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Thesis abstract

The presented thesis describes the doctoral research regarding chemical systems, conducted
by means of thecomputerassisted methods developed by the Grzybowski Grdegud
methods compris¢he two software platforms, i.e., Cyclorg, allowifor discovery and design

of cyclic reaction networks, as well as Kinetix, allowing Mfomerical analysis of

the molecularinteractions therein.

In result of theCyclorgbasedresearch a series of chemical cyclegs identified from
the output of published organic reactionghereby proving that independent chemists
working at different times have jointly yet often unknowingly created examples of cyclic
reaction sequence<£ycleare a prominent feature of metabolisas well azellularsignalng,

therebyattractingthe interest fromsystems chemistry and biology.

The Kinetibasedresearchhas shown thaichemical reactionsas well as entire networks
thereof, operate similarly to lowpass filters when responding tbe reactant concentration
oscillations introducedy external meansThe study of the realistic kinase cascade model
allowed for discovery of an emergent propertiiereof, which allows for transforming
time-varying signals into continuous ones, i.e., thehkigthe frequency of the introduced

oscillatory signal, the higher the average strength of the received continuous signal.

Thedissertation is divided intéour parts comprising (1bhe introduction regardingsystems
chemistry, (bio)chemical cycles atite cascades thereof as well Hse emergent properties
relevant to thepresentedwork, (2)the section describing the Cyclebgsed research and
the examples of identified chemical cycles, (3) the m#ctdescribing stefby-step

the scientific process reganty the analysis of signal propagation in (bio)chemical systems by
means of Kinetix software, and (4) summary of the resuitsich includes the equations of

signal propagatioyestablished over the course of the doctoral research.
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1. Aim of thisdoctoral research

To exploresystems chemistrypoy means ofcomputational software fromthe Grzybowski

Group ¢ Cyclorg and Kinetix.
2. Introduction to the thesis

The work is divided ito two partsfocusing on differentbut conceptually relatedaspects

of reaction systems.

The frst part describes my workn computerassistedmethodsfor the discovey of new
biomimetic chemicabrganic cycles ancbnceptualiation ofmore predictivemethods oftheir

discovery

The ®cond part describes models andumerical calculationgimed at gaining basic
understanding of signal propagation in chemical reaction networksadutlde ability of such

networks to transfer timevarying chemical signals.

During my Ph.D. studies, tbe two projects relied heavily on the separate pieces of
the software created within the Grzybowski Group. My main task wass&iheseplatforms
as toolsassistingthe process ofcientific discoverand allowingfor verificaion of various

hypotheses related to systenthemistry.

In the case otthe first software platformg calledCyclorgg | participated in its creation from
the very beginning, although all the coding and calculations were dgnmy colleague

mathematician Dr. Piotr Dittwald.

Written in Python, Cyclorg israpository of cycle candidates algorithmically identifieihin

the socalledNetwork of OrganicChemistry(NOC) ¢ that is, withina set of organichemical
reactions reported in literature and patents from 1789 to 2011. Transformation of the NOC
into a directed graph (where substrates and products are nodes connected by reactions)
allowed for its algorithmic navigation, ultimatelysasnbling published reactions into cycles.
The ®arches were performed byneans ofthe standard deptHimited depthfirst search
(DLDFS) algorithfusing NetworkX libraryMultiple searches were performed at the various

stages of the project, each resuigj in a unique collection of cyclesCyclorg comprises the

three most comprehensiveollectiong | OO0S&daAo6f S ( KMNwWzaIK GRIEGF 06



When validating Cyclodgasedpredictions, my conceptual input was, inter alta, design

filters that would (i) elifmate chemically nonsensical cycles and (ii) allow for specifying search
ONAGSNAI YINNRgAYI R26y GKS 2dzilLizi G2 0O0&0fS
Those features were implemented into the code perceptibly improving the user experience

and demical relevancé.In order b further reinforce the validity of Cyclotwpsedresults, |

have identified and interpreted a wide assortment of plausible and/or interesting cycle

candidates.

My second suiproject used the saalled Kinetix softwaredevelgped in our group by
Drwl ¥+ O w2&al | { @ apphcstibni wriften AindJavaScrigt $iing the Meteor
framework® which simulates kinetics of entire chemical networks. It does so by solving sets
of ordinary differential equations bgneans ofthe CrankNicolson method with an adaptive

time step®’

Upon joining the project, | designed a new functionality of tidependent concentrations
and used it to anake how periodic changes in substrate concentrations affect the kinetics of
the entire reaction networks. At the later stages of the projgicalso coded some of the new
features and Ul fixes myself (although most of the coding was still done BpBrak), making

the final version of Kinetix more uséiendly 8

During the Kinetix project,worked in close collaboration withrof. w2 6 SNII | 20&éad ¥
Institute of Physical Chemistof the Polish Academy of Sciencedo was remarkably helpful,

especially with the mathematical analyses, but also a great mentor.



3. Theoretical introduction
3.1. Systems chemistry

Systems chemistry is a youagd rapidly developing field of study that deals with emergent
properties of entire reaction networks (i.e., complex mixtures of interacting molegsesh

as selreplication, seHorganization, autoregulation, breaking of chiral symmetry, emergence
and transduction of timevarying signals (i.e., concentration oscillation$)Such properties
cannot be attributed to any single component of the systemstead, they are the result of
interactions between the system componeris? In order to study them, the field combines
classical knowledge of chemistry witke insights and analogies from biology and theoretical

framework of computer science of congpd systems.

The first mentions of systems chemistry as a discipline date back to 2005, when the term
appeared twice in the same wegKirst in the title of a scientific papé# then in the title of

the postconference workshop of Chembiogenesis meetimgvenice’ A series of related
discoverieswvas published afterward® and a new peereviewed journalSy G A Gt SR 4G { & a
/ K S Y Awasfoliddedin 20105 Although e journal was discontinued five years lafér,

the systems chemistry research is still being pursued widely and published nipght
journals!”*® including my own doctoral work described in this thé8®&. The interest in

the new discipline is reflectedor instancejn the establishment othe dedicated Centre for

Systems Chemistry in Groninge2Q08, which played an important role in securing a

multi-million-euro grant in 2012, together with two other institutés.

Thegrowinginterest in systems chemistry stems mostly from the desire to fullyeustand

the origin of life (abiogenesi) a natural process by which life has arisen from ieimg
matter.>1115Biology, with itsfocus onexistinglife, has not beerable to providecomplete
answer§ as such answers requireghe knowledge of how prebiotic building blocks
selfassembled into complex biomolecules, how such molecules were integrated into
protocellular entities and how they developed homochirafify.Such underlying processes
likelyneed to be studied at théevel of systemsSystens biologya sub-discipline focused on
molecular interactions withinalready existingoiological networks has so far been very
successful at engineering certain propertias/ivg?? but simultaneouslylimited in its ability

to improve the understandingfdhe & 2 NA-@lAtgfl &uestions
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Systems chemistry presents an alternative approach to the problems faced by its biological
counterpart. It studies complex interactions and emergent properties by designing simple
chemical networksde novoand then progressively increasing their complexity through
integration of new component3!® Not only is sucta methodologyvery well applicable to
research on prebiotic processé®? but it also makes the field of systems chemistry
conceptualy relatedto synthetic biologyas it often results irthe invention of alternative
biochemistriest® In fact, creating subsystems and components for artificial life is another goal
of systems chemistr§/> The first chemical model of hemostasis was completed im20a

year before the field was formally established. Today, many research groups are working on
recreating other important properties of life selfreplication, autoregulation and the ability

to function out of equilibriumt® As anotableexamplechemigs fromthed . dzA t RAy & | { &
/ St té¢ 02y a2 Ndndoreqadilibfufn éh@nicalsygstddibat, in the fullness of

time, are supposed to aoprise artificial metabolism afynthetic cellg827

11



3.2. Chemical cycles

Modeling known biochemistries asell as their synthetic alternatives would, in most cases,
entail the development and integration of chemical cycles. In terms of chemistry, a cycle is a
reaction pathway in which the starting substrate is also the final product. Such a substrate,
akin toa catalyst, is not ultimately consumed, allowing the cycle to operate repeatedly. In fact,
when Hans Krebs discovered the first metabolic cycle in 1932, known as the ornithine cycle
(or urea cycle¥® he remarked on its capabilifpr produdng more than 30urea molecules at

the expense of a single ornithirf As shown inFigurel, there is a number of substrates
consumed during theycleexecution (most notablycarbamoyl phosphate and aspartate), but

the ornithine always regenerates upon full completiohefie is also a number of syntiieed
molecules that do not undergo any subsequent reactigtiseir quantity can only increasge

and as such, they could be considered as products of the whole cycle.

2 ATP

2 ADP, 2P, 2H* P, H* o L-citrulline o

N
NH, 0 t|:l> H NJLN/\/\l)LO' o
> " H NJLO o ? H NH,' 0
o 2 2.1.3.3 } k/\l'l'
HaN

o

o -
NH3*O L-aspartate
H, /\/\l)kt)’ 6.3.4.5 ATP

(@]
L-ornithine NH,* AMP, 2P, H*
o} o ‘NN© o
HoN™ “NH, 0 N7 N o

urea H,0 M NH;'" " L:rgininofsuccinate
NH (0] (0]
H,NJLN’\/\])LO .OMO

H NH*

O fumarate

L-arginine

Figure 1.The urea cycle is the first cycle discovered. Its purpose is to transform excess
ammonia into its less toxic formurea. As shown in the left upper corner, the process begins
outside of the cycle with creation of carbamoyl phosphate, which then entersyisle. The
numbers shown next to the reaction arrows denote their respective Enzyme Commission

numbers.
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The next cycle discovered by Hans Krebs, five years later, is of key importance to cell
metabolism. Known as theicarboxylicacid cycle(TCA) othe Krebs cycleRigure 3,%8it serves

as acentral hub, interconnecting fat, protein and carbohydrate metabolism. Present in all
aerobic organisms, it supplies both energy and building blocks to cell biochemical pathways,
which include numerous other cyclé®! For example, while the role of the previously
described ornithine cycle is to biosynthesize urea, it also yields variepobdycts (shown in
Figurel) andthe Krebs cycle actively participates in recycling these products into substrates,
as explaind in Figure 2 The significant interesin the TCA cycle is welkflected by the
numerous attempts to recreate ih vitro, which date back tthe 19508233 and are still being

pursued*

CoA-SH

Aspartate /6‘ J’K:/I\)J\ W NAD*
\ Ac-CoA m NADP*
/6 © NADH

Cis-aconitate

(o] o]
S) Mﬂ/oe C|trate Isocitrate é\ NADPH
O
©
o _ 0s_0
NADH Oxaloacetate Oxalosuccinate O o]
€] ©
@) 0]
NAD* o

O OH

© Malate
@O)I\)\rro a-ketoglutarate
o

6
© €]
\Q Fumarate OJ\/\H\O

Succinyl-CoA 9/ o
Succinate o NADH
Q CoA
o NAD*
(0]
)W GDP CoA-SH

QH Q ¢
CoA-SH
Figure 2.An overview scheme dhe Krebs cycle. Steps 8 and 9 are involved in a metabolic
pathway that transforms fumarate into aspartate, which is then usetiéerurea cycle. NADH
produced during steps 3, 5 and 9 is used by various metabolic pathesygell as in the
process of phosphglative oxidation, which transforms ADP back into ATP.

CoA=coenzymeA; Q = quinolone.
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Some cycles reuse their own-pyoducts. The example shown kigure 3initially uses the
adenosyl group from ATP as an activator in spermidine biosynt¥tesig, instead of later
expelling it to be recycled elsewhere, it salvages the carbon atoms from the ribose part to
rebuild the kmethionine required for another completion of the cyéfe.

HO\(\PJI,O\ETD ATP
2-oxoglutaramate g & o c‘agnu

N N o A
OMNH; ; ; OH o
L-glutamine © O o~ 0 0 OH OH NH, Ho NH,
HzNwDH HO NHZ (N’ N
2
N
N i/ » a*

jl) 0 / N ~
S o]
o OWS/ 2.6.1.ag P 2516 ;; A

L-methionine

o- OH OH co,
1.13.11.54
4.1.1.50
/\l)-l\/\ NH, H/Nllz
+

N=
( 3.1.3.87 {\ ; N»
i 5-MTA  NH, NN . st
o /\[)J\/\ E\}N 2.5.1.16 i j dCSAM
\3 13 77 N D S —
0]
EH - O‘QH putresceine
HO™ Mo S PN S
HO™ ~O ~ HoN o~
0 . oM OH o} L W \
421109 O : > N N
Ho™ o S — 2.4.2.28 i
w 53.1.23 ©O" O# spermidine

Figure 3.The Lmethionine salvage cycle is an intricate system for reusiraitan It
synthesizes spermidine, then uses the-pyoducts as precursors of new substrate molecules,
allowing itself to synthesize even more spermidine. Adenosine triphosphatenergy source
commonlyusedincelld & FANRG dzaASR | a Y2t S Oudethibriak ig G S Y LI
transformed into a product spermidine in two steps (orangerows). Next, the
Smethylp €hioadenosineg resulting from the same cleavage as the product spermidme

recycled into tmethionine that reacts with another ATP and the cycle repeats (blue arrows).

Thus each molecule of ATP participates (both directly and indirectly) in the synthesis of two
Y2t SOdzt Sa 2F ALISNNYARAYSS adleAayda gAGKAY (KS
segr Syi |yR 2yS 27 Th&tBométhylfmiiStg (markeddith $he dramge

dotted ovals) is the only group of atoms that alwagsnainsin the cycle whereasall

remaining matter passes through the cycle. Inorganic reagesuis) asphosphates and
hydrogen  cations are omitted for clarity. SAM Sadenosylmethioning

dcSAM = decarboxylated SAM or -&lenosylmethioninamine

p-MTA =S¢ S (i K-thibageRosine.
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Not every metabolic cycle is supposed to sysibe a target sideproduct. Some cycles

discoveredin vivo are futile ¢ i.e., their full completion yields no apparent net effect other

GKFY RA&ZAALI GA2Y 2F SySNHeé® 5SalLiAGS

0§KSANI yI

in living organisms. The mannitol cycle presentedrigure 4is one such exampf&. It

transforms fructofuranosé-phosphate into Bmannitol, but then transforms it back into the

starting furanose wherebythe only apparent effect of the cycle completion is hydrolysis of

ATP to ADP, which looks like a waste of precious energy. Marmtwkver, is one of the

most abundant storage molecules in natéfre completing the first two steps of the cycle

results in a formation of a useful energy stockpile in a form that can be transferred between

cells3?

NADH, H* 8H OH
NAD* D-mannitol

HO\E:I),OH
© 0 OH
GLYCOLyg)s NADH, H*
& Q NAD*
OH
OH
fructofuranose 6P  1.1.1.17
ADP, H* OH OH OH
Osp : __OH
HO™ ~O v
2714 H
ATP OH OH
HO o on D-mannitol 1P
3.1.3.22 H,O
O
OH phosphate
OH 1.1.1.67 OH OH
fructofuranose : OH
Ho/\/l\‘/\/ STORAGE

Figure 4 The mannitol cycle is an vivo example of a futile cycle. Even though it does not

synthesize any important sidg@roducts (hydrolysis of ATP being the only net change), it serves

an important role of storing energy in the form ofr@annitol. Fructofuranos&-phosphate is

transformedoutside of the cycle into glucosgphosphate, which participates in glycolysis.

The rumbers shown next to the reaction arrows denote their respective Enzyme Commission

numbers.
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The proper functioning of many metabolic cycles (especially the futile oge=)sured by
partial separation of their components. The urea cycle is split between mitochondria and
cytosol?8while mannitol in plantss splitbetween leaf cells and sink tissue céfisiow far

such separation can go is best exemplifieBigure Sy the Cori and Cabhill cycles, responsible

for muscle sore4? Depending on the level of muscular fatigue, pyruvate coming from energy
releasing glycolysis is further decomposed into either lactic #udJori cycle) or alaninghe
Cabhillcycle. Theseéwo compounds are then transported with blood all the way framuscle

to the liver, where they are transformed back into pyruvate. This pyruvate undergoes
energyconsuming gluconeogenesis and the resulting glucose is sent back to muscles to fuel

their intensive work.

