2D structure of a molecule




Content

Introduction: concept of chemoinformatics, content of
the subject, history of the field o N2
Computer model of a molecule: 1D, 2D and 3D
structure, molecule representation using graph and |
matrix
2D structure (topology) of a molecule:
« writing a molecule using a string (SMILES, InChi,
InChiKey)
 Molecular graphs: Isomorphism and canonical
iIndexing
3D structure (geometry) of the molecule:
« representation using Cartesian and internal
coordinates, data formats, geometry comparison




Model of molecule for computer processing

Atoms:
« Points in space

« Chemical symbol of the element listed for each

Bonds:
* Pairs of atoms that are bonded

« Bond order




Databases

Small molecules:
* PubChem
» DrugBank
 LigandExpo

Proteins and nucleic acids:

* Protein Data Bank
* AlphaFold DB
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Models of molecule for computations

2D structure 3D structure

topology geometry, conformation
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Data structures for storing of 2D structure

* Matrix
* Graph
* List of bonds

» Set of points
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2D structure as a matrix

Molecule of Neighbourhood matrix
formaldehyde: of formaldehyde:
v, O 01 O v,
0 10 0 1 0] v,
I
H’CYSH 1 1 0 2| v,
Vi Ve 0 0 2 4 '

Vi Vy V3 Vy



2D structure as a matrix
Chemical distance

o o Va H V.
0V c<
C2
SAR H—C:
V

1

vl v2 v3 v4 vl v2 v3 v4
vi 0 0 1 O vi 0 O 1 O
v2 0 0 1 O v2Z 0 0 0 1
vi 1 1 0 2 vd 1 0 2 1
vd 0 0 2 4 vd 0 1 1 4
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2D structure as a matrix
Chemical distance
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Chemical distance:The
smallest number of
valence electrons that
must be moved to get the
second molecule from the
first molecule
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vl
v2
v3

v4

vl v2 v3 v4

o O

o P O

1

1
0
2

NN O

2D structure as a matrix
Chemical distance

Vi oo H\/2
: 0”7
\
H—C: v,
V

1

vl v2 v3 v4
vi 0 O 1 O
v2 0 0 1
vd 1 0 2 1
vd O 1 4

'_\

Chemical distance:The
smallest number of
valence electrons that
must be moved to get the
second molecule from the
first molecule

0 0 0 0
0 0 1 -1
0 1 -2 1
0 -1 1 0
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vl v2 v3 v4
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2D structure as a matrix
Chemical distance

Vi oo H\/2
: 0”7
\
H—C: v,
V

1

vl v2 v3 v4
vi 0 O 1 O
v2 0 0 1
vd 1 0 2 1
vd O 1 4

'_\

Chemical distance:The
smallest number of
valence electrons that
must be moved to get the
second molecule from the
first molecule

0 0 0 0
0o 0 1 -1 | __
— 8
0o 1 -2 1
0 -1 1 0
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2D structure as a graph

Vi
V, I H
\ e V3
O:O L] C
/ . V2
\Y V H
Vo, T 8 4

Atoms = nodes
Bonds = edges

Is it enough?
NO, we need more:
 Element symbols
« Bond orders
* Free electrons

oe
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2D structure as a graph — molecular graph :-)

Definition of molecular Molecule: Description of its mol. graph:
graph: Y V= {Vy, V3, V3, Vy§
11 B
G=(V,EL,o,B) \ 2 E={{vi, v3}, {v2, v3},
S nodes (o (=0, (V3. Vab (V3 Vi)
V — set of nodes (atoms) v I’ V, .V4 3> V45> 1V3s V4
E — multiset of edges (bonds) i L= {1Vg Va5 (Va5 Vai }
L — multiset of loops (free electron pairs) (P(Vl) = H, ([)(Vz) = H,
¢ — function for naming of nodes by (P(V3) = C, (P(V 4) =0
element symbols
B — set of element symbols B = {C, O, H}
Figure of the molecular graph:
Vi 11
H €1 Vi C3 s
72 C C C4 1
2
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2D structure as a list of bonds

