
DM840 Algorithms in Cheminformatics

Daniel Merkle

September 5, 2022

1 / 15



Subject overview
Representation of Molecular Structures
Combinatorial Structures (Counting, Generating Functions, . . .)
Structure Representation (Canonicalization Algorithms)
Structure Invariant (e.g. Topological Indices)
Graph Grammars (”Formal Languages” for Graphs)
Synthesis Planning (e.g., Shortest Paths in Hypergraphs)
Enzymatic Design (Discrete Optimization, ILP)
Concurrency Theory and Causality (e.g. Petri Nets, Category Theory)
Artificial Chemistries (e.g. “Lattices”)
Quantitative Structure Activity Relationship

Principal Component Analysis
Algorithms for Minimum Cycle Basis

Organization Theory
Stoichiometric Models
Metabolic Networks and Metabolic Pathways
(Flux Balance Analysis)
. . .
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Representation of Molecular Structures

Figure: From the peyote cactus (Lophophora williamsii)
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Representation of Molecular Structures

Figure: L-Glutathione oxidized

https://www.sigmaaldrich.com/catalog/product/sigma/g4376?lang=en
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Representation of Molecular Structures

Figure: Thalidomide enantiomers (Contergan)

5 / 15



Graph Grammars
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Petri Nets
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Metabolic Networks and Metabolic Pathways

Figure: Typical metabolic network of a cell; (click here for the pdf)
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http://www.sigmaaldrich.com/etc/medialib/docs/Sigma-Aldrich/General_Information/metabolicpathways_updated_02_07.pdf


Flux Balance Analysis
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Motivation
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Why is the sky blue?
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The research situation
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Money
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Theory - Practice
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The End
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Representing a chemical structure 

•  How much information do you want to include? 
–  atoms present 
–  connections between atoms 

•  bond types 
–  stereochemical configuration 
–  charges 
–  isotopes  
– 3D-coordinates for atoms 

C8H9NO3 
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Store Substance as Graphics or by Name

O

O

O

O

OO

OH

HO

H

N

H
O

• Pederin

• 2H-Pyran-2-glycolamide, N-((6-(2,3-dimethoxypropyl)

tetrahydro-4-hydroxy-5,5-dimethyl-2H-pyran-2-yl)methoxymethyl)

tetrahydro-2-methoxy-5,6-dimethyl-4- methylene-

• D-manno-Nonitol, 2,6-anhydro-3,5,7-trideoxy-1-C-(((2S)-

hydroxy((2R,5R,6R)-tetrahydro-2-methoxy-5,6-dimethyl-

4-methylene-2H-pyran-2-yl)acetyl)amino)-5,5-dimethyl-1,8,9-tri-O-

methyl-,(1S)-
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Elements of Formal Grammars

1 Terminal Symbols T (represented by lowercase letters).
2 Nonterminals Symbols N (represented by uppercase letters).
3 Production Rules with a left- and a right-hand side

consisting of strings of these symbols.
4 Start Symbol (also called Axiom)

The example grammar defines the language of all strings of the
form {ax1x2 . . . xkb | k ≥ 0 ∧ xi ∈ {a, b}}. (A is the Axiom).

members: ab, abab, aaabbb

non-members: a, b, ababa

T = {a,b}
N = {A, B, C}

A -> aA | aB

B -> aB | bB | C

C -> bC | b
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Chomsky Hierarchy

Type No Type Name Rule Pattern

0 unrestricted x → y , x ∈ (N ∪ T )+

y ∈ (N ∪ T )∗

1 context x → y , x ∈ (N ∪ T )+

sensitive y ∈ (N ∪ T )+

|x | ≤ |y |

2 context free x → y , x ∈ N

y ∈ (N ∪ T )∗

3 regular w → x | yz w , x , z ∈ N

y ∈ T
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BNF grammar of Daylight’s SMILES

smiles ::= chain terminator

chain ::= branched_atom | chain branched_atom

| chain bond branched_atom | chain ’.’ branched_atom

branched_atom ::= atom ringbond* branch*

atom ::= bracket_atom | aliphatic_organic | aromatic_organic

| ’*’

ringbond ::= bond? DIGIT | bond? ’\%’ DIGIT DIGIT

branch ::= ’(’ chain ’)’ | ’(’ bond chain ’)’ | ’(’ ’.’ chain ’)’

bracket_atom ::= ’[’ isotope? symbol chiral? hcount? charge? class? ’]’

isotope ::= NUMBER

symbol ::= element_symbols | aromatic_symbols | ’*’

chiral ::= ’@’ | ’@@’

hcount ::= ’H’ DIGIT?