‘ Alanine Transaminase ‘ ‘ Lactate Dehydrogenase ‘

(o] @] (@]

OH OH OH
NH, O OH

Alanine Pyruvate Lactate
| |
1 TGLYCOLYSIS 1
| OH |
: HO,,, ~OH :
Muscle I

~ OH
1 HOY O |
1 Glucose 1
\ | A 1 _/
I = i S |
| |
Blood I : I
| |
1= OH i |
/ 1 Ho,,, A _ . OH 1

| |
1 HO™ o OH 1
Liver ! T !
v GLUCONEOGENESIS '
(0] O (@]

\l)j\OH Ss—7— —F" OH Y —" \)LOH
NH, A o) A OH

‘ Alanine Transaminase ‘ ‘ Lactate Dehydrogenase ‘

Figure 5 The Cahill and Cori cycles participate in energy transfer betwienliver and
musclesTheCahill cycle is shown on the left atite Cori cycle is shown on the right. From a
chemical point of view, both cycles are futidevertheless their components are split into
separate phaseg glucose consumed imuscles is recovered ihe liver, then transported
back¢ thus fulfilling an essential role of supplying working tissuah energy.The slid
arrows denoé chemical transformsons, whereas thedotted arrowsindicate theprocesses

associated with transport.
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3.3. Chemical replication and autamplification

Selfreplication isa behavio of nonequilibrium systems capable of constructing their own
copies, or copies of some of the system components. In biology, such systems are, for
instance cells reproducing through divisithor viruses maltiplying using infected cell
machinery?? In bicchemistry, it is DNA/RNA strands assembling their copies with the help of
polymerases? In systems chemistryt is one molecule interacting with another to actively
promote synthesis of its copies (without being consumed in the prodesd)) selfreplicating
systems are, by definition, autocatalytic cyciég while the opposite is not always true, a
reliable method of assembling new cycles could, by extension, asgigtnavo design of

chemical seffeplicators.

Theoretically, if a selfeplicatingsystem were allowed to operate continuously (i.e., if it were
constantly fedwith a sufficient amount of substrates), it should result in an exponential
growthin the concentratiorof the replicated component. In realistic scenarios, however, it is

usuallyformed atasigmoidal rateas substrates other than the one being replicated run4ut

The earliest attempts at creating systems capable ofreglfication were heavily based on
polynucleotides (building blocks of DNA), reacting in aqueous solutiofse first truly
chemicalorganic model was created by the Rebgioup,*®* who in 1990 synthesized
arelatively complex molecule capable of sedplication in noraqueous solvents. The entire
system is shown iRigure 7¢ based on hydrogen bonds just like DNtAexhibited a sigmoidal
time-concentration profile, typical of autocatalytic processes. Such a design of
hydrogenbonding substrates assembling on a molecule identical to the product was
successfully applied in multiple follemp experiments the two most notable of whichare
based onthe DielsAlder reaction Figure 8a8c)*’ and 1,3dipolar cycloaddition Figure
8d-8f).4®
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host bacterial cell
DNA hellcaseJ

d
orlglnal strand ‘o, HAAIENGESE
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Q ( new strands
@ \

N S
O host DNA ..;'I'P.f.\!ﬁ..eqlxmﬁrﬁﬁﬁ = -
ohage DA AN nucleobases
C P, ADP, H* glutamine
NH,*, ATP synthetase
/\ 6.3.1.2
o] (o]
L-glutamate JK/\H‘L 0 0 L-glutamine
HO r OH HZNJ\/YJ\OH
2 NH;
glutamate \/ o) 0
synthase . o oH
14.1.14 NAD* NADH. H* O 2-oxoglutarate

Figure 6. Naturally occurring processes of sedplication. Scheme (alllustrates viral
replication. Starting from the top baderiophage virion infecta bacterial cell with its DNA.

The phage DNA then circularizes and replicates, leading to the biosynthesie ghage
proteins by the host. The proteins are assembled into new phages, which are released once
the cell lyses. Schee (b) illustratesa DNA replication process. The original dousiended

DNA is split by helicases and on each of its strands a new strand is being assembled with the
use of complex cellular machinery. Both schemes (a) and (b) are intentionally sinf@itie
polymerases typically build new stranaehilsta DNA double helix is being splifhesimple
metabolic cycle sown in (c)is known as the ammonia assimilation cyflén a twostep
process, iglutamate actively promotes synthesis of its copyraysforming into kglutamine

and undergoing a disproportionation reaction with-ooglutarate, resulting in two
equivalents of lglutamate (one copy plus one recoveretdhe rumbers shown next to the

reaction arrows denote their respective Enzyme Commissumbers.
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Figure 7.Theselfreplicating systentdeveloped bythe Rebelgroup. Free reactants are seen

in (a). The dotted ovalsethote substrate molecules, whilégne catalyst identical with the
product ofthe dincoming reactionis visible at the bottom right corner of (ajhe first step
shown in (b) involves hydrogéyonding of the substrates tthe catalyst. This brings them
close togetherallowingthe amide formation reactiomo assembleghe complex shown in (c),

g K S NB enatesghe pentafluorophenyl leaving group. Once hydrogen bonds are broken as

in (d), the molecules are set apart, resulting in two identical copies of the catalyst.
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Figure 8 Autocatalytic processes in two selplicating chemicakystems. The firsgshown in

schemes (&), is based orthe DielsAlder reactionThe sibstrates shown at the bottom of (a)

undergo hydroged 2 Y RAYy 3 (G2 | Y2 SOdzZ F NJ adSYLX | GS¢ 3
promotes the regioselective Dieldlder reaction, resulting inkkS O2 L 2F GKS ai
shown in (c). The system shown in scheme®$ ([glbased on 1;8ipolar cycloaddition between

a nitrone and maleimide shown at the top of (d)Hydrogenbonding of the substrates to the

template compound, adllustrated in (e), leeps them sufficiently close and at the right

orientation promotesformation of another template molecul@sshownin (f).
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Nowadays, continuous flow reactors are used to develop more sophisticated chemical
systems, capable of autmmplification. This isvell illustrated by the work othe Whitesides

group from 2016, shown ifrigure 98

2-mercaptoethanol
SH
HoNT N

A Ng” S\/\NHQ H, NS Sag S NH:
SH
A S~ NH2
HaN ~s HQN/\/SH
N/\/SH S/\/NHZ /\S’S\/\NHQ

NH, H N— " NH,

Figure 9.A smplified scheme of a chemical system in whicim@rcaptoetanol is auto
amplified. The gstemoperatesin a continuous flow reactor. The reactions responsible for

triggers and inhibition are omitted ithis scheme.
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3.4. Signahg cycle cascades

Just asin metabolism, cellular sigrnafj may also involve reaction cycles. For example,
mitogen-activated proten kinase (MAPK) cascades are a diverse familgtbfxays that pass
signals fronthe cell surface tothe nucleus. MAPKs are serine/threonine specific kinases that
work in activation loops catalytically inactive in their base form, they become activated once
sufficiently phosphorylated by another kinase, thteey deactivate again if dephosphorylated
by cybsolic phosphatases. Thus, MAPKSs are activated by KEAPKAPK kinases), which are
activated by MAPKKKs (MAPKK kinases), which are activateepitmye(ds responding to
membrane receptors, whiglhn turn, are activated by extracellular stimulutherefore,in the

absence of external stimuli all kinases eventually become inactive.

MAPKs are expressed in all eukaryotic cells. Typically, the cascades include three cycles
(layers), with sufficient activation (over(D0O-fold) of each kinase being achieved afteno
phosphorylation events this architectures highly conserved from yeast to humafdghere
are also known atypical MAPK cascades, which compniggwo layers, requirea different
number of phosphorylations and/or lack some other featdteshoweve, in this thesis we
will be concerned only with KS ¢ Of | & a A GigurelD). i Kol 2a 64SS
Stimulus — G-Protein
N\ pPPMAPKKK
/. (active)
MAPKKK / \
(inactive) ppMAPKK
Membrane /. (active)
\\ MAPKK / \
\\ (inactive) opPMAPK

. (active)
s MAPK
AN . . \
N (|nact|ve)'/ I
4 Transcription
Nucleus factors . Response

Figure 10A smplified scheme of a typical MAPK assembly, conserved in most organisms. The
dotted arrow denotes spatial orientation. The straight solid arrows denote
activation/catalysis. The curved arrows denote activation/deactivation reactioms sate of

kinasedual phosphorylation i;xdicatedd € & LJLIE @
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Mitogen-activated protein kinases are responsible for regulation of multiple processes,
including cell division, proliferation, apoptosis and gene expression. Despite rtibar
specific name, MAPK pathways respd to diverse stimuli¢ mitogens, growth factors,

cytokinesas well axhemical and physical stress.

Every cell employs multiple MAPK pathwaysach dedicated to different signals and
responses. The assortment of kinases varies strongly between speleiets are known to

have a remarkably high number of cascades dedicated to defensive mechanisms (since plants
Ol yy 2 (i °the digBabgicasdades present in mammalian cells are presenteidjure11

¢ including the most weltharacterize® Ras/ERK pathway, which was used as a model in my

doctoral research.

Stimulus Mitogens, Growth Factors Stress, Cytokines, Growth factors Stress, Growth Factors
G-Protein Ras Rac, Cdc42, Rho

MAPK A/B/C-Raf MLK1-4, TAK1, MEKK1/4, MEKK2/3
ASK1, Tpl2, ZAK, ZLK

| | l

MAPKK MEK 1/2 MEK 7 MEK4 MEK 3/6 MKKS
MAPKKK ERK 1/2 JNK1,2,3 p38a/B/y/6 ERKS
Transcription Elk-1, Ets-2, RSK, Jun, ATF2, RNPK, CHOP, ATF2, MNK, MEF2
factors MNK, MSK, cPLA2 p53, NFAT 4, She MSK, MEF2, Elk-1
Proliferation, Cell division, Proliferation, Differentiation, Cell cycle ) )
Response ) . ) . Proliferation
Differentiation arrest, Apoptosis, Inflammation

Figure 11 A smplified overview of mammalian MAPK cascadeadqéd onthe schemes from

Dhillon 20072 and Roberts 2007).
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As seen fronFigure 11(orange pathways), some MAPK cascades overlap due to the shared
kinases. The gecificity of signal transduction is nevertheless maintained with spatial
organizatio®? and cellular scaffoldingf. In yeast, MAPK modules are neatly organized by
scaffolding poteins (e.g., steb) that bind multiple kinases simultaneouslgrderto ensure

the specificity of signaig cascade® In neurons, MAPKs are transported along axons by
dynein motorsin orderto make up for long distancés$.Finaly, MAPKs can diffuse thugh

the cytoplasm independently kinases recruited neahe cell membrane activate cytosolic
kinases, which travel intthe cellinterior to activate kinases localized closerth@ nucleus
therebyleading to formation of spatial gradienfBhe $rength of such a diffusiofdriven signal

decreasesapidly with distanceinless the cascade has multiple lewetee morelevelsit has

the farther the signal reads, s KA OK YA 3IKG 06S GKS YIAYy NBlFazy

three-layered MAPK cascades?

G-protein coupled receptor

Ligand Membrane

D @ @&
e 5
| Ng D

Transient signal

Early endosome

= Sustained signal

Figure 12Two modes ofhe Ras/ERK pathway operatiofhe bp pathway relies on diffusion
of kinases and results ia transient signal.The ttom pathway employshe i -arrestin
scaffolding protein, resulting in a sustained signae Sdmemepresented abovevasredrawn
from Kholodenkd2010.%°

The iming of MAPK activation is eésence when triggering specific responses. For example,
in PC12 cells, transient activation of ERK induces cell proliferation, while sustained activation
induces cé# differentiation3°° Figure 12shows two temporally separated modes of ERK
activationg the sustained mode is reliant on scaffolding protetarrestin (in a similar fashion

to yeast cascades), while the temporary mode is scaffoladidgpendent.
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Understanding MAPK cascades is of medicinal relevamasicularly in the context of
cancer>38! In the Ras/ERK pathway, mutations of Ras are present in 90% of pancreatic
cancers, 60% of papillary thyroid cancers and 50% of colon camdels mutationsof B-Raf

are observedn 70% of melanomas and 50% of papillary thyroid caneers.

25



3.5. Chemical oscillators

The search for alternative biochemistries (specifically the Krebs cycle) haghediiecovery
of yet another emergent property of reaction netwks ¢ their ability to periodically switch

between discrete states, giving rise to oscillatiéh%>

At first, chemical oscillations were observed only in heterogeneous systems and even after
thesoOl f £ SR & AhadaeytiScov@rfed® iOnjas still believed that oscillating reactions

in homogeneous systems were impossillled A i ¢l & . St 2dza290Qa RAao0
debunked that belief 2 Presentljknown ashe BelousovZhabotinsky (BZ) reaction, it need

a decade as wellas involvementand popularization byanother chemist Zhabotinskyto

obtainits recognition, but once it did, it was followed by a tide of research onrewnlibrium

systems and dynamiés.

Chemical oscillatorsafternatively labeled as oscillating reamis orAy &2YS OF aSa aoO
Ot 201a¢0 NS NBIOGAZ2Y ySig2NJla GKFG LINRRdJzOS
increase and decreasé.Unlike the classical pendulum, chemical oscillations do not pass
througha systermrequilibrium pointc they are a farfrom-equilibrium phenomenon, described

by nonequilibrium thermodynamicsConsequently sustained oscillations require an open

system with acontinuous flow of reagent®

The oscillatory behaviocan emerge from a system as simple as tBrisselatof®

[Brussels+oscillator], which is a purely theoretical model describéaddpllowing equations:

50 Gh ¢d @O odh & GO @ ©Oh ®O° Oh

Qo Q06 -
Qo Qo
Qm Y N
—_-— o] W W 0 W W h
Qo
QW . 3
05 0 W
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The BZ reaction itself can be describedhmyfollowing balance equation:
060 60060 1610 2161 WO @OOh

with cerium(lll) working as catalyst. Mechanistically, however, it is a complex interplay of
multiple transformation$46> One of the models describing it is known as the Oregofi&ator

[Oregon+oscillator]:

6 d°&® O0h ® & ¢dh 6 & ¢® ¢ih

d b Oh B & %‘Qdﬁ
QW -
— Qo w Qwuow Qo0 w ¢Q wh
Qo
Q® . ~
— Q0 @ Qww —-"MOoO wh
Qo
Qo Q A Q h
96 C 0 W 0 ®
Qo0 Q0 . . . .
-— — Th w Oo0i b ® o6ihn W 0 Qh
Qo Qo

6 61 th 0 'O0 68
An example ofa contemporary chemical oscillator has already been showirigure 4

Another systemdeveloped bythe Huckgroup for the purpose of artificial cell researdb

shown inFigure 13"/
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Trypsinogen

Inhibition

Figure 13 The Huck oscillator. The d&skue solid arrows denote reactionsyhereas
the light-blue dotted arrows denote catalysis/inhibition. In this cydtgpsin promotes both
its own synthesis from trypsinogen (auémnplification) and the synthesis of an inhibitor that
negatively regulates trypsin synthesis (awegulation) resulting in periodic increase

anddecreasén trypsin concentration at the oulbw detector.

When an oscillating reaction is left unstirred, not oulges it demonstrate the behawio
described abovebut it also gives rise to spatial inhomogeneities, which can be observed as
travelling fronts (e.g., chemical waves during patternsf® This behavipo is analogous to
calcium oscillations/waveg; ubiquitous signals present in all celts responsible for
transmission of intracellular information. These signals range in frequencies frontol0
100HZ" and regulatethe processes of cell proliferation, differentiation and death as well as
higher functions like fertilization, muscle contteon, learning and memory
(seeFigurel4).5869 The ativity of Ras protein fronthe mammalian Ras/ERK cascade is
strongly modulated byoscillations of cellular 3 hence many calciunregulatory

properties/°

Typically, in resting cells, the concentration of intercellular free calcium is maintained at
100nM. Upon stimulation, this concentration increases up td\.from both the internalnd
external sources®5® Entry from outside the cell is enabled by the membrané* Gaannels,
controlled by ligand binding (including the drug NMDA), stretch or depolariz&tionernal
stores includeghe endoplasmic reticuluntlie sarcoplasmiceticulum inmuscles), from which

C&* arereleased through various channels, most notably ktd@hosphate and ryanodine
receptors!! The brmation of wavesccursdue tothe pulsatile manner in which calcium is

being released as concentration incre&s locally, spatial inhomogeneijtyavelling by means
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of diffusion,is formed. Interference of multipldoth internal and externalC&*waves results
in a signal exhibiting a complex spatial pattern, which is recognized argrieted (decoded)
by the signding machineryof the cells in ordeto yield a specific respongé’® The st
research has shown that the activity of calchdiependent Calmodulikinase lI¢ just like
release of transmitters int@ neuronsynapseg is modulated bythe frequencyof a signal

rather than its amplitude or average strength.

