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What precisely are we talking about?
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Cl Cl

Cl Cl

Cl Cl

# Deutsches Zentrum
DLR fir Luft- und Raumfahrt eV

in der Helmholtz-Gemeinschaft

Slide 2 / 25
Meringer > Chemical Space Exploration > GRC > Jan. 20, 2016



From compositions to constitutions

CH,

C,He

C5H12

or simply .~

A

i~ AL T Y

C7H16

Deutsches Zentrum

DLR fir Luft- und Raumfahrt eV

in der Helmholtz-Gemeinschaft

... 9 isomers (try yourself — it's fun!)
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The DENDRAL project
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DENDRAL approach to structure generation
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Generating tree for C ;H,, Isomers

Frmpeig gl Foeeagn s

s b !

{
E

e = - =

Supa-ciom Far nngeg i o i af - 2l 5]

1
| l | |
| |
¥ L I' " r
wokenca |ig | Q0Ea. -p (Cel ek-1] M0 [ h ] 100 AH CALE | LN G2 SROE (KhOE)
+*
a
¥

-—
i

Caitulots Frod Yomnce = ' E &

o b g

._
i-l-il -
"

&
k
LTF)

&
¥
Farirhon Fres Vleee = b, e R, AR

1 [
e eplenle ! .
fam mm T - | i el e !

Lisapes  Porhilans 223300 - 3 EE )0 B - 2T

+

."\-l'
g —

Chig ol | L= 1
s S Lo - = |
P Y [ ¥

ir
=0sQe
1
g

- g
L 3 L - e
PRI S ——. f aown B R A
By Lo TN | L "
& - - "y - - - +

T L

e Dmgras | i efieid ] LS00 S G ond e ] i .2 1L 281 1L @ O
p-p-’“-' Piidery Loogrs ¢ 0o el EAaNE TEAM :fll';“ W] Bk | T
R Pogen - | osapn | l ?‘ | | . -

L fi e % -
WeiiEE- Cepahi fram | 1] fi I:_I 3 T
CATHELCHG b o IJ =
R [T=gnodan of = Wingis iy - | BT

| ksl Veriss Groghs "'"“5-.'_‘_
i Spacial Sacondory Sodas g

P e Man | g 80O

L
.t - - = "
Rmins Armang Edges of Grogn 000 DD BHOOETL0NL 00 LD 201 AEE 200000
I

— L " L . -
Lt g of Ly P
e, O O 0D
?-l-l'- — " "
W o v |, daeg gy | |

-tH_ML-G_I

§oEieE | eEp it e l
L psdnry hoGER

-

Corsivwes Cpolic
- EBEalafuns

-

|
! by . .‘;. Ty . 11 ! 4
Qi < T X LIl o A e
spmmcamney & '
‘W iaesae ‘E

[T I T - -
L e L LRI L]
(L T R

! it
B
-
¥
L]
__‘#-—
L]

P
l-u\'H Gwnpe e

r oy een { ! !
wilhy Wi g ot 1 i 1

| Sms Appandia 11 1 L
L TR Y e - - - D y

(1 et | '1 =0 o . )
a3 O DO YA ARY At =

= , - -

|-r1!

.ll!!

L]
HEOA1, Gy F
*
L] T
+ #
By, 30w
'} I '}
: [ .
I |
L} I L]
|
¥
o, -~ F
e D

+

&
L

A BT

N — ——

Lt bR T] [afa b

O e0RN oo, Fh

A

b
AP

L

'
-
*

FYen

e T —



1 6
) 1 6
) G
+ 8
: &
, $
Q
[
8\7/6\2/1\0/5
, P &

+ A ; &

# Deutsches Zentrum
DLR fir Luft- und Raumfahrt eV

in der Helmholtz-Gemeinschaft

~

~

olm|s

OO |0 |O | (N|IN[O]N

OO |NMN/OJlO|O|O (N
O|lO0O|O|IN|O|JOCO|O(N]|T
oO|lojlo/lojlo|jo|o |

O|lOoOo|jlOo|lOo|O|N|]O|O

Ol OlO|OCO|O N[O P>
N|IO|IMNMOJlO|O|OC|(O|mMm
oM |[OfO|J|OC|OC|OC OO

Slide 7 / 25
Meringer > Chemical Space Exploration > GRC > Jan. 20, 2016



i DLR

Deutsches Zentrum
fir Luft- und Raumfahrt eV
in der Helmholtz-Gemeinschaft

Slide 8 / 25

Meringer > Chemical Space Exploration > GRC > Jan. 20, 2016



Discrete mathematicians found solutions

8 23EC
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Annals of Discrete Mathematics 2 (1978) 107-120.
@ Worth-Holland Publishing Company

EVERY ONE A WINNER
or

HOW TO AVOID ISOMORPHISM SEARCH WHEN
CATALOGUING COMBINATORIAL CONFIGURATIONS*

Ronald C. READ

Department of Combinatorics and Optimization, University of Waterloo, Waterloo, Ont. N2L 3G,
Canada

JOURNAL OF COMPUTER ANDY SYSTEM SCIENCES 25, 42-65 (1982)

Isomorphism of Graphs of Bounded Valence
Can Be Tested in Polynomial Time*

Euce~neE M. Luks

Department of Marhemarics, Bucknell University,
Lewishurg, Pennsylvania 17837

Received October 21, 1981
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A new generation of structure generators
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Molecular Structure Generation

Welcome!

