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Integration of photocatalytic and dark-operating
catalytic biomimetic transformations through
DNA-based constitutional dynamic networks

Chen Wang® ', Michael P. O'Hagan® !, Ehud Neumann?, Rachel Nechushtai? & Itamar Willner® 1*

Nucleic acid-based constitutional dynamic networks (CDNs) have recently emerged as
versatile tools to control a variety of catalytic processes. A key challenge in the application of
these systems is achieving intercommunication between different CDNs to mimic the
complex interlinked networks found in cellular biology. In particular, the possibility to inter-
face photochemical ‘energy-harvesting’ processes with dark-operating ‘metabolic’ processes,
in a similar way to plants, represents an up to now unexplored yet enticing research direction.
The present study introduces two CDNs that allow the intercommunication of photocatalytic
and dark-operating catalytic functions mediated by environmental components that facilitate
the dynamic coupling of the networks. The dynamic feedback-driven intercommunication of
the networks is accomplished via information transfer between the two CDNs effected by
hairpin fuel strands in the environment of the system, leading to the coupling of the pho-
tochemical and dark-operating modules.
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ARTICLE

he regulation of complex processes by dynamic networks is

a defining feature of cellular biology!=>. The ability of these

biomolecular networks to reconfigure in response to
environmental triggers provides a mechanism for the stimuli-
driven control of many cellular functions, such as the spatio-
temporal regulation of gene expression®~10. There is great interest
in mimicking such networks using artificial means (systems
chemistry) in order to emulate natural processes towards the
development of synthetic biomimetic systems!!~1°. In particular,
complex networks of interconnected systems synchronized with
the environment play important roles in the enhanced fitness and
growth vigor of plants, and understanding the dynamic molecular
mechanisms regulating plant metabolism, photosynthesis and
growth is a continuous scientific challenge!®!7. Substantial
research efforts are directed towards the development of con-
stitutional dynamic networks (CDNs) emulating functions of
native network assemblies!>18-20, The simplest [2x2] CDN
consists of four dynamically interchangeable and equilibrated
constituents AA’, AB/, BA’, and BB'. The triggered stabilization of
one of the constituents, e.g., AA’ results in the adaptive dynamic
reconfiguration of the CDN into a new equilibrated network,
where the content of AA’ is enriched at the expense of AB’ and
BA’, which each share components with AA’. The dynamic
separation of AB’ and BA’ leads to the recombination of B and B’
and the enrichment of BB’. Different molecular and macro-
molecular CDNs revealing adaptive reconfiguration features
triggered by light?122, temperature?3, electrical field?4, pH23, and
supramolecular H-bonds?> were reported, and constitutional
dynamic libraries and dynamic reaction networks26-30 were
demonstrated. Recently, we have introduced DNA-based CDNs
as a versatile approach for the regulation of a variety of catalytic
processes and functional materials3l. DNA structures are well-
suited towards the design of CDNs, as the base sequence com-
prising the nucleic acid strands provides a rich toolbox to control
the stabilization, destabilization, and reconfiguration of the CDN
constituents, for example by fuel/anti-fuel strands32, the K+-ion/
crown ether mediated formation/dissociation of G-
quadruplexes33, and the reversible stabilization/destabilization
of duplexes by photoisomerizable intercalator units’%. By engi-
neering the constituents of DNA-based CDNs to perform specific
functions, control over their activity may be achieved through the
dynamic changes of the composition of the CDN in response to
specific triggers. For example, the guided transcription of mRNA
and the translation of proteins by a [2x2] CDN was recently
achieved3. Many biological networks, however, do not operate in
isolation but function as part of larger ensembles in which the
triggered reconfiguration of one network proceeds with con-
comitant information transfer to influence the activity of asso-
ciated networks. By extension, a second network may
subsequently regulate the composition of the first, thus enabling a
feedback mechanism. Indeed, we have recently demonstrated the
feedback-driven regulation of orthogonal enzymatic cascades
through the guided intercommunication of two stimuli-
responsive CDNs3¢. Beyond the coupling of enzymatic reac-
tions, however, the challenge remains to develop the CDN sys-
tems to mimic further biological processes of enhanced
complexity. The photosynthetic network in plants is tightly
coupled to photorespiration and assimilation networks3’, and to
the overall plant metabolic machinery®®3° and the inter-
relationships between the photosynthetic apparatus and the
coupled dark networks reveal complex intercommunication
patterns?®. Until now, however, the challenge of achieving the
CDN-regulated intercommunication between a photochemical
function and a dark-operating function reminiscent of this nat-
ural machinery has not yet been addressed. We envisaged that
DNA-based CDNs could serve as a means to interlink energy-

