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~ Mutualistic Synthesis from Orthogonal Dynamic Covalent Reactions

Yonglei Lyu, Ying Hu, Jinghui Yang, Xin Wang, and Jianwei Li*

Abstract: Mutualisms are interactions that benefit all
species involved. It has been widely investigated in
neighbouring subjects, such as biology, ecology, sociol-
ogy, and economics. However, such a reciprocal rela-
tionship in synthetic chemical systems has rarely been
studied. Here, we demonstrate a mutualistic synthesis
where byproducts from two orthogonal chemical reac-
tions aid each other’s production. Disulfide exchange
and hydrazone exchange were chosen to generate two
dynamic combinatorial libraries. A minor tetrameric
macrocycle from the active disulfide library was quanti-
tatively amplified in the presence of the hydrazone
library. This incorporation also turned on the previously
inert hydrazone reaction, producing a linear species that
formed a “handcuffs” catenane with the disulfide
tetramer. These findings not only lend robust support to
the hypothesis of “RNA-peptide coevolution” for the
origin of life but also broaden the scope of synthetic
chemistry, highlighting the untapped potential of minor
products from different reactions. Additionally, the co-
self-assembly of these mutualistic entities to form
supramolecular structures opens new avenues for future
development of composite nanosystems with synergistic

properties.
J

M utualisms are interactions that benefit all species
involved.l' A typical example of mutualism in ecosystems is
the mycorrhizal interaction. Plants produce carbohydrates
that support the growth of fungi, while fungi enhance the
ability of plant roots to absorb nutrients and water from the
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soil.”! This concept has been extensively studied in various
fields, such as biology,”! ecology,” sociology,” and
economics.”) Mutualism can exist in biochemical systems.!”’
When the products of two reactions mutually benefit each
other’s synthesis, their relationship can be described as
mutualistic. However, such positive cooperation in synthetic
chemical systems has rarely been explored. Traditionally,
chemists have focused on single reactions or sequential
reactions, aiming to achieve high yields of target products by
optimizing reaction conditions and developing efficient
catalysts. Consequently, there has been limited investigation
into reciprocal synthesis in complex chemical systems.

Here, we demonstrate the concept of mutualistic syn-
thesis showing that two byproducts from two respective
orthogonal chemical reactions could positively cooperate
and become dominant when these two reactions take place
in the same vial using the tool of dynamic combinatorial
chemistry (DCC).® During the past two decades, DCC has
been a well-established method for studying molecular
complexity.”! It deals with dynamic combinatorial libraries
(DCLs), which are produced in a combinatorial way by
linking building blocks through reversible chemical reac-
tions. The concentration distribution of library members is
typically under thermodynamic control. One strategy to
show the principle governed by thermodynamics is introduc-
ing external template molecules into a DCL. If the template
can lower the energy level of some library members through
noncovalent binding, the equilibrium will be shifted by
amplifying their concentration while consuming the free
species, presenting a competitive molecular behavior inside
the DCL.” Such a “survival of the fittest” presentation
allows DCLs to mimic natural selection in molecular
systems.

In this work, instead of showing the competition among
internal species from the same library, we report the
cooperative synthesis of species from different libraries.
Specifically, we created two DCLs using two orthogonal
reversible chemical reactions, respectively (Figure la-b).
When these two libraries were performed together at the
same experimental condition, two network species that were
minor products from the respective DCLs became the major
products due to the reduction in Gibbs energy levels arising
from the formation of a complex. These results suggested
that the two species functioned as templates for each other’s
co-amplification through noncovalent binding between dif-
ferent libraries, demonstrating a mutualistic relationship in
synthesis. Moreover, the inert reaction could be powered on
by another active reaction in the pair of orthogonal
reactions. Such a reciprocal synthesis stands for a way of
coevolution of species in complex chemical systems, shed-
ding some light on the hypothesis of “RNA-peptide
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Figure 1. (a) Schematic presentation of a pair of orthogonal reactions operated separately and together; (b) Molecular structures of building blocks
1, CD, and L; HPLC-MS analysis of DCLs made from building blocks (c) 1.5 mM of 1, (d) 1.5 mM of CD and L, and (e) 1.5 mM of 1, CD and L in
aqueous borate buffer (50 mM, pH 8.2). The HPLC spectra were monitored at wavelength 254 nm.

coevolution” for the origin of life. We envision that the
validated concept of mutualistic synthesis may lead to new
strategies to explore functional composite materials shortly
and de novo life later.

