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Fig. 1 - C. elegans interactome map showing 5,500 protein interactions among 3,000 proteins

SYSTEMS CHEMISTRY:
THE MAGIC OF MIXTURES

Systems chemistry is chemistry in search for complexity. This review describes current progress in the development of artificial
molecular networks able of self-replication and Darwinian evolution. These properties are network characteristics, since a single
pure component is unable of these tasks. The unprecedented potential of complex networks for the development of receptors

and catalysts will be discussed.

hemists don’t like mixtures. This has an historical back-
ground, because chemistry has all about to do with the
correlation of molecular property to molecular structure
(for example binding affinity or catalytic activity). This
requires molecules as pure as possible, to avoid unpleasant situations
in which an observed effect originating from an impurity is mistakingly
attributed to the principal component. Consequently, the actual syn-
thesis of a new compound is considered a job half-way done, and
purification is often the tedious and time-consuming part. This reduc-
tionistic approach has allowed chemistry to rise to great heights in
understanding the origin of molecular properties. However, there is a
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current awareness that this approach is also posing limits. Looking at
Nature, which has always been the main source of inspiration, it can
be observed that function arises from complex networks of molecules,
rather than from a single molecule [1]. Examples are metabolic and
signalling pathways, feedback loops and control mechanisms, but
also entire systems as the cell and the organism itself. Biologists
extensively study such networks in a field called systems biology,
which now constitutes one of the major pillars of the proteomics era
[2]. Just to give an impression, in Fig. 1 a map of over 5,500 protein
interactions among 3,000 proteins in C. elegans is reproduced from a
special section in Nature in 2009 dedicated to systems biology [3].
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This was the starting question posed
by many speakers during the opening
symposium of the Groningen Centre for System Chemistry. It is inter-
esting to note that many of those were actually involved in systems
chemistry, another sign of the embryonic stage of this research area.
Systems chemistry can be defined as the chemistry that targets the
collective properties of a molecular network which cannot be traced
back to the single components. The aim of this review is to provide
illustrative examples which show the potential of systems chemistry.

Self-replicating molecules

It has long fascinated scientists, but not only, to understand how a col-
lection of molecules gives rise to something that is recognised as
being alive [6]. Jack Szostak, the 2009 winner of the Nobel prize in
Medicine, last year wrote a commentary in Nature entitled ‘Systems
chemistry on early Earth’ [7] discussing the recent discoveries that
activated pyrimidine ribonucleotides could be synthesized under pre-
biotically plausible conditions [8] and that an RNA enzyme could self-
replicate [9]. These results sustain the theory that RNA may have
played a crucial role in early days of Earth. A long-standing research
goal has been the development of an artificial chemical system that
bears the fundamental characteristics of life: the ability to self-repli-
cate, to evolve through Darwinian evolution and to sustain itself [10].
The discovery by von Kiedrowski in 1986 that a hexadeoxynucleotide
templated its own formation from the complementary activated trinu-
cleotides sparked a quest for self-replicating molecules [11]. Here, the
self-replicating molecules proposed by Rebek et al. will be discussed in
detail, not only because it became the topic of a controversy with
Menger, but also because it illustrates how quickly complexity is gener-
ated. The system proposed by Rebek et al. in 1991 was based on amide
formation between amino adenosine 1 and the Kemp’s triacid based
activated ester 2 (Fig. 2) [12, 13]. It was observed that the addition of the
product 3 to the initial reaction mixture increased the initial rate of forma-
tion of 3 up to roughly 40%. In self-replication studies this is generally

Fig. 2 - Relevant reaction pathways in Rebek’s replicating system (I : background, II: preassociative, lll:

termolecular, IV: activated bimolecular, V: bimolecular). Arrows indicate bond formation

taken as the best evidence of self-replication, i.e. the product 3 acts as
a template for its own formation. In fact, NMR titrations indicated that 3
dimerizes with an association constant K, of 630 M-1.

