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Subject overview

Representation of Molecular Structures

Combinatorial Structures (Counting, Generating Functions, ...)
Structure Representation (Canonicalization Algorlthms)
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)



Representation of Molecular Structures

Figure: From the peyote cactus (Lophophora williamsii)




Representation of Molecular Structures
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Figure: L-Glutathione oxidized

https://www.sigmaaldrich.com/catalog/product/sigma/g437671ang=en


https://www.sigmaaldrich.com/catalog/product/sigma/g4376?lang=en

Representation of Molecular Structures
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Figure: Thalidomide enantiomers (Contergan)
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Graph Grammars

Left side (L) Context (K) Right side (R)
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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

a Curate metabolic reactions
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¢ Apply mass balance constraints
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S (mxn) equations
v, +..=0

e Optimize Z using linear progamming
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Motivation
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Why is the sky blue?

r
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The research situation

philipmartin info
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Money
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Theory - Practice




The End
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Figure 2-1. Hierarchical scheme for representations of a molecule with different contents of
structural information.



Representing a chemical structure

e How much information do you want to include?
— atoms present
— connections between atoms
e bond types
— stereochemical configuration
— charges C8H9N 03
— isotopes
— 3D-coordinates for atoms



Representing a chemical structure

e How much information do you want to include?
— atoms present
— connections between atoms
e bond types
— stereochemical configuration
— charges
— isotopes
— 3D-coordinates for atoms

OH



Representing a chemical structure

e How much information do you want to include?
— atoms present
— connections between atoms

e bond types
(aromatic ring identification)

— stereochemical configuration
— charges

— isotopes

— 3D-coordinates for atoms



Representing a chemical structure

e How much information do you want to include?
— atoms present
— connections between atoms
e bond types
— stereochemical configuration
— charges
— isotopes
— 3D-coordinates for atoms
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Representing a chemical structure

e How much information do you want to include?
— atoms present
— connections between atoms
e bond types
— stereochemical configuration
- charges
— isotopes
— 3D-coordinates for atoms

OH



Representing a chemical structure

e How much information do you want to include?
— atoms present
— connections between atoms
e bond types
— stereochemical configuration
— charges
— isotopes
— 3D-coordinates for atoms

OH



Representing a chemical structure

e How much information do you want to include?
— atoms present
— connections between atoms
e bond types
— stereochemical configuration
— charges
— isotopes
— 3D-coordinates for atoms




Store Substance as Graphics or by Name

e 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-

e 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

@ Terminal Symbols T (represented by lowercase letters).

® Nonterminals Symbols N (represented by uppercase letters).

© Production Rules with a left- and a right-hand side
consisting of strings of these symbols.

@ Start Symbol (also called Axiom)

The example grammar defines the language of all strings of the
form {axixo...xkb|k > 0 A x; € {a, b}}. (Ais the Axiom).

members: ab, abab, aaabbb
non-members: a, b, ababa

T
N

{a,b}

{A, B, C}

A -> aA | aB
B->aB | bB | C
C->bC | b



Chomsky Hierarchy

Type No Type Name Rule Pattern
0 unrestricted x —y, xe(NUT)+
y e (NUT)x
1 context X =y, xe(NUT)+
sensitive ye(NUT)+
x| <yl
2 context free x — vy, xeN
y e (NUT)x
3 regular w—x|yz w,x,zeN

10/17



BNF grammar of Daylight's SMILES

smiles
chain

branched_atom
atom

ringbond
branch HE
bracket_atom ti=
isotope =
symbol ti=
chiral =

hcount
charge
class =
aliphatic_organic ::=
aromatic_organic

element_symbols R
aromatic_symbols ::=
bond =
terminator HER

http://www.opensmiles.org/

chain terminator

branched_atom | chain branched_atom

chain bond branched_atom | chain ’.’ branched_atom
atom ringbond* branchx*

bracket_atom | aliphatic_organic | aromatic_organic
7*)

bond? DIGIT | bond? ’\%’ DIGIT DIGIT

>(> chain ’)’ | >(’ bond chain ’)’ | >(> ’.’ chain ’)’
’[> isotope? symbol chiral? hcount? charge? class? ’]’°
NUMBER

element_symbols | aromatic_symbols | ’x*’
'@’ | ’ee’
’H’> DIGIT?
= ’-’ DIGIT? | ’+’ DIGIT?
’:? NUMBER
°’B” | °c’ | °N° | °0° | S’ | ’P’| °F’| °C1’| ’Br’| ’I’
’p? I rc? | ‘n’ | ’0? | g | :P;
’H’ | ’He’ | °Li’ | ’Be’ | ’B’ | ’C’ | °N’ | °0’ | etc
’c? I ‘n? | ’0? | 7PJ I g | ’gse’ | ’as’
I

1= I T I J\$) | L I )/) I 1\)
SPACE | TAB | ’\n’ | °\O’
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http://www.opensmiles.org/

Generation of SMILES
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modified from http://en.wikipedia.org/wiki/File:SMILES.png
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http://en.wikipedia.org/wiki/File:SMILES.png

SMILES

(Simplified Molecular Input Line Entry

System)

.4
N OH
HN N o
/ 0
F

N1CCN(CC1)C(C(F)=C2)=CC(=C2C4=0)N(C3CC3)C=C4C(=0)0

Six basic rules:

1) Atoms by atomic symbol

2) Hydrogen atoms added to saturate free
valences

3) Neighboring atoms stand next to one another

4) Double and triple bonds by = and #

5) Branching shown by parentheses

6) Rings shown by digit at ring closures

Canonical SMILES: unique for each
structure

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



SMILES

lllustrative SMILES: molecular structures and the corre-
sponding SMILES strings are paired vertically. The numbered
arrows on the three cyclic molecular structures are not part
of the molecules. They are used to indicate the break points

for deriving the corresponding SMILES strings (see texf)

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

1
2 B = ij
CCC CC=-C CCaC ciccnect
AN 0] AL
1
o 1
CCCICN CC«:)C(%(C)N)C(C) c1cc:ao(cf(nurz)m CO{=ONCicoo(ozt)0




SLN
(SYBYL Line Notation)

Table 2-3. Basic SLN syntax without description of attributes and macro atoms.

SLN Chemical structure Compound name

Atoms: Atoms are represented by their atomic symbols. The first letter is upper-case, and in two-
letter symbols the second letter is lower-case. Hydrogen atoms must be specified.

CH4 CH, methane

NH2 -NH, amine

Bonds: Single bonds are omitted; double, triple, and aromatic bonds are indicated by the symbols
e U "and * o7, respectively. In contrast to SMILES, aromaticity is not an atomic property,
but a property of bonds. A pericd indicates the start of a new part of the structure.

HC{~0)OH HCOOH formic acid
Na.OH NaOH sodium hydroxide

Branches: Branches are indicated by parentheses.
CH3C(=0)0OH OH acetic acid
/
CH3—-C\\

Cydlic structures: Ring closures are described by a bond to a previously defined atom which is
specified by a unique ID number. The ID is a positive integer placed in square brackets behind
the atorn. An “ @ " indicates a ring closure,

C[15|H2CH2CH2CH2CH2CH2Z@15 O cyclohexane

O[6]:CH:CH:CH:CH: @6 furan

U




INnChl

(IUPAC International Chemical Identifier)
InChl=1/C10H8/c1-2-6-10-8-4-3-7-9(10)5-1/h1-8H

Naphthalene
Mamn layer

1. Main layer /t
2. Charge layer ' A
3. Stereochemical layer InChI=1/C10H8/c1-2-6-10-8-4-3-7-9(10)5-1/h 1-8H
4. Isotopic layer _ Y Y,
5. Fixed-H layer
6. Reconnected Layer atom connection starts with /c

hydrogen sub-layer starts with /h

chemical formula 1sthe only layer that does not start with a letter



Adjacency and Distance matrices

Acetaldehyde: CH3CH=0

Adjacency Matrix

Cl
H2
H3
H4
C5
H6
07

O O O
OO OO OO
OO0 OO O0OO0OH
OO OO OO0 M-
HHOOOOM
OO OOOO
OO OOOO

1: atoms i j are bonded

0: atoms i j are not bonded

Distance Matrix

NN O

WO -

WWNNON M-

WWwWwNhOoONN -
O NNDN M-

Length of shortest path
between atoms i j

NOMWWWN
ONKFWWWN
T
B
N/
O



Bond matrix

a [ [1]2]3]4]15]/6]7 0 11]12[13]4]5]6]7]
o A 1 1 [ |

H 30 1 [i47]

Sl s B 2 1 2 U 112]3)
| 2\ 2 1
e H El1 -a -E 2

5 &
n=7 1
1
a) b) c)

Figure 2-17. a) The redundant bond matrix of ethanal with the zero values omitted. b) It can be
compressed by reduction to the top right triangle. ¢) Omitting the hydrogen atoms provides the
simplest non-redundant matrix representation.



Connection Table

Atom list Bond list

H* 1% atom | 2" atom bond order

I

~
~N(o oA wN| =
I I ITO00

1
2
2
1
1
1

DO B N[N
S alalp|—

Figure 2-20. A connection table: the structure diagram of ethanal, with the atoms arbitrarily
labeled, is defined by a list of atoms and a list of bonds.



Special notations of chemical structures

e Markush structures

R1

NHR?

United States Patent 4
Bitonti et al

NON-METABOLIZABLE ClO\lll’HiN}
ANALOGS FOR TREATMENT (
TAMOXIFEN-RESISTANT ﬂ’\!OFS

Inventors: Alan J. Bitontl, Maincville: Russell J.
Baumann, Cincansti. bath of Ohio

Assigaee: Merrell Pharmaceuticals Ine..
Cincinsati, Ohio

Appl. No.: 350,192
Filed:  Dee. S, 1994
Related US. Applicution Data

Drvinicn of Ser No. 19681, Ik 10, 154 Pt No.
SAL0080, whak is 3 coptisnston of Ser. No. ™M5,305, Scp.
15, 1992, abondooed.