harvesting and metabolic processes as a step towards emulating
the native machinery found in plants.

In the present study, we introduce CDNs as functional modules
to control the integration of photochemical and dark-operating
processes, mediated through auxiliary fuel strands in the envir-
onment of the CDNs. A CDN-guided “photosynthetic” network
that drives the light-induced electron transfer (ET) and the pho-
tosynthesis of NADPH is coupled to a dark-operating ‘metabolic’
CDN assembly that stimulates the biocatalytic oxidation of lactate
to pyruvate and the cascaded metabolic amination of pyruvate to
L-alanine. We demonstrate the intercommunication between the
photochemical and dark-operating networks afforded by the
environmental components, where the CDN that drives the
enhanced photosynthesis of NADPH also interacts with an aux-
iliary strand to generate the signal that reconfigures the second
network accelerating the metabolic process. This CDN-driven
enhancement of the metabolic network, in turn, leads to a positive
feedback signal to the first network that dictates the com-
plementary acceleration of the photosynthetic process. Thus,
interlinking the two networks via the environmental fuel strands
provides a means for the dynamic coupling of two distinct bio-
mimetic transformations that emulate the photosynthetic and
dark-operating machinery of plant cells.

Results

A photosynthetic CDN. Fig. la introduces the dynamic photo-
catalytic module mimicking photosynthesis, CDN X. The net-
work consists of four constituents where the photosensitizer Zn
(II)-protoporphyrin IX (Zn-PPIX) intercalates into the G-
quadruplex unit, tethered as photosensitizer to component A of
constituent AA’, and the N,N’-dialkyl-4,4’-bipyridinium (V2)
electron acceptor is covalently linked to component A’ of con-
stituent AA’ (Supplementary Figs. 1-2). Irradiation of the pho-
tocatalytic module results in the effective quenching of the
photosensitizer to yield the redox intermediates Zn-PPIXT/GQ
and V1 (Fig. la, panel I). In the presence of 1,4-nicotinamide
adenine dinucleotide phosphate (NADPT) and ferredoxin-
NADP™-reductase (FNR), the formation of reduced cofactor
NADPH proceeds, in analogy to the photosystem I. Each of the
constituents in CDN includes a loop domain, used to shift the
CDN equilibrium through the stabilization of a triplex upon
addition of the appropriate trigger strand, panel II. In addition,
each of the constituents is engineered to include a different
Mg2*-dependent DNAzyme reporter unit to cleave fluorophore-
quencher ribonucleobase-modified substrates for the quantitative
evaluation of the concentrations of constituents, panel III.