H |
&
Restrictions no. of isomers | CPU-fime
Chemical formula CsHgOg only 2,008,017 838 s
no triple bonds 2,434,123 703 s
hydrogen distribution 1CH,,2CH,,3C,40H 79,831 258
no substructure -O-0- 35,058 97 s
hybridization 1Csp3-2H,2Csp3-1H,3Csp2-OH,10sp2-OH 990 85
minimal size of rings =5 348 58
contains at least one (O branch 15 11 s
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Amino acid libraries resulting from
the studies at UHNAI

JOURMAL OF

CHEMICAL INFORMATION

AND MODELING

Beyond Terrestrial Biology: Charting the Chemical Universe of

a-Amino Acid Structures

Markus Mer'mgerf H. James Cleaves II,”"*’M’?}J"|| and Stephen J. Freeland®

"German Aerospace Center (DLR), Earth Observation Center (EQC), Miinchner Strale 20, D-82234 Oberpfaffenhofen—Wessling,

Germany
*Earth-Life Science Institute, T

‘okyo Institute of Technology, 2-12-1 Qokayama, Meguro-ku, Tokyo 152-8550, Japan

¥Institute for Advanced Study, 1 Einstein Drive, Princeton, New Jersey 08540, United States

“Blue Marble Space Institute of Science, 2800 Woodley Road NW, no. 544, Washington, D.C. 20016, United States

I Center for Chemical Evolution, Georgia Institute of Technology, Atlanta, Georgia 30332, United States

ENASA Astrobiology Institute, University of Hawaii, 2680 Woodlawn Drive, Honolulu, Hawaii 96822-1839, United States

O Supporting Information

pubs.acs.org/jcim

ABSTRACT: a@-Amino acids are fundamental to biochemistry
as the monomerc building blocks with which cells construct
proteins according to genetic instructions. However, the 20
amino acids of the standard genetic code represent a tiny
fraction of the number of @-amino acid chemical structures
that could plausibly play such a role, both from the perspective
of natural processes by which life emerged and evolved, and
from the perspective of human-engineered genetically coded
proteins. Until now, efforts to describe the structures
comprising this broader set, or even estimate their number,
have been hampered by the complex combinatorial properties

of organic molecules. Here, we use computer software based
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—
Ha*
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on graph theory and constructive combinatorics in order to conduct an efficient and exhaustive search of the chemical structures
implied by two careful and precise definitions of the @-amino acids relevant to coded biological proteins, Our results include two
virtual libraries of @-amino acid structures corresponding to these different approaches, comprising 121 044 and 3 846 structures,
respectively, and suggest a simple approach to exploring much larger, as yet uncomputed, libraries of interest.
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Application:
Verify a model on selection of the amino acid alpha  bet
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Statistical analysis
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108

Random sets of 20 amino acids

5,936,205

Sets with better coverage
in 1 or more properties

18,687

Sets with better cowerage in
2 or more properties

inall 3 properties
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Extraordinarily Adaptive Properties of the
Genetically Encoded Amino Acids

Melissa llordo' 2, Markus Meringar®, Stephen Freeland®, Bokhtiyor Rosuley™® & H. James Clecves i7 4750

"Cente for GeoGenelics, Matwol History Mussum, Universisg of Copenhogen, Sster Voldgode 57, 1350 Coperhagen K,
Crenmark, "U'-wsw of Howoii ar Monca, 2500 Compus Bd, Honcluly, HI 96022, LSA, *Gamaon Aesrcspace Center |DLE), Earth
Cihsercation Center [EOC], Mdnchner Sirafie 20, 82234 OberploffenhofenWeasling, Germary, *Universityof Maryland Baltimane
Coundy, 1000 Hillop Cir, Baltimore, MD 21250, US4, Hmerdisc phnory Cener lor Manokowicity, Dep-urlm-\rc\f Chemisiry and
Biochamitry, Jockson Stae University, 1400 LE. Lynch 5t Jacksen, M3, 39217, UGA, “Cmrter for Compuigtionally Asssred Scisnce
and Tacknology, Morth Dakot Stofe University, MDSU Ressarch Park D, F.O. Box 8050, Fargo, MO 58108, USA, "Bhee Marble
Spare Instiule ol Scence, 2800 Woodley Bd. MW #544, Wioshington, DT 20008, USA, AEarhdife Sciance katilue, Tokyo
Instinste of Tachnobogy, 2-12-HE-1 Ookoyome, Maguroku, Tokys, 1528550, lopan, “Cantar for Chamicd Evolution, Geongia

Intisste of Technalogy, Marth Ave MW, Allaria, Gi& 30332, USA, lefileis for Advanced Stedy, | Einsiein Drive, Frinceton, M
CHESL0, LISA,

Usimg novel advances in computational chemistry, we demonstrate that the set of 20 genctically encoded
aming ackds, used mearly universally to construct all coded terrestrial proteins, has been highly influenced by
natural selection. We defined an adaptive set of amino acids as one whose memibers theroughly cover
rebevant physico-chemical properties, or “chemistry space.™ Using this metric, we compared the encoded
aming acid alphaber o random sets of amino acids. These random sets were drawn from a computatiomally
generated compound library containing 1913 alternative amino acids that lie within the molecular weight
runge of the encoded amino acids. Sets that cover chemistry space better than the genetically encoded
alphahet are extremely rare and energetically costly, Further analysis of more adaptive sets reveals common
teatures and anomalies, and we explore their implications tor synthetic bisdogy. We present these
crm1|||||n1inl|sas.e'\-id.cn¢¢ that the set of 20 amine acids found within the standard p;enericcndc s the resulg
of considerable natural selection, The aming acids used for constructing coded proteins may represent a
largely global aptimum, such that any aqueous binchemistry would wse a very similar set.
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First results
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Outlook: explore chemical space of general nucleosi des
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Outlook: general small molecule compound spaces
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Conclusion
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