecule

Todo: Simplify molecule in retrosynthetic direction
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Exploring Chemistry

Example: Inverse Reaction Mechanism Problem

Given: Reaction mechanism and chemical reactions
Find: Compatible molecules according to this mechanism

Todo: Assign chemical reactions to mechanism

T C5H1108P — C5HgOg P

oy CLH:04P — Cy0,P A —- B
r3: C3H7OgP + C3H7O06P — CsH14012Ps
ry: CsH1OsP + CsHyOs P — C7Hi5010P + C3H706 P B + C — -D

Tai HyO + CgHyaOrnPy — CoHigOgP + H3PO, D+E — F
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Exploring Chemistry

Example: Inverse Reaction Mechanism Problem

Given: Reaction mechanism and chemical reactions
Find: Compatible molecules according to this mechanism

Todo: Assign chemical reactions to mechanism

e C5H1,05P — C5HyOsP

ro: C3H:06P — C3H706P A — B
ry: C3H;O6P + CsH7OgP — CgHy4015P)

r4: CsHyOsP + CsHyOsP — C1Hy5010P + C3HrOgP B+C — D
Tai HyO + CgHyaOrnPy — CoHigOgP + H3PO, D+E — F

CsH1103P — C5HygOgP
CsHoOgP + CH4O4P — CgH1401 P,
CeH14012 P2 + H2O — CgH1309 P
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Hypergraph:

Results and Discussion



Exploring Chemistry Model and Method Results and Discussion

Chemical Rules

A Rule

Change of reactive sites (functional groups) of molecules
in an elementary reaction
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Our Modelling of Chemical Rules

We define a rule as a change and a precondition vector

o (o}
HO CoA
rule 1 HO. _rue2 _
OH OH
o o
o () o
Pyruvate Oxaloacetate Malonyl-CoA
(1,0,1,1,0) (1,0,2,2,0) (0,0,2,1,1)
CoA

T T ¢
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Our Modelling of Chemical Rules

We define a rule as a change and a precondition vector

o} o]

HO CoA
rule 1 HO. rule 2
N o =YY
If o o
o) o]
Pyruvate Oxaloacetate Malonyl-CoA
(1,0,1,1,0) (1,0,2,2,0) (0,0,2,1,1)

rule 1:  precond(pyr) = (1,0,0,0,0) change(pyr) = (0,0,1,1,0)

CoA

(TK({
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Our Modelling of Chemical Rules

We define a rule as a change and a precondition vector

_rle2 _ Y\
I

Pyruvate Oxaloacetate Malonyl-CoA
(1,0,1,1,0) (1,0,2,2,0) (0,0,2,1,1)

rule 1:  precond(pyr) = (1,0,0,0,0) change(pyr) = (0,0,1,1,0)
rule 2:  precond(oxa) = (1,0,1,1,0) change(oxa) = (-1,0,0,-1,1)
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Our Modelling of Molecules

Pyruvate
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Powerful solvers exist for such problems
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Satisfiability Problem to find compatible assignment of rules

Powerful solvers exist for such problems

Definitions + Constraints M Solution
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Satisfiability Modulo Theories (SMT)

Logical Constraints: Solution:
z,y €N r =7
0<x<4 y =7
x+y=2 flz) =7
Yo,y f(z) < f(y) fly) =7

SMT formulas provide a rich and powerful modelling language!
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= Vz,, € functional groups : v(x,) = w(xp)
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SMT

Identity of molecules:

Yo, w e Mol : (v,w) € ID
= Vz,, € functional groups : v(x,) = w(xp)

Equivalence relation:

(declare-fun ID (MOL MOL) Bool)

(assert (forall (mol MOL) (= (ID mol mol) T ))) A

(forall (mol,mol2 MOL) (=(ID mol mol2)(ID mol2 mol))) N
(forall (mol,mol2,mol3 MOL) (= (and (=(ID mol mol2) T)
(=(ID mol2 mol3) T)) (=(ID mol mol3) T)))

Solver searches for values and assignments to functions
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Our Most General Setup

mi X A+B —» C+D
ma X F+F — G+ H
mg X I+J — K+L
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Our Most General Setup

2% A+B — C+D
2% cC+D — G
1x A —- K+B

S 3.A+B — 2.-G+K

id(C, E),id(D, F),id(A,I),id(B,L),H =0,J =0
mi = 2,7712 = 2,m3 =1
Solver assigns equivalence classes

Solver assigns multiplicities of reactions
Solver assigns overall reaction
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Our Most General Setup

2% A+B — C+D
2% cC+D — G
1x A —- K+B

S 3.A+B — 2.-G+K

id(C, E),id(D, F),id(A,I),id(B,L),H = 0,J = ()

m1:2,m2:2,m3:1

Solver assigns equivalence classes
Solver assigns multiplicities of reactions
Solver assigns overall reaction
Solver assigns molecule vectors

Also allow user to specify constraints
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An SMT Solution

Provides:
Rule Mapping A+ B rulel, o+ p
Equivalence classes: identical molecules  id(C, E)
Multiplicities mq = 2