Molecule of List of bonds:
formaldehyde:
1 31
.-O-Y“ 23 1
I 342
C 3
H  H
V1 V2
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2D structure as a set of points

Molecule of Set of points:
formaldehyde:
3.4030 -0.3700 0.0000H
. e 2.8660 0.5600 0.0000H
(I:l) 2.8660 -0.0600 0.0000C
H/CYi-l 2.0000 -0.5600 0.00000

Vi Vs



2D structure — data formats

2D structure can be described in 3D data formats:
« SDF/MOL data format
 PDB data format
« mmCIF data format

2D structure has also specialised data formats:
« SMILES, SMIRKS, SSMARTS
 InChi, InChiKey
« CHUCKLES, CHORTLES, and CHARTS
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MOL and SDF data format - example

number
of bonds
number he f . b
of atoms _IsIs- 502222020 the first atom is a carbon
13 13 0 0 0 0 0 0 0 0999 V2
-3.4639 -1.537% 0.0000 C 0 0 0 0 0 0 0 0 0 0 0
~3.4651  -2.3648 0.0000C 0O 0 O O O 0O 0 0 0 0 0 0
-2.7503 -2.7777 0.0000 C 0 0 0 0 0 0 0 0 0 0 0 0
-2.03238 -2.3644 0.0000 C 0 0 0 0 0 0 0 0 0 0 0 0
-2.0367 -1.5338 0.0000 C 0 0 0 0 0 0 0 0 0 0 0 0
-2.7521 -1.1247 0.0000 C 0 0 0 0 0 0 0 0 0 0 0 0
-2.754%5 -0.2897 0.0000 C 0 0 0 0 0 0 0 0 0 0 0 0
~2.0413 0.1149 0.00000 0 0 O O O O 0 0 0 0 0 0
-3.4702 0.1107 0 (@] 0 0 0 0 0 0 0 0 0 0 0 0
-1.3238 -1.118& Q0 0 0 0 0 0 0 0 0 0 0 0 0
-0.6125 -1.5292 C 0 0 0 0 0 0 0 0 0 0 0 0
-0.6167 -2.3642 0 0 0 0 0 0 0 0 0 0 0 0
0.1000 -1.1125 0 0 0 0 0 0 0 0 0 0 0 0
1 2 2 0 0 0 0
€ 7 1 0 0 0 O the first three numbers are the
3 4 2 0 0 0 0 :
X,
2 s 10 0 0 o y and z coordinates of the
7 9 2 0 0 0 O atom
4 5 1 0 0 0 0 . .
c10 1 0 o o o thefirstbondis o 8
2 3 1 0 0 0 0 betweenatomsi 0O OH
12 11; ; 8 g g 8 and 2 and has
10
1112 2 o o o o order2 o 13
€ 1 1 0 0 0 0 1 11
11 13 1 0 0 0 0
M END
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PDB data format - example

(from 2016 replaced by CIF/mmCIF formatem)

HETATM
HETATM
HETATM
HETATM
HETATM
HETATM
HETATM
CONECT
CONECT
CONECT
CONECT
CONECT
CONECT
CONECT

~ oUW N J0 0w N

n =200 000N

WNEPE RPN

CYS
CYS
CYS
CYS
CYS
CYS
CYS

w

OO OO O O O O

.143
.191
.524
L4777
.143
.191
.858

.440
.330
.440
.330
.980
.870
.330

O O O O o oo

HS

.000
.000
.000
.000
.000
.000
.000

O O O O o o o

.00
.00
.00
.00
.00
.00
.00

O O O O O o o

.00
.00
.00
.00
.00
.00
.00

NH,

C+0
C+0
C+0
0+0
0+0
N+0
S+0

OH



mmCIF data format - example

CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
CYS
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N
CA

CB
SG
OXT

H2
HA
HB2
HB3
HG
HXT

N
CA

CB
SG
OXT

HN2
HA
1HB
2HB
HG
HXT

TIomTDTIDTDTiIom D O®nOO0o00On=zA
eNoNoNoNoNoNeoNoNoNolNolNolNolNe)

P T = T T T T S e e e R Sy B
Zrzzzazzzz22222 2
KZzzaKkzkzzz222
ZEzzazgzz22222 %2

22.

