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A structurally simple minimal self-replicating system
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Abstract—Molecular recognition between an amidopyridine and a carboxylic acid through two complementary hydrogen bonding
sites renders the reaction between an azide and a maleimide self-replicating, but not autocatalytic. © 2002 Elsevier Science Ltd.

All rights reserved.

Examples of chemical systems capable of templating
and catalyzing their own synthesis—so-called self-repli-
cating systems—have begun to appear! in the chemical
literature over the last 15 years. For the biologist, these
systems represent a putative link with the origin of life
and their study may shed light> on prebiotic chemical
evolution. However, for the synthetic chemist, the auto-
catalytic properties® of such systems are enticing. The
concept of a chemical template that is capable of mak-
ing billions of exact copies of itself, given appropriate
starting materials, is a highly attractive one for the
synthetic chemist. In addition, the growing field of
nanotechnology could benefit immensely from systems
that are capable of self-synthesis (i.e. replication).

In principle, all one requires to implement a self-repli-
cating system is two reactive groups that are each
attached to self-complementary recognition sites. Thus,
the development of synthetic replicating systems is an
ideal challenge for supramolecular chemistry. In this
work, we set out to develop self-replicating systems
based on cycloaddition chemistry that were very simple
in a structural sense. The reasons for this approach
were two-fold. Firstly, if replication is to be of use
synthetically, we must demonstrate that the addition of
two self-complementary recognition sites to our reactive
groups is all that is necessary to introduce autocatalytic
and self-replicating behavior. Secondly, replicating sys-
tems are notorious* for their complex kinetic behavior.
Therefore, the development of structurally simple sys-
tems should, in principle, allow easier investigation of
their properties.

* Corresponding author.

Accordingly, we designed a synthetic self-replicator?
based on the minimal model® shown in Scheme 1. In
this model, two reaction channels exist. The first is the
uncatalyzed bimolecular reaction of A and B to give T.
The second is the autocatalytic cycle in which A and B
associate with T to form the catalytic ternary complex
[A‘B-T]. Bond formation occurs between A and B to
give the product duplex [T-T] which then dissociates to
return two molecules of T to the autocatalytic cycle.
The dissociation of the [T-T] duplex is a key consider-
ation in the design of replicating systems and for
efficient autocatalytic turnover—its stability must be
lower or, at worst, comparable to that of the ternary
complex [A-B-'T]. An additional reaction channel’
involves the formation of a binary complex [A‘B] in
which the reaction between A and B is now pseudo-
intramolecular. This pathway also accelerates the
formation of T, but is not catalytic—the template
remains closed at the end of the reaction since the
recognition utilized to assemble [A-B] lives on in the
final product. This pathway cannot be observed in the
system shown in Scheme 1 as a result of the short
spacer lengths between the recognition and reactive
sites in A and B.

Here, we report the synthesis properties of the struc-
turally simple system (Scheme 1) that exploits® molecu-
lar recognition to achieve modest acceleration of a
cycloaddition reaction between an azide and a
maleimide. The weakly replicating behavior of this
system is demonstrated through a series of control
experiments and preliminary kinetic modeling. The rel-
ative inefficiency of this system is traced to a product
duplex [T-T] that is stable enough to be characterized in
the solid state.
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Scheme 1.

Azide A and maleimide B were synthesized® by stan-
dard methods. In order to make valid comparisons
between the recognition-mediated and bimolecular
reaction pathways, a control compound was required
which possessed that same chemical functionality as the
normal reagents A or B, but which was incapable of
participating in a recognition mediated reaction. We
have found® that the methyl ester of B, B’ (Scheme 1),
is a suitable control compound, the carboxymethyl
group in B’ being completely incapable of binding to
the amidopyridine recognition site in A.

The reaction between azide A and maleimide ester B’,
performed at 30°C at a concentration of 25 mM in
CDC(l,, is very slow leading to <10% overall conversion
to the corresponding triazoline over a period of 16 h.
Kinetic simulation and fitting of the rate profile
obtained for this reaction (Fig. 1) gave an excellent fit
to a bimolecular reaction model.

When the recognition-mediated reaction between azide
A and maleimide ester B is performed under identical
conditions, it is immediately obvious (Fig. 1) that the
rate of reaction is significantly higher in the case of the
recognition-mediated reaction. Less obvious is the fact
that the concentration—time profile exhibits a slight
upward curve. In other words, the rate of reaction is
increasing with time as opposed to decreasing with
time. This behavior is indicative of an autocatalytic
process in operation.

The efficient operation of a self-replicating system
hinges on the reversible binding events that occur dur-
ing the autocatalytic cycle. If the crucial recognition
processes are interfered with, rendering the binding
events inefficient or non-existent, then the autocatalytic
cycle is unable to operate, or may only do so with low
efficiency. Initially, we wished to prove that the reac-
tion between A and B was recognition-mediated. In
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Figure 1. (i) Rate profile obtained for the reaction of A and B
at 25 mM at 30°C, in CDCl,. The formation of T is shown as
filled circles. (ii) Rate profile obtained for the reaction of A
and B’ at 25 mM at 30°C, in CDCl,. The formation of the
product triazoline is shown as open circles. For clarity, error
bars are omitted from the graphs; however, errors in concen-
tration are estimated to be +4%.
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order to achieve this, we performed a competition
experiment in which we added an unreactive molecule
B*, in this case benzoic acid, which is capable of
binding in an unproductive manner to A and thereby
decreasing the rate of reaction. When the recognition-
mediated reaction between azide A and maleimide ester
B is performed under identical conditions to those
described before, but in the presence of 100 mM B*, the
reaction rate is diminished almost to that of the control
(Fig. 1(1)), thus demonstrating the reliance on molecular
recognition in the rate enhancement observed in the
reaction between A and B.

During the progress of a self-replicating reaction, the
formation of product, T, during the initial stages of the
reaction, is primarily via a simple uncatalyzed bimolec-
ular pathway. However, once the product in solution
reaches a critical concentration, then the autocatalytic
cycle may begin to operate. Therefore, the presence of
presynthesized template, T, at the beginning of the
reaction, (¢=0), should result in the experimentally
observable loss of the initial lag period in the rate
profile for the reaction. In order to demonstrate this
effect, azide A and maleimide B, were reacted under
identical conditions to those described previously, but
with the addition of either 10 mol% or 50 mol% of
added template T. The results of this experiment (Fig.
2) clearly show that the rate of production of T is
enhanced by the addition of template T.

The efficient operation of the autocatalytic cycle hinges
on the effective dissociation of the product duplex [T-T]
in the autocatalytic cycle. If this duplex is too stable, no
new template is returned to solution and the autocata-
lytic cycle fails. Unfortunately, the template T was not
soluble enough in CDCl; to perform a direct determi-
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Figure 2. (i) Rate profile obtained for the reaction of A and B
at 25 mM at 30°C, in CDCl;. The formation of T is shown as
filled circles. (ii) Rate profile obtained for the reaction of A
and B at 25 mM at 30°C, in CDCl; in the presence of 10
mol% preformed T. The formation of T is shown as open
diamonds. (iii) Rate profile obtained for the reaction of A and
B at 25 mM at 30°C, in CDCI, in the presence of 50 mol%
preformed T. The formation of T is shown as open diamonds.
For clarity, error bars are omitted from the graphs; however,
errors in concentration are estimated to be +4%.

nation of the association constant for the [T-T] duplex
by NMR dilution methodology. However, an approxi-
mate value for the dimerization constant was obtained
by fitting the chemical shift changes observed in the
resonance arising from the amide NH proton in T
during the reaction to the appropriate binding
isotherm. The dimerization constant obtained by this
methodology, 1000100 M~', indicates that the [T-T]
duplex is very stable.

Further evidence for the stability of the [T-T] duplex
comes from the solid state structure of T determined by
single-crystal X-ray crystallography. Very small single
crystals'® of T were obtained by slow evaporation of a
solution of T in a mixture of CH,Cl, and hexane. The
solid state structure reveals that T exists as a homo-
dimer (Fig. 3), i.e. as the [T-T] duplex, in the solid state.
This behavior in the solid state indicates that the [T-T]
duplex is relatively stable since molecules that are capa-
ble of self-association often crystallize in extended
structures as opposed to homodimers.

Therefore, in order to gain some insight into the kinetic
behavior of the system we turned to kinetic simulation.
Von Kiedrowski has introduced a simple model to
describe this behavior (Fig. 4).

In this minimal model, the parameter p describes the
autocatalytic behavior of the system. A value of p that
is 0.5 denotes the fact that the replicating system obeys
the square root law,'' indicative of a stable [T-T]
duplex. However, if the [T-T] duplex is relatively
unstable, the value of p will tend to 1. An additional
parameter ¢ is defined in this minimal model which

Figure 3. Structure of [T-T] duplex as determined by single
crystal X-ray diffraction. Carbon atoms are gray, oxygen
atoms are black and nitrogen atoms are white. Hydrogen
atoms have been omitted for clarity. The hydrogen bonds
stabilizing the duplex are shown as dashed lines.
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Figure 4. Minimal kinetic model for replication. For a
detailed explanation of this model, see Ref. 11.
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Figure 5. Results of kinetic simulation and fitting of the
kinetic data for the reaction between A and B to the appropri-
ate model. Solid lines represent the best fits of the data to the
model at various values of p. The simulation was carried out
using the data from both the undoped and the doped experi-
ments. However, for clarity, only the fit to the undoped data
is shown.

describes the relative importance'? of the bimolecular
pathway with respect to the autocatalytic channel. Fit-
ting of our experimental data to this minimal model
proceeded smoothly'® (Fig. 5) and afforded best-fit
values of p and ¢ of 0.40 and 20, respectively.'* These
results suggest strongly that the [T-T] duplex is very
stable in our system and this leads to almost no
turnover in the autocatalytic cycle. In this case, the
system is self-replicating—the template T is capable of
organizing A and B and accelerating the reaction
between them—but not autocatalytic—the stability of
the [T-T] duplex prevents turnover.

In summary, we have demonstrated that the reaction
between azide A and maleimide B at 30°C in CDCl, at
a concentration of 25 mM forms a template T that is
capable of self-replication. We have demonstrated
directly, through X-ray crystallography, that this tem-
plate forms a strong duplex [T-T] in the solid state and
indirectly, through kinetic simulation, that this template
duplex is stable in solution. The stability of this duplex
precludes efficient autocatalysis in this system. The
challenge is now to deduce the structural basis for the
fact that some minimal replicators show efficient
autocatalysis'® and others do not. This understanding is
a requirement for the successful application of this
technology in synthetic chemistry and beyond.
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X-Ray diffraction studies on crystals of T were per-
formed at 293 K using a Bruker SMART diffractometer
with graphite-monochromated Mo-Ka radiation (1=
0.71073 A). The crystals were very small and it required
many attempts before a crystal that gave any diffraction
at all was found. As the diffraction was very weak, all the
non-hydrogen atoms were refined isotropically in order to
maximize the data/parameter ratio. The structure was
solved by direct methods. The hydrogen atoms on N(7)
and O(20) were located by a AF map and allowed to
refine isotropically subject to a distance constraint
(X-H=0.98 A). The remaining hydrogen atoms bound to
carbon were refined in idealized geometries. Structural
refinements were by the full-matrix least-squares method
on F? using the program SHELXTL. C,;H,,NOs5, M=
388.39, monoclinic, space group P2,/c, a=13.013(4), b=
17.121(6), ¢=8.522(3) A, £=98.104(7)°, U=1879.8(11)
A3, Z=4, D,=1.372 Mg/m?, 1=0.104 mm~', F (000)=
816, crystal size=0.1x0.1x0.01 mm. Of 9453 measured
data, 2720 were unique (R,,, 0.6151), and 550 observed
([I>25 (D)) to give R, =0.1166 and wR,=0.1948.
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For a complete discussion, see: von Kiedrowski, G.
Bioorg. Chem. Front. 1993, 3, 151. There has been consid-
erable discussion in the literature concerning the benefits
and drawbacks of using a minimal model compared to
full kinetic modeling (Reinhoudt, D. N; Rudekevich, D.
M.; de Jong, F. J. Am. Chem. Soc. 1996, 118, 6880). We
have performed both minimal and full kinetic modeling
on this system. The data from the full kinetic modeling is
entirely consistent with the conclusions drawn here; how-
ever, its description is beyond the scope of this paper and
will be presented elsewhere. The minimal modeling is
presented here in order to set our system in the context of
other replicating systems published previously.

12. Only two of the three reaction channels are open to this

13.

14.

15.
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system as reaction is impossible within the [A-B] complex
as a result of the short methylene spacer between the
maleimide and the carboxylic acid in B.

Kinetic simulation and fitting were performed using the
program SimFit: Sievers, D.; von Kiedrowski, G. Chem.
Eur. J. 1998, 4, 629.

Systems based on nucleic acids have p values of around
0.5. Peptide-based systems (Ref. 5) have p values between
0.6 and 0.7. The Diels—Alder based system of Sutherland
(Ref. 15) has a p value of 0.80 and our nitrone based
system (Ref. 15) has a p value of 0.91.
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