Molecule vectors ~ Pyruvate : (1,0,1,1,0)
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Pentose Phosphate Pathway

mi A+ B — C+D
mo E+F — G+H
ms I+J — K+ L
mgy M+N — O+P
ms Q+R — S+T
me U+Vv — W+X
m; Y+Z — A+0
ms U—FZ'E — A—F@

Starting with general mechanism
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Pentose Phosphate Pathway

Model and Method

mi A+B — C+D
ms I+J — K4+ L
my M+N — O+P
ms Q+R — S+T

me U+V —» W+X
m; Y+Z — A+0
mg U+fE — ;44-@
>: 6-A — 5-0

Starting with general mechanism
Define overall reaction
Using set of 10 rules
Molecule as 1 functional group

Results and Discussion
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Model and Method

Pentose Phosphate Pathway

2x A — C

2% A+C — D+FE
2x D+F — G+H
2% A+G — E+H
1x EF — F

1x E+F — T

1x B+I1I — J+K

1x J —» H

> 6-A+B — 5 -H+K

Starting with general mechanism

Define overall reaction
Using set of 10 rules

Molecule as 1 functional group

Results and Discussion
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2%
2%
2%
2%
1x
1x
1x
1x

Pentose Phosphate Pathway

SMT-Solution
Using rules with 6 functional groups
(1,2,0,1,0,1) — (0,3,1,0,0,1)

(1,2,0,1,0,1) + (0,3,1,0,0,1) — (1,4,0,1,0,1) + (0,1,1,0,0,1)
(1,4,0,1,0,1) + (0,1,1,0,0,1) — (0,2,1,0,0,1) + (1,3,0,1,0,1)

(1,2,0,1,0,1) + (0,2,1,0,0,1) — (0,1,1,0,0,1) + (1,3,0,1,0,1)
(0,1,1,0,0,1) - (1,0,0,1,0,1)
(0,1,1,0,0,1) + (1,0,0,1,0,1) — (0,3,0,0,1,2)
B + (0,3,0,0,1,2) —~  (030111)+ K
(0,3,0,1,1,1) — (1,3,0,1,0,1)

(1,2,0,1,0,1) can refer to Ribulose-5-P
(1,3,0,1,0,1) can refer to Fructose-6-P
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Postprocessing

SMT-Solution provides:

Synthesis mechanism with underspecified molecules
2% (1,2,0,1,0,1) — (0,3,1,0,0,1)

2% (1,2,0,1,0,1) + (0,3,1,0,0,1) — (1,4,0,1,0,1) + (0,1,1,0,0,1)
2% (1,4,0,1,0,1) + (0,1,1,0,0,1) — (0,2,1,0,0,1) + (1,3,0,1,0,1)
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Postprocessing

SMT-Solution provides:

Synthesis mechanism with underspecified molecules

2x (1,2,0,1,0,1) — (0,3,1,0,0,1)
2% (1,2,0,1,0,1) + (0,3,1,0,0,1) — (1,4,0,1,0,1) + (0,1,1,0,0,1)
2% (1,4,0,1,0,1) + (0,1,1,0,0,1) — (0,2,1,0,0,1) + (1,3,0,1,0,1)

E.g. KEGG can be used to find all fitting real chemical
rules

One reaction mechanism - different synthesis mechanisms!
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3-Hydroxypropanoate (3HP) Synthesis Pathway

Goal: Synthesize 3HP from Pyruvate

We followed approach of Henry et al., 2010
We modelled a pathway of n cascading 1-to-1 reactions

A — B
B — C

Using 16 rules and 9 functional groups
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OH
(¢}

Pyruvate

(1,0,1,1,0,0,0,0,0)

Model and Method

Results and Discussion

3HP Synthesis Pathway

Our solution fits to Henry's solutions
[0}

OH

Lactate
(0,1,1,1,0,0,0,0,0)

¢}

_—
OH
HO OH

3HP
(0,0,1,2,0,0,0,0,0)
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Our solution fits to Henry's solutions
[0}

OH
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(0,1,1,1,0,0,0,0,0)

¢}

_—
OH
HO OH
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3HP Synthesis Pathway

Our solution fits to Henry's solutions

(0] (o]
o}
— Y —
OH OH
HO OH
(¢} OH

Pyruvate Lactate 3HP

(1,0,1,1,0,0,0,0,0) (0,1,1,1,0,0,0,0,0) (0,0,1,2,0,0,0,0,0)

o o
% Y\H)L HO. Con HO. HO. OH

HO.
o - JT — T1— T
o o o o o

o <} o
Pyruvate Oxaloacetate Malonyl-CoA 3-oxopropanoate
(1,0,1,1,0,0,0,0,0) (1,0,2,2,0,0,0,0,0) (0,0,2,1,0,0,0,0,1)

3HP
(0,0,2,1,0,0,0,0,0) (0,0,1,2,0,0,0,0,0)



A—> B
<~ B+C—>D+E —
D — F

|
B
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—ki[4][X]

k[ A][X] = ko[X][Y]
Ko X]Y X] — ka[Y]
ks[Y]
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Conclusion

|
=

A— B

~ B+C—>D+E — &
D—F £
T
1

‘ Postprocessing ‘
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Thank you for attention!
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