% 2 S S
N <N t;) P
Hve b7 %
Neurons vVew VY-V
Embryos
- - Muscle Skeletal
Cardiac
Smooth - e— -
- -G -
Non-excitable cells
— - —
1day 1hr 1 min 1sec 10 ms
II 1 T rrrrrng ||| rrrrr 1 T rrrrmg Il T rrrrrm 1 IIIIIIIII 1 T Trrrrrng 1 1 IIIIIIII
10 10 103 102 101 1 10 100

Frequency (Hz)

Figure 14 Frequency decoding of physiologicaPCsignals. The red arrowheads denote
optimal frequencies for halfnaximal activation of specific protein§he €hemeis redrawn
from Marchant(2008).5”

The mechanism by which an oscillating signal is interpreted (decoded) by biochemical
machinery isstill poorly understood. The Wangroup noticed in their theoretical researéh
that there is a strong discrepancy in how maximum and average Ras activity depends on Ca

frequency, buthey did not investigatat any further.

Figure 14llustrates thatthe Ras protein of the Ras/ERK cascade is strongly activas@#®Yy

signal of0.01 Hz. Howevethis information refers tocertain published experimental data,
which requires some explanatidf.During the experiment, the €afrequency gradually
changed from 0.0016Mz to 0.0167 Hz. A significant Ras activation was observed aB-H208

and kept increasing until the boundary of 0.0167 Hz was reached. Thus, the exact maximal

activation frequency remains uncertain.
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3.6. Enzymatic reactions
3.6.1. MichaelisMenten kinetics

The sudy of system oscillaty and/or autocatalytic behavipas well asomeother potential
emergent propertiesentails the analysisoncerningreaction kineticof the system While
chemical networks typically obey order kinetic equationsvhich, as seen from Brusselator,
are not necessarily complex, biocheali networks (e.g., the metabolic cycles shown in
section3.2 and the cascades shown saction 3.4) depend upon enzymes to cataéy their
own reactionsand thus follow eithethe MichaelisMenten or Hillrate equations Enzymatic
kinetics are different from chemical in that they aakvaysnon-linear and characterizedy a
maximum reaction rate it is not possible to exceed this limit by increasing the substrate
concentration.They also introduce a new parametére Michaelis constant, to describe how

enzymatic reaction rates aggnificantlylimited by the substratéinding step.

The nodels of kinase cascadesed in my doctoral research aslescribedater,in sectionss.3
and5.5, by the MichaelisMenten rate equationg, before those cascades could be azaly
at the network level, just like their chemical counterparts, their Horear reaction kietics

had to be addressed firss((b-section5.4.1).

According to Beard (2008)the simplest model casef MichaelisMenten kineticscould be

described byhe following equations:
e
O Y'J 0O"Yt O 0h

Q0 o o e N QoY . . - N e
o Q Q OY QYOh — QYO Q Q O™
Qo Qo

where Eis the free enzymeSis the substrateESis the enzymesubstrate complex an@ is

the product. The total concentration of enzym@® 'O 'O "Yis constant.
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The rate of product formation is found by using a steathte approximation:

Q0 QO%Y
mh

QO QO
0 Q0 'O h 0"Y Qry 'O h
’;‘Q ’?’Q ’F’Q nY ’F’Q ’?’Q ’?’Q nY
QO Y QO Y

'QT ¥, o~ v v,
Q0o QROY Ve~ ™ jQ Y

The last expression can be further simplified by introducing two parametaeximum

velocity w QO (where k2 is also known as the turnover numbey a number

of conversions done by one moleculeasfenzyme in one second) atide Michaelis constant

0 ——, which equals concentration @at which the reaction proceeds at half of its
maximum velocity. The result is known as the Michadieten equation:

Qo w Y

Qo0 0 "Y8

While Vimax relates to both the amount and catalytic power of an enzyrdg,relates to

the binding-dissociation rate othe reactant. Multiple Michaelis constants may appear in an
expressiorg one for each substrate that may occupy the active site. This is best illustrated by
the model of reversible enzymatic catalysis, where two opposite reactions compete for the

enzymeactivesite:
o "Y' oY o Uh
4 4

QO .
== 9 T oYT®QYOo Q 0 Oh

’ Y . . . o
a5 QYO Q Q O%Y Q v ©8

This is a somewhat more accurate model of enzymatic catalysis, as the product can also bind

to the active site an@reverse transformation may occur.
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Again,folO O O ®é tand— — T
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The experimental data from enzyme kinetic assays isIgndsscribed with turnover numbers,
the Michaelis constants and/or equilibrium constants. When working with Michéédisten
kinetics and using experimental parameters from scientific literaturd databases, the
Haldane relatioshipcan be conveniently used to deduce forward and/or reverse rates:
foXe)
w juyg Q7

e
cC-
¢
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3.6.2Hill kinetics

The top layer of cascade in sectibrb, i.e., a cycle that decodes&* waves, features Hill
kinetics. The Hill rate equations are used to descriliee situations,when enzymes bind
multiple substrate molecules at once and each consecutive molecule further facilitates the
binding of another. This phenomenon is called eneycooperativity andan beexplained by

a simple model of an enzyme that has two binding sites for subsgate
O Yuu aYh QOY YuJ aYh

SASFI oY h O ©O OY OYh
oY gy Y
where K; and Kz are equilibrium constants. Based on these constants, the fradiioof

unoccupied binding sites can be describedamction of [§ with the following expression:

gy ¢OY LY gL Y i

«Q cO ¢p U YY 0LOY

which is known as the Hill eqtian. In one special case, whd&oth sites are identical and
independent of each other:

0 cOh
because there are two sites available for binding the first substrate and

O Ojch
because both sites can release the substratea iaverse processThe pression forfy is

simplified to the form:

Since the reaction rate is linearly proportional to the fraction of occupied sites:

w Y .
h

’QT ' “Q
Q0 & 0o Y

its expression becomeke MichaelisMenten equation described irthe previous section.
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In another special case, the two binding sites are fully cooperatiegher both bind the

substrate or none does:
0 Th 0 Hoh (V0] U 8

The resulting expression féyis as follows:
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Figure 15.The fractionof saturationf, as a function of substrate concentratiol [for
anenzyme with two substratdinding sites.The pots are for0 pl -. The solid plot

represents two independent sites and the dotted ptepresentstwo fully cooperative sites.

The $apes of both,([J) functions are plotted irfrigure 15 It can be seen from there that all
curves cross at the same point of 50% saturation. The level of enzyme cooperativity can be
guantified in terms of steepness a0 T@®. The parameter used to chasterize this
steepness is known as the Hill coefficient, defined as:
Ql 1Q
C =~

o Ty

If 'Q p, cooperativity is positive. [f2 p, cooperativity is negative. 1Q p, all sites are

independent.
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In the first special case0 cOR  0j¢¢Q p, corresponding to no cooperativity. In
the second special case O ThU H¢ "Q ¢, corresponding to the theoretical
maximum for the case of two binding sites. However, in cases when there are more binding

sites, the Hill coefficiertt might have a higér value. The general Hill equatiorass follows
Q —8

Since™Q ——, the general rate equation for an enzymatic esubstrate oneproduct

reaction isas follows

Q5 o Q © o “ 8
Qo p v Y V) Y
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4. Cyclorgbased research
4.1. Introduction

Cyclorg softwargwhich is one of two main topics in this thesian be construed as the initial

step towards systematic discovery and design of chemical cycles. To be clear, itds nova
prediction tool and does not have mechanistic understanding of the chemistry involves]
however, based othe validated literature precedents and can efficiently navigatedh#put

of the published organic reaction@the sccalled Network of Orgaa Chemistry, NOE
assembling them into cycleas illustrated irFigure 16 It does so according to the structures

of the chemicals involved two transformations can be incorporated into a cycle if structures

of the product of the first reaction and #hsubstrate of the second reacti@ne both identical.

All (even slightly) imperfect matches are omitt&dhis is certainly a limitatiomecause with all

the variety of organic moleculeashomology, constitutional and configurational isomerigm

one could conceive many more analogous cycles made up from similar molecules and/or
reactions. By limiting ourselves only to exact literature poEnts and exact reaction
matches, the chances of exactly the same molecule being used in two independent reactions
are greatly reduced and differences that would be negligible in the eyes of a trained chemist
¢ abromine atom instead of chlorine @naddtional methyl group far from the reactive site

¢ are not accepted by the algorithm. On the other hand, the cythas we identify are
guaranteed to be chemically feasible as, again, every single reaction within them has been
validated by experiment. Ofoarse, because Cyclorg is based on literature precedents, it is
also sensitive to errors with which such reactiomere catalogued in the reaction/patent
databases from whicthe NOC was derivéfl’” ¢ consequently, one shdd expect that some

of Cyclorgpredictions will be false positives. Finally, the software does not take into account

reaction kinetics, since such data is largely unavailable.

Notwithstanding such significant limitations, the hypothesisset out to test using Cyclorg
was that dindependent chemists working at different times have jointly yet often
unknowingly ¢ created examples of cyclic reaction sequencet order to validate this
hypothesis, my task was to identify the most chemically appealing examples from amongst

millions of algoithmically generated results.
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While the algorithms seeking any and all cycles within the NOC were written by Dr. Piotr
Dittwald, my specific focus was on detecting cycles characterized by some purpose, a potential
application oranother property of interest. In this context, it is significant that most of Cyclorg
results were not of such interest the collection contained many futile cycles of
esterification/hydrolysis, dimerization/cleavage or protection/deprotectiord R A & CR4D S NA Y
such examples proves little, even though futility is often seen in living organisms and does not
exclude usefulnes§.heMannitol (Figure 7, Cori and CahilFgure § cycles are both futile

yet they participate in energy managemenin by biologicakystems. In the realm of organic
chemistry however, such systems are rather trivial. Nevertheless, they are left available in the

final versiorof Cyclorgas some of them might actually have potential for emergent properties.
a b
ORNN OB

Figure16. The sheme illugrating the algorithm used to identify reaction cycles within the
NOC. aYhe dgorithm selectgeaction Sy e{blackarrow) linking substratesvith product

S. b)) OK aol O ¢ N&RZFof debirédRengthNERr¥,dL £ 1,2, 3, 4) isidentified
using standarddepth-limited searches. cjogether with initial reactions3h sfthese paths
createcycles of lengths L= 2,4, 5. The dgorithm is repeated for each possible paiatsd $

in the NOCCopyright WileywCH Verlag GmbH & Co. KGReproduced with permissidf.
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Still, the software identified a very large number of cycle candidates and the question arose
how to inspect them. Sinclhe analysis of thealgorithm raw outputin the form of SMILES
strings Figure Ia) was extremely teidus, | proposed an alternative in the formgraphical
representation Figure Ic), which has subsequently been implemented in the final version of

Cyclorg.

This representation allows for much faster inspection and also identification of invalid or
chemtally nonsensical cycles whereby some of the reactions from the underlying literature
records misshe key substrates or products. Such problems may reflect manual entry errors
of the underlying reaction records during digitization of publicationgatents, or they might
reflect the functioning of the cyclsearch algorithm weaavedevelopedIn the case oformer
class, one example is when the main substrate was omitted ap@arentlyand quite
nonsensicallythe reaction record prescribes, say, water producing a complex moldautee

case ofthe latter class, a common situation is mistaking cownbers from reagent salts for
actual substrates and productseven if they do not undergo any change durihg reaction.

Suchanexample is illustrated ifigure B.
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d CyYcLE 0

id 3078 c=cc(=c)C  id 10079  cc=c(c)c  id_1912 cc(cl)e(c) (©)o
id 3078 cc(cl)e(c) (C)o>>C=Cce(=C)C

id 10079  C=CC(=C)C>>CC=C (C)C.C=CC(C)C

id 1912 ce=c(c)e>>ce(cl)e(c) (C)o

CYCLE_1

id 1674 oclccceccel id 3653 TCclcceececl id 3656 clcceecececl id 7025 o=clcceccecel
id 1674 0=C1CCCeeeel>»>0C1CCCccccl. ol (€2 (0) CCCCCCe2?) CCCeeeel

id_3653 ocleceeccel>»>IC1CCCCeecl

id 3656 Iclcccccccl>>cleccccecl

id 7025 clceceeccl>>0=C1CCCCeeel . 0C1CCCCCCCl . N#CSC1CCCCCeCl

CYCLE_2

id_1674 oclccceccel id 3653 1Ccicceccecl id_3656 clceccccecl id 7024 o=clccecceel
id 1674 0=C1CCCCCCC1>>0C1CCCCCCC.OCl (C2 (0) CCCCCCC2) CCCCCCCl

id_3653 ocleceeccel>»>IC1CCCCeecl

id 3656 ICclccceccel>>cleccceecl

id 7024 C1CCCeeec1>>0=C1CCCCCeC] . N [N]=NC1CCCCCCCl . 0C1CCCCCCCl

reaction year 2000 1970 1940 1910 1880
[ ]

Figure T. (a) Three examples of cycle candidate outmitirned by the algorithm in text
representation, as SMILES strings. These cycles are redrawn in (lihevitbtted arrows

denoting reactios that result in mixtures ahe products. (c) Graphical representationtb&

cycles used in Cyclorghe olored endings of the connections dendtee reaction directions

(some are bidirectional) and the year tbi first publication (sed¢he legend at the bottom).

Cycles land 2 appear on the same grapsince side products are not shown this
representation Such a solution allows for including all literature entriesnditionsand
reactantcombinations in a single comprehensive entry. Né¥#eK St S&4a> GAY UG SNY I €
are still shown (examplesdnd 2). The gcles shown in (a) and (c) belong to different (now

obsolete) collections, thus theid numbers may vary from those stored by Cyclorg.
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Rx-id: 1247183:
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o) NH; © NH; 0 0
Figure B. The example mistakenly identified as a cycle is actually a linear pathway starting
from acetophenone and leading torgethytL-methionine methanesulfonateThe eaction

equations are shown as they were entered in the NO@& nethanesulfonate anion, which

appeas in the top vertexis present only to form saltsapart fromthe acidic proton it does

y2i SEOKIy3S lyeée +Fi2Yya 6A0GK 2G0KSNJ NBF3ISyidao

equations. Since the algorithm does not keep track of atom migration @mmndialance, it
accepted the counteion as an actual substrate/product without recognizing its simultaneous

presence on both sides ttie reaction arrow.

In order b solve such problems, we initially modified the search algorithm to allow only the
largestsubstrate and the largest product of each reaction to become intermediates in the
cycle (i.e., to appear in the vertices of a cycées) opposed to becoming siggoducts and
substrates. With this narrowing criterion, the searches still produced overi®miyclesbut

the vast majority of them were now chemically valid. However, most of the cycles did not
seem to exhibit useful functions, were futile and/or only featured interconversions of
functional groups. It turned out that the narrowing criterioragvtoo stringent as alhe cycles

that produce large compounds from smaller parts got excluded during the seamth these

are arguably the most valuable from the pointwéw ofan organic chemist.

Accordingly, anew solution had to be implemented to enable synthetically useful cycles. The
previous restriction on smaller reactant&slifted ¢ this time all substrates and products were
allowed, but in order to prevent reappearance of invalid candidaties,lists of common
solvents and inorganic reagents (shown Higure B) were manually curated, and the

algorithm then used these lists to filter such spurious substarafésin this way, over
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18 million algorithmicallygenerated cycles were retained in the new alaase. It is from this

collection thatcycles ultimately published iour Angewandte Chemigaper® were selected.

To facilitate the searches, | was also able to define a new set of filters that prevent many

useless and uninteresting candidates from appegin the search results of Cyclorg.