22

22

585

.372
21.
22.
23.
25.
20.
.963
23.
21.
23.
23.
26.
20.

806
614
683
202
565

171
614
739
651
013
212

13.
13.
14.
15.
13.
13.
14.
.902
14.
12.
13.
11.
13.
15.

12

716
468
686
553
019
440
747

537
654
412
923
162
505

37.
39.
39.
40.
39.
38.
40.
37.
37.
39.
40.
40.
39.
40.

715
168
893
277
828
921
076
230
565
253
869
031
329
527

1.585
0.141

-0.

095

0.685

-0.
-0.
-1.

533
247
174

1.928
1.693

277
.114
.604
.904
.326

0.483
0.450
0.006
-0.742
-0.530
0.004
0.443
-0.454
0.682
1.446
-1.526
-0.554
-0.965
0.158

-0.081
0.186
1.606
2.143
-0.774
-2.484
2.275
0.063
-1.065
0.042
-0.630
-0.575
-3.145
3.186

N
CA
C

6]
CB
SG
OXT
H
H2
HA
HB2
HB3

HXT

CY
CY
CY
CY
CY
CY
CY
CY
CY
CY
CY
CY
CY
CY

HXT

HE
N C Aot H A
H
HB, CcB HB,
SG\
HG



Description of 2D structure using 3D

formats
Benefits:
» The most general notation for the structure of a
molecule

- Easy to use as input for algorithms working with
the structure

Disadvantages:
* Takes up a lot of space
* Not suitable for some special types of tasks.

EPCEITEC



Data formats specialised on 2D structure
« SMILES, SMIRKS, SSMARTS

* InChi, InChiKey

« CHUCKLES, CHORTLES, and CHARTS

Etc.

EPCEITEC



Chemical Description

Name alpha-D-mannopyranose
Synonyms alpha-D-mannose; D-mannose; mannose
Formula Cé6 H12 06

Formal charge 0O
Molecular weight 180.156 g/mol
Component type D-saccharide, alpha linking

Chemical features

Atom count 24

Chiral atom count 5

Chiral atoms C1C2C3C4cC5

Observed leaving atoms 01 HO1 HO2 HO3 HO4 HO6
Bond count 24

Aromatic bond count 0

Chemical Identifiers

Systematic name (ACDLabs) alpha-D-mannopyranose
Systematic name (OpenEye OEToolkits) (2S,3S,4S,55,6R)-6-(hydroxymethyl)oxane-2,3,4,5-tetrol

Chemica ors

tereo SMILES (CACTVS) OC[C@H]10[C@H](0)[C@@H](0)[C@@H](0)[C@@H]10

SMILES (CACTVS) OC[CH]10O[CH](0)[CH](O)[CH](O)[CH]10O

Stereo SMILES (OpenEye) C([C@@H]i[C@H]([C@@H]([C@@H]([C@H](01)0)0)0)0)0

InChI descriptor INChI=1S/C6H1206/c7-1-2-3(8)4(9)5(10)6(11)12-2/h2-11H,1H2/t2-,3-,4+,5+,6+/m1/s1
InChIKey descriptor WQZGKKKIIIFFOK-PQMKYFCFSA-N

\




%, Ligand Depot Graph Search Surm X | @ Morphine | C17TH18NO3 - Publh X | ﬂ Daylight> Cheminformatics X | +
<« O M & https://pubchem.nchi.nim.nih.gov/compound/5288826#section=InChl @G & @ 3=
PUb@hem Morphine (Compound) =: CONTENTS =~ P