charge ::= ’-’ DIGIT? | ’+’ DIGIT?

class ::= ’:’ NUMBER

aliphatic_organic ::= ’B’ | ’C’ | ’N’ | ’O’ | ’S’ | ’P’| ’F’| ’Cl’| ’Br’| ’I’

aromatic_organic ::= ’b’ | ’c’ | ’n’ | ’o’ | ’s’ | ’p’

element_symbols ::= ’H’ | ’He’ | ’Li’ | ’Be’ | ’B’ | ’C’ | ’N’ | ’O’ | etc

aromatic_symbols ::= ’c’ | ’n’ | ’o’ | ’p’ | ’s’ | ’se’ | ’as’

bond ::= ’-’ | ’=’ | ’#’ | ’\$’ | ’:’ | ’/’ | ’\’

terminator ::= SPACE | TAB | ’\n’ | ’\0’

http://www.opensmiles.org/
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Generation of SMILES

N
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4 N1CCN(CC1)C(C(F)=C2)=CC(=C2C4=O)N(C3CC3)C=C4C(=O)O

modified from http://en.wikipedia.org/wiki/File:SMILES.png
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SMILES  
(Simplified Molecular Input Line Entry 
System) 

Canonical SMILES: unique for each 
structure 

Isomeric SMILES: describe isotopism, 
configuration around double bonds and 
tetrahedral centers, chirality 



SMILES  

J.Z. Zhou (ed.), Chemical Library Design, Methods in Molecular Biology 685, 2011 



SLN  
(SYBYL Line Notation) 



InChI 
(IUPAC International Chemical Identifier) 



Adjacency and Distance matrices 

Acetaldehyde: CH3CH=O 

Adjacency Matrix Distance Matrix 

1: atoms i j are bonded 

0: atoms i j are not bonded 
Length of shortest path 
between atoms i j 



Bond matrix 



Connection Table 



Special notations of chemical structures 
• Markush structures 



Special notations of chemical structures 
•  Fingerprints 

MACCS fingerprints: 166 structural keys 

that answer questions of the type: 

•  Is there a ring of size 4? 

•  Is at least one F, Br, Cl, or I present? 

where the answer is either  

TRUE (1) or FALSE (0) 



SMILES .smi file 



MOLfile 



Aspirin in SDF Format
2244
  -OEChem-03090904423D

 21 21  0     0  0  0  0  0  0999 V2000
    1.8152   -0.9382    4.0419 O   0  0  0  0  0  0  0  0  0  0  0  0
    5.1920   -2.1043    2.0467 O   0  0  0  0  0  0  0  0  0  0  0  0
    3.9623   -2.6855    3.8563 O   0  0  0  0  0  0  0  0  0  0  0  0
    2.9441    1.1113    3.9712 O   0  0  0  0  0  0  0  0  0  0  0  0
    1.8509   -0.9767    2.6799 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.9180   -1.5734    2.0082 C   0  0  0  0  0  0  0  0  0  0  0  0
    0.8008   -0.4105    1.9570 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.9348   -1.6038    0.6137 C   0  0  0  0  0  0  0  0  0  0  0  0
    0.8176   -0.4410    0.5626 C   0  0  0  0  0  0  0  0  0  0  0  0
    1.8846   -1.0376   -0.1090 C   0  0  0  0  0  0  0  0  0  0  0  0
    4.0236   -2.1714    2.7435 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.4171    0.2017    4.5978 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.3265    0.1503    6.0942 C   0  0  0  0  0  0  0  0  0  0  0  0
   -0.0345    0.0550    2.4732 H   0  0  0  0  0  0  0  0  0  0  0  0
    3.7445   -2.0729    0.0609 H   0  0  0  0  0  0  0  0  0  0  0  0
   -0.0005   -0.0011   -0.0002 H   0  0  0  0  0  0  0  0  0  0  0  0
    1.8958   -1.0640   -1.1947 H   0  0  0  0  0  0  0  0  0  0  0  0
    1.2777    0.1264    6.3998 H   0  0  0  0  0  0  0  0  0  0  0  0
    2.7936    1.0443    6.5170 H   0  0  0  0  0  0  0  0  0  0  0  0
    2.8566   -0.7302    6.4654 H   0  0  0  0  0  0  0  0  0  0  0  0
    5.9361   -2.5075    2.5428 H   0  0  0  0  0  0  0  0  0  0  0  0
  1  5  1  0  0  0  0
  1 12  1  0  0  0  0
  2 11  1  0  0  0  0
  2 21  1  0  0  0  0
  3 11  2  0  0  0  0
  4 12  2  0  0  0  0
  5  6  1  0  0  0  0
  5  7  2  0  0  0  0
  6  8  2  0  0  0  0
  6 11  1  0  0  0  0
  7  9  1  0  0  0  0
  7 14  1  0  0  0  0
  8 10  1  0  0  0  0
  8 15  1  0  0  0  0
  9 10  2  0  0  0  0
  9 16  1  0  0  0  0
 10 17  1  0  0  0  0
 12 13  1  0  0  0  0
 13 18  1  0  0  0  0
 13 19  1  0  0  0  0
 13 20  1  0  0  0  0
M  END