0 0
1 1 I
HO-S-0" HO-P-OH HO-S-OH 0=C=0
o OH o
(o} O cl Cl
O~¢dps.  -0-8-0Or CI—|—CI
o n Cl)\CI
0 o) Cl

Figure B. Common solvents and reagents that have been excluded by the algorithm during

ISYSNIGA2Y 2F GAARS adzoaidNl i§SkLINRRAzOG &
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4.2. Details ofthe cycle identification

When Cyclorg displays the cycles as graphs such as those shéiguie I’c, only their
intermediates are detailed (i.ethe molecules involved directly in the looped pathway, or the
Oe Of S ¢the(aedIbat regenerate after each completiofihe eadion conditions and
remaining reagents have to be identified from literature. At the timeidrxiumbers were
provided for every transformation, allowing farapid access to relevant entry in Reaxys (see
Figure 9.”® Such implementation provides a necasgclarity, allowing foalarger quantity

of the cydes to be displayed in Cyclodi screen.

¢CKS YIF22NJ NBtS 2F /@O0ft2NB Aa (zinddhN¥Sthel & |y
software does not admit major changeglie structures otthe cycleintermediates, but allows
for significant flexibility in altering the structure of the sigeoducts beyond the specific

molecules present in the original NOC collection.

The process of cycle identification is illustrated-igure20. Once thesearch is finished, the
returned cycles are displayed dme screen as graphs arranged in a grid (example of auch
graph was presented iRigure Tc). At this stage, the potentially interesting cycles (according
totheud SN A& LINB F S NEB y Oy the stidsturdNddn® igteryletlibtéSrivle@ilgs
and the order in which they are transformed (as show20g). Such preliminary candidates
are then inspected individually, according to the source chemical literaguhe remaining
reagents are determing at this stage (apresentedin 20b). A the time, Cyclorg provided
rx-ids for althe transformations involved in the inspected cycteand by extension, proposed
specific reactants and conditions. In case of some cycle candidadegjonal literature
studies allowed for discovemg alternative conditions, supersedinthe ones originally

proposed bythe software(as exemplified ir20c).

Querying for the substrate and the product of a reaction involved in the cycle within Réaxys
gives an instant accegdo a range of available (and verified) reactionpbgducts, building
blocks and reaction conditiorgallowingfor redesigiing ofi KS O& Of S ihgy Rk & NI & dz

more contemporary chemistry (as exemplified2i@c).
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1}
"v@ @'S oo™~
\ d ov© Na phosphonate
{ aminoanion, 130°C
( \ “"Rx-id: 2690883
OH irradiation, N,
S photosens.ltlzer
©/ ‘_/ Rx-id "'z'tiéiééé{t)"

O
TBAF, GOUC

Rx- Id 3824993

SUBSTRATE #1

_ phos. aminoanion, 130°C
Q O Ox ( N sulfide, Rh,(OAc),, BTEAC
STEP 1 NTS.Ricid: 2660883

PRODUCT Rx-id: 9402255

A sTEP 3
Rx-id: 2049830
Rx-id: 9808317 STEP 2
TBAF, 60°C
«... Ti(0-i-Pr),, 20°C

Rx-id: 3824993
Rx-id: 10548050

Irradiation, N,
photosensitizer

suU BSTRATE #2

Figure20. Three steps ofhe cycle identification. First, the cycle was recognized from the
results page based om promising/interesting set of intermediates, shown in ()

the proposed transformations were plausible atine differences in molecular mass suggested
that the leaving gle-product was a molecule larger than each entering substrate. Upon closer
inspection, Cyclorg provided-id numbers for each reactiomvolved, allowing for using
Reaxys for identification dhe remaining reagents. As shown in (e initially propogd
substrates were dialkylsodiophosphonate and thiophenol, but the product was not specifically
reported ¢ only its radical intermediate. Searching the chemical literature for alternative
reaction conditions resulted in a modified cycle, shown in (c). Sideproduct was also
identified from another literature source. As referendbe rx-ids and conditions originally
proposed by Cyclorg are shown in black, while the alternatives proposed according to wider
chemical knowledge are shown in red. Although thyele is conceptually interesting and
chemically plausible, its sig@oduct has no reported applicatiog therefore it was not

published outside of this thesis.

43



4.3. Definingthe filters and search criteria

As discussed in the preceding sectiompphbcation of the harecoded filters allowed the
algorithm to identify a significantly improved collection of over 18 million cyelésf which

are now stored in the Cyclorg repository. The question remained, however, how to efficiently
manage such a & number of cycles. Browsing would certainly necessitate the use of
additional filters, which coulthe readily defined and adjusted, as showrFigure21. A few

such options were already available at the tim& search by structure and molecular mass

of the cycle intermediatespy a time period during whiclthe constituent reactions were
published,or bya time gap betweeithe newest and oldest reaction and/oize of the cycle

(2 to 5 steps).

Cycl:org

Search for cycles (click here to search for cliques)
Upload SMILES

SMILES (i more than one. separate by dot. type [ for any molecuie)
Avoid SMILES (f more than one, separate by do)

Min year Not defined -

Max year. Not defined v
Mass range (e.g. 20-100, -100, 20-)
Mass difference (e.g. 20-100, -100, 20-)

Charge appearing/disappearing:

O
Time to close the cycle (yrs; e.g. 3-80, -80, 3-):
Cycles of length 2:
Cycles of length 3:
Cycles of length 4:
Cycles of length 5:

Marrow search {e.g. N-M to search between Nth and Mth cycle):

Database
@® main product/substrate

O side substrate/products allowed (up to length 4; stronger filter)

O side substrate/products allowed (up to length 3; selected)

O side substrate/products allowed

{
{
(up to length 4; selected)
{

O side substrate/products allowed (up to length 3)

Submit

Figure21. TheUIl of Cyclorg in its current form includes both the original as well as new
features. The collection from whiclthe published cycles were identified is now split and

comprises the last three sutollections available frothed 5+ G 6 F aSé¢ Y Sy dzd
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¢ KS & { @dl &lléws &ne to search for specific chemistries. By fillingrdeord with

the SMILES string, theser defines one or more molecules to be involved in the cycles. In the

initial version of Cyclorg, this query was mandatpat least one molecule hao be specified

in orderto enable the search. Furthermore, only complete structures were accepiedas

not possible to include unspecified fragmenkdarkushstructuresor atom lists. These two
limitations combined poorly with the available collect&grreducing Cyclorg to a game of
guessworkfor specific moleculesThe qieries involving large molecules had a negligible
chance of returning any results, whilee queries involving small molecules produced long,
recurrent lists of marginally varied cycles. The reason is that 99.5% of all generated cycles are
GAGKAY GKS bh/ Qa KAIKf& O02yySOi D60 usefllbtS ¢ > o4
simple molecules oubf total of ~6.3 million othe NOC member€ The ability to perform

inclusive searches was restored by allowinguhspecifiedragment[*] in SMILES. Thus, the
FAEOSNI A& y2 ([8y 3IBdeS NB yRA fGf2 NBf o2 & T2dsble  f Y2

to effectively search fodiverse/analogougshemistries.

Whilethe OK I y3Sa G2 GKS a{aL[9{¢ YIRS GKS nopxp: 2
more accessiblethe exclusion of the remaining 99.5% was enabled by addition of the
O2YLX SYSYRINRLPEO P& A TSI (i dzNB duser cn odzd repéding oK A & G
otherwise undesirable cycless none othe results will involve the specified molecules. For

theuda SND& O2yBSYASYy OS> Yeé LISNE2ylFffte NBO2YYSYR
in this section andllustratedin Figure 2. | do not recommend inputtinff] intothed ! @2 A R

{alL[9{¢o
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Figure 2. When searching for cycles, it is highly recommended to always avoid the presented
structures.The copille SMILES set is availabl¢hie main text. Fullerene derivatives (total of
three), ammonia, hydrogen ffide and following ions are oitted from this figureC:z °& 0

L AT OB AEIHE EY B AR | {PEI"E NI d2EZ d2E2"F yPF d&aby "Ad2E NJ

. BY HYI® B3] AE3IEY PHRYESEWORE PESHBY'ERE AWYT (&1 °FEY

/ 'Na R I°H dZIRdD

| y2UGKSNI g1+ @& G2 SEOfdZRS GNRGALE Oe Q& forg | &
setting maximum and/or minimum molecular mass thfe intermediates involved. While
useful in its own right, this feature is unable to control the distribution of masses within each
cycle. For example, ihe allowed masss are set between 100 Da and 500 Daijsientirely
possible for the cycles returned to involve only compounds weighing less than 19hiBa.
was an apparent downsidas equal distribution of mass was typically found in futile cycles
on the other hand,the cycles that synthgzed the sizable sde-products exhibited a
significant disparity. The latter is exemplifiedrigure20 and more examples are available in

sub-section4.4.3.
AsaYSlIya G2 LINRY2GS aeyuKSGAOFftfe dzaST¥dz
implemented. It allows one to im@e a difference in madcular mass between thightest

and heaviest intermediatesf the cycle Setting a high minimum greatly reduces the number

of futile cycles, while setting a narrow range promotes specificgidducts.
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Taken together, incorporatiorof these additional feaires has significantly improved

the ability of Cyclorgo select truly interesting cycleshowever,the technical issues caused

by the sheer size of the colleoh still needed to be addressedlVe felt that the results page

load time was too long; thus, in order to keep it reasonable, Cyclorg was limited to return

only the first 1000 cycles from each search. Although necessary, this change was not without

a fault. Each cycle had a discrete id number assigned dgibvided theymeet the search

criteria, the cycles of lower id number will always show before the ones of high&ationly

did the set display limit result ia bias, butit also made some cycles practically inaccessible.

While technically it was possible to uploaddetprecise set of SMILES required to find the
particularly elusive cycle, it would require the foreknowledge that defeats the purpose of

/] @0t 2NAH® !'a GKS @GFIfARFGAZ2Y LINRPOSaa ySOSaaail
option, which filters the ogles by their id numbemwas added Apart from giving access to
ALISOATAO OeofSasx Al It f 2 ¢ onaseymanthyiskEgmenbasisi KS O2
(e.g., by performing a search for cycles numbered 0,80, then anotherone for cycles

numbered 1001 to 2000 and so on). All four available collections (referredthmsy Ul as

G RI (Istouk adda S G K S A NJthaissify/a cytldzaxists iNIwy & momllections it

will have a different id in each.

Throughoutthe progress othe cycle validationl managed to establish an arguably optimal

set ofthe search criteria, which | recommend to new users. This is a baseline setup, which is
adzLILI2 AaSR G2 O2YLISyal G4S afer Bordspacifit SearkhéKtbeNBy (1 R 2

criteria should be added on top of the following:

- SMILES = [*Jany molecule)q specifyingthe structure is only advisable in specialized

searches,

- minimum year = 197@; older literature is at times less credible and may result in cycles

based on obsolete chemistries,

-mass range at leasta m a1 | Y R dAdg el snialccompounddike alkyl alcohols
return overwhelming numbers ahe repetitive cycles baseoh transesterification. Very large
compoundsg typically porphyrins, peptides and polysugarseturn futile cycles based on

functional group transformations or polymerization/hydrolysi$e existence of purposeful
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cycles featuring such complex compoumgplausible; however, it would require more steps

than current maximum of 5,

- mass difference = at least H 714q this parameter is essential in finding cycles that produce
sizeable byproducts ¢ the minimum value is vital, but maximum is up the dzia S NI &

preferences,

- time to close cycle = at leastl-d ¢ this excludes cycles that have been reported entirely in
one publication. The minimum might need to becreasedfor a candidate that multiple
independent groups have worked on, as it is not unomon fora synthetic pathway to be

published in multiple articles over the span eb3%ears,

- narrow search =00-250,00C¢ then 6250,000-500,00C etc. ¢ or if Cyclorg returns ,000

examples, check thid of the last cycle in the results list to see whevédeginthe next search,

- oside substrate/product” databasesare strongly recommended as they allow smaller