Int C1°
US. QL ...
Field of Search

References Clted

e AGTK 317135
e S14/648; S14/649
p—1 E 1SN

1] Patent Number:
l-‘*\ Date of Patent:

5,681,863
Oct. 28, 1997

310 12197) O'Sepa ol
4,696,948 WISE7 Torvala etal
495,15
5.114,951
5130424 71992 Wesmtoxek

Primary Pramizer—Jerome 1. Goldoerg
Artormey, Agent, or Firm-—Nelsca L Lentz

57 ABSTRACT
Compounds of the formula:

A0
Q

wheeeln R, and R, are each selectad from the grogp eon-
sisting of C,=C, lower alkyk; X is NH oc §; asd n is a whole
pumber within the rango of 1-4 iaclasive; and whea 3=0, X
s (CH;), and the phasmaceutically acoeplable salts therzof

R' = H or small alkyl, halogen, OH, COOH

2= H, CHs

X =H, (CH2)rCHs

Figure 2-62. The substituted phenyl derivative is an example of a typical Markush structure.
Herein, a number of compounds are described in one structure diagram by fill-ins. Phenylalanine
is one of these structures when R' is COOH, R? is H, and X is H.




Special notations of chemical structures

e Fingerprints

Figure 2-64. How an excerpt from a binary

TR LT i o s o

MACCS fingerprints: 166 structural keys
that answer questions of the type:
 Is there a ring of size 47

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

where the answer is either
TRUE (1) or FALSE (0)



SMILES .smi file

N12CCC36C1CC(C(C2)=CCOC4CC5=0)C4C3N5¢c7cccec76 Strychnine
clceeeclC(=0)0OC2CC(N3C)CCC3C2C(=0)0C cocaine
COclcc2c(cenc2eccl)C(0)C4CC(CC3)C(C=C)CN34 quinine
OC(=0)C1CN(C)C2CC3=CCNc(ccc4)c3c4C2=Cl lyseric acid
CCN(CC)C(=0)C1CN(C)C2CC3=CNc(cccd)c3c4C2=Cl LSD
C123C5C(0)C=CC2C(N(C)CC1)Cc(ccc40)c3c405 morphine
C123C5C(0OC(=0)C)C=CC2C(N(C)CC1l)Cc(ccc40C(=0)C)c3c405 heroin
clnccecclClCCCN1C nicotine

CN1C(=0)N(C)C(=0)C(N(C)C=N2)=Cl12 caffeine
C1C(C)=C(C=CC(C)=CC=CC(C)=CCO)C(C)(C)C1l vitamin a



MOLfile

(a)

NJ\

(b)

Header block

Table (Crab)

C

. —
inc

Counts

Atom block

Bond block

SOUDrawl2i20917342D

—
—_—

1111 0 0 ©¢ 0D © 0 D0 @999 vacao

© 000 0DO0O0DO®©®O0OCOD0ODOUO0

0.0020 C

-7.1002
~7.6018&
~7.1082
-7.601&
-7.1002
~-£.361%
-7.6018&
-£.361%
~%.%4m2
~-£.361%
~%.%402

12.3082
13.0242
13.7402
14 4562
1s5.1722
1s.131722
1s.8a9a2
13.7402
13.0242
12.3082

11.%922
2 12 0 0 0 o

oOoooooooo
Coooooo0oo
oOoooooooo
00 00CO0O0CO0ODO0OO
coooooo0oo
oOoooooooo
o0 o0oo0oooo0n
ooooooo0oo
000000 O0OO0O0O
Cconoooooo
oOoooooooo
0000 O0O0OCOO0OO

T

© 0 0D © 0 DO D © 0 D 0

D.0ca0 ©

0D ¢ 0 o
0D 2 0 o
0 2 0 o

1

1
1

2

s

oo

oo

2 0 o2 0 0o

-

oo

0D o 0 o

1

s
i0 %2 2 0 @2 0 @O

—_—

Fig. 2.1. llustrative example of a MOLFile for acetaminophen (also known as paracstamal). (a) Molecular structure of

for reducing fever and pain. (b) MOLFle

acetaminophen, commonly known as Tylenol. Tylenol is a widely used

for



Aspirin in SDF Format

2244

- CEChem 03090904423D

cooococoooccoooccooococo000
cocoocococoocococoooccoooo000
cooococooococooococoooco0o0000
cooococooococoooccooococo000
cocoocococoocococooococoooco000
cooococooococooococoooco0o000
cocoocococoococoooccoo000000
cocoocococoococooocoooco0o0000
cooococoooccoooccooococo000
cocoocococoocococoocococooco0o000
gooccoccococoooooo00000000

S
§ccococoooooo00000000000

o
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o
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A A A NN A NN | A A N
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HHN -

HHNN®MIOWOONN~ODD
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R

o
AddAN
oonNmmm
PR R )

M END
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2244

- CEChem 03090904423D
21 21 O
1.8152 - 0. 9382
5.1920 -2.1043
3.9623 -2. 6855
2.9441 1.1113
1. 8509 -0. 9767
2.9180 -1. 5734
0. 8008 -0. 4105
2.9348 -1. 6038
0. 8176 - 0. 4410
1. 8846 -1. 0376
4. 0236 -2.1714
2.4171 0. 2017
2. 3265 0. 1503

O 0 0 O O 0999 V2000

'ORNOOORERNNWWON A

0419
0467
8563
9712
6799
0082
9570
6137
5626
1090
7435
5978
0942

LO00000000000O0

o000 00000O00O00O0

NeololololololololololoNeNe)

-
&

1000000000000 O0



6. 4654
2.5428

- 0. 7302

-2.5075

2. 8566
5. 9361

OO OO0 OO0O0O00OO0

OO OO0 O0O0O0O0O0O0OO0

JeleleololofoRoRoRoNa)