O

O

O

O

H

H

H

H

HH

H

H

1

4

14

20

19

18

1213

9

10

8

6

11

2

3

5

7

16

17

15

21

15 / 17



2244
  -OEChem-03090904423D

 21 21  0     0  0  0  0  0  0999 V2000
    1.8152   -0.9382    4.0419 O   0  0  0  0  0  0  0  0  0  0  0  0
    5.1920   -2.1043    2.0467 O   0  0  0  0  0  0  0  0  0  0  0  0
    3.9623   -2.6855    3.8563 O   0  0  0  0  0  0  0  0  0  0  0  0
    2.9441    1.1113    3.9712 O   0  0  0  0  0  0  0  0  0  0  0  0
    1.8509   -0.9767    2.6799 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.9180   -1.5734    2.0082 C   0  0  0  0  0  0  0  0  0  0  0  0
    0.8008   -0.4105    1.9570 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.9348   -1.6038    0.6137 C   0  0  0  0  0  0  0  0  0  0  0  0
    0.8176   -0.4410    0.5626 C   0  0  0  0  0  0  0  0  0  0  0  0
    1.8846   -1.0376   -0.1090 C   0  0  0  0  0  0  0  0  0  0  0  0
    4.0236   -2.1714    2.7435 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.4171    0.2017    4.5978 C   0  0  0  0  0  0  0  0  0  0  0  0
    2.3265    0.1503    6.0942 C   0  0  0  0  0  0  0  0  0  0  0  0
   -0.0345    0.0550    2.4732 H   0  0  0  0  0  0  0  0  0  0  0  015 / 17



    2.8566   -0.7302    6.4654 H   0  0  0  0  0  0  0  0  0  0  0  0
    5.9361   -2.5075    2.5428 H   0  0  0  0  0  0  0  0  0  0  0  0
  1  5  1  0  0  0  0
  1 12  1  0  0  0  0
  2 11  1  0  0  0  0
  2 21  1  0  0  0  0
  3 11  2  0  0  0  0
  4 12  2  0  0  0  0
  5  6  1  0  0  0  0
  5  7  2  0  0  0  0
  6  8  2  0  0  0  0
  6 11  1  0  0  0  0
  7  9  1  0  0  0  0

15 / 17



O

O

O

O

H

H

HH

1

4

14

12

9

10

8

6

11

2

3

5

7

17

15

21

15 / 17



SDfile 



Importance of stereochemistry 



Importance of stereochemistry 





Stereochemistry in SMILES 

@@: when viewed from atom along the bond to the chiral center, the 
sequence of atoms (H), (O) and (C#N) appear clockwise 

"/" and "\”: “cis” and “trans” configuration 



Stereochemistry in InChI 



File formats 



Molecular editors and viewers 

http://www.chemaxon.com/products/marvin/ 



http://jmol.sourceforge.net/ 

Molecular editors and viewers 



Structure models 



Format conversion http://cactus.nci.nih.gov/translate/ 



Examples of SMILES

N

N

HN

H

H

O

CCN(CC)C(=O)[C@H]1CN(C)[C@@H]2Cc3c[nH]c4cccc(C2=C1)c34

HO

H

H

H

H

H H

C/C\(=C\CO)/C=C/C=C(/C)\C=CC1=C(C)CCCC1(C)C
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Graph Theory / Algebra / ChemistryGraph Theory / Algebra / Chemistry