reactants to appear as intermediates and larger ones to appear-psdaiucts,

- avoid Smiles= C(CBr)(clcccecl)=0.C(Cclcc2c(0O)c(cl)Ccelec(cc(clO)Ccelec(cc(c1O)Ccelec(cc(c
10)Cclcc(ce(c10)Ccelee(ce(c10)C2)CCC(0)=0)CCC(0)=0)CCC(0)=0)CCC(0)=0)CCC(0)=0)C
=0.0C(C)C.clcc(ceccl)C(CH=0.C(=0O)(ClhC.OC[C@@H]1[C@H]20[C@H]30[C@@H]([C@@H](C
[C@H]40[C@@H]([C@@H](O[dBHC@@H]([C@@H](O[C@H]60[C@@H]([C@@H](O[C
@H]70[C@@H]([C@@H](O[C@@H](01)[C@H](O)[C@H]20)[C@H](O)[C@H]70)CO)[C@H](
O)[C@H]60)CO)[C@H](O)[C@H]50)CO)[C@H](O)[C@H]40)CO)[C@H](O)[C@H]30)CO.nlccc
ccl.cl2c(c3cce(c(cancfeccec5)csecc(c(c(nl)cedcceccl)[nH]5 AN +](=0)[G])c4)clcce
ccl)[nH]3)clcceecl.c1l2c3c4c5c6¢7¢8c9¢c%10c%11c%12¢c%13¢c%14c%15¢%11c(clc%15¢c1c%l
1c%15¢c%16¢%17¢%18c%19¢%15¢%15¢%20¢c%21c(c5¢5¢%21¢%21¢(c%19%20)c%19¢%20C%?2
2%23¢(c%18%19)c%tB019c%24c%25¢%26¢(C%22%24C%23(P(OCC)(OCC)=0)P(OCC)(OCC)
=0)c%22¢c(c75)c%21c%2%22)c8c%26c9¢%12¢%25¢%13¢c%19¢(c%14¢1%16)c%17%18)c3c
%15¢c2%11)c4c6%10.C(=0)(CI)Cl.C=CC(C)=0.cl{rbc2otjciclcccccl)nclc(@3cccece3)
c(nc3nc(cfcdcececcd)cB3cceccec3)nc3c(@dccccecd)c(n2)fiB)-c2cececec2)[d1)-cleececl.clece
(cc1)N.CCOCBr)=0.01[C@H]20[C@H](COC(c3ccc(CO[C@@HJ4[C@H](O)[C@@H](O)[C@H]
(O[C@H]50[C@H](COC(cbecc(CO[C@@H]7[C@H](O)[C@@H](O)[C@H]1[C@H](O7)CO)cc6)=
O)[C@@H](0)[C@H](O)[C@H]50)[C@H](04)CO)cc3)=0)[C@@H](O)[C@H](O)[C@H]20.Cclc
cc(cc)clc2cecce(c(c3cec(c(cdccee(c(cbecgijreleec(C)ecl)ndlecc(C)ecl)fB)-cleec(C)ee
1)n2.[CI+3](O)([D)([O-][O-].N#C[Si](C)(C)C.OC(CCI)=0.N1CCOCCL1.IC.[PbH8+4].C(Br)clccccc
1.0(C(=0)C)C=C.0=C=Nclcccccl.N(clcceeel)=C=S.clcccc2c3ncacsecece(cse(nehebe(c(n5)neshe
7c(c(nc(n3)cl2)n5)cccc7)ceec6)nBIREO)=0.C(Cl)clcceccl.cl2ccc(c(c3cec(ccdihcia
4cc(cc(c4)C(C)(C)C)C(C)(C)C)cdeaxbelecc(C(C)(C)C)cl)C(C)(C)C)nrdIraBC(C)(C)C)ee(C(
C)(C)C)c1)fir.clcc2ce(c3[Ac(ctcacenccd)cdcec(c(ch]a(cfcbeenceb)cln2)ccsilecenecl)n
4)cc3)cleenccl.C(0O)=0.[Lu+3].clc(cceccl)CH#C.NNclcceee]l $C+HD)(=0)(OC)OC.CC(C)(OC
)OC.CC[Mg]Br.clc(ccccl)COC(=0)Cl.clcce(ccl)CN.cl(ceec(C=0)ccl)OC.C1CC(CCCI)N.C(C(=0)
C)=C.[N=[N+]=C.c1([B(c2ccccc2)(c2ccecc2)c2cecccec2)cceccl.[AIH3](CH(CNHCIL.C(OC(CH=0)C.c
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1lcc(C=0)ccfll+](=0)[C].[K]IC#N.C(C)CCN.C(C)N(CC)CC.clcc(Cl)ceclC=0.C1C(CCCC1)=0.CIS(
C)(=0)=0.N(C)C.C(C)(C)(C)OC(=0)OC(=0)OC(C)(C)C.O[C@H]l[C@@H]20[C@@H]([C@H](C
@@H]10)O[C@H]10[C@@H]([C@H]([C@@H]([C@H]10)O)O[C@H]10[C@@H]([C@H]([C@
@H]([C@H]10)0)0[C@H]10[C@@H]([C@&al@¢E]([C@H]10)0)0[C@H]10[C@@H]([C@
HI([C@@H]([C@H]10)0)0[C@H]10[C@@H]([C@H]([C@@H]([C@H]10)0)0[C@H]10[C@@
Hl([C@H]([C@@H]([C@H]10)0)02)CO)CO)CO)CO)CO)CO)CO.clcecc(CO)ccl.[Fe+3].[Fe+3].C[S
i[(C)(C)CIL.C[Mg]Br.C{{EN.Nc1c(N)ccecl.C(C)OC(CC(=0)OCC)=0.C(OCPTEO)C.0
=Cclcccccl.C(=0)(CCI)CI.C(F)(F)(F)S(=0)(=0)OS(C(F)(F)F)(=0)=0.NC(N)=S.C=Cclcccccl.[GdH
.C(C)(C)C=0.c12c(ccccl)clnc3c4dc(ceccd)c(ncdcse(ceees)c(nesebe(ceect)c(nc2nl)n5)n4)n3.CIC
(=0)C(C)(C)C.clcce(ccl)[Mg+].[Na]C#N.COC(=0)CI.C(CC)=0.[ZnftAhFAhfAH++].C(=S)
=S.clcc(ccclOC)N.C(F)(F)(F)C(=0)OC(C(F)(F)F)=0.C(=C)C#N.C[CL.DI(O)=0.Cc
1ccc(N)ecl.C(CC)CN(CCCC)CCCC.I[Hgl(hl.[C@@H]120[C@H]30[C@@H]([C@@H](O[C@H]4C
[C@@H|([C@@H](O[C@H]50[C@@H]([C@@H](O[C@H]60[C@@H]([C@@H](O[C@H]7O[C
@@H]([C@@H](O[C@H]80[C@@H]([C@@H](O[C@H]90[C@@H]([C@@H](O[C@@H](O[C
@@H]1CO)[C@@H]|([C@H]20)0)[C@@H]([C@H]90)0)CO)[C@@H]([C@H]80)0)CO)[C@@
H]([C@H]70)0)CO)[C@@H]([C@H]60)O0)CO)[C@@H]([C@H]50)0)CO)[C@@H]([C@H]40)0)
CO)[C@@H]([C@H]30)0O)CO.nlc2cadlaxf(C(C)(C)@)Jcl)C(C)(C)C)clccelInc-clec(C(C
)(C)C)cc(cl)C(C)(C)C)clnc(caeog(C(C)(C)C)ee(cl)C(C)(C)C)cldtipelcc(C(C)(C)C)ec
(c1)C(C)(C)C.CINCCCC1.CC(C)=0.5(c1cce(cc1)C)(=0)(=0)CL.[Dy+3].FC(F)(F)C(G)=0.c1(ccccecl
clc2nc(cc2)et2cccec2)c2cecctelecce3)c3nc(cel)et3ccccc3)c3ceccl[nH]3)[nH]2.[Mn+3].[C
u++].[Cu++].[Cu++].[Cu++].[Cu++].C(C=C)Br.C(SEOJHEBF.[N+](CC)(CC)(CC)CC.clccc(
ccl)[Li].O(C(OCC)OCC)CC.CCI.[K+].c1(ccceecl)O.Br[Na].Cl[Li].C1=CCC=C1.0=CN(C)C.clccc(S)c
1.0(C(C)=0)C(C)=0.[Ca#H@(=0)OC1=0.[Ga+3].[Bat++].CINCCC1.CC(clcccccl)=0.C[N+](
C)(C)C.CJ[Si](C)(C(C)(C)C)CIL.N#CCC#N.[AIH3+3].C(C)NCC.CI[Au](CH(CDHCL[SM+3].[Ni++].[Ni++].[
Ni++].[Ni++].C[Mg]l.O=CO.[Na+].[SbH8+5].NCCO.C(C)#N.NCC.[Li]C.C(CN)N.CN(C)C.[Cr].C(C)(C
IN.[Yb+3].CCCC[N+JICC)(CCCC)CCCC.[Eu+3].[Co++].[Co++].[Sn+4].[Sn+4].[Sn+4]:]Cu+].C[O
.C(CO)O.NC.[Fe++].[Fe++].[Fe++].S.[H+].[Pd++].[Rb+].[Fe+4].[Hg++].[Hg++].[Ti+4].[Ti+4].[Mg+
+].C(C(=0)C)C(=0)C.[Ag+].[Ag+].[Cs+].[Li+].[Tb+3].c12c3c4c5clclcbec7c2c2c8c3c3c9c4cdc%10
c5c5clcleébc%llc7c2c2c7c8c3c3c8c9c4c4c9c%10c5c5¢clclebebc%llc2e2c7c3c3c8c4c4c9c
5clclc6c2c3c4l.[Sr++].[Sr++].[Ru++].[Ru++{INHF3]

¢ seeFigure 2 for drawn structures.

Ly 2NRSNJ G2 TFdzZNIKSNJ AYLINR@GS (GKS ljdz2tAade 27
allowing smaller reagents to appear time verticesof cycle graphsin the public version of

Cyclorgl have defined an improved set of hatcdded filters. Based on my unique experience

and onthe list of substances appearing in the greatest number ofesy(sed-igure 3), | have

defined the new filter as aet of ten rules:

¢ excludeacycle if any intermediate comprises three nbpdrogen atoms or less and none

of them is sulur, selenium or phosphorus,

¢ excludea cycle if any intermediate comprisessOOC=0 or [*][C](=[O])[O][CI([*])=[O] motif

and less than 16 nehydrogen atoms,
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¢ excludeacycle if any intermediate comprises CIC=0, BrC=0, IC=0 or [*][C]([CI,Br,I])=0 and

less than 9 not#tnydrogen atoms,

¢ exclude a cycle if any intermediate comprisesNC CNC, Nclcccccl, [CX4,c][NH2],
[CX4,c][NH][CX4,c] or [CX4][N]([CX4])[CX4], no other heteroatoms and less thar 9 non

hydrogen atoms, (bond order matters, so C#N is acceptable)

¢ excludea cycle if any intermediate comprises CCl, CBr, Cl, CF or [CXA4]KJI,Bo other

heteroatoms and less than 13 ndénydrogen atoms,

¢ excludea cycle if any intermediate comprises solely oxygen, carbon and hydrogen atoms
and only single noaromatic bonds (i.e., comprises no multiple bonds), regardletteaitom

count a mass,

¢ excludea cycle if any intermediate comprises [Si][CIl] and only carbon ashgdrogen

atoms, (accordingly, [CI]|[SI][CI] is acceptable),

¢ excludeacycle if any intermediate comprises clcccccl, less than Spdrogen atoms and

no selenium or phosphorus atoms,

¢ exclude a cycle if any intermediate comprises the porphyrin ring
N1C2=CC=00=CIC=CCC=C3/NC{C=C3)=C/C3=N/C(/C=C3R)ENL1, regardlessf other

factors,

¢ excludea cycle if any intermediate comprises C1C2CC3CC1CC(@BCGRligmantane
scaffold) and less than 20 ndnydrogen atoms,

¢ excludea cycle if any intermediate is one of the following: [H+], [Li+], N, [Na+], [Mg++],
[AIH3+3], S[K+], [Ca++], [Cr], [Mn+3], [Fe++], [Fe+3], [Fe+4], [Co++], [Ni++], [Cu++], [Zn++],
[Ga+3], [Rb+], [Sr++], [Ru++], [Ag+], [Sn+4], [SbH8+5], [Cs+], [Ba++], [Sm+3], [Eu+3], [Tb+3],
[Dy+3], [Yb+3], [Lu+3], [Hg++], [PbH8+4], [Na]Br, CI[AIH3](C)CI, I[H¥}]}(C)(C)C,
O[CI+3]([AN([ODIO], Cl[Au](C)(Cl@F OC(=0O)C(F)(F)F.
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Figure 3. The nolecules that appeared in the greatest number of cycles. Although not
specifically forbidden, they were useful for definitng advanced filtersThe @ndidates that
involved these compounds varied only marginally and appeared in vast numbers that impeded

the searches, effectively actinge d y 2 A 8 S¢ LINBaSyd Ay (GKS NBa&dzf i
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4.4. ldentified cycle candidates

This section providedetailed descriptions of some of the most interesting cycles identified
from the Cyclorgrepositories. From this collection, some of the most illustrative examples
were published inour Angewandte Chemt& paper ¢ these examples combine usefulness,
diversechemistries and, in most cases, works of independent chemists. However, they are not
supposed to work oot unless specified. A number of unpublished candidates is also
described; as less than optimal, thesxamplesnostly provide insights into the nifieodology

applied for their discovery.

The following parts describe some main types of cycles: those featuringaaypdification
(subsection 4.4.1), enzymelike biomimesis 4.4.2), progressive assembly.4.3), close
relation to other cycles4(4.4) and asymmetric catalysig.@4.5). Various sultypes such as
triphenylphinebased 8.4.6) or metabolically biomimetic cycle3.4.7) and specific examples
fA1S (KS &far2]Soéu.adp i aRdIsblaivn in the remaining sections.
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4.4.1.Auto-amplification cycles

The gcles featuring aut@mplification of their components are arguably most exciting and
relevant to systems chemistry. As discussed in Se@i8n an initial intermediate uses
available substrates and cofactors to produce atsn copy over a number of chemical
reactions without being ultimately consumed@he examplespresenteddemonstrate how
cycleassembling tools could be used to approach, bottop) the problem othe automatic

discovery of auteamplifying chemical systems.

Figure 2 illustrates one useful auteamplifying cycle, which has been published in our
Angewandte Chemi& paper. In this cycle, a popular chiral auxiliary,-48gnzyt2-
oxazolidinone (marked with theblue star), enters the cycle to participate in

an enantiomerically pure synthesis of its own copy. The cycle starts with acylation of the chiral
auxiliary with 3phenylpropionic acid chloride (90% reported vyield) followed by
diastereoselectivé -azidation by trisyl azide (91%)he firther cleavage of thexazolidinone

auxiliary produces a chirtazido acid (100%, quantitatiyeyhile also recovering the chiral

auxiliary itselfthe dashed arrow across the cycleRigure 2). The azido acid is subsequently
reduced to (Sphenylalanine (86%). The finaltep is the recreation of
(SY4-benzyt2-oxazolidinone via ongot reduction aclation of the amino acid (78%All in all,

0KS OKANJI f I dZEAE AFNE A& ONBFGSR alfz2ty3d GKS
importantly, the literature-reported yields ofindividual reactions are such thdor every

starting gram of this auxiliary that enters the cycle, 1.37 grams are generated after the cycle

is executed. It is therefore true aummplification. Although not amenable to oot

operation, an interestingaveat of this cycle is that if a different acid chloride is used at input,
thethreeY SYO SNBER dAYYSNE OeOftS o0AdSods Of2aAiy3ad | f

chiral azido acidsvhich can ultimately give different amino acid derivatives.
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Rx-id: 3048187
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. O
Ney™ 91%/ T
HO .. KHMDS, TrisyIN,
100% “THF, PhMe, -78°C

LOH, THE 1.0, 0°C Q} H‘QRX 2303127
Rx-id: 2738470 "N

Rx-id: 2321375

Figure 2. Thed I dki2LIt A T @Ay 3¢ 00t S Ay & KA OMithlthe LJ2 LJdz |
star) is regenerated over the cychaut it also makes its own additional copy as a side product

of one of the reactions.

In contrast toin vivo selfreplicating gstems, yield becomes of significant concern in
chemicalorganic cycles. Living cells comprise dynamic systems, where reactions proceed
continuouslyg under mild, aqueous conditions and withe involvement of highly selective
enzymes. Organic chemists, dhe other hand, typically perform individual reactions
separately, then follow with quench, wotkp and product purification. Athe cycles are
assembled from organic chemistry reports, each of their steps is characterized by a specific
yield ¢ together they comprise the cycleotal yield, which, if low enough, may nullify the

otherwise apparent autemplifying effect.

A specific cycle whose loreported yield prevents therue auto-amplification, is shown in
Figure 5. This time a different Evans reagent ¢
(4R,5S)+)}4-Methyl-5-phenyt2-oxazolidinone, markedwith the blue star ¢ is being
regenerated It enters the cycle through acylation with propionyl chloride (90% reported
yield), followed bythe asymmetric aldol reaction with benzaldehyde (91%de trther
cleavage othe oxazolidinone auxiliary produces chiral methyl (2R3Rydroxy-2-methyl
3-phenylpropanoate (66%), but also recovers the auxiliary, as shothrthe dashedarrow.
The poduced ester is hydrolyzed (72%) and transformed into a coptading chiral auxiliary

(100%). Although recovery of the auxiliary during the cleavage was not specifically reported,
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the wider chemical literature allows to predict this as plausddiee precise yield is unknown.
Assuming thathe yield of oxazolidiane recovery would be the same as of propanc@&29,

the total yield ofthe Evans reagent would convey the net loss every time the cycle is

completed (0.84g generated for every starting gram).

There are no other literature reports on the two loweselding steps¢ cleavage and
hydrolysis. The contemporary sources propose better conditions, but only for reactions with
diastereoisomers of original compounds. $nch cases,the yields were 93% and 90%,
respectively (as shown with red colorfigure 13.8%81 These results suggest that the reported
conditions were sulbptimal since changintipe chiral configuration orsucha small molecule
would, arguably, have little to no effect ahe non-stereospecific reactionsuch as ester

hydrolysis. In such casthe expected yield would be.46 grams per one starting gram

experimental verification is required.

DPPA, Et3N, \% o nBuli, THF,

benzene, heat Y hexane, 20°C
"""""""""""""" I'R'Sc"i'd”ﬁé'i'féi

RX-id: 2472320 s“‘é
o on /100% 4
98%

HO

.
KOH, MeOH, H,0 Al
NaOH, THF &7
Rx-id: 2656035 .| 729 O
Rx-id: 44592768 90%\ | &
o 91%
N / EtN, BuzBOTf, DCM, 0°C
OH : .. then H,0,, MeOH
9 ~..onen H 202, MeOH
\'6_&0 - Rx‘id: 2681521
veons ueon, o )n L[
RxCid: 2270295 4 ;
Rx-id: 1594260 93% © Ho

Figure 5. The ekample ofacycle candidatén which some loweyielding steps prevent overall
auto-amplification. As variation on the example shown Rigure 2, it involves aute
replication of another Evans reagent (markeih the star). The Back rxids provide original
literature entries, whildhe red rxidsprovide additional literature suggesting that yields might

be improved up to numbers shown red, restoring the aut@mplification effect.
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Both examples shown iRigures 2-25 exhibit similar architectures (i.e., two cycles joined by
ashared sequence of reactions and a starting reagent), arguably forecasting some potential
methods of the automatic auto-amplifying cycles discover{e.g. animproved search
algorithm, which identifies the network architecture typical for such cycl¢gsAn additional
insight into such methods could be derivddom the negative resultof CyclorgFigure %

shows an example of the falselJ2 &A G A @S Y LI K dzh DHeileh 2 y €
(2S,3S,4R,6R3hydroxy2,4,6trimethyloctanoic acid (markeavith the blue star) reacts as
lactone with another substrate, i.e(3R,4S,5R,7R)5, “trimethyl-1-nonen4-ol, to form a
product that upon further transformation hydroles into two equivalents of the starting
reagent¢ an original and a copy. It,ieowever,not true auto-amplification Apart fromthe

poor yields, the involvement of the starting compound in its reproduction igegse it is far

more efficient to transform the sidsubstrate from step 2 directly into the final produd@the

first three steps were initially publishddr the synthesis of bourgeanic acidgroduct ofthe

3 step) and the final hydrolysis was repedt independently as crystallographic study.
Without understanding of actual chemistry, the algorithm could not recognize this example as
falsepositive showing that the adequate network architecture is insufficient on its own to

guarantee auteamplificaion.