The pair of orthogonal dynamic covalent reactions
chosen to make the DCLs were the classical disulfide and
hydrazone exchange, as the disulfide exchange is active in
water at pH 8.2 while the hydrazone exchange is inert at the
same experimental condition. The disulfide DCL was
prepared from an azobenzene-derived dithiol building block
1 (1.5 mM) in an aqueous solution at pH 8.2. The two thiol
groups of building block 1 could be oxidized into disulfide
bonds as the linkages of macrocyclic molecules at room
temperature in the air. The exchange reaction continued
when thiols remained in the reaction. As our previous
report,!'”! once all the thiols were fully oxidized, the high
performance liquid chromatography-mass spectrometry
(HPLC-MS) analysis revealed that the dominant product
was a catenane 3, interlocked by two trimeric macrocycles 3,
and two minor species were the trimer 3 and the tetramer 4
(Figure 1c). Parallelly, the hydrazone DCL was made from a
B-cyclodextrin derived aldehyde building block CD
(1.5mM) and an adipic dihydrazide building block L
(1.5 mM) in aqueous solution at the same experimental
condition (Figure 1d). As expected, no products were
detected, since the hydrazone formation is thermodynami-
cally and kinetically unfavorable in water at the slightly
basic pH.["

However, when the two DCLs were performed together
in the same solution (pH 8.2) with the same concentration as
they were performed alone, HPLC analysis showed only one
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new product peak and the molecular weight of the peak was
the sum of that of the disulfide tetramer 4 and that of the
linear hydrazone L-2CD dehydrated by one molecule of L
and two molecules of CD (Figure le and S1). Considering
that the azobenzene unit has the tendency of threading
through the well-matchable cavity of the p-CD moiety in
water, we inferred that the new product peak should
correspond to a “handcuffs” catenane 4-L-2CD interlocked
by hybrid species, the disulfide 4 and a linear hydrazone L-
2CD. To identify the number of CD interlocked with 4, we
added excessive hydroxylamine in the library to break up L-
2CD. The HPLC-MS analysis showed that the residual
catenane was 4-2CD-OH, suggesting that two CD moieties
were interlocked with 4 in “handcuffs” 4-L-2CD structure
(Figures S5-6). The neat production showed that the minor
species 4 and L-2CD from the respective DCL dominated
the complex chemical system when the two libraries were
performed together, demonstrating that the 4 and L-2CD
were a pair of mutualistic molecules.

Such a remarkable co-amplification of 4 and L-2CD
should be mutually benefited from their binding. If our
speculation of the “handcuffs” catenane formation was
correct, the interlocked structure should remain stable
during the purification process from the reaction mixture.
Indeed, we could isolate the both of 4-2CD and 4-L-2CD as
a mixture of isomers, including the parallel (head-to-head)
and anti-parallel (head-to-tail) conformation!'*'? using prep-
arative HPLC (Figures S7-8), which were characterized by a
number of "H NMR spectroscopic experiments (Figures 2b
and S9-17). A diffusion ordered spectroscopy (DOSY)
spectrum showed that both 4 and L-2CD had the same
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Figure 2. (a) Molecular structure of 4-L-2CD in parallel orientation; (b) '"H NMR spectra of 4-L-2CD. (D,0, pD=8.2, 500 MHz, 298 K); (c) The 2D
DOSY spectra of 4-L-2CD. (D,0, pD=8.2, 500 MHz, 298 K); (d) Part of 2D "H-"H NOESY spectra of 4-L-2CD. (D,0O, pD=8.2, 500 MHz, 298 K); (e)
Representative structures of catenanes obtained using molecular dynamics. Red: azobenzene part; yellow: disulfide bond; orange: adipic

dihydrazone linker; blue and cyan: CD part.

diffusion rate constant at 2.795x10°'° (Figure 2c),
which confirmed the supramolecular complexation of the
two species. The 'H NMR spectrum of 4-L-2CD showed
four sets of signals (A, B, and C) for tetramer 4, as the local
symmetry of azobenzene was affected by the interlocked L-
2CD (Figure 2b and S15).1"" The presence of only one set of
phenyl signals of L-2CD at 7.21 and 6.51 ppm was consistent
with a symmetrical structure, indicating that the parallel
conformation ,4-L-2CD was the dominant product in the
mixture (Figure 2a)."* The peaks at 8.24 and 8.39 ppm were
assigned to the protons A; and A, of azobenzene units
included inside the CD, as they experienced varying degrees
of shielding from CD cavity. Based on the Nuclear Over-
hauser effect spectroscopy (NOESY) (Figure2d), NOE
signals were observed between A,-3,5,6, B-34.,5, and C,-
3,4,6, confirming the part of tetramer 4 was mechanically
encapsulated in CD cavity in 4-L-2CD. On the other hand,
the "H NMR spectrum of 4-2CD showed two sets of phenyl
signals of CD at 7.44 and 6.59 ppm, indicating two possible
isomers, with either a head-to-head or head-to-tail orienta-
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tion of two CDs, have been obtained (Figure S10). Com-
pared with catenane 4-2CD, protons ¢ and d on phenyl
moieties of 4-L-2CD were shifted upfield (from 6§="7.44 to
721 ppm for ¢ and from §=6.59 to 6.51 ppm for d).
However, no NOE signal appeared between proton a and b
on the linker L and CD, indicating L was far away from the
CD. Besides, some small peaks appeared at 7.05 and
6.41 ppm, which had NOE signals with CD cavity. These
should be attributed to the protons of phenyl groups in anti-
parallel conformation ,,4-L-2CD.

Complementary to the experimental approach, further
insights into 4-L-2CD structure were obtained at the atom-
istic level through molecular dynamic (MD) simulations
undertaken within the Gromacs 5.0.""! The 4-L-2CD compo-
nents were described with General Amber Force Field
(GAFF) parameters™ and using MMFF94 charges.'® The
remaining classic force field parameters and simulation
details have been given in the Supporting Information
Section 5. The starting parallel conformation ,4-L-2CD was
immersed in cubic boxes composed of water molecules. We
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simulated ,4-L-2CD involved in equilibrium for 20 ns.
Through most of MD runs, the shortest distance between
protons A, of 4 inside the CD cavity to protons 3, 5, and 6 of
CD were less than 6 A separately, and the distances between
protons ¢ and d on phenyl moieties to the protons 5 and 6 of
the CD were less than 5 A periodically (Figure S18). These
distances were consistent with the NOE signals (A,-3,5,6; c-
3,5,6; d-3,5,6) in NOESY spectroscopy. For ,,4-L-2CD, the
distance between A, to proton 6 of CD was more than 10 A
through the run, while the distances between protons ¢ and
d of phenyl groups to 5 and 6 of CD were less than 5 A for
part of the time (Figure S19). These results confirm that the
small peaks at 7.05 and 6.41 ppm, which had NOE signals
with CD, attributed to protons ¢ and d of the anti-parallel
conformation ,,4-L-2CD.

To investigate why the “handcuffs” catenane 4-L-2CD
was the most favorable catenane in this system, we
simulated the systems involved in the equilibrium leading to
the formation of catenanes containing 4 and CD (4-CD, 4-
2CD, and 4-L-2CD), and calculated the change of free
energy of binding (AG). Applying Multistate Bennett
acceptance ratio (MBAR)!" method, we got the following
numerical data (Table S1) for the binding energy for the
formation of catenanes. The docking results showed that 4-
L-2CD had a higher binding energy value than the other
catenanes, indicating the highest stability of 4-L-2CD in the
library. The binding energy of ,4-L-2CD and ,,4-L-2CD was
determined to be —66.40+0.20 and —57.24+0.23 kcalmol ™,
respectively. The lowest energy conformation for 4-L-2CD
was the parallel conformation ,4-L-2CD, which was in
agreement with the dominant product in "H NMR spectra
obtained in solution.

Then, we calculated the change of solvent-accessible
surface area (ASASA) of catenanes in the systems. After an
initial equilibration phase, all the systems trended to stable
trajectories, and the visual inspection of equilibrated
trajectories revealed that the systems towards the conforma-
tions minimizing exposed hydrophobic surfaces in all cases
(Figure 2e). The results showed that the values of SASA in
all the systems decreased as the catenanes formed, which
followed the same trend as the binding energy. When 4 was
associated with CD in solution, the SASA of the hydro-
phobic regions of both 4 and CD tended to minimize,
driving the decrease of free energy. In accordance with the
expected, parallel conformation ,4-L-2CD, which experi-
enced the greatest reduction in SASA, had the lowest
binding energy." Hence, the most stable catenane ,4-L-
2CD was formed in the library.

Once we had a better structural understanding of the
“handcuffs” catenane 4-L-2CD, we moved forward to
unravel the mechanism behind the mutualistic synthesis of
its two components, 4 and L-2CD. As the hydrazone
formation is kinetically unfavorable in water at pH 8.2 in
general and it could not be catalyzed by the carboxylic acids
of a control thiol building block (see Figure S20), the
synthesis of the L-2CD should be catalyzed by the pre-
organized catenane structures consisting of the tetramer 4
and the aldehyde CD. Thus, we first prepared the control
group (1+CD) as a starting point to investigate the complex
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equilibrium of the system (see Supporting Information
Section 7). A simplest model that was able to produce a
good fit in the presence of a series of catenanes was
established in Figure S24. The strong amplification of the
pre-organized catenane 4-2CD was reflected in the high
affinity of the host to the guest, with formation constants of
around 9.55x10* M ™' and 1.55x10* M™" upon binding of the
first and the second CD, respectively. To verify the
calculated formation constants in the system, we fitted the
dataset in DCLFit.'"! The results showed that the calculated
and fitted data were essentially consistent (Figure S25,
Table 1). The formation constant for the first binding of CD
to the tetramer 4 (K, cp), had the same order of magnitude
as the binding constant of CD to monomer 1 obtained by
UV titration (see Supporting Information Section 8). How-
ever, the formation constant for incorporating the second
CD to yield 4-2CD was an order magnitude larger, implying
that the tetramer 4 had the cavity suitable for the interaction
with two CDs to form catenane 4-2CD, while the trimer 3
cavity was large enough to fit only one CD. These results
proved that in the library (14 CD), catenane 4-2CD was a
thermodynamically favorable product, which may become
the prerequisite to catalyst hydrazone formation in the
library composed of 1, CD, and L referred to as library (1+
CD+L).

Then, we investigated the hydrazone formation by
preparing a series of DCLs from building block 1, hydrazide
L, and aldehyde CD with various concentrations, and the
model was designed to fit the library distributions (Figure 3).

Table 1: Formation constants of catenanes in DCLs."

Log KM
4-L-2CD 4-2CD 4-CD 3-CD
1+cpt / 419+0.16 2984025 4.06+0.16
Fitting! / 4114+£0.09 3.014+030  4.0240.10
1+cD+L™ 4.07+0.11 3244024  3.79+0.28
Fitting! 1.16+£0.02  4.00+0.12  3.20+0.04  3.9240.08

[a] The corresponding binding constant K are in M. [b] Formation
constants are calculated from Equation S2. [c] Formation constants
are fitted by DCLFit software.

Model of DCL (1 + CD + L) constructed by DCLFit

l l K4-CD CD

f{

Figure 3. Model of the library distributions obtained for different
concentrations of CD in the experimental group (1+CD+L) con-
structed by DCLFit; Stoichiometries omitted for clarity.
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The HPLC-MS analysis revealed that “handcuffs” catenanes
4-L-2CD became the dominant product in the libraries (1+
L+ CD), while catenanes 4-2CD became the main sacrifice
for their production. While L-2CD could not be synthesized
directly in the libraries, the formation constant of 4-L-2CD
obtained in DCLFit was 14.48+0.67 M (Figure S26, Ta-
ble 1). These results demonstrated that the pre-organized
catenane 4-2CD structures could effectively catalyze the
hydrazone formation (L+2CD—L-2CD) at pH 8.2, while
the formation of L-2CD made tetramer 4 stable through the
formation of 4-L-2CD in DCL. Hence, 4 and L-2CD were a
pair of mutualistic molecules, leading to the high yield of
“handcuffs” catenane 4-L-2CD.

Based on the previous experiments, we have demon-
strated that 4-L-2CD was a thermodynamically stable
product, produced by the two orthogonal reversible chem-
ical reactions. Subsequently, we studied the Kkinetics to
understand the mutualistic synthesis better. First, the
compositional change of a DCL prepared from only the
building block 1 (1.5 mM) in borate buffer (50 mM, pH 8.2)
was monitored over time using HPLC. A rapid increase in
the amount of catenane 3, (around 76 %) was followed by a
slight decrease after 36 h, which coincided with the gradual
concentration growth of 3, probably attributed to the break-
age of 3, (Figure 4a). In the DCL starting from an equimolar
of solution 1 and CD (1.5 mM), the species 4-CD formed
rapidly in 12 h, followed by decreasing to 1.6 %, while 4-
2CD became the dominant species after 24 h (Figure 4b).
The phenomenon should be attributed to the positively
cooperative binding in the formation of 4-2CD. This is
supported by the fact that the association affinity observed
in the secondary binding of CD with 4-CD, crucial for the
formation of 4-2CD, was an order of magnitude higher than
that observed in the initial binding of CD for the formation
of 4-CD. Then, in the DCL made from 1, L, and CD

100, =40 e
X a x b e
% 801 % —=-3 ==20D
o 030 -4 4-CD
%: 60 %:20 —‘—3277< ft-ZCD
g 40 g )
2 a0 210{ -/
© ©
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Figure 4. Kinetics study of catenane formation in DCLs of (a) 1.5 mM
of 1; (b) 1.5 mM of 1 and CD; (c) 1.5 mM of 1, CD, and L; (d) Kinetic
modelling results of the catenanes in DCL containing 1.5 mM of 1, CD,
and L.
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(1.5 mM), once 4-L-CD appeared, it grew dramatically over
50 % in 36 h at the expense of other species (Figure 4c).

We constructed a simplified mass-action-kinetics model
to show that the mutualistic relation of 4 and L-2CD can
indeed be a result of three building blocks (1, CD, and L)
that had influences on each other in DCL (Figure S32).
First, we determined the majority of the involved rate
constants and reaction orders experimentally, including the
rates of thiol oxidation, thiol-disulfide exchange, breakage
of catenane, and hydrazone formation (see Supporting
Information Section9). These experimentally measured
data were used to parameterize a kinetic model,"*” with
which we analyzed the reactions through pathways. The
experimental kinetic analysis of hydrazone formation
showed that the reaction 4-2CD +L—4-L-2CD in solution
occurred rapidly and the rate constant of hydrazone
formation was measured as k=12.81 M'h™!, which was
close to the calculated value 14.95M'h™' (Tables S5-6,
Figure 4d) using the kinetic model for the hybrid library.
The high reaction rate of the hydrazone formation offered a
potentially fast competing pathway to equilibrium, suggest-
ing that the thermodynamic stable 4-2CD from a disulfide
library acted as the transition state to catalyze the hydrazone
formation.

In conclusion, we have demonstrated the concept of
mutualistic synthesis involving species from orthogonal
reversible chemical reactions. Facilitated by supramolecular
interactions, we observed that when these reactions oc-
curred concurrently in a single vial, two initially minor
products became predominant. Specifically, a reactant from
the inert reaction served as a template, selectively amplify-
ing a minor library species from the active reaction. This
process led to the formation of a thermodynamically stable
catenane through noncovalent binding. This catenane, acting
as a transition state, catalyzed the inert reaction between its
associated reactant and the other freely present reactant in
the solution. This interaction resulted in the dominant
products of both reactions aiding each other‘s formation,
demonstrating a mutualistic relationship. However, we also
noted a limitation: the mutualistic species formed extremely
stable catenane structures resembling “handcuffs”, impeding
their dissociation and reactivity in subsequent inert reaction
cycles, thus limiting catalytic efficiency. We envision this
challenge can be addressed by adjusting noncovalent
affinities among species in new molecular systems to enable
these species to cross-catalyze the orthogonal reactions
more effectively.

Our findings highlight the potential of positive coopera-
tivity in synthesizing species from both inert and active
reactions, showing the feasible coevolution of mutualistic
species from chemical reactions. This approach opens new
avenues for seeking clues to support the hypothesis of “RNA-
peptide coevolution” for the origin of life and exploiting the
synthesis of minor products in chemical reactions more
broadly. Furthermore, the ability of the mutualistic species to
form supramolecular complexes paves the way for their co-
self-assembly into nanosystems. This advancement holds
significant promise for the synthesis of functional composite
materials with novel synergic properties.
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