OCOOO0OO0OO0OO0O00OO0O

A A A NN A NN

S ION A A AN OO0

o~ (N v —
T ANNMITOLW OO






SDfile

[MOLfile] ........ structure represented as MOLfile format
[Data Header] ....... > <data field name> (record number)
se| | «C [Data] ........ numerical or text data field entry

[Blank line]

$3$$ 0 ... delimiter terminates record

[

Jsacorina 1220940647302

Longase

7 6

-0.0187 1,5258 0.0104C 0 0 O 0 O
0.0021 -0,0041 0.0020¢C ©0 O © O 0
1.6031 2,197 -0.0024%5 ©0 0 ©0 O O
-1.4333  -0.%33¢ 0.0129¢ ©0 0 0 0 ©
2.0692 1.9811 -1.7665¢C ©0 0 ©0 0 O
-1.4326 -2.0635 0.0045¢ © 0 © O O
1.4620 3.1542 -2.5386C 0 0 O O O
2 1 000

311000

4 2 1000

$ 3 1000

6§ 4 1 00 0

7 $ 1000

> <NSC>

19

> <CAS_BN>

£38-46-0

958



Importance of stereochemistry

Enantiomers (mirror image molecules) have
- identical physical and chemical properties
v different optical rotation
w often different biological activities




Importance of stereochemistry

e Muscarine (muscarinic agonist): Natural product most potent

e 7 other stereoisomers possible: Considerable less potent

(+)-(2R,4R,5S)
1

@\

Q\/
N

HO.,

\/
«Q\/é“a\

(--(2R,4S,5R)

2754
HO.,’ H
Q \/ Oz—> \/
w ""lo/®\ ! o ""lo/®\
(-)-(2S,4S,5R) (+)-(2S,4R,5S)
331 1479
>

De Amici et al., Chirality 4 (1992) 230

HO,

/ \ /
/Q"ﬂ l;/%\

(+)-(25,4S,5S)
1259

H
LI
i %\

O

(--2R,4R,5R)
1072

H
\/
"mo/%\

(-)+2S,4R,5S)

263
HO.,‘*
X
it o @\

(+)-2R,4S,5R)
1738



isomers

compounds have an identical empirical formula, but different molecular structures

constitutional isomers

stereoisomers

structural isomers
different

functional
groups

o G
0 o
CH3 oH
dimethyl  ethanol

gther

positional isomers
identical

functional groups
at different places

(f‘IDDH lti‘flSI'DH
Ile—'fI:—H L:,H;

CH; HaM=CH;
o-alanine f-alanine

configurational isomers

cis/trans isomers

neighboring groups
of double bonds can
have two directions.

H, COOH 4. COOH
C [
I 1
IC.\ - h]
H CO0OH HOQC H
rmaleic acid  fumaric acid
[cis = Z) (trams = E)

Ring systems can
also be differen-
tiated into cis/trans
arrangements of
substituents.

T ke
-,
oH 1,4-cyclo-
F i hesanedicl
— H
,.;_L_‘_‘._J_ —_._,_;" trans-

chirality

chiral center

if a molecule has
one chiral atom,
the isomers are
like an image and
mirror image
(enantiomers);
molecules with
more than one
chiral atom exist
as enantiomers
and diastereo-
mers

COOH COQH
H-C- NHp HN-C—H
| 1
CHy CHj

c-alanine -alanine

axial chirality (atropiso-
merism, helicene)

if a molecule has four ligands
which are placed pairwise
along an axis and are not in
one plane (atropisomer)

l

;I

2,2 dichloro-6,6"-
dirmethyl-1,1"-biphenyl

a special case of axial chiral-
ity is the arrangement of the
molecule as a right- or left-
handed helix (helicene)

&%
q L

heptahelicene

planar chirality
if the arrange-
ment of a mole-
cule can be
distinguished
into different
sides

H

E-cyclooctene

conformational
isomers
different confor-
mers by rotation
around a single
bond

CHs 3
I:II3
n-butane
gauche arti

Figure 2-67.

Classification of isomeric structures of organic compounds.




Stereochemistry in SMILES

N CH
(\/Y SMILES: C/C=C\C=\(C@@H](O)C#N
CN

Figure 2-78. The stereochemistry of (2R,3E,5E)-2-hydroxy-3,5-heptadiene nitrile can be expressed
in the SMILES notation with @ or (back)slashes.

@@: 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 InChl

Cl OH
\ L) ‘(,- CH3
Br
Cl

InChI=1/C5SH7BrC120/c 1-3(7)4(8)5(2,6)9/h9 H, 1-2H3/b4-3+/t5-/m 1 /51

otereochemical layer /

Double bond stereo sub-layer

sp3 stereo sub-layer



File formats

Table 2-5. The most important file formats for exchange of chemical structure information.