H,0
Ricid: 2587105°,  qynTHES!® *
o k P MLLLLE & =
" on /7 RECOVERY OF € py, pnso,ci, o°c
W STEP 4 " Rx-id: 2477926
© STEP 1
STEP 3 = =

H,0,, 03, EtOAc, -78°C | )\_/\/\/
then AcOH, RT © i \/‘\/E\/E\/
sTEp2 SN

OH

“. nBuli, THF, hexane, 0°C

Figure B. Despite having theequisite network architecture, this cycle does né&ature
auto-amplification The sarting reagent i.e. (2S,3S,4R,6R}hydroxy2,4,6trimethyloctanoic
acid, markedwith the blue star is incorporated intoa larger compound, which later

transforms back intehe original substrate and its copy.
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4.4.2. Enzymdike rearrangement cycles

Majority of cycles are noautocatalytic though manyare still biomimetic and relevant

to systems chemistryA dose analogy toenzymatic catalysis was observed in a group

of the cycles based on intramolecular reactions. In those cycles, the starting intermediate

binds all the substrates odey-one, bringing themiclose togethet GAGKAY 2y S Y21
skeletonto promote a specific reaction. Once this reaction @arrangement or cyclization)
iscomplete, the newlfformed compound is cleaved into a product and intermediate, which

is transformed back into its starting forrf8uchregeneratingmolecules effectively function as

GY2ft SOdzZ I NI S Y sided piio8uttsc thik 2 Ndwathey WilKb® referred to in

the remaining parts of this work

An example oatemplate-based cycle is shown iigure Z. Here the dimer ofthe template,

H 2-ditlflobis(Nmethylaniline) undergoes acylation with two equivalents of
11-bromoundecanoyl chloride to form a dimer of two substré¢enplate adducts. This dimer

is split ino two by the reductive cleavage athe disulfide bond and each resultimg K I £ F €
undergoes independent intertacyclization giving two equivalents othe cyclic lactam
intermediate. The K A NR & (i S LIm@Is/IxtibdNaRtkis3aitant, followed by oxidation of

its sulfide group. Next is the most important step of the cyealhereits product is formed on

the template during intramolecular cyclizatipnresulting in a large cycloundecanon
compound. In the last steghe product is cleaved off as dfiethylcycloundee-en-1-one,
fSFGAYy3a (GKS GSYLX FGS GKIFG AYYSRAdihiGois@8 RA Y SN
methylaniline). This entire cyclas developed bythe Ohtsukagroup over the course of

4 yearsg the work published in 1979 describes the synthesis of cyclic ketdaadthe report

from 1983 extends the method to unsaturated ketofed he etrieval ofthe disulfide during

the last stepwas also reported for the first time in 1983, thus closing the cycle.
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@Ek/vvw

NaBH,4, NaH, iPrOH,
1,4-dioxane, 70°C
STEP 2 ... then reflux

Figure Z. An example of the cycle based on intramolecular cyclization. It produces
11-methylcyclounde&-en-1-one from 1tbromoundecanoyl chloride and methyl iodide with
o-methylaminothiophenol acting as molecular template in an enzyrdg&e manner by

keeping both terminal reaction sites close during cyclization.

Because it was assemblawin the works of just one research group, we have not published

(KS hKiadd!l Qa 080tSo ' y2iKSNI OF yYRQMBB.0Bs KI &

time it took independentesearchfrom across the span of 157 years to cldise cycle The

cycle bgins with the succinic acid template being transformed into an anhydride, then
reacting with hydrazine and subsequently widkmethoxybenzoyl chloride. The resulting
compound undergoes the rearrangement that produces
2,5-bis(4methoxyphenyhl,3,40xadianle and regenerates the template acithis is a very
practical example, abe diaryloxadiazole scaffold produced by this cycle is of recent interest
in molecular electronicslue to its electrontransporting and holéblocking propertie$485

More importantly, the cycle coulgbotentially be operated onepot (in acetonitrile and
changing phosphorous pentoxide to DCC) but only once due to the water quench in the last

step.
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et SUBSTRATE #1
PO o0 _EtOH, heat
Rx-id: 236228 /83 : 1950\ Rx-id: 47496
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POCl,, MeCN, heat >__®.

then H,0, HCI . 1990/

aid: 248267 N0y fi p/  SUBSTRATE 42
= N "'-v.___Na2c03, THF, H,0

Rx-id: 2733847

N
@Y /‘N (@] [\lH
O HN O\
FINAL PRODUCT Y/
O—

Figure 8. Thecycle that took 157 years to complete. This cycle was opened in 1835 with the
report of synthess of succinic anhydride. It wadosedonly in 1992 with a publication

describinghe rearrangement that produces 2@iaryt1,3,40xadiazoles and succinicidc

Another cyclethat we publishedin our AngewandteChemiepaper? is remarkably versatile
asit can be extended to a broader scope of substrates than the one showigime .26 In
this example, £hloro-benzoyl chloride an8-methyl-2-buten-1-olsubstrates are successively
added onto the phenylglycine template to giveddloro-benzoylaminophenylacetic acid
3-methyktbut-2-enyl ester that then rearranges (life Claisenand then the Cope types of
rearrangement) into 4-chloropheny2-(3,3-dimethylallyl}4-phenyt5(2H}oxazolone, from
which the X(p-chlorophenyl)4-methyl3-penten-1-one product is then released. This product
is used in the synthesis of derivatives of cyd@atured dihydroisoxazoles known to exhibit
antibacterial activit§’ and of gembisprenylbased building block& of natural product

analogs.
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g{m SOCl,, MeQH, 40°C then Et;N, CHCI,
¢ . Rx-id: 2728400
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HO
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Rx-id: 2809905

0 y g
X |
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CLEAVED N “Recid: 1161354

PRODUCT Ci

Figure ®. An example ofa rearrangemertbased cycle. The reactions building up mass are
followed by two consecutive rearrangements (be Claisenand then the Cope types) and

then cleavage/release of(p-chlorgphenyl}4-methyl3-penten-1-one as the cycle product.
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4.4.3. Templatebased buildup cycles

A template compound is a frequent feature of chemical cycles. However, not all such cycles
are based on intramlecular reactions. In many caséise product is being formed gradually

on the template whilst the substrates are being added ofy-one, as opposed to one
constructive event of rearrangement or cyclization. This type will be referred to as
the & 0 daizliddrcle.

The examplehat we publishedin our papert® shown inFigure30, best illustrates this feature
whereby a complex structure is progressively being assembled on a simple template (here,
dichlorodimethylsilane) to be finally cleaved away the cycle product, in the process
regenerating the template itself. Starting fromthe dichlorodimethylsilane,
7-silanorbornadiene ring formation and subsequen[2+4] cycloaddition yield
1,2-bis(trifluoromethyl}3,4,5,6tetraphenylbenzenewhich is then photolged, producing the

hexasubstitutel benzene ring and regeneratidichloromethylsilane.

FRh - LF PhMe, heat
Y= ki Sreiica
O Q SUBSTRATE #2

8 ’\\
R

7N

Rx-id: 1290174 /

O o
— O St
cl

SUBSTRATE #1  TEMPLATE

F
CCly, irradiation LF
Rx-id: 3830879 PRODUCT F7LF
Figure 300 | dz8JHzZA fGR Ot S Ay HKAOK | f 1 NASNJ & NHz

theRA OKf 2 NP RA Y S K& faftedaflthegudstratas Savd bedn inrporatetthe

proper product ultimately detachesegenerating the template.

In 1983, P. Molingroup published® the reaction between 1amino-4,6-diphenyt2-pyridone
and methyl(pchlorophenyl)ketone as the first step in the synthesis of pyfigt4oxadiazine

derivatives. Just one year lat&tthe same group used the product of this reaction as a starting
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material for the syntheses of pyrazoles and isoxazoles. This resulteah iexample
of the plausible buildup cycle thatwas completed withinjust one year (sed-igure31), as
oppodto 157 yearsequired to close theycle fromFigure B. The cycle itself could be used
to synthesize different compoundg one possible variation was already presenthia Cyclorg

depository, as shown iRigure32.

MeOH, heat

Rx-id: 3396 100 HN—-N

HoN Y

SUBSTRATE #3 .

HCIl, MeOH, heat

I TEMPLATE
)O\CI

N-N ci', SUBSTRATE #1

‘ BEEGO, THE

Rx-id: 2410294

SUBSTRATE #2

Figure31. Anexample ofthe cycle closedby the Molinagroup within 1 year but described in
separate reportsThis cycleould potentially be operated continuously opet by unifying

asolvent to methaol and changintghe Lewis acid t@ Bronsted acid.
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NH,OH
SUBSTRATE #3 O

NOMMOHht\_,

N 5" HCl, MeOH, heat
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N Y
OH . K)\©*Br
1 FINAL PRODUCT
Br

984 "

Rx-id: 2614615

T TEMPLATE
O N
)\‘@\Br
Z\y-N 7/@«Bf"‘=___SUBSTRATE #1
N\ ... EtOH, heat

SUBSTRATE #2 © Rx-id: 2410606

Figure 2. Another example of theMolina cycle. Structurally and functionally similar to
thecycle from Figure 29 but producing §4-Bromophenylgoxazole instead of

5-(4-chloro-phenyl}1-phenyt1H-pyrazole.

The nitial intermediate of the last cycle (shownkigure 3) has a twefold role¢ during each
completion half of itsmoleculesact asthe template andthe otherhalf asthe substrate. This
STFSOUAGSt e YSIya (seuhdiis nevesSfuly ig®vélelinless Shis O2 Y LJ
compound is replenished Bxternal means, the cycle se#fxtinguishes. As seenfiigure 3,
the cycle begins with esterification, followed by acyloin condensatiat this point two
equivalents of the starting acid differentiate intiee substrate andhe template.The esulting
benain acts asa benzoyl anion equivalent ith-acylation with transggeranyl bromide.
Followingthe reduction to diol,the periodate cleavage¢hen leads to regeneration of one
equivalent of benzoic acid, while the other equivalent remains incorporatedtireamewly
formed product.The aiginal literature entry for acyloin condensation (blackiak proposed
by Cyclorg includedhe conditions that led tothe mixture of products, thus more

contemporary conditions have been proposed (redd)
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? NaOH H,0, DMS0O
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PRODUCT

Figure 3. Thecycle that took 154 years to complete. Benzoic acid acting bothessubstrate
and aghe template compound to produce (#)8-dimethyt1-phenylnona3,7-dien-1-one.
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4.4.4. Cycle families

LY |TRRAGAZ2Y (2 TFdzZt OeOf Saxz (.e Orfné NHowsl f a 2

interconnecting the verticewithin a cyclg. Those describe additional transformations
possible betweerthe intermediatesinvolved In fact, it is entirely possible to find a cycle

within acycle. This is best illustratedkigure 3, wheremultiple sub-cycles are deduced from

the graphical outputof Cyclorgp ¢ KA & a T YA fales the2abilityQa @dovera A f

andreuse useful reagents. The final product of all three is ethffil@ocyclopentylidene
acetate, which is a relately expensive building block of drug candidates for type 2 diatjétes.
This product is formed in a 59% yield by alkengtion

of the 2-fluoro-3-hydroxy2(organoselanyl)alkanoate precursor at the same time,

the diphenyl diselenide byroduct is formed in aigher, 70% yield, which motivates its
recovery intothe cycleLINB OdzNE 2 NB ® ! Y2y 3 (KS -sepBqends NB
(reactions marked -3-5) is the least appealing @srequires stannate to be syhesized in a
separate steff before reacting it with theh-bromo ester. Fie two-step sequence
(reactions6-5) generates the selenide aniamsituto condense with halide immediately, and
does not require the use of the much more expensive ethyl chlorofluoroacetate reagent

present inthe onestep (reaction 7) recovery route.
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Figure 3. A cycle producing pharmaceutically relevant ethfifluorocyclopentylidene acetate
and recovering the phenylselenyl moiety via three different roufidse sheme on the left
isaraw output from Cyclg. The olored endings of the connections specify ay&ar period

in which particular reactions were published.

Yet another example of cycle familyg shown inFigure % ¢ demonstrates how two similar
cycles can produce drastically different products. Héne additional cycle is deduced from
one of the transformations being twdirectional.Both cycles starfrom the same addition of
triphenylphosphine to imidoyl chlaie resulting in arylazomethylenetriphenylphosphorane,
but each carries on differently to synthigedistinct products. In case dlfie three-step cycle
the resulting phosphorane undergoes further reaction with N-methylhydroxylamine
followed by cyclizadn to give methyl 5Hmidazo[1,2b]indazole3-carboxylate. On the other
hand, the twastep cycle performs the same cyclization one step earlier to gieehyl
3,4-dihydro-4-oxoquinazoline2-carboxylate. The latter is an example & useful product

made flom the two-step cycle, ashe synthesized 4quinazolinone scaffold is present in
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numerous drugs such asAfloqualone, AlbaconazoleBalaglitazone or Raltitrexed?
Triphenylphosphinga compoundwhich participates in both cyclegs a frequent template
found in Cyclorg. One ofthe following subsections further elaborates on

the triphenylphosphinebased cycles.

PhMe, heat /

"F'&' id: 3006508
-~ N NH
+ -
: PRODUCT
/ N

EtaN MeCN O SUBSTRATE #1

Rx-id: 3448084

Rx-id: 2181055

AN-OH
SUBSTRATE #2

PhMe, heat

/Rx‘id: 2181057

@‘i b’\“

—o \/ )
N'N :
Et;N, MeCN ¢
SUBSTRATE Rx-id: 3448084

Figure 3. Two cycles comprising a familyhe scheme on the left is raw a output from

Cyclorg.The olored endings of the connections specify ay&@r period in which particular
reactions were published (sebe color legend). If two ends are colored, it means the

reactions in both directions are known.
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4.4.5 Chiral auxiliarpased cycles

The gcles based on asymmetric syntheses were, predictably, the most frequent amongst
useful candidates, as many chiral auxiliaries are, by design, recoverable at the end. Technically,
they are templatebased cycles with said auxiliaries acting as templatesvever, identifying

such cycles ia mere formality and in most cases they comprise works of just one ggoup

therefore, relativelyfew examples are presented in this thesis

The most elegant example is showrFigure $ andit is based on thevorks ofthe Senanayake
group.®® which - despite of its reliance on chiral auxiliariesis not as apparent as other

asymmetric synthesis cycles.

Py, SOCI,,
THF, -78°C

STEP 1 Q
o

H
-0
VN "
A STEP 2 /@’S\b \) ’©

THF, -78°C - ‘\>L .
Mg

Figure . A threemembered cycle that inserthe sulfinyl group between two alkyl moieties
with high stereoselectivity. N(1R,2Shydroxy1-phenylpropan2-yl)-4-
methylbenzenesulfoamide is used ashiral agent;, upon undergoingyclization with SOg&|
Grignard reagents are added sequentially to giviead sulfoxide with high steroselectivity and

the regenerated chiral auxiliary.
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The gcle shown irFigure ¥ resembleghe cycles based on intramolecular reactioiibere,
it produces (Sinethyl 2formyl-6,6-dimethyl2-cyclohexenel-acetate from 2formyl-4,4-
dimethylcyclohex2-en-1-one  and  bromoacetaldehyde  diegl acetal, using
(S,S) +)}1,2-bis@-methylphenyl)ethanel, 2-diol asthe circulating chiral auxiliaryThe cycle
begins with  the reaction of bromoacetal and 14iol to give
trans-2-bromomethyt4,5-bis(2methylphenyl}1,3-dioxolane, followed by elimination of
the bromide group. The resulting (S&p-bis(2methylphenyl}2-methylenel,3-dioxolane
undergoes cyloaddition with 2formyl-4,4-dimethylcyclohex2-en-1-one (substrate #2) to
givean epimeric dioxolanone. Ithe presence of iselectride, it undergoethe elimination of
hydroxyl followed by hydrolysis ahe resulting oxonium speciesat this stagethe product
is formed which, during the next step, is cleaved off and thedigP chiral auxiliary is

regenerated.