     Arthur Cayley        James J. Sylvester      George Polya 

Enumeration of Chemical Isomers 



Crum Brown (1864) and Frankland (1866)

Couper (1858) / Loschmidt (1861) / Kekulé (1861)





Some Polya Enumeration



Pólya Theory

Formally: Pólya Theory counts equivalence classes, where the
equivalence classes are induced by group actions. Since groups
describe symmetry, Pólya Theory is counting the number of
distinct objects in the presence of symmetry.

Informally: Pólya Theory does “common sense” counting.

1



Chemical Isomers

Pólya’s original objective was to determine the number of distinct
compounds given a chemical formula.

H H

Br

HH

Br

H H

Br

BrH

H

H H

Br

HBr

H

There are three distinct compounds with the formula C6H4Br2.
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Example

R

R

R

Figure 1: Common sense says that these the two bracelets on the
left are the “same”, the third bracelet is “different”
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Another Example

Figure 2: These 4 binary trees are equivalent if left and right are
considered indistinguishable
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Yet Another Example

Figure 3: These two graphs are isomorphic, although it is not visually
obvious
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And Another

Figure 4: If left and right are indistinguishable then the top row of
graph colorings are equivalent, and the bottom row are different.
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Example Calculation

Problem: Count the number of distinct black and white colorings
of the tree in Figure 7 if left and right are indistinguishable.

1

32

54 6 7
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Step 1

1

32

54 6 7

Write down the permutations that leave the tree invariant if left
and right are indistinguishable. This is a group G generated by:

π1 = (1)(2 3)(4 6)(5 7)

π2 = (1)(2)(3)(4 5)(6)(7)

π3 = (1)(2)(3)(4)(5)(6 7)

8



Step 2

List the group elements, calculate the monomials.

Element Cycle Monomial

Representation

I (1)(2)(3)(4)(5)(6)(7) x7
1

π1 (1)(2 3)(4 6)(5 7) x1x3
2

π2 (1)(2)(3)(4 5)(6)(7) x5
1x2

π3 (1)(2)(3)(4)(5)(6 7) x5
1x2

π2π3 = π3π2 (1)(2)(3)(4 5)(6 7) x3
1x2

2

π1π2 = π3π1 (1)(2 3)(4 6 5 7) x1x2x4

π1π3 = π2π1 (1)(2 3)(4 7 5 6) x1x2x4

π1π2π3 (1)(2 3)(4 7)(5 6) x1x3
2

Table 1: The elements of G
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Step 3

Add the monomials to get the cycle index for the group:

PG(x1, x2, x4) =
1
8
(x7

1 + 2x5
1x2 + 2x1x

3
2 + 2x1x2x4 + x3

1x
2
2)

Formally the cycle index is defined:

PG(x1, x2, . . . , x|D|) =
1
|G|

∑
π∈G

x
l1(π)
1 x

l2(π)
2 . . . x

l|D|(π)

|D|

where D is the the set acted on by elements of G, |D| is the size of
the set, lk(π) is the number of cycles of length k in π.
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Step 4

Pólya’s Enumeration Theorem says that the number of distinct
k-colorings is

PG(k, k, k, k) =
1
8
(k7 + 2k6 + 2k4 + 2k3 + k5)

=
k3

8
(k4 + 2k3 + k2 + 2k + 2)

=
k3

8
(k + 1)(k3 + k2 + 2)

This must be an integer for all integer values of k, so
k3(k + 1)(k3 + k2 + 2) must be divisible by 8.
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The Solution

The number of 2-colorings of the binary tree, with left and right
indistinguishable, is

PG(2, 2, 2, 2) =
1
8
(27 + 25 + 27 + 24 + 25)

= 42

12





Levels of Abstraction in Computational Chemistry

CH3
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L← K → R

Potential energy surface

Reaction coordinate

Graph grammar

[Andersen et al., Proceedings of the Royal Society A, 2017]
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Levels of Abstraction in Programming

Declarative Description ↔ DSL ↔ C++ ↔ Assembler
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Levels of Abstraction in Computer Science

“The psychological profiling [of a Computer Scientist] is mostly the
ability to shift levels of abstraction, from low level to high level. To

see something in the small and to see something in the large.”