File format Suffix =~ Comments Support Ref.
MDL *mol  Molfile; the most widely used www.mdli.com 50
Molfile connection table format
SDfile *sdf  Structure-Data file; extension of www.mdli.com 50
the MDL Molfile containing one or
more compounds
RDfile *rdf  Reaction-Data file; extension of the www.mdli.com 50
MDL Molfile containing one or
more sets of reactions
SMILES *smi  SMILES; the most widely used www.daylight.com 20, 21
linear code and file format
PDB file *pdb  Protein Data Bank file; format for www.rcsh.org 53
3D structure information on
proteins and polynucleotides
CIF *cif Crystallographic Information File  www.iucr.orgfiucr-top/ciff 55
format; for 3D structure infor-
mation on organic molecules
JCAMP *jdx,  Joint Committee on Atomic and www.jeamp.org/ 56
* dx, Molecular Physical Data; structure
*.c8 and spectroscopic format
CML *.cml  Chemical Markup Language; www.xml-cml.org 57-59

extension of XML with speciali-
zation in chemistry




Molecular editors and viewers

JChem for KNIME
SharePoint +
: JoLome, 5] Marvin
Home -~ Products ~ Download ~ Documentation ~ Forum Support
Home > Products > Marvin > MarvinSketch
Products > . .
Marvin . Advanced chemical drawing software
MarvinSketch is an advanced chemical editor for drawing chemical
MarvinView structures, queries and reactions
MarvinSpace -%"IJ\ . A 1
-4 N e
MolConverter . . QALK J
Calculator Plugins ~ » Download Marvin Suite

Naming

JChem for Excel
Instant JChem
JChem Base
JChem Cartridge

JChem Web Services
Add-on

Workflow tools
JChem for SharePoint
Standardizer
Structure Checker

Markush Search
Add-on

Screen

JKlustor

Reactor

Metabolizer Preview
Fragmenter

Online tryouts »

Try now
2,/ MarvinSketch
</ MarvinView

Calculator Plugins

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

Sketch/Space/View — Ver 5.5.1.0

Try online!

G=Za Brochure
Technical presentation
Product related articles in the Library

= ) - )l?"‘
T %

Easy chemical structure, query and reaction drawing

Chemical structure drawing

MarvinSketch allows users to quickly draw
molecules through basic functions on the GUI
and advanced functionalities such as sprout
drawing, customizable shortcuts, abbreviated
groups, default and user defined templates
and context sensitive popup menus.

Atom and Bond properties

MarvinSketch has a rich support for atom and
bond properties. Users can assign
stereochemistry, charge, valence, radicals and
isotopes to each atom. Single, double, triple
bonds and aromatic forms are supported.
Moreover using wedge bonds user can assign
stereochemistry to atoms. Additional data
fields can also be attached to atoms, via
“S-group” logic so that any user defined
information can be stored directly with the
structural information.

Reaction drawing

You can draw single step reactions in
MarvinSketch by placing a reaction arrow in
any position, pointing in any direction in
relation to reaction products. The structures ‘in
front’ of the arrow will be recognized as
reactants, structures ‘above’ the arrow as
agents, and structures behind as products.
Atoms can be automatically or manually
mapped using the arrow function.

QI
N

_—
temperature: 25 °C

o+

panin SR

-_—
2
=]
[ Register
Aboutus ~ Webshop Contact us

Related links

Release Notes

History of changes

User's Guide
Developer's Guide
Example implementations

API

B pase

"

Feature animations

Articles and Presentations

Query drawing

Atom lists, bond lists, not lists, generic atoms,
R-groups, lone pairs are among the query
building features available in MarvinSketch.
Link nodes, repeating units, pseudo atoms and
homology groups, S-groups with attached data
are also supported. SMARTS rules allow users
to define any specific or generic queries.

wnon
&

L
o1




Molecular editors and viewers

http://jmol.sourceforge.net/

el

s5n==9

Jmol: an open-source Java viewer for chemical structures in 3D

with features for chemicals, crystals, materials and biomolecules

The latest stable version is Jmol 12.0

Jmol is an interactive web
browser applet.

This is a still image, but you can
get an animated display of Jmol
abilities by clicking here.

(The applet may take some
seconds to load. Please, wait
and do not reload the page in
the meantime.)



Structure models

O

c) d)

Figure 2-123. The most common molecular graphics representations of phenylalanine a) wire
frame; b) capped sticks; ¢) balls and sticks; d) space-filling.



Format conversion

Home | About | Contact | Disclaimer | Privacy

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

NCI/CADD Group

Online SMILES Translator and Structure File Generator

Form | News | Help | Acknowledgments

C12C3C4C1C5C4C3C25
(start Structure Editor )

Please choose this field if you want to submit
your own SMILES strings or create a SMILES string
using the Structure Editor. A submitted file has
precedence, so delete any entry below if you
want to submit a new SMILES string.

Browse...

Please choose this field if you want to translate
your own files. The service will automatically
recognize SD files (single and multiple structure),
text files with multiple SMILES fields, MOL files
and PDB files (and in fact any other format
CACTVS recognizes).

( Reset ) Translate )

O pisplay on screen

(O SMILES TXT file

O soF

O DB

® MOL (only single structure generated)

Use

@® Kekule or

O Aromatic

SMILES representation (choose “"Aromatic” for
closer approximation to Daylight USMILES)

SD, PDB or MOL files should contain
®20
03D

coordinates

If the input file contains a single structure, the output will also be single structure. Multiple structure

input formats will generate multiple structure output for those formats that support this. Otherwise,

only the first structure will be used. SD files will contain a UNIQUE_SMILES field for unique SMILES and
an USER_SUPPLIED_SMILES field for the user-supplied SMILES (if avaliable)



Examples of SMILES

C/C\ (=C\C0) /C=C/C=C(/C)\C=CC1=C(C)CCCC1(C)C

13 /17



Graph Theory / Algebra / Chemistry

Enumeration of Chemical Isomers

James ]. Sylvester George Polya

— CH — e =
CH3 CH2 CH3



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

CHEMICAL GRAPHS
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NATURE

[Feb. 7, 1878

8 cm. from the primary. Reverse the wives in the
secondary circuil, reverse the wires im the primary civcuit,
Row you please, the mercury always moves fowards the
Point of the capillary.