B, TSA, 80-90°C

SUBSTRATE #1 < Rx- |d 4360696

O>—J5r
MeONa, 20°C STEP 1 O tBuOK, Aliquat 336
-------------------- THF, -15°C
Rx-id: 4759386 e
STEP 2

" Rx-id: 5287107

o—(
m'é ;O
}j | > STEP 3 f 0
STEP a / } SUBSTRATE #2
L- selectrlde THF THF,20°C .........
20°C then H,0 Rx-id: 4777693

Rx-id: 8522554

\J’\

PRODUCT

Figure J. An example ofa cycle based otthe chiral auxiliaryThe gneral method of using
bromoacetals was published in 1995thg Wallacegroup, while specific examples leading to
this particular productvere described later, in 1997 and 1999. In 20B8proved conditions

were proposed for step two.
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The xample shown irFigure 3 is similarto template-based cycles, whera product is

assembled progressively on the template (in this caee chiral auxiliary). Albeit technically

developed by one group, the regeneration of template was specifically reported by another

team. The cycleproduces (S,Z3-hydroxy2,2,4trimethylhept-4-en-6-ynoic acid from 2

bromoisobutyric acid bromide and ¢Z)methyl5-(trimethylsilyl)pent2-en-4-ynal. TheEvans

reagent (4S)4-isopropytl,3-oxalidin2-one, is used aghe chiral auxiliary thatcirculates

through the cycle, regenerating afterach completionThe gcle begins with alkylation of

achiral oxazolidinongoublished by Kende in 198Bhe rext step involves an asymmetric aldol

reaction followed by rearrangement published by the same author a year |3tee. gcle

ends withdesilylation and hydrolysis leading ttte formation ofthe product andg according

to the work from 1990Q¢ recovery of Evans oxazolidinone.

Figure

_ o SUBSTRATE #1
LiOH, H,0,, THF, H,0, 20°C ) H

then H,0, 23°C [ =0 Br > zsr nBuLi, THF, -78°C
Rx-id:2306275 % ‘ " Rx-id: 1940427
T STEP 1\~
O OH

~ o
HO (\NJ\|(Ear </
PRODUCT o—'&o Si—
STEP 2 # ¥ 0= //

. LiAlH,, THF, -78°C SUBSTRATE #2

Rx-id: 2291460

3. A threemembered cycle based onthe Evans chiral

(4S)4-isopropytl,3-oxalidin2-one.

auxiliary
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The gcle presented irFigure 3 occupies the middle ground between intramolgar- and
template-based cycles, i.ewhile the product is being assembled progressively, this is
interrupted by a group interconversion at steps 2 and 3. produces
(S)1-((1S,3a%aS)1,3a,4,6atetrahydropentalenl-yl)ethanel,2-diol from bromoacetyl
bromide, silver nitrate and (3aS, 6alS3a,4,6atetrahydropentalene. Bromoacetyl bromide is
first substituted withanauxiliary, then witha nitrate. The latter works aan oxygen donor, as

in the next step nitrate estecleavage results ithe formation of an aldehyde group. This
group is attacked fronthe re side by tetrahydropentalene and the product is reductively

cleaved off the auxiliary.

PRODUCT
o]
HO,,, o STEP 1 o
T
{
o
Sndl,, -78°C__
Rx-id: 2755608 STEP 2 5 Rx-id: 2319810
i . H 0, o 0 B
@.,,/> JN \/[(

SUBSTRATE #2

Figure 3. A five-membered gcle based otthe (-)-8-phenylmentholchiral auxiliary
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The gcle shown in Figure 40 produces (S§+)2,4-diphenylbut3-yne-1,2-diol from
2,2-diethoxyacetophenone and phenylethynylmagnesium bromide. Cyclorg originally
proposed conditions that lead tothe mixture of the abovementioned product
and(E)2,4-diphenylbut3-ene-1,2-diol (not shown), thus alternative conditions have been

proposed in their place.

AgNOs, MeCN  ©OH

then NaBH4 THF

Rx Id 9446148

Figure 40. A threeemembered cycle based othe 10-hydroxyisocamphenylthiokhiral

auxiliary

The xample shown irFigure4lillustrates a cyclein whicheveryintermediate is larger than
the product. It produces methyl (®}butyl-2-hydroxycyclohexi-ene-1-carboxylate from
ethyl  2hydroxycyclohex-ene-1-carboxylate and +butyllithium. (1R,2S,3R}-[N-

PhenylsulfonyN-(3,5dimethylphenyl)amino]bornas2-ol circulates through the cycle

asthe chiral auxiliary, which is regenerated after each completion of the cycle.

125°C .
Rx-id: 4148749 . o™
OH O NS SUBSTRATE
s OH
) 4 DMAP, PhMe, heat
OH o Rx-id: 4161929
PRODUCT )\ STEP 4 \ gi
o
§ 0 N—ISl@ STEP 1\ O ,N

5 ) © 8
OH
2-ThCu(CN)Li, THE, STEP 3 -;S’O o PhSeBr mCPBA,
0=8 *. Py, DCM, 20°C
Et,0, hexane, -78°C ) N STEP 2 \'Fiiiuléluﬁuzﬁi;ﬂ;'i'é
Rx-id: 4150704
Li/\/\

Figure 41. A four-membered cycle based on the

(1R,2S,3R3-[N-PhenylsulionykN-(3,5-dimethylphenyl)amino]bornai2-ol chiral auxiliary
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4.4.6. Triphenylphosphindased buildup cycles

Buildup cycles were frequently based dime triphenylphosphine template; as such, they
typically syntheized large products and were ofteassembled fronthe works of numerous
groups. Therefore, they are described here asué-category. Two useful examples have
already been described HRigure35. Another example shown inFigure 2, took exactly one
hundred years to complete. It produceslinear polyyne chain present in many natural

compounds including ichthyothereol but uses drastic reaction conditions of flash vacuum

pyrolysis.
N

0

Figure 2. Thecycle that took 100 years to complet&his cycle was initially opened in 1894
with the report of the synthesis of (ethoxycarbonylmethyl)triphenylphosphonium chloride
and closed in 1994 witthe publication describinghe synthesis of linear pojyes from
phosphonium ylides, indicated e two red arrowsat the bottom of the left section

andthe blue arrows irthe middle section.
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The next example=igure 8) relies on milder conditions than pyrolysis, although all its steps
were developed by the same group. It producescy®lohexylideneisobenzofuran from

3-bromophtalide and cyclohexanone.

PCI5 DMC

Br
THF 90°C P

.........................

Figure43. A four-membered cycle based on triphenylphosphine, all published in one article.
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4.4.7. Biomimetic cycles

The wide interest ithe chemical models of metabolic cycles was alreaohgd in section3.2.

The interest irthe ornithine cycle, particularly, is reflected by the attempt made in 1990 to
recreate all of its individual steps (shown kigure 3 with the use of organichemical
reactions? In order to address the netrivial issue of norenzymatic transformation of
ureido into guanidinium groups, the final model included an additional step and two
protective groups. While this a deliberate effort to recreate the entire cycle, there are also
other independent reports covering individual stepsthese reports were succshilly

assembled into new cycle candidates and can be readily accessed from Cyclorg.

Figure 41 shows a interesting cycleomprisngtwo metabolic cycles and a wide assortment
of available reaction conditions. The ornithine cycle was recreatedtro biochemically as
well as chemically and, accordingtte rx-ids and/or other literature sourcegrovided it is
possibleto use different forms bprefabricated nitrogen as thenain substrateof the cycle
(e.g., Omethylisourea, cyanogen bromid®e potassiun cyanate). The nitric oxide synthesis
cycle, which involves the same intermediateshasurea cycle, but in reverse order, produces

nitric oxide essential tthe functioning of advanced organisrs.
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(@] 0]

NN

0 HaN” 07 4™0

/\/\H\ \ ferrety transcarbamylase

(1) HoN OH (.. HCl,H,0,pH8,38C
O

ox liver homogenate

Rx-id: 1892869J\H AP, Mes0,, H0
< Rx-id: 205156
HNT N OH X!

@ 9 0 OH O NH,
NH; OH
2 HO)K)\H’ HOMOH
@ ° °

d NH2

W\‘)L Ba(OH , Water

¢ i Ny, N il 597053
H N/\A‘)J\OH NH;

? ( Ba(OH),, water HO/&O WLOH

" Rx-id: 597058 Ba(OH),, water .

NH,
K[Ru(EDTA-H)]CI

NH @] (o] ... Hy0,, water, AH<0
HZNJLNW\‘)LOH HZN)LN Rx-id: 2308134
R.id: 1892869 H NH, H NO

Figure 41. The atificial ornithine and nitric oxidesynthesis cycles identified by Cyclorg. The
raw output is shown in (awith numbers assigned to each transformation. Tihevitro
recreation ofthe urea cycle, shown in (b), comprises both chemical (6) and biochemical (2 and
4) reactions, while the purelshemicalorganic model, shown in (c), comprises reactions 5 and
6, whilstusing methylisothiourea as an alternative source of nitrogdre ©iemical model of

the nitric oxide cycle is shown in (d).
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Living cells are noaquilibrium systems, constantly examging matter with their
surroundings. Irthis spirit,the biochemical methionine salvage cycle, showrFigure 3 is
relevant aonly one thiomethyl groupemainsafter every completion, while all the remaining
matter is exchanged with theurrounding systemd.he gcle shown irFigure %4 is analogous
to the one fromFigure 3nthe contextd KI G A G & al { the B&iddfactbra®y Y a T NP
incorporating them ito newly assembled molecules tife substrate.The cycle starts with
Pd/Zncatalyzed coupling of benzyl bromide with benzoyl chloriflee esulting ketone
undergoes condensation with-methylbenzaldehydegiving a pentaarylpentat,5-dione,
followed by cglization toa pyrylium bromide. Subsequentlthe product from the previous
step reacts with benzylamine yielding(gtolyl)-1-benzyi2,3,5,6tetraphenyl pyridinium
bromide, which is subjected to pyrolysis resulting in thermhation of benzyl bromide

(the substrate used inhe first step) and 4p-tolyl)2,3,5,6tetraphenylpyridine.

Br,, 100°C, AcOH SUBSTRATE #3

HVN\/@

.'59.'.1....5?9.'1...2..5‘.’.9
Rx-id: 572595

SUBSTRATE #2 ‘.___ Br

NiCl,((PPh,)P),, Zn, DME )

Rx-id: 2401428 o

¢l vacuum, 200°C :.-": |
triphenylpyridine S

SUBSTRATE #1 Rx-id: 3024326

Figure 4. In this example, not a single atom remaimsthe cycle for longer than one full
completion ¢ all matter that enters leavesThe Bue arrows indicate reactionsyhereas
the orange arrows and circles are used to highlight the movemetiebenzyl group first
introduced asareactant, then incorporated intthe main scaffold, and ltimately leaving in

the cycleproduct.
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Figure 4 shows a fals@ositive candidat. Although very similar to the ond#lustrated

in Figure 4, this cycle is flawetdy acertain inconsistencwith regardto the counter ions
onthe cationic intermediates; pyrylium is first produced aa salt of perchloric acidbut in

the subsequenstep it is supposed to be used asalt of bromine. Cyclorg recognizes salts as
two separate specieg if the structure ofthe main reagent is a match, the countems are
neglected. This leaves many cycles in need of furfinertuning ¢ while including additional
steps solves this particular problem (allowing me to present this cycle), thutdvib@ done
outside of Cyclorg@xpertise. If future cycles are to be discovered with literatnesrigating
algorithms, such issues should be takato account and softwarehould beimprovedto
recognize reagents (salts) more holisticallgnd not just asindividual molecules

or counterions without a pair.

HCIO,, PCly, 50°C then EtOH o SUBSTRATE#2
Rx-id: 2996000 p »\(\,@
o o *Ox l RO \m
v
| I | - ( ACOH, Et,N, 80°C

Sml;, MeCN

Cl- ’\; ’
@]
SUBSTRATE #1 j@
5 \Br Sy
3,6-bis(PhsP)Cy5,05 _ B
H,0, MeCN, heat O O

Rx-id: 9144065 180-220°C, 0.5-2 Torr

Rx-id: 9144065 PRODUCT

Figure %. A falsepositive example othe cycle, where all the atoms leave after one full
completion. Pyrylium is produced as perchlorabeit subsequently it isused as bromide
in the following step.The Hue arrows indicate reactions, \eheas the orange arrows and

circles are used to highlight the movementtbé benzyl group.
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4.4.8.Moebiuslike cycle

The potentialof Cyclorgask Y & A RS v&lylli&iaked by thé&disdoviery ofa cycle

that was originallynspired byartrivial error in theunderlyingNOC database

When the cycle candidate shown figure #a,b was first displayed on results page,

| recognizedadiscrete symmetry in some of its intermediatethe structure comprising two

phenyl glycine amino acid derivatives joined togetheithry mutual amino group created a

prospect of indirect autamplification (i.e., compound promotes synthesis of its close
precursor). Unfortunately, upon inspectipih turned out to bea linear pathway erroneously

identified as cycleThe aithor(s) of the redvant NOC database entries forgpor neglectedg

to specify stereochemistry on phenylglycinol. Because of sactuivial error, the 5-step
discontinuous pathway starting fromenylglycinol and leading to-fphenylglycinol was

closed intoa cycle with acemic phenylglycinol dke intermediate¢ seeFigure &b,c.

. SF¥F2NB GKS a0eodftS¢ 461 a RAaAOFNRSREe., fonkid f AT SR
configuration ofthe starting substrate (phenylglycinol)ere changed,the configuration

of the product would also change. Therefore, starting from S stereoisomer would yield R
stereoisomer and starting from-8ubstrate would result in-Broductc it is a total inversion,

which could also work for mixtures of isomers. By extension, completing#tisvay twice

returns the substrate to its initial configuratianso it was, in fact, a symmetric cycle where
theO2y FAIdzNF GA2y & AYGSNOKFyYy3aS 0 GKS adsograids

(as illustrated irFigure d) ¢ hence the nicknane of this cycle.

In its current form, the cycle was practically futle theconsumption of benzaldehyde results
in its recreation after three stepsiowever, his is not the same benzyl groag there was an
actual exchange of two identical groups. Thisans a possibility of interconversiqrso if, for
example the substrates were phenylglycinol and somesAibstituted benzaldehyde, then an
Ar-substituted glycinol and unsubstituted benzaldehyde would be prodticese steps later
This potentialfor interconversion is illustrated ifrigure #e by the Ri and R Markush
structures.In effect,not only carthis symmetric cycle invert configuration of amino acids, but
also altertheir substitution pattern An experimental validation isof courserequired, but this

cycle could potentially be useaba flexible method fothe synthesis of modified amino acids.
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NH; NH;
substrate product
e c|3 o _OH ~ R
N
T N =
R J H I R Po(0AS), HO, DM
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2 PR “Rxid 2331480 L P
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S \ RiCid 19284 R@_\ P ,s|\
N ~ -~
Rig N iRe ZOC .................. R, = ~ g,
Z = Rx.id: 2682954 AN

Rx-id: 5206899 z

HO 2 N HO™
1 |_R1

Figure 4. The dMoebiug cycle was deS|gned frorhhle Cyclorg entry shown in (a). Initially
identified asa cycle presented in (b), it waactually a linea pathway transforming chiral
Sphenylglycinol into its opposite enantiomer (c). The simplistic overview of this inversion as
well as the inspiration for the nicknanaé the cyclels shown in (d), where the stereospecific
cycleisshownol KS € STl FyR (GKS @a2S0 ATtmadalys®dfGnisS A

x

candidate inspiredhe design presented in (e). Its application is tfetd. First, it changes the
substitution patterns othe compounds introduced into the cycle (keep trackid R and R

Markush)c which allowdor creatingentire libraries of chemical analogues. Secatigverses

the configuration othe amino acid derivativemtroduced Allthe reactions in the cycle are
stereoselective; no stereocenters are introducddom outsidethe cycle. Althe reactions can

be performed in MeOH or its mixtures, redid provides updated conditionsompatible with

this solvent. The N2 ga AYISNESOGAY3I Ay (GKS YARRES ak

transformatiors could work me-pot, independently of each other (if given enough NaBH
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4.4.9. SeHextinguishing cycles

Some cycles are characterized by their-sglinguishing activity i.e., if sucha cycle is not
constantly fedwith2 y S 2F A da GaO2NBE AYUISNYSRAIFGSaA oAy
concentration of all its intermediates will diminish after each completion timicycle ceases

operation. One such example has been showRigure 3.

Another example is shown in Figure 4, where one of the intermediates ¢
pyridine-2-carbaldehyde¢ works as boththe substrate andthe template. Thus, every
completion results in its disproportionatioone equivalent leaves witthe product, while

the other is recovered for anber run. Herefwo molecules of pyridin@-carbaldehyde react
with tetrahydroisoquinoline to generate racemic oxazolidine, which further reacts with
N-methylmaleimide to produce a racemate of a polycyclic four-stereocenter
endo-cycloadduct (endo:exo 2.1:1)whose central ring system is known to exhibit

antidepressant activity®

NH

MeCN, heat \
2eq.