As in all self-replicating systems, the autocatalytic reaction has to
compete with other pathways leading to the same product. For the
given system Rebek included the second order background reaction
(I'in Fig. 2) and formation of 3 via intramolecular attack of the amine in
the binary complex 192 (Il in Fig. 2). In the latter case this results in the
initial formation of a cis-amide which subsequently converts into trans
to provide the stretched isomer of 3. Being one of the first examples
of a truly artificial system and being promoted as a primitive sign of life,
this contribution aroused great interest, but also scepticism. For
Menger et al. there was no reason to ascribe the observed catalytic
effect to self-replication, since also primary amides were shown to
catalyse the formation of 3 (which contains an internal amide bond)
[14, 15]. The following dispute was ended in 1996 by a detailed kinet-
ic analysis performed by Reinhoudt et al. [16] Limiting themselves to
complexes composed of at most four species, a set of 16 thermody-
namic equilibria was defined that accounted for the distribution of the
building blocks. Five possible reactions (templated and not) that lead
to formation of product 3 were considered (Fig. 1). To cut a long story
short, it was concluded that the self-replication as defined by Rebek
indeed contributed to catalysis with a rate enhancement factor of 6.8.
Nonetheless, the presence of competing bimolecular reactions, as
those indicated by Menger, significantly complicated the overall kinet-
ic picture. Since then a plethora of self-replicating molecules has been
reported and the concept itself is no longer under discussion. The
take-home message here is that even a system that appears relative-
ly simple, because composed of few components, can already
express a level of complexity that generally acts as an excellent repel-
lent for most chemists. However, analytical tools are now on such a
sophisticated level that the analysis of complex systems is no longer a
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Fig. 3 - a) Experimentally derived network architecture as developed by Ghadiri et al. Each node represents a product (T,_g) and each arrow indicates a template-
assisted ligation pathway (of the peptide fragments N and E;-g) pointing from the template towards the product; b) example of the expression of a NOR logic gate
expressed by a peptide sub-network (highlighted). The amount of product T; formed (output) is given as a function of the absence (o) or presence (1) of different
combinations of input peptides E; and/or E;

limiting factor. For instance, Ghadiri et al. created a complex network
of auto and cross catalytic reactions between peptides (Fig. 3a) [17].
This network extended on their seminal contributions on peptide repli-
cators based on the ligation of electro- and nucleophilic peptide frag-
ments templated by the product through the formation of coiled-coil
superstructures [18, 19]. A substoichiometic amount of nucleophilic
peptide, N, was reacted with a mixture of nine electrophilic peptide
fragments, E;_o, and the formation of products T4_g was followed in
time under native and denaturing conditions. Network connectivity
was assessed by repeating the experiment several times seeding the
mixture with either one of the templates T,_g. IMmportantly, the obtained
network was in good agreement with the expected network based on
theoretical calculations. This shows that even complex systems can
be rationally designed to a large extent. Similar to natural systems,
Ghadiri and Ashkenasy showed that it is possible to attribute function
to small sub-networks within a larger framework [20]. For example,
within the peptide network depicted in Fig. 3b, the rate of T3 produc-
tion can be negatively affected by the addition of either E5 or E; that
suppress the autocatalytic cycle of T3 because of an enhancement of
the more favourable T3—Ts and/or T;—T; pathways. This is the
equivalent of the Boolean logic function NOR (that produces a value
true if and only if both operands are false, or, in this case, if both input
peptides E5 and E; are absent). The interconnectivity within a molec-
ular network allows many other logic gates to be defined evaluating

the relative cross catalytic and autocatalytic rates of subsets of prod-
ucts [21]. As such, systems of this type are attracting interest as alter-
native computing systems [22].

Darwinian evolution in molecular systems

One of the marvels of natural systems is their ability to interact with their
environment. Systems, which can be entire organisms, but also smaller
subunits, continuously respond, react, and adapt to external stimuli. Inter-
action with the environment is also the driving force for Darwinian evolu-
tion, which can be simply interpreted as mutation and ‘survival of the
fittest’. The independent discovery in 1997 by the groups of Lehn [23] and
Sanders [24] that artificial systems can display similar behaviour was an
enormous breakthrough and led to the establishment of the field of
dynamic combinatorial chemistry [25]. This area deals with combinatorial
libraries, but opposed to conventional ones, the library components are
formed through the reversible connection of molecular subunits (Fig. 4)
[26]. These are either noncovalent bonds (e.9. hydrogen or coordinative
bonds) or, more frequently, dynamic covalent bonds (e.g. imines or disul-
fides). The reversibility of these bonds allows exchange between the
library components possible and makes that the whole system is under
thermodynamic control. Consequently, the library composition is deter-
mined by the relative thermodynamic stabilities of the library components.
This is highly exciting, because it means that the system has the possibil-
ity to adapt to external stimuli able to alter the thermodynamic landscape.

Fig. 4 - Concept of dynamic combinatorial chemistry. Addition of a template changes the free energy landscape and causes a redistribution of the dynamic
library favouring the best fitted receptor. Image taken from [26]
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Fig. 5 - a) Formation of a dynamic combinatorial library of macrocycles and catenanes from building block 4. HPLC chromatograms of the DCL
in the presence (b) and absence (c) of acetylcholine

Imagine a library of potential receptors for a substrate. Addition of the
substrate to the dynamic library will make it probe the various compo-
nents and form the thermodynamically most stable complex with the
best receptor present. This will act as a thermodynamic sink and the
dynamic library will ideally respond by increasing the concentration of that
receptor. The advantage is clear. Since this is a process of spontaneous
self-selection by the target, it implies that the difficult burden of rationally
designing receptors (or other species) has been relieved. Rather, the
challenge has become to design dynamic libraries that cover a portion of
chemical space as large as possible. The ability of a dynamic library to
respond spontaneously can give rise to surprising outcomes that no one
would have ever been to anticipate. This is illustrated with one of the
most striking examples that has been reported so far.

The group of Sanders and Otto prepared a dynamic library of macrocy-
cles of different size upon addition of trifluoroacetic acid to a solution of
peptide building block 4 (Fig. 5a) [27]. TFA liberates the aldehyde group
and also catalyzes the formation and exchange of hydrazones with the
hydrazide unit. HPLC analysis revealed that initially linear intermediates
were formed that rapidly converted into a series of macrocycles (up to
at least the hexamer). Thermodynamic equiliorium was reached in 3
days indicated by the absence of any further changes in time in the
chromatogram (Fig. 5¢). The surprise came when the experiment was
repeated in the presence of the neurotransmitter acetylcholine ACh.
Also here, initially a series of linear and cyclic oligomers was formed, but
within one hour a new peak appeared that was never observed in the
non-templated experiment. Over a long period of 44 days this peak
continued to grow in intensity reaching a maximum level of 70% of the
material in the library (based on HPLC) corresponding to an amplifica-
tion of more than three orders of magnitude (Fig. 5b). Isolation and char-
acterization of this peak by a combination of NMR and MS revealed that
this product was a [2]-catenane composed of two interlocked cyclic
trimers. Remarkably, in the absence of ACh the TH NMR spectrum of
the catenane is ill-defined indicating the presence of slowly interconvert-

ing isomers. Addition of the substrate sharpens the spectrum indicating
the formation of a well-defined complex. Isothermal calorimetry revealed
an impressive binding constant of 1.4x107 M- in a 95:5 mixture of
CHCI3:DMSO.

Dynamic combinatorial chemistry has been most frequently used for the
discovery of receptors using the substrate as trigger. However, systems
that respond to various other type of stimuli ( e.g. light, pH, pressure)
have also been reported and dynamic combinatorial chemistry has been
used to develop responsive materials, sensors, etc. [25] Recently, we
have started a project that aims at the development of catalysts by
means of dynamic combinatorial chemistry, which has remained one of
the least studied applications [28]. The concept is to use as trigger a
compound which is a stable analogue of the transition state (TSA) of a
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Fig. 6 - a) Schematic representation of the self-selection of functional groups
that assist in the intramolecular cleavage of a target bond; b) Observed

amplification factors for a hydrazide library identifying the strongest interaction
in hydrazone 6 between the ammonium and phosphonate group [29]
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Fig. 7 - a) Self-amplification of a replicator from a dynamic imine/nitrone library;

b) Distribution in the product pool after reaction with maleimide 11

reaction (Fig. 6a). The dynamic library will respond by increasing the con-
centration of the library member that most strongly interacts with the
TSA. Added to the reaction under scrutiny, the isolated member will act
as a catalyst by lowering the energy of the transition state. As a proof-
of-principle we have focused on the self-selection of functional groups
that can assist intramolecularly in the cleavage of a flanking ester bond
[29]. Evidently this does not yield a true catalyst, but our choice to start
from here was driven by the knowledge that intramolecular recognition
events are much easier to detect [30]. So, our target molecule is 2-eth-
ylphosphonoxybenzaldehyde 5 containing the phosphonate group as
TSA for the basic cleavage of an ester moiety and an aldehyde for
reversible hydrazone formation (Fig. 6b). Exposure of this target to a
library of functional hydrazides yields a mixture of the corresponding
hydrazones some of which stabilized through intramolecular interactions
between the phosphonate and the functional group of the hydrazide unit.
The occurrence of intramolecular interactions emerges immediately from
a comparison of the library distribution with the distribution of a reference
library in which the target is absent (using 2-methoxybenzaldehyde) [31].
We have developed new analytical tools based on fast 'H-13C HSQC
NMR spectroscopy (with Damien Jeannerat from the University of Gene-
va) [32] and UV/Vis-spectroscopy [33] to rapidly determine the mixture
composition. Comparison of the relative hydrazone concentrations in
both libraries revealed the strongest amplification for hydrazone 6
equipped with an ammonium group. Positioning of that ammonium
close to the ester moiety in functionalized phenylacetate 7 indeed result-
ed in a moderately enhanced cleavage rate [29]. A series of control
experiments supported the hypothesis that this was indeed due to tran-
sition state stabilization. Evidently, the road from here to true catalyst
development is still long, but these initial results are a promising start.
The adaptability of a dynamic combinatorial library is a unique systems
property and creates unprecedented possibilities for the discovery of
receptors, catalysts, materials among others.

Smart mixtures

It is the aim of systems chemistry to exploit concepts
such as self-replication and Darwinian evolution and to
g i combine them. Its potential emerges clearly from the fol-
o o e lowing example that was recently reported by the group
of Philp [34]. They took a small four component dynam-
ic library of 2 imines and 2 nitrones able to interconvert
(Fig. 7a). At thermodynamic equiliorium a 1.0:1.4:-
1.7:1.0 composition was observed for compounds 7, 8,
9, and 10, respectively. These components were cho-

i - "H 45 | sen because of two characteristics. Two components of
H the library (7 and 9) contain an amido pyridine unit that
& e can complex a carboxylic acid through the formation of

o ¥ two hydrogen bonds [35]. Two components (8 and,

":.. 4 e importantly, again 9) are nitrones able to undergo a 1,3-

dipolar cycloaddition with maleimides [36]. The addition
of maleimide 11, containing a carboxylic acid, to this
dynamic misture gives a spectacular result. The
maleimide reacts with both nitrones 7 and 9 and causes an irreversible
transfer of material to a product pool forming two pairs of diastereomer-
ic cycloadducts: cis- and frans-12 and cis- and trans-13, respectively.
The special effect is caused by trans-13 which is able to catalyse its own
formation through the ternary complex [9®11etrans-13]. So, whereas
trans-13 is initially formed through the bimolecular reaction between 9
and 11, the autocatalytic pathway takes over progressively. As a conse-
quence, nitrone 9 is depleted from the library at a much higher rate com-
pared to 7. Being dynamic, the library responds by shifting its composi-
tion towards the formation of more nitrone 8. Both the process of self-
replication and evolution work in the same direction and highly efficient-
ly drive the system towards the formation of trans-13. After 16 hours and
an overall conversion of 48%, trans-13 constitutes almost 80% of the
product pool (Fig. 7b). In contrast, for a reference maleimide lacking the
carboxylic acid recognition module a conversion of only 21% was
obtained in the same time interval with a rather uniform distribution of the
four diastereomeric products.

This example demonstrates the significant advances that have been
made studying and manipulating artificial systems. Nonetheless, a crucial
difference still exists with natural systems. Currently, changes in artificial
systems are driven by a thermodynamic need to reach a more stable
state. In contrast, natural (living !) systems do not operate at all under ther-
modynamic control [37]. Rather an off-equilibrium state is maintained to
create energy differences which can be turned into action when needed.
Obviously, the maintenance of this state requires the continuous need for
external energy input. Development of artificial systems with this property
would mean an enormous breakthrough in the field of systems chemistry.

Conclusions

Chemists are now in the position to face the challenges of mixtures
and are starting to appreciate the accompanying complexity and
potential. Compared to biologists, the approach taken by chemists



is fundamentally different. Whether biologists tackle molecular net-
works in a top-down approach focusing in on specific parts of an
organism, cells, or cycles, chemists have the unique capability of
constructing molecular networks in a bottom-up approach starting
from the molecular constituents.

It is worth remembering that a similar dual approach on the border-
line of chemistry and physics has lead towards the rise of nanotech-
nology. As illustrated by the examples in this review, systems chem-
istry can give conceptually new input in many fields, such as recog-
nition, sensing, and catalysis and is obviously intimately related to the
philosophical question of how life originated on Earth.
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Chimica dei Sistemi: la magia delle miscele

La Chimica dei Sistemi e la chimica che si occupa della complessita. Questo lavoro prende in esame i progressi pit recenti compiuti nello sviluppo di network moleco-

lari sintetici in grado di autoreplicarsi ed evolvere in maniera darwiniana. Si tratta di proprieta caratteristiche del sistema di molecole che non sono presenti nei singoli

componenti isolati. Vlengono pure prese in esame le potenzialita, largamente inesplorate, di network complessi per lo sviluppo di recettori molecolari e catalizzatori.