8. Shouting or singing (excepting the above-mentioned
note) produces no visible effect under the conditions
mentioned in Experiments 5, 6, and 7.

9. If the secondary coil be now moved close up, 50 as
to cover as completely as possible the primary, talking to
the telephone with the ordinary voice, #¢. with moderate
strength and at any pitch, produces a definite movement
of the mercury column for each word, some sounds of
course giving more movement than others, dus the move-
ment is always towards the end of the capillary. Singing
the note mentioned in Experiments 5, 6, and 7 loudly,
produces a movement too large to be measured with the
electrometer.

Reversing the poles of the etin the telephone does

The analogy is between atoms and dimary quantics
exclusively.

I compare every binary quantic with a chemical atom.
The number of factors (or rays, as they may be regarded
by an obvious geometrical interpretation) in a binary
quantic is the analogue of the number of domds, or the
valence, as it is termed, of a chemical atom.

Thus a linear form may be regarded as a monad a:m
2 quadratic form as a duad, a cubic form as a triad,

50 on.

An invariant of a system of binary quantics of various
degrees is the analogue of a chemical substance composed
of atoms of corresponding valesces. The order of such
invariant in each set of coefficients is the same as the
number of atoms of the corresponding walence in the
chemical compound.

A co-variant is the analogue of an (organic or inorganic)
[ d radical. The orders in the several sets of co-

not alter the results of Experiments s, 6, 7, and 9.

On mentioning the above results to Dr. Burdon San-
derson, he suggested that the apparently anomalous
behaviour of the electrometer might be accounted for, by
supposing that the mercury moved gwicker when a current
passed towards the point of the capiltary than when it
flowed in the opposite direction ; so that if a succession
of rapidly alternating currents be passed through the
instrument, the mercury will always move towards the
gn_int of the capillary, the movement away from the point

eing masked by the sluggishness of the instrument in
that direction, That this explanation is the correct one
is proved by the following experiment :—The current
from two Grove's cells is sent through a metal reed
vibrating 1oo times a second, the contact being made and
broken at each vibration, the primary wire of a Du Bois
Reymond'’s induction-coil is also included in the circuit ; on
connecting the electrometer with the secondary coil placed
at an appropriate distance the mercury always moves to
the point of the tube whatever be lt{e direction of the
current. F.]. M. PAGe

Physiological Laboratory, University College,

London, February 2z

Nore.—On February 4 Prof. Graham Bell kindly
placed at my disposal a telephone much more powerful
than any of those I had previously used. On speaking to
this instrument, the electrometer being in the circuit,
movements of the mercury column as considerable as
those in Experiment g were observed.—F, J. M. P,

CHEMISTRY AND ALGEBRA

I'r may not be wholly without interest to some of the

readers of NATURE to be made acquainted with
an analogy that has recently forcibly impressed me
between branches of human knowledge apparently so
dissimilar as modern chemistry and modern algebra. 1
have found it of great utility in explaining to non-mathe-
maticians the nature of the investigations which alge-
braists are at present busily at wark upon to make ont
the so-called Grundformen or irreducible forms appurte-
nant to binary quantics taken singly or in systems, and 1
have also found that it may be used as an instrument of
investigation in purely algebraical inquiries, So much is
this the case that | hardly ever take up Dr. Frankland’s
exceedingly valuable *“Notes for Chemical Stadents,”
which are drawn up exclusively on the basis of Kekul¢’s
exquisite conception of valewee, without derivi sugges-
tions for new researches in the theory of“:fgebmcal
forms. 1 will confine mysclf to a statement of the grounds
of the analogy, referring those who may feel an interest
in the subjact and are desirous for further information
about it to a memoir which I have written upon it for the
new American Fournal of Pure and Agplied Mathe-
matics, the first number of which will appear early in
February.

efficients corresponding, as for invariants, to the respective
valences of the atoms, the free valence of the compound
radical then becomes identical with the degree of the
co-variant in the variables,

The weight of an invariant is identical with the number
of the bonds in the chemicograph of the analogous
chemical substance, and the weight of the leading term
(or basic differentiant) of a co-variant is the same as the
number of bonds in the chemicograph of the analogous
compound radical. Every invariant and covariant thus
becomes expressible by a graph precisely identical with a
Kekuléan diagram or chemicograph. But not every
chemicograph is an algebraical one. I show that by an
application of the algebraical law of reciprocity every
aﬁ;ebraical graph of a given invariant will represent the
constitution in terms of the roots of a quantic of a type
reciprocal to that of the given invariant of an invariant
belonging to that reciprocal type. I give a rule for the
geometrical multiplication of graphs, z.e. for constructing
a graph to the product of in- or co-variants whose separate
graphs are given. I have also ventured upon a hypothesis
which, whilst in nowise interfering with existing chemico-
graphical constructions, accounts for the seeming anomaly
of the imlated H e as “ A . 1, 1 ”
mercury, zinc, and arsenic—and gives a rational explana-
tion of the “ mutual saturation of bonds.”

I have thus been led to see more clearly than ever I
did before the existence of a common gmuni to the new
mechanism, the new chemistry, and the new algebra.
Underlying all these is the theory of pure colligation,
which applies undistinguishably to the three great
theories, all initiated within the last third of a century or
thereabouts by Eisenstein, Kekulé, and Peaucellier.

Baltimore, January 1 J. J. SYLVESTER

PALMEN ON THE MORPHOLOGY OF THE
TRACHEAL SYSTEM

DR. PALMEN, of Helsingfors, has recently published
an int ing ir on the tracheal system of
insects. He observes that although the gills of cer-
tain aquatic larva are attached to the skin very near to
the points at which the spiracles open in the mature
insects, and though spiracles and gills do not co-exist in the
same segment, yct the point of attachment of the gills
never exactly coincides with the position of the future
spiracle. Moreover, he shows that even during the larval
condition, although the spiracles are not open, the struc-
ture of the stigmatic duct is present, and indeed that it
opens temporarily at each moult, to permit the inner
tracheal membrane to be cast, after which it closes
again. [In fact, then, he urges, the gills and spiracles do
not correspond exactly, either in number or in position,
and there can therefore be between them no genetic
connection. He concludes that the insects with open
trachez are not derived from ancestors provided with gills,




Some Polya Enumeration



Poélya Theory

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

Informally: Pélya Theory does “common sense” counting.



Chemical Isomers

Poélya’s original objective was to determine the number of distinct

compounds given a chemical formula.

Br Br H Br H Br

There are three distinct compounds with the formula CgHyBrs.



Example

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



Another Example

VARG EEN

Figure 2: These 4 binary trees are equivalent if left and right are

considered indistinguishable



Yet Another Example

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

obvious



And Another

AX A8 K& KA
KR K& K& KX

Figure 4: If left and right are indistinguishable then the top row of

graph colorings are equivalent, and the bottom row are different.



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)
(2) (3)
(49 @ @



Step 1

(1)
(2) (3)
(9 @ @

Write down the permutations that leave the tree invariant if left

and right are indistinguishable. This is a group G generated by:

m = (1)(2 3)(4 6)(5 7)
ms = (1)(2)(3)(4 5)(6)(7)
ms = (1)(2)(3)(4)(5)(6 7)



Step 2

List the group elements, calculate the monomials.

Element Cycle Monomial
Representation

I WRB@E)E)(T) | af

| (1)(2 3)(4 6)(5 7) T1T3

T2 (1)(2)(3)(4 5)(6)(7) Ty

3 (H(2)B)A)(5)(6 7) Tyws

moms = mame | (1)(2)(3)(4 5)(6 7) T3 T3

T = M3M1 (1)(23)(4657) T1X224

T3 = MM (1)(23)(4756) T1X2T4

T T3 (1)(2 3)(4 7)(5 6) T173

Table 1: The elements of G



Step 3

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

1
Pg(ilj'l, o, 2134) = é(ﬂfz + 2213?332 + 22131213% + 2:131332374 + ZC?:C%)

Formally the cycle index is defined:

(7 27‘(‘ l 7S
Pg(z1,22,...,2p|) |G\ Z bi(m) la(m) .x||l§||( )
el

where D is the the set acted on by elements of G, |D| is the size of
the set, [ (7) is the number of cycles of length k in .

10



Step 4
Poélya’s Enumeration Theorem says that the number of distinct
k-colorings is
1
Pa(k,k, k. k) = g(k7 + 2% + 2k* + 283 + K°)

k.S
: —(k* 4+ 2k° + k% + 2k + 2)

k,S

< —(k+1)(kE° +k*+2)

This must be an integer for all integer values of &, so
k3(k + 1)(k2 + k% 4+ 2) must be divisible by 8.

11



The Solution

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

indistinguishable, is

1
Ps(2,2,2,2) = §(27 +2° 427 4 2% 4+ 29)
= 42

12



1+ x+48x2+5x+8x*+5x>+4x% + x7 + x8.

Thus, for example, there are five inequivalent necklaces having three black beads, and eight with
equal numbers of black and white beads. The latter are shown in FIGURE 1.

OO0
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Levels of Abstraction in Computational Chemistry

|

. =

Potential energy surface

Reaction coordinate

/

N/ .

_/C—C—C—N B L+~ K-=>R Graph grammar
\

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

€ C O godooltorg/t
) Getting Started [ + Fip it Reloases - muspy B2 Imported From Frefox 5 Loeseplaner i~ Datalogi pi SDU ~. 8 ROKIt: Changes nt.. i Exam dates @ Facu.

Compiler Explorer - C++

G source #1 #1with 28664 9cc 63 X
A A AR CE 2 XB6-64 gcc 6.3 ¥ | compller optior
e Rl T length) { O | - A e

for (int i = 0; i < length; ++i) { testPunction(ints, int:
sum += input(i]; push  rbp
) mv  bp, rsp
return sun; MoV QWORD PTR [rbp-24], rdi
mov  DWORD PTR [rbp-28], esi
6 mov  DWORD PIR [rbp-4], 0
mov  DHORD PIR [rbp-8], 0
3
) mov  eax, DHORD PTR [rbp-8]
cmp  eax, DWORD PTR [rbp-28]
3ge 12
mov  eax, DWORD PTR (rbp-8]
cdge
lea  rdx, (Otraxed
mov  rax, QWORD PTR [rbp-24]
add  rax, rdx
mov  eax, DHORD PTR [rax]
add  DWORD PTR [rbp-d], eax
] add  DWORD PTR [rbp-8), 1
mp 13
mov  eax, DWORD PTR [rbp-d]
pop  rbp
ret

A | g++ (GCC-Explorer-Build) 6.3.0 - cachea

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
4/48



Modelling and Analysis of Chemical Systems
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Modelling and Analysis of Chemical Systems

1. Model molecules as labelled graphs.

An old idea: [J. J. Sylvester, Chemistry and Algebra, Nature 1878]
Molecule: simple, connected, labelled graph.

Vertex labels: atom type, charge.

Edge labels: bond type.

vV vyYyywy
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Modelling and Analysis of Chemical Systems

2. Model reaction types and graph transformation rules.

L K R
O~c¢ o o, =c o
H \// OH H // OH H // OH
c c o
HO\C/ O—P—OH oH c/ O—P—OH oH c/ \0— —OH
Wl w N

Example: Carbon rearrangement

>

vV Vv vy VvYyYVvYyy

Aldolase: ketone + aldehyde — ketone
Aldose-Ketose: aldehyde — ketone

Ketose-Aldose: ketone — aldehyde
Phosphohydrolase: H,0+CnP — Cn+Pi
Phosphoketolase Pi+ketone — carbonyl + CnP+water
Transaldolase: Cn+Cm— C(n+3)+C(m-3)
Transketolase: Cn+Cm— C(n+2)4C(m-2)

6/48



Chemical Reactions (Educts — Products)

H H
\ \
H /})11 H H /})}1 H
>d N/ >d N/
\ C H O
0o—C N (0] C (0]
VA VAR
C H
H/ \O/ H/ \O
/' a
H H H
o\ \C/ 0\ \C/
i =
B — e
(0] H (0] C H
H/ \C/ \O/ H/ \C/ \O
/\ /\

7/48



Chemical Reactions (of the Same Type)

H

\ \
H /})11 H H /})}1 H
>d N/ >d N/
\ C H O
0o—C N (0] C (0]
VA VAR
C H
H/ \O/ H/ \O
/' a
H H H
o\ \C/ o\ \C/
i R
B — e
(0] H (0] C H
H/ \C/ \O/ H/ \C/ \O
/\ /\
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Chemical Reaction Patterns

C
Rule [ INPUUVIVUIIIIIII
C

H H
Educts
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Chemical Reaction Patterns

C \O S
Rule | s |
¢ M C\O H
pattern match
/H
H H
o\ \C/
H—c Yo
I

H H
Educts
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Chemical Reaction Patterns

C ~ (6] <
C H C H
~ N
pattern match
a a
H H H H
o\ \C/ o \C/
. H—C <::>() n—c”~ Do
Reaction ” EVV VIV VIV VS | |
6} H 6} C H
P{/// \\\(3,// \\\(),// ~ \\\(j,// <§§()

H H H H
Educts Products
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Grammar Example: The Formose Chemistry

Formaldehyde:  Glycolaldehyde:
H H
! o b
0Z u / \
H C—H
/
O
Aldol addition:
_H H__
R
(jiit: C (3\\\\ o

Keto-enol tautomerism:

c=—0 c—o0
el
cC—H C H
c—o0 C=—0
||~

cC o C—H

Retro aldol addition:
H H

\\\\() (),///
C C
\C/ %C
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Modelling and Analysis of Chemical Systems

3. Generate a reaction network.

dg = dgRuleComp (inputGraphs,
addSubset (inputGraphs) >> rightPredicatel
lambda d: all(countCarbon(a) <= 5 for a in d.right)
1¢( repeat (inputRules) )
)
dg.calc ()
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Modelling and Analysis of Chemical Systems

4. Set up pathway model.

Extended Expanded
network network

Conservation constraints:

ST meM)f(e)— > my(e)f(e)=0 WveV

eeég(v) eedg(v)

12/48



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.

13/48



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 — >0974
> 2431
. ‘ e
\oreed 7 - BN o
7L e RS
ok g = 'S
J [ obose 7 7
, L N2 Lo *
o | oobos g e See
~. Leeseen

e
J
AT
-
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Another Example: Non-oxidative Glycolysis
You specify: F6P + 2 P; — 3 AcP + 2H,0
You get (for example):

FepP

PHL

B G3P

AlKeT ) sp

TKL b
TKL

A "y

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

Molecules, reaction patterns
Stereochemistry

Reaction

ILP
Tree search

Pathways
Pathway motifs

Petri-nets

’ Pathway realisations ‘

Atom maps

Atom traces

Labelled graphs
Graph transformation rules
Point groups

Exploration strategies
Rule composition

networks | Directed hypergraphs

Integer hyperflows

Rule composition

http://cheminf.imada.sdu.dk

Category theory
Double Pushout
Rule composition
Monomorphisms
Isomorphisms
Canonicalisation
Automorphisms

’ Software package: M@D ‘
C++, Python, Bash, KTEX

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 computing
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