Donald Knuth
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Modelling and Analysis of Chemical Systems

1. Model molecules as labelled graphs.
I An old idea: [J. J. Sylvester, Chemistry and Algebra, Nature 1878]
I Molecule: simple, connected, labelled graph.
I Vertex labels: atom type, charge.
I Edge labels: bond type.
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=
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Modelling and Analysis of Chemical Systems
1. Model molecules as labelled graphs.

I An old idea: [J. J. Sylvester, Chemistry and Algebra, Nature 1878]
I Molecule: simple, connected, labelled graph.
I Vertex labels: atom type, charge.
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Modelling and Analysis of Chemical Systems
2. Model reaction types and graph transformation rules.
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C

OC
O

H
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R

Example: Carbon rearrangement
I Aldolase: ketone + aldehyde −→ ketone
I Aldose-Ketose: aldehyde −→ ketone
I Ketose-Aldose: ketone −→ aldehyde
I Phosphohydrolase: H2O+CnP −→ Cn+Pi
I Phosphoketolase Pi+ketone −→ carbonyl + CnP+water
I Transaldolase: Cn+Cm−→ C(n+3)+C(m-3)
I Transketolase: Cn+Cm−→ C(n+2)+C(m-2)
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Chemical Reactions (Educts → Products)
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Chemical Reactions (of the Same Type)
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Chemical Reaction Patterns
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Chemical Reaction Patterns
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Chemical Reaction Patterns
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Grammar Example: The Formose Chemistry
Formaldehyde:
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Modelling and Analysis of Chemical Systems
3. Generate a reaction network.
dg = dgRuleComp ( inputGraphs ,

addSubset ( inputGraphs ) >> rightPredicate [
lambda d: all( countCarbon (a) <= 5 for a in d. right )

]( repeat ( inputRules ) )
)
dg.calc ()
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Modelling and Analysis of Chemical Systems
4. Set up pathway model.

Network Extended
network

Expanded
network ILP

F

B C

A

F

B

C

A

Conservation constraints:∑
e∈δ+

Ẽ
(v)

mv (e+)f (e)−
∑

e∈δ−
Ẽ

(v)

mv (e−)f (e) = 0 ∀v ∈ Ṽ
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Modelling and Analysis of Chemical Systems
5. Formulate pathway question.

Example: Given 2 formaldehyde and 1 glycolaldehyde, how can 2
glycolaldehyde be produced through autocatalysis.

F

B

1

C

A

1
2

1

2

1

1 1

2

1 1

1
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Modelling and Analysis of Chemical Systems
6. Enumerate many alternate pathways.

Example (Formose):
Network: all molecules with at most 9 carbon atoms.

Maximum #C

Reactions used 4 5 6 7 8 9 Sum

6 0 0 1 1 1 2 5
7 0 0 0 0 0 2 2
8 1 5 7 17 37 68 135
9 0 0 12 12 37 69 130
10 0 12 50 274 849 — ≥ 1185
11 0 5 41 190 738 — ≥ 974

≥ 2431
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Another Example: Non-oxidative Glycolysis
You specify: F6P + 2 Pi → 3 AcP + 2H2O
You get (for example):

Many alternatives for suggestion in [Bogorad, Lin, and Liao, Nature, 2013]
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Overview
Molecules, reaction patterns

Stereochemistry

Labelled graphs
Graph transformation rules
Point groups

Reaction networks Directed hypergraphs

Exploration strategies
Rule composition

Pathways
Pathway motifs Integer hyperflows

ILP
Tree search

Pathway realisations

Petri-nets

Atom traces

Atom maps

Rule composition

Category theory
Double Pushout
Rule composition
Monomorphisms
Isomorphisms
Canonicalisation
Automorphisms

Software package: MØD
C++, Python, Bash, LATEX

Pentose phosphate pathway
Glycolysis (EMP and ED)
Non-oxidative glycolysis
Citric acid cycle
Enzyme mechanisms
Formose
Prebiotic chemistry (HCN)
Eschenmoser’s GLX scenario
DNA templated computinghttp://cheminf.imada.sdu.dk
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