Fig. la and Supplementary Fig. 3 depict the triggered
reconfiguration of CDN X in the presence of auxiliary triggers.
Subjecting CDN X to the strand T leads to the stabilization of the
T-A'T triplex structure in the loop domain, resulting in the
stabilization of AA’ and the reconfiguration of CDN X into CDN
X, where AA’ is upregulated, constituents AB’ and BA’ are
downregulated and the constituent BB’ is upregulated (Supple-
mentary Figs. 4-6). The reverse displacement of the trigger T; by
the counter trigger T’ regenerates CDN X. Similarly, treatment of
CDN X with the trigger T, stabilizes the constituent BA’. BA’ and
AB’ are upregulated, and AA’ and BB’ are downregulated
(Supplementary Fig. 6). The treatment of CDN X, with the
counter trigger T, restores CDN X. The quantitative contents of
the constituents in different CDNs are shown in Fig. 1b and
Supplementary Table 1. The photosensitized ET process proceed-
ing in different CDNs is stimulated by constituent AA’. The
absorption spectra of the photogenerated V** (Fig. 1c) reveal that
the T;-upregulated constituent AA’ in CDN X, leads to the
enhanced photoinduced ET, whereas the T,-downregulation of
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Fig. 1 Assembly and operation of the photosynthetic constitutional dynamic network (CDN). a Schematic composition of the 2 x 2 photosynthetic CDN
X, its reversibly triggered transition into CDN X, or CDN Xy, and the light-induced reduction of 1,4-nicotinamide adenine dinucleotide phosphate (NADP)
into NADPH by the CDNs. Panel I-The light-induced electron transfer activated by the photosynthetic network, followed by the ferredoxin-NADP+-
reductase (FNR)-biocatalyzed synthesis of NADPH, in the presence of thiol electron donor (RSH). Zn-PPIX represents the photosensitizer Zn(ll)-
protoporphyrin IX and V2+ represents N,N'-dialkyl-4,4'-bipyridinium electron acceptor. Panel I-Schematic stabilization of a constituent through the T;-
triggered formation of T-A'T triplex and its destabilization by a T,'-induced strand displacement process. Panel Ill-schematic cleavage of the fluorophore/
quencher-functionalized substrate by Mg2*-dependent DNAzyme reporter units associated with the constituents. b Composition of the constituents in the
different reconfigured CDNs. ¢ Absorbance spectra corresponding to the bipyridinium radical cation (V*") generated by the photosynthetic network of
(i) CDN X, (ii) CDN X,, (iii) CDN X, (irradiation time interval 30 min). d Switchable and reversible formation of the V*', upon the transition CDN X —
X, — X and X = X, — X. e-g Time-dependent absorbance spectra corresponding to the FNR-biocatalyzed photosynthesis of NADPH by CDNs X, X, and
X, respectively (spectra recorded at time intervals of 5 min for 30 min). h Time-dependent photoinduced generation of NADPH by CDNs X, X,, and X,.
Error bars in b, d, h, represent mean * s.d. based on three independent experiments. Two-sided unpaired Student’s t test (b), ****p < 0.0001, *****p <
0.00001, ******p < 0.000001. N = 3 independent experiments were performed. Source data are provided as a Source Data file.
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Fig. 2 Assembly and triggered reconfiguration of the metabolic network. a Schematic composition of a 2x2 CDN Y, its reversibly triggered
reconfiguration across constitutional dynamic networks CDNs Y, Y, and Y}, and the triggered control over metabolic paths. Panel I-Lactate dehydrogenase
(LDH)-catalyzed oxidation of lactate to pyruvate and the subsequent reduction of methylene blue (MBT) to MBH as metabolic path (1), and the
subsequent alanine dehydrogenase (AlaDH)-metabolic amination of pyruvate to L-alanine, path (2). NADT is a cofactor nicotinamide adenine dinucleotide.
NADH is a reduced cofactor. Panel ll-Reversibly triggered formation/dissociation of T-AT triplex in the loop domain of a constituent. Panel Ill-Schematic
cleavage of the fluorophore/quencher-functionalized substrate by Mg2*+-dependent DNAzyme reporter units associated with the constituents. b Contents
of the constituents in CDNs Y, Y,, and Y. Error bars represent mean + s.d. based on three independent experiments. Two-sided unpaired students’ t test,
****p < 0.0001, *****p < 0.00001. ¢ Time-dependent absorbance changes corresponding to the reduction of MB* to MBH by the metabolic path (1), in the
presence of different CDNs Y, Y,, and Yy,. d Time-dependent formation of L-alanine by the metabolic path (2) using the different CDNs Y, Y,, and Y4, For
duplicate results in d, see Supplementary Fig. 15. N =3 (for b and ¢) and N = 2 (for d) independent experiments were performed, respectively. Source data

are provided as a Source Data file.