N
= Rx id: 1523423
Xy
I =N

\
/

racemate

\\

N

MAIN
racemate PRODUCT Rx id: 1568659

Figure48. A slf-extinguishing cycldn this cycle, one pyridin-carbaldehyde is regenerated
T since two equivalents were used duritite synthesis, the cycle will setitinguish ifthe
substrate is not continuously feBoth steps were performed in acetonitrile making this cycle

a viable candidate for onpot operation.

82



4.4.10. Miscellaneous shortmall-moleculecycles

Some cycles do no#long to any othe presented categorieszigure49 presentsacyclewhich
was rather unintentionally closed by the Rafiqulgroup and publishedcompletelyin one
article® Here, pivalaldehyde acting asatemplate ¢ reacts with substrate thioamide. Then,
the resulting 2,&di-tert-butyl-4-phenyt6H-1,3,50xathiazine undergoes oxidation dhe
sulfide group.t is the pontaneous decomposition dhe last intermediatethat closes the
cycle,resultingin formation ofits by-product and regeneration ahe & &t | afdéhgde.
Decomposition proceeds through 3¢iphenyt5H-1,2,40xathiazole (not shown), which can

be retrieved before it further transforms.

CHCl,, 25°C

.......................... S
Rx-id: 9617866 SUBSTRATE
/
PRODUCT >~ 5
STEP 3 STEP 1

Rx id: 9599418

NaHCO3, mCPBA \/ s P
CHCl3, 0°C B
.......... 0°C STEP 2

Rx-id: 9616695 2%

Figure 49. A threemembered cycle that produces 3gphenyt[l,2,4]thiadiazole
benzenecarbothioamide through slow decomposition of intermediate-d2;&rt-butyl-4-
phenyt6H1,3,50xathiazine $xide. Perhapsbeing an unintended effect,the product
of step2 decomposes slowly at room temperature to give both prdadaad starting

pivalaldehyde.
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The cycle irfrigure50was originally identified by Cyclorg ad-membered cycletfie lacking

step is 2,4dinitrophenolate anion), however it could be interpreted asn2mbered cycle
from chemical point of view

5
@J( o
' —O—N”' 0 S
DMSO, H,0, 25°C ‘ £l F0 /@/“’F

,H,0,25¢C  \/ stz \§ e N cl
............................... ) Rx id: 10025246 o
Rx-id: 9999231 ... STEP1 HO STEP 1

EtN, Et,0

e :.NN\Q _. %
@ 2O et
‘m;z/ DMSO, 1,0, 25°C ¢ g
)\O Rx-id: 10017844, -~

0y wsomeme’ () coasaan, 725565 [_)

= Rx-id: 10017844

Figure 50. An example of the template cycle that produces

1-(phenylcarbotlioul)pyridine1-ium from thiobenzoyl chloride and pyridine by building it on
2 4-dinitrophenold G S Y LJA Erdn§l electronwithdrawing dinitrophenol moiety enables

nucleophillic substitutia of pyridinefor the thioacyl group and acts abke leaving group,
regenerating itself after every cycle completion.

84



4.4.11Cycle regenerating two templates

Theexample shown ifrigure51 is a rather flexible cycle, as it could work with some variety
of substrates. More importantly, it reuses not one but twb its reagentsg trimethylsilyl
chloride and methypropionate The cygle is conceptually interestirgyenif its producscould

be obtaned more efficiently byneans of thecontemporary alkylation methods.

TEMPLATE #2 O [\O/\CJ SPECIFIC

\O EXAMPLE
TEMPLATE #1 LDA, -78°C, THF [ o

cl \ \
TMS fodide, MeCN  _S(” Tgpgp g N et = N
Rx-id: 2409962 -, \

—S\ o 0 20 AY = T

>—/ “Riid: 3368662
PRODUCT
Alk

STEP 3
STEP 2 su BSTRATE #1
S D
SUBSTRATE #2 n

RECOVERY

Figure 51. A ocle that uses and then recovers two different template compourds

trimethylsilyl chloride and methyl propionatéccording to literaturen=1,2.
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4.4.12. Cataboliccycle

Not all biochemical cycles produce large compdsi¢ some are intended aa method of
disposl. The gcle shown irFigure52 holds some resemblance tbe urea cyclepresented in
Figurelin that it transforms acryl chloride into less reactive compouiids.also notable for

taking the most time of athe presented cycles to closgexactly 160 years.

PRODUCT CO, \/@ \ ,° SUBSTRATE
™ —4
C
reflux, 15 torr OH K;C05, DMF
Rx-id: 67421 "“m"‘ 1908 H,""'Rx4d110218459
" 2006 \~

RXId 10160583

Figure52. The gcle thattook 160 years to complete. diecomposes an introduced compound
into gaseous sid@roducts ¢ ethylene(not shown) and carbon dioxid8uch cycleare of little

application toanorganic chemist, butlisplaya certain level obiomimicry.
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5. Kinetix-based research

As previously described in secti@mb, the systems giving rise to chemical oscillations are
well-studied andhave attractedgrowing interest. On the other handpw systemsjuenchor
otherwise react tahe oscillationsntroduced from outside is largelynexplored yetrelevant

to a number of fields. & example, knowing the systeoapability for supressing oscillations
could shed light on homeostases help establish the maximum interval at whialchemical
reactor could be safelipaded withsubstrates Knowingwhat and whenchemical networks
aretransmissive tdime-varying signals coulgrovide a valuable insight intade novodesign

of chemical lgic gates and biomimetic sigmad pathways.

Theinitial choice of the subjechas been inspired by one rather unexpected discoveiyat
whetherOKSYA Ol f NBIFOlA2ya OFy LI} aa adzomaiNIiSaQ
frequencyand thatthe boundary between frequemesof complete transfer anthoseof zero

transfer is remarkably sharp.

The bllowing parts of this sectiordescribe the initial experiment that led to this discovery
(5.1) and the following investigatios (5.2. and 5.3.). The &plicit results are described in

section®.
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5.1. Introductory experiments

When | first gained access Kinetix | asked myself a questiain 2hat would happernwith
achemical network ifthe substrate vere fed in an oscillatory mannerZ To answer this
guestion,| designed a simplmodel system¢ a sequenceof ten 1st order reactions, where
the product of each is alsthe substrate in the followingThe ©ncentration ofan initial

reagent would oscillate and the lasgaction would serve asn outflow:
DODO DO DO DODONOMO WO GO G h

Qd 7 v 7
Qo

N p0Q p0Q MQ ¢Q pQ pQ pQ pQ pQ W Pj.

Thean denotes a participating reagemtthe system is purely hypothetical, so at this point
the participating species do not relate tany specific substanceslhe ame goes for the
reaction ratesg in fact,at this stagehe constantcould bechosenrather haghazardly. Now,

to keep this model simple, the concentration thfe initial substrateg ao ¢ is dfixed€. This
means that despite apparently being consumedhia first reaction,ap concentration (at the
time t) is always equal t® E 10 ¢ and does not decrease froan consumptiong as ifao
were fed from an infinitely large reservoir. It could be interpreted that reaction© @
involves transport intaa flow reactor of limited capacity or describes diffusion, wheie

denotesap transported intoa new vessel.
Mathematically speaking:

Ahes Q0 Q6
AT Q6 Q6

Q0
This is one othe available approximatiomethodsof Kinetix The eactant concentrations
that are not constantin time, but are still independenof the reactionsthat they are involved

in arereferred to asifixed€ in Kinetixg they always equaturrentvalues ofthe preassigned

functions (of timet).
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The result is seen iRigure53 ¢ the concentration ofthe product oscillates with the same
frequency asthe substrate, albeit with a lower maximum amplitude. With time,
the oscillations become regulay without a time-dependent input, the system would reach
astationary state at this pointwhich is now prevented bihe external oscillationsSince the
signal transferred from outside is the only concentratidvaiege observed in this staté will
refer to this state agpseudostationarye In this state all concentrations change periodically

allowing for estimation ofhe averageconcentrationvalues.

5
451 A A g pemm e maximum
- 4
s 35 T Y i
3 -
g \ -
g 2.5 ||
g 2 signal is measured as amplitude
g 15 - in this domain
[}
g 1
o
O 0.5 -
O T T T T 1
0 20 40 60 80 100
t[s]

Figure53. The oncentration profile othe productof the ninth reactionin a sequence ofen
18t order reactions for. =0.4 s, {=0.064s. Amplitudeis used as measure of strength of
the oscillatory signals anequalshalf of the difference betweethe maximum and minimum
concentration whilst oscillationsare regular/periodic.The ate constants ar€Q)  p,Q p,

T ™MQ ¢ pQ PO PO pQ pQ Wi

Next, | extended the experiment to range of frequencies, frong i tite 1.6 Hz.As seen
in Figure54, at low ¥ NS |j dzSy O A S-&Hz)hezinhxithdm amjlitude of product was
almost equal to that ofhe substrate, while at high frequencigsY 2 N  (-%&Hz)yit wasi ™M n

near zerog the most conspicuous is the relatively sharp transition between thesestates
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Figure54. Strength ofthe propagated signal aa function of its frequency. Measured as

the concentration amplitude o9 from the sequence ofthe 1t order reactions’Q p,

T p O M Q ¢ pQ PO pQ PO p QO ™ i
Theamplitude ofagis 1.

The simulated chemical network was either fully transmissive or not at all transmissive, with
only a narrow range of frequencies at whitte signal was partially transmittedn order to
see if this phenomenopersists in othenetworks | repeated the simulationdut changed

the ratesof the reactionsinvolved At first the rate constants were chosen randomly
Q p pQ PR ¢ R 0@ e@Q pR pQ ™ P
for the second network, rad for the third:
T ™mMOQ ™MQ ™MQ ™MvQ p,Q p,
N pQ MO ™MQ ™ P;.

The esults of both new models arshown inFigure55.
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Figure55. Strength othe propagated signal aasfunction of its frequency. Measured &se
concentration amplitude ofa9 from the sequence ofthe 15t order reactions.The Bue
diamonds correspond t0Q p, Q@ p, QO P, Q0 ¢ QO ¢ QO o0 Q P,
Q pQ p,Q ™ i .The gange diamonds correspond i@ T, Q ™,
N ™m0 MV pQ pQ pQ MO ™M Q M . The

amplitude ofapis 1.

Only changing the reaction rates, bstmultaneouslyretaining the linear architecture,
resulted ina sharp transitionsimilar to that fromthe first network ¢ albeit at different
frequencies and in casd the third model thesignal was only half as strorigguspectedhat
this decreasan amplitude wasamost likely the result oh different ratio between specific rate
constantsThus in order to excludeéhat the maximum amplitude was affected Ilttye absolute
values ofk,, | have multiplied each of the rate constants from the initial mo&édgre54) by

three:
N 00Q 00Q 0 ¢0Q 00 060 0Q 0Q ogQ pd Pj.

As seen iffrigure56, increasing the reaction ragvenlyacross theentire chain did not change
the amplitudeof the last step which meanghat the strength of signal must depend (apart

from the starting value) orsomeratio betweenthe involvedreactionrate constants
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Figure56. Strength othe propagated signal aasfunction of its frequency. Measured &se
concentration amplitude 0&9 from the sequence of % order reactionsThe HBue diamonds
correspond tathe originalfrom Figure54.Q  p,Q pQ ™, Q ¢Q p,Q p,
N pQ pQ p,Q ™ i .The oange diamonds correspond the & & NR LIS SR ¢
set Q 0 QO o0 QO p®» Q ¢ Q 0 Q o0 Q o0 Q 00 o

Q p® i .The anplitude ofagis 1.

At this point | had a newlyidentified characteristic property othemical systems, but no
established rules goweing it. In order to discover howthe architecture and kinetic
parameters of chemical networks relate to the maximwamplitude and the threshold
frequencies| began a systematic, bottommp analysisBy observinghe oscillations in various
systems and situations and under the helpful csupervisionfrom Prof. Robertl 2 0 & a U
| progressively gained understandingtbéir inner workingsand oneby-one constructed the

laws and equations that describe them.
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5.2. Systematic analysis of linear reaction networks

According to the concepts afystems chemistry, | took a botteap approach to the subject
¢ beginning fromthe simplest networks and linear kinetick worked my way up from

hypothetical to realistic models.

This section describestep-by-step the process by which | came tan understanding
of the signal propagation ithe straight sequences dlfie 15torder reactionsFirst | discovered
how to predictthe amplitude of the transferred signain such systems (sudection5.2.1),
then how to predicthe threshold frequencyt whichthe signalbecomesdampened(5.2.2).

For explicitly presented results tife Kinetixbased research, see sectién

The subsequenthapters describe how use this knowledges the basefor my analysis
of more complexetwork elements. Sectiob.3. introducesthe model ofa simple enzymatic
cascade, which is fully ndimear. In order to reliably solve such cascadeg;st nalyed
non-linear reactionkinetics inthe well-understood linear reaction sequences4.1), then |
studied the cascade network architecture comprnigi only the well-understood ® order
reactions $.4.2). Both nonlinear kinetics and notinear architecture as well assome
elements of linear sequences, are merged togethaharealistic model of Ras/ERK cascade

illustratedin section5.5.

Allthe described oscillations were measured after I@igulationtimes, i.e., measuredafter
the moment when the systentypicallyreactesa stationary orequilibrium state Since the
introduced oscillations were sustained, they lamne periodic afterthe said monent (i.e.,
therewere no other changes ithe concentratiorsapart fromthe sustained oscillationsyuch
astate of periodic changes referredto I & & L& & Id2R Rig i vk £
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5.2.1. Predictingsignalamplitude

Thequestion hat comes to2 Y Svind when thinking abouteaction rates and oscillations
awhat would happenf there were a significantdifference inthe rates of two subsequent
reactionsé To answer this questiongcleateda chain of 30 reactiong with 15 slow reactions

in a row, followed by 18hat were significantly faster:

QO U O U O us88BuU®O® U U 10 J 8810 + 0O 1

~ ~ ~

Q6 R © OB®O ch ph & &HE &R o

(0 ™, Q ¢ Py,

As seen ifriguresb7-58, the signal was almost completely dampes at thejunction between

Gatz2eé LyR aFlade

0.8

0.6 -

Amplitude [a.u.]

0.4 -

Step numbem

Figure 57. The ggnal amplitude at different nodes dahe linear pathway for. =04 s,
f=0.064s. The A N&E G wmp NBI OQA 2 yidi |, Midreas théfolomiag 16 are
GFlF®GE G . A darp discontinuity is observed where the rate constants change

from slow to fast.
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Figure58. The oncentration profile othe linear pathway for =0.4 s?, f=0.064s?. The first15
NBI OGA2yaQl NBwia § iviemeasthef 2t f 2 Ay 3 @p QB . aFl &0 ¢
The phase shifts and total concentrations for slow reactions are notably higherthesefor

fast reactions.
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Next, Isimulatedthe opposite situationg i.e., this timel & dck¥2 64 G ¢ , Rluagidal A 2

consecutivel5 fast reactions were followed by 15 significantly slooees
O 1O 1O 1 8Bt O 4O 11O 4 U 8BuUO® U U

Qo h & OB®BO ch ®© ph & wé Ehi o

~ ~

(0 ¢, ™ P .

This time the signal at the junction was amplifieflby as much as812%c¢ after which it
graduallydecayedalong the chainas shownn Figures59-60. Apparently, oscillations can be
strengthened from step to step if fast reactions are followed by sufficiently slow ones. This is

an important discoveryshowing thata signalcould easily be amplified at any desired spot.
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Figure 59. The ggnal amplitude at different nodes dhe linear pathway for. =04 s,
f=0.064s. The A NEG wmp NBI OQ A 2 ia ), whekeas thafdllgwing 15 ére
dat 2@ ¢ adi . A significant signal amplification is observed where the rate

constants change from fast to slow.
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Figure 60. The oncentration profile ofthe linear pathway for. =04s?, f=0.064 s
The ANBG wmMp NBIFOWMA2Y@E )lwideasatieF 860 & 2 ®Ay 3 wmp | NB
(Q mdi . The hase shifts and total concentrations for slow reactions are notably

higher thanthosefor fast reactions.
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