21.2 InChl @)

InChl=1S/C17H19NO3/c1-18-7-6-17-10-3-5-13(20)16(17)21-15-12(19)4-2-9(14(15)17)8-11(10)18/h2-5,10-11,13,16,19-20H,6-
8H2,1TH3/t10-,11+,13-,16-,17-/m0/s1
Computed by InChl 1.0.5 (PubChem release 2079.06.78)

» PubChem

213 InChl Key Q)

BQJCRHHNABKAKU-KBQPJGBKSA-N
Computed by InChl 1.0.5 (PubChem release 2019.06.78)

» PubChem

214 Canonical SMILES ® 3

CN1CCC23C4C1CC5=C2C(=C(C=C5)0)0C3C(C=C4)0O
Computed by OEChem 2.1.5 (PubChem release 20719.06.18)

» PubChem

215 lsomeric SMILES @@

CN1CCIC@]23[C@@H]4[C@H]1CC5=C2C(=C(C=C5)0)0[C@H]3[C@H](C=C4)O

EPCEITE
Computed by OEChem 2.1.5 (PubChem release 2079.06.18)



SMILES

SMILES means the following:

Simplified Molecular Input Line Entry Specification=
encoding the structure of a molecule into a string.

Below | will give a brief description of SMILES.

More detailed information can be found e.qg.
here:http://www.daylight.com/dayhtml/smiles/
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http://www.daylight.com/dayhtml/smiles/

SMILES
Syntax of atoms

Syntax in SMILES language:

atom : '[' <mass> symbol <chiral> <hcount> <sign<charge>> '] ;

Description:
symbol element symbol

* = any atom
<sign<charge>> sign and charge
<mass> atom weight
<chiral> chirality
<hcount> number of bound atoms

EPCEITEC



SMILES — atoms - example

Figure

SMILES string

Description

[S]

Element sulphur

C Methan
S Hydrogen sulphide
[OH-], [OH-1] | Hydroxide anion
[235U] Uran isotoph 235
[*+2] Any atom with charge 2+



http://www.daylight.com/daycgi/depict?53
http://www.daylight.com/daycgi/depict?5b323335555d
http://www.daylight.com/daycgi/depict?5b535d
http://www.daylight.com/daycgi/depict?43
http://www.daylight.com/daycgi/depict?53
http://www.daylight.com/daycgi/depict?5b4f482d5d
http://www.daylight.com/daycgi/depict?5b323335555d
http://www.daylight.com/daycgi/depict?5b2a2b325d
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SMILES
Syntax of bonds

Syntax in SMILES:
bond : <empty>|"-"|'="|'#'|"';

Popis:

<empty> any bond

- simple bond

- double bond
- triple bond

; aromatic bond



SMILES - bonds - example

Figure SMILES string | Description
[CH3]-[CH3]
Nes C=0,0=C |Formaldehyde
s
H-C=N C#N, N#C | Hydrogen cyanide
CH,=CH, C=C (Ize i cc) | Ethen

CH,=CH-CH=CH,

C=C-C=C

(Ize 1 ccce)

1,3-butadien

?

CCC

Undefined bond type



http://www.daylight.com/daycgi/depict?5b323335555d
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SMILES - braneches - syntax

Syntax in smiles:

branch : '(* <chain>")'

'(* <chain> <branch>")’

'(* <branch> <chain>")’

'(* <chain> <branch> <chain>")';

Description:
<chain> string
<branch> branch



SMILES - branches - examples

Figure

SMILES string

Description

CC(C)C(=0)0

Isobutan acid

FC(F)F,
C(F)(F)F

Fluoroform

O=CI(=0)(=0)[O-],
CI(=0)(=0)(=0)[O-]

Perchlorat anion

CCCC(C(=0)0)CCC

4-heptan acid



http://www.daylight.com/daycgi/depict?434328432943283d4f294f
http://www.daylight.com/daycgi/depict?434328432943283d4f294f
http://www.daylight.com/daycgi/depict?464328462946
http://www.daylight.com/daycgi/depict?4f3d436c283d4f29283d4f295b4f2d5d
http://www.daylight.com/daycgi/depict?434343432843283d4f294f29434343

SMILES — cycles

Choose any bond in the cycle and denote its
terminal atoms by a number. We break the cycle
at the site of the bond and write it as a linear
sequence of atoms.

Examples:

| — | | — | —  clocoocl

]
______,C% '31% (bl
HoC CH o o fa] COl=CC(Er)jCoCl
o

HxC = [ (by CC1=0C(CCCL)Ex
H“CH{E e ‘M&“C'fﬁ e,

Exr Br


http://www.daylight.com/daycgi/depict?4331434343434331
http://www.daylight.com/daycgi/depict?4343313d43432842722943434331

SMILES - summary

Benefits of SMILES:
* Space compression

* Possibility to write a molecule using a regular
expression

Disadvantages of SMILES:

* Ambiguity (there is no "correct" order of atoms, 1
fact can be written in multiple ways).

* Necessity to create a complete listing before any
algorithm can be applied to the molecule
(isomorphism, cycles, etc.)
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SMILES — applications

Use of SMILES:
* Nomenclature and automatic name generation.

» Searching parts of molecules using regular
expressions.

SMILES extension:

A more advanced version of SMILES strings are SMARTS
strings. They are defined in the same way as SMILES +
contain additional rules.

More about SMARTS:

http://www.daylight.com/dayhtml/doc/theory/
theory.smarts.html



Exercise

Find the SMILES entry for aspirin.
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Chemical Description

Name alpha-D-mannopyranose
Synonyms alpha-D-mannose; D-mannose; mannose
Formula Cé6 H12 06

Formal charge 0O
Molecular weight 180.156 g/mol
Component type D-saccharide, alpha linking

Chemical features

Atom count 24

Chiral atom count 5

Chiral atoms C1C2C3C4cC5

Observed leaving atoms 01 HO1 HO2 HO3 HO4 HO6
Bond count 24

Aromatic bond count 0

Chemical Identifiers

Systematic name (ACDLabs) alpha-D-mannopyranose
Systematic name (OpenEye OEToolkits) (2S,3S,4S,55,6R)-6-(hydroxymethyl)oxane-2,3,4,5-tetrol

Chemica ors

tereo SMILES (CACTVS) OC[C@H]10[C@H](0)[C@@H](0)[C@@H](0)[C@@H]10

SMILES (CACTVS) OC[CH]10O[CH](0)[CH](O)[CH](O)[CH]10O

Stereo SMILES (OpenEye) C([C@@H]i[C@H]([C@@H]([C@@H]([C@H](01)0)0)0)0)0

InChI descriptor INChI=1S/C6H1206/c7-1-2-3(8)4(9)5(10)6(11)12-2/h2-11H,1H2/t2-,3-,4+,5+,6+/m1/s1
InChIKey descriptor WQZGKKKIIIFFOK-PQMKYFCFSA-N

\




InChl

* InChl = IUPAC International Chemical Identifier

 this format is unique for all chemical substances

» created as an I[UPAC standard in 2005

» freely usable and redistributable under the LGPL license
 stores more information than SMILES

* is still readable by a person with sufficient practice

36



InChl — which information stores?

e atoms and bonds
» tautomerism

e isometrism

« stereometrism

 electric charges

EACEITEC L



How to translate molecule to InChl?

The algorithm for converting the structure to InChl is
performed in three stages:

* Normalization - in this stage all redundant information is
removed.

« Canonicalization - in this step, a unique number is
assigned to each atom

* The last stage is serialization, which generates a string
of characters.

38



InChl layers

39

Each InChl is quoted by the string "InChl=,

This is followed by the version number used (currently "1")

This is followed by the letter S if this InChl meets the standard.
The remaining information is divided into six layers and sublayers
Each of these layers contains different specific information

The layer separator is "/" and starts with a characteristic prefix,
except for the main layer.



Main layer

Must be included in every InChl

Summary formula: carbons are written first, then
hydrogens, then other atoms, which are in alphabetical

order

Bonds of atoms (prefix: "c"): describes the bonds between
atoms in the order they were numbered, these bonds are

contained only once

Hydrogen atom bonds (prefix: "h"): describes to which
atoms the hydrogen atoms are bonded

40



Charge layer

Protons (prefix: "p"): used when there are positive charges
iIn the molecule

Electrons (prefix: "q"): used when there are negative
charges in the molecule.

41



Stereochemical layer

» double bonds and cumulenes (prefix: "b")

 tetrahedral stereometry of atoms and allenes (prefix: "t",
Ilmll

« other type of stereometric information (prefix: "s").

42



|zotop layer

o (prefix: "i", "h")
|t also uses stereometric layer prefixes when isotopic
stereochemistry is involved.

Firm layer H

* (prefix: "f")
« This layer is no longer used in standard InChl because it
accumulated information from the above layers.

Reconnectable layer

* (prefix: "r")
* This layer is no longer used in standard InChl because it
accumulated information from the above layers.
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Example

InChl of Morphine :
InChI=1S/C17H19NO3/c1-18-7-6-17-10-3-5-13(20)16(17)21-15-12(19)4-2-
9(14(15)17)8-11(10)18/h2-5,10-11,13,16,19-20H, 6-8H2, 1H3/t10-,11+, 13~
,16-,17-/m0/s1.

Red text coincides with the hydrogens in the pictureThis part is part of the
main layer and must always be present.

Green text are stereometric information - they are marked with green circles

C
@Q\C//' °
44



InChlkey

45

InChl is a very long identifier of undeclared length
this complicates its storage and further work with it
an alternative has been developed based on it

a condensed 27 character long InChlKey
HASHINChl (SHA-256 algorithm)

If an InChlKey is created from an InChl that is standard,
the InChlKey is also standard

Due to the algorithm used, there is very little chance of
duplication between structures.



InChlkey

InChlKey is divided into several parts:
AAAAAAAAAAAAAAAAAA-BBBBBBBBBBFV-P

"A" denotes the first 14 characters and is created by hashing the

binding information of the molecule. It is terminated by a hyphen.

"B" describes the next eight characters and is created by hashing

the rest of the InChl

"F" is followed by a character identifying the type of InChiKey

"V" is the version identifier, currently

"A" is used for the first version, with future plans to continue the

alphabet for other versions

"P" is the proton identifier

Example:
InChlKey of morphine:
BQJCRHHNABKAKU-KBQPJGBKSA-N

46



Exercise

Find InChlKey of aspirine
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Chemical Description

Name alpha-D-mannopyranose
Synonyms alpha-D-mannose; D-mannose; mannose
Formula Cé6 H12 06

Formal charge 0O
Molecular weight 180.156 g/mol
Component type D-saccharide, alpha linking

Chemical features

Atom count 24

Chiral atom count 5

Chiral atoms C1C2C3C4cC5

Observed leaving atoms 01 HO1 HO2 HO3 HO4 HO6
Bond count 24

Aromatic bond count 0

Chemical Identifiers

Systematic name (ACDLabs) alpha-D-mannopyranose
Systematic name (OpenEye OEToolkits) (2S,3S,4S,55,6R)-6-(hydroxymethyl)oxane-2,3,4,5-tetrol

Chemica ors

tereo SMILES (CACTVS) OC[C@H]10[C@H](0)[C@@H](0)[C@@H](0)[C@@H]10

SMILES (CACTVS) OC[CH]10O[CH](0)[CH](O)[CH](O)[CH]10O

Stereo SMILES (OpenEye) C([C@@H]i[C@H]([C@@H]([C@@H]([C@H](01)0)0)0)0)0

InChI descriptor INChI=1S/C6H1206/c7-1-2-3(8)4(9)5(10)6(11)12-2/h2-11H,1H2/t2-,3-,4+,5+,6+/m1/s1
InChIKey descriptor WQZGKKKIIIFFOK-PQMKYFCFSA-N

\




Bioinformatics

Thank you for your attention

Chemoinformatics

Tools
Databases
Al
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