AA’ in CDN X, reduces the photoinduced ET. Fig. 1d
demonstrates the switchable and reversible control over the
photoinduced ET process guided by the T;-/T,-triggered
reconfiguration of the CDN modules. The secondary CDN-
guided synthesis of NADPH driven by the primary photoinduced
V*, in the presence of FNR, NADP*, and mercaptoethanol
(electron donor), is presented in Fig. le-g. The time-dependent
build-up of NADPH (A=345nm) and VT (A=395nm) is
observed. It is evident that the build-up of NADPH by CDN X,
(Fig. 1f) is enhanced as compared with the NADPH generated by
CDN X (Fig. le), whereas the build-up of NADPH by CDN X,
(Fig. 1g) is reduced as compared to CDN X. Fig. 1h shows the
time-dependent formation of NADPH at time intervals of
illumination of CDNs X, X,, and X,,. The efficiency of production
of the photogenerated NADPH is controlled by the efficiency of
the primary photoinduced ET process that yields V1.

A metabolic CDN. The metabolic CDN module is introduced in
Fig. 2 and Supplementary Fig. 7. CDN Y is composed of the
constituents CC’, DC/, CD’ and DD/, where the components of
DD’ are modified with lactate dehydrogenase (LDH) and
NAD™, Supplementary Figs. 2, 8. The metabolic biocatalytic
transformation proceeding in CDN Y involves the LDH-
biocatalyzed reduction of NADT to NADH by lactic acid, and
the concomitant formation of pyruvic acid. The biocatalyzed
formation of NADH is coupled to the secondary reduction of
methylene blue (MB™) to colorless MBH, a process that allows
the spectroscopy readout of the time-dependent formation of
NADH (Fig. 2a, panel I). In addition, the biocatalyzed forma-
tion of NADH and pyruvic acid is coupled to the secondary
reductive amination of pyruvic acid, in the presence of NH,*
and alanine dehydrogenase (AlaDH), to form r-alanine as a
metabolic product.
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Subjecting CDN Y to trigger T; stabilizes constituent DD/,
resulting in the reconfiguration of CDN Y to CDN Y,, where DD’
is upregulated, DC’' and CD’ are downregulated and CC’ is
upregulated (Supplementary Figs. 9-11). The reverse treatment of
CDN Y, with T3 displaces T; from DD’ and results in the
regeneration of CDN Y. In addition, treatment of CDN Y with T,
stabilizes the constituent CD’, leading to the reconfiguration of
CDN Y to CDN Yy, where CD’ and DC’ are upregulated and the
constituents CC’ and DD’ are downregulated. Fig. 2b and
Supplementary Table 2 show the concentrations of the constitu-
ents. The CDNs-guided time-dependent operation of the
biocatalytic cascade corresponding to LDH-catalyzed reduction
of NAD™ by lactic acid to NADH, and the subsequent reduction
of MBT (A = 630 nm) are presented in Fig. 2c and Supplementary
Figs. 12-13. The time-dependent reduction of MBT to MBH is
enhanced, in the presence of the T;-triggered reconfigured CDN
Y., and depleted in the presence of the T,-reconfigured CDN Yy,
consistent with the upregulation of the constituent DD’ in CDN
Y., and the downregulation of DD’ in CDN Yy, respectively. In
addition, Fig. 2d presents the time-dependent CDNs-driven
metabolic cascade, where the LDH-biocatalyzed reduction of
NAD* to NADH by lactate is followed by the AlaDH-catalyzed
amination of the generated pyruvic acid to yield r-alanine
(Supplementary Figs. 14-15, Supplementary Tables 3-5). The rate
of formation of r-alanine metabolite is enhanced in the presence
of CDN Y, and dampened by CDN Y}, respectively.

Intercommunicated photosynthetic and metabolic dynamic
networks. In the next step, efforts to couple the photosynthetic
module and the dark-operating metabolic module were under-
taken. The principle to intercommunicate the two modules is
displayed in Fig. 3a. The constituents BB’ and CC’ in CDNs X and
Y were each pre-engineered to include extra Mg?T-dependent
DNAzyme units. These units are termed activators, integrated into
the composite in order to intercommunicate the networks. To
intercommunicate the networks, we added two hairpins, H, or Hq
into the mixture of two CDNs. The H, is designed to be cleaved
by the activator in constituent CC’ to yield the fragmented strand
H,., that interacts with constituent AA’ by the stabilization of the
triplex T-A-T in the loop domain of AA’ (Fig. 3a route I and
Supplementary Fig. 16). This results in the upregulation of AA’
and BB’ and downregulation of AB’ and BA’ (Supplementary
Figs. 17-18). That is, the cleavage of H, by the metabolic module
is anticipated to enhance the performance of the photosynthetic
module by upregulating AA’. On the other hand, the cleavage of
hairpin Hy by the activator of constituent BB’ yields the frag-
mented strand Hy_; that provides an information strand to control
the activity of CDN Y (Fig. 3a route II and Supplementary Fig. 19).
The binding of Hy ; to the loop domain of DD', and the formation
of the T-A-T triplex lead to the stabilization of DD’, the upregu-
lation of DD’ and CC’ and the downregulation of CD’ and DC'
(Supplementary Figs. 20-21). The resulting time-dependent
upregulation of DD’ leads, then, to a time-dependent increase in
the metabolic performance of CDN Y.

In the first step, the unidirectional intercommunication
between the networks using hairpin H, or Hyq was evaluated.
Fig. 3b and Supplementary Figs. 22-23 show the formation of
NADPH by the photosynthetic module upon exposure to H,;
generated by CDN Y at different time intervals. As the time
interval is prolonged, the photosensitized generation of NADPH
by the photosynthetic CDN X/FNR is enhanced, consistent with
the continuous enrichment of the constituent AA’ by H, ;. Fig. 3¢
depicts the metabolic performance of CDN Y before and after the
strand H,_; was supplied to CDN X, by following the reduction of
MBT to MBH. As expected, the metabolic module is unaffected

upon supplying H, ; as a trigger to CDN X. Fig. 3d shows the rate
of synthesis of L-alanine by CDN Y upon feeding the two CDNs
with Hg; generated at different time intervals (Supplementary
Figs. 24-25, Supplementary Tables 6-9). As the time interval of
the generation of Hy ; is prolonged, the synthesis of r-alanine is
enhanced, consistent with the stabilization and time-dependent
overexpression of DD/, in the presence of Hy_;. Fig. 3e shows the
spectra of NADPH generated by the photosynthetic module (1-h
irradiation) before and after the generation of Hg;, implying
CDN X is unaffected upon the transfer of the information strand
(Hg.1) to CDN Y. Note that this discussion introduces the positive
intercommunication dialog between the CDNs. One may
envisage, however, the negative intercommunication between
the CDNs. For example, subjecting coupled CDNs to hairpin H,,
(cleaved by the activator of BB') leads to the generation of
fragmented product H,, , that stabilizes CD’, the downregulation
of DD’ proceeds, resulting in the inhibition of the metabolic
module (Supplementary Figs. 26-29). It should be noted that
probing the effect of H, on the metabolic module by means of the
methylene blue probe is examined in the dark, without activation
of the photosynthetic network, and thus NADPH is not formed
and the only source of the methylene blue reducing agent
(NADH) originates from the dark LDH-catalyzed oxidation of
lactate. Furthermore, upon running the metabolic cycle module
composed of lactate/LDH/AlaDH, the equilibrated content of
NADH is negligible and does not affect the spectrum of NADPH
generated by the photosynthetic module.

Next, we subjected the mixture of the two CDNs to the two
hairpins simultaneously. This has a significant effect on the
intercommunication between the two CDNs (Fig. 4a). The
cleavage of the hairpin H, yields the strand H,, that provides
the information to upregulate AA’ in the photosynthetic module,
leading to the time-dependent increase in the photosensitized ET
process and the FNR-catalyzed synthesis of NADPH. However,
the upregulation of AA’ is also accompanied by the upregulation
of BB’ that leads to the time-dependent enhancement of the
cleavage of Hy to form Hy ;. The latter product provides the
information strand to enhance the metabolic module synthesizing
L-alanine. The stabilization and upregulation of DD’ are
accompanied in turn by the upregulation of CC’' and, thus,
increased cleavage of H, and the enhancement of the photo-
synthetic module takes place. In the presence of the hairpins H,
and Hy, a positive feedback mechanism intercommunicating the
CDNs is established (Supplementary Figs. 30-32 and Supple-
mentary Note). Fig. 4b and Supplementary Figs. 33-34 show the
photosensitized-NADPH generated at time intervals of the
feedback-driven intercommunication of the two networks,
indicating the generation of NADPH by the photosynthetic
module is enhanced. Fig. 4c depicts the rates of the metabolic
path (lactate/LDH/NAD*/MB™ cascade) at time intervals of the
intercommunication between the networks. As the feedback
process enriches AA’ and DD/, the concentration of NADPH is
higher and the biocatalytic cascade is enhanced. The results
demonstrate a tight relation between the photosynthetic module
and the dark-operating module. The upregulation of the
photoresponsive constituent of CDN X is accompanied by
increased generation of the information transferring strand (via
cleavage of Hy) that upregulates the metabolic constituent of
CDN Y. This leads to a positive feedback mechanism since this
reconfiguration of CDN Y, in turn, accelerates the cleavage of H,,
which acts as the informational trigger to further enhance the
upregulation of the photosynthetic constituent of the first
network. It should be noted that the hairpins H, and Hy that
intercommunicate the networks can not be regenerated and they
act as fuel strands that control the compositions of the networks
while generating degraded waste products.
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Fig. 3 Intercommunication between the photosynthetic network (X) and the metabolic network (Y) using hairpin stimulants. a The mixture M
consisting of constitutional dynamic networks CDNs X and Y subjected to the stimulant H, leads to CDN Y-driven transition of the mixture into state M,
that includes CDN X, and unaffected CDN Y. The cleavage of hairpin a (H,) by CC’ of CDN Y leads to a fragmented strand H,; that stabilizes AA’,
resulting in the reconfiguration of CDN X into X, (route I). Subjecting mixture M to hairpin d (Hy) leads to the photosynthetic network-guided transition of
M into My, through the cleavage of Hq by BB’ and the generation of a fragmented strand Hy_; that stabilizes DD’, while CDN X is unaffected (route I1). S and
P represent substrate and product, respectively. b Time-dependent formation of reduced nicotinamide adenine dinucleotide phosphate (NADPH) by the
photosynthetic network at time intervals of treatment of mixture M with the stimulant H,. For duplicate results in b, see Supplementary Fig. 23. ¢ Time-
dependent reduction of methylene blue by the metabolic network: (i) before and (ii) after treatment of mixture M with the stimulant H,. d Time-dependent
formation of L-alanine by CDN Y at time intervals of treatment of mixture M with the stimulant Hg. For duplicate results in d, see Supplementary Fig. 25.
e Absorbance spectra of photosynthesized NADPH by CDN X: (i) before and (ii) after treatment of mixture M with the stimulant Hg. N = 2 independent

experiments were performed. Source data are provided as a Source Data file.

It should be noted, however, that in contrast to natural
photosynthesis, where light triggers the intercommunication of
the photosynthetic and metabolic modules, the present study
applies chemical fuel strands, generated by cleavage of the
hairpin structures, as intercommunicating activators. None-
theless, recent advances in operating dynamic networks
demonstrated the light-induced separation of trans-azobenzene
stabilized nucleic acid duplexes by photoisomerization of trans-
units into the cis-azobenzene state3%. Such photochemical
transformation could mimic the natural system by providing
photogenerated fuels that guide the intercommunication of the
networks. In addition, the blockage of the photosynthetic
module in nature (dark conditions), inhibits autonomously the
carbon assimilation process, a feature missing in the present
intercommunicated artificial networks, owing to the irreversible
formation of the cleaved hairpin fuel strands. This limitation
could be resolved, however, by applying photoisomerizable

activator strands, such as the cis-azobenzene trigger. The
intrinsic dark back isomerization of the cis-azobenzene strand
to the trans-state could then provide an autonomous path to
inhibit the metabolic cycle, in analogy to inhibition of the
carbon assimilation process under dark conditions of the
photosynthetic apparatus.

A further drawback of the present light/dark intercommu-
nicating networks originates from the operation of the coupled
CDNs under thermodynamic control. This leads to a perma-
nent background output of the CDNSs, and to a limited dynamic
range of the switching performance of the coupled networks, far
lower than in nature. A strategy to overcome this limitation
could involve the activation of the photosynthetic/metabolic
networks under out-of-equilibrium, dissipative conditions.
Indeed, the operation of dissipative CDNs and of gated
networks was recently reported*142, providing a potential path
to follow.
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Fig. 4 Integrated feedback-driven intercommunicating networks X and Y using the mixture of stimulants hairpin a (H,) and hairpin d (Hy). a Subjecting
the mixture M to the two stimulants H, and Hg results in the state M, where the H,-triggered time-dependent metabolic network (Y)-driven transition of
Xinto X, and the concomitant Hy-triggered time-dependent photosynthetic network (X)-guided transition of constitutional dynamic network CDN Y into
Y, occur. S and P represent substrate and product, respectively. b Time-dependent formation of reduced nicotinamide adenine dinucleotide phosphate
(NADPH) by the photosynthetic network X at time intervals of activation by stimulant H,-triggered operation of the metabolic network Y. For duplicate
results in b, see Supplementary Fig. 34. ¢ Time-dependent operation of metabolic network (followed by the reduction of methylene blue MB* to MBH) at
time intervals of Hy-triggered operation of the photosynthetic network. N =2 (for b) and N =3 (for ¢) independent experiments were performed,

respectively. Source data are provided as a Source Data file.

Discussion

The study introduces two complementary dynamic networks
that perform photocatalytic and dark-operating functions, thus
adding an additional level of complexity compared to previously
reported systems that allow only the control of enzymatic
reactions’®. One network introduces a photosynthetic path,
where the control over the light-induced ET and the subsequent
catalyzed synthesis of NADPH proceeds, in analogy to the
transformation driven by photosystem I. A second dynamic
network demonstrates a metabolic path by the input-driven
oxidation of lactate and its metabolic transformation to L-ala-
nine. The two networks are intercommunicated, demonstrating
the guided activation of the metabolic network by an auxiliary
component of the photosynthetic network and the counter
control over the photosynthetic network by means of the
metabolic network. Finally, the integrated feedback-driven
operation of the photosynthetic network and the metabolic
network is established by introducing the coupled operation of
the two networks, where information transfer between them,
mediated by fuel strands in the network environment, exists.
Beyond highlighting the integration of the photochemical and
dark-operating networks reminiscent of native biological
transformations, the study introduces an important path to
guide the synthesis of useful materials (L-alanine) by the meta-
bolic network#3. Beyond advancing System Chemistry by
introducing artificial dynamic networks mimicking the photo-
synthetic/plant metabolic processes, important challenges are
ahead of us. These include the photochemical coupling of the
photosynthetic and metabolic modules and the development of
gated and cascaded, dissipative, out-of-equilibrium photo-
synthetic/metabolic networks.

Methods

Modification of strand A’ with V2. In all, 60 uL of 0.05 M V2 (10 eq) and 30 uL
of 0.01 M sulfo-EMCS (1 eq) were mixed in phosphate-buffered saline (20 mM,
pH = 7.24) and incubated at room temperature for 1 h. Then 30 puL of 1 mM
strand A’ (0.1 eq) was added and incubated for another 2 h. Excess reactants were
removed using Amicon 10kD cutoff filters. The synthesis route was shown in
Supplementary Fig. 2a. The characterization of the modified strand is shown in
Supplementary Figs. 35, 36, and Supplementary Table 10.

Modification of strand D with LDH. In all, 10 uM of LDH and 1.2 mM SPDP in
HEPES buffer (10 mM, pH = 8) were incubated for 1 h. Excess SPDP was removed
using Amicon 30 kD cutoff filters. Before modification of strand D with LDH,
strand D was treated with TCEP (100-fold excess) for 2 h and washed by using
Amicon 3 kD cutoff filters. Next, SPDP-modified LDH was conjugated to strand D
(eightfold excess) through a disulfide bond exchange of the activated pyridyldithiol
group (see synthetic scheme in Supplementary Fig. 2b). The reaction was per-
formed in HEPES buffer (10 mM, pH = 8) for 2 h. The SPDP coupling efficiency
was evaluated by monitoring the increase in absorbance at 343 nm owing to the
release of pyridine-2-thione (Supplementary Fig. 10a, b, extinction coefficient:
8080 M~ cm™1). Excess DNA was removed using Amicon 30 kD cutoff filters. The
enzymatic activity of DNA-modified LDH was ~75% of the activity of the native
enzyme (Supplementary Fig. 10c). The DNA labeling ratio of the purified enzyme-
DNA conjugates was estimated by measuring the absorbance at 260 and 280 nm
(Supplementary Fig. 37 and Supplementary Table 11) and mass analysis was shown
in Supplementary Fig. 38.

Modification of strand D’ with NAD*. The preparation of D’-NADT (see syn-
thetic scheme in Supplementary Fig. 2c) was in the following. In all, 4-
carboxyphenylboronic acid (1.8 uL, 50 mM) reacted with EDC (2.3 pL, 10 mg/mL)
in 200 pL of MES buffer (10 mM, pH = 5.5) for 5 min, subsequently NHS (3.5 uL,
10 mg/mL) was added and reacted for 10 min. Then, D’ (2.3 uL, 4.4 mM) and
NAD™ (3 uL, 5 mM) were added, stirring for 2 h and kept at 4°C overnight. Excess
reactants were washed away with Amicon 10 kD cutoff filters.

Preparation of CDNs. A sample of 1 mL of CDN (each component 2 uM) was
taken as an example to explain the procedure of the preparation of CDNs:
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CDN X, including the constituents AA’, BB/, AB/, BA/, was prepared as follows:
A (20 pL, 100 uM), A (20 pL, 100 uM), B (20 pL, 100 uM), B’ (20 pL, 100 uM) and
PPIX (2 uL, 1 mM) were mixed in Tris buffer (10 mM, pH =7.29) that includes
20 mM MgCl, and 100 mM K. The mixture was annealed at 37°C, cooled down to
25°C at a rate of 0.33°C/min and equilibrated at 25°C for 12 h. CDN Y, including
the constituents LDH/NAD+-DD/, LDH-DC/, CD’-NAD*, CC’ was prepared as
follows: LDH-D (20 uL, 100 uM), D’-NAD (20 pL, 100 uM), C (20 pL, 100 pM),
C’ (20 puL, 100 uM) were mixed in Tris buffer (10 mM, pH = 7.29) that includes
20 mM MgCl, and 100 mM K*. The mixture was annealed at 37°C for 1 h, cooled
down to 25°C at a rate of 0.33°C/min, and equilibrated at 25°C for 12 h.

For the triggered transition of CDN X, triggers Ty, T, or T, T, are 1.67-fold
excess than each component of CDN. After adding triggers into the initial CDN, the
final concentration of each component of CDN was 1 uM and the final
concentration of trigger was 1.67 uM. The solution was incubated at 28°C overnight
to equilibrate. For the triggered transition of CDN Y, triggers T3, T5" or Ty, Ty is
2.5-fold excess than each component of CDN. After adding triggers into the initial
CDN, the final concentration of each component of CDN was 1 uM and the final
concentration of trigger was 2.5 uM. The solution was incubated at 28°C overnight
to equilibrate. After equilibration, the equilibrated CDN (each component 1 uM)
was treated with one substrate (5uM) (sub 1 for AA/, sub 2 for BB/, sub 3 for BA/,
sub 4 for AB’, sub 5 for DC/, sub 6 for CD/, sub 7 for CC’, and sub 8 for DD’). The
time-dependent fluorescence changes generated by the cleavage of the different
substrates by DNAzyme reporter units were measured. By following the rate of
formation of the fluorophore-labeled fragment and using appropriate calibration
curves of the intact constituent (Supplementary Figs. 4-5 and 9-10), the
quantitative evaluation of the concentrations of constituents is achieved.

All the oligonucleotides (including the names and sequences) used in this study were
shown in Supplementary Tables 12-15. The base-pairing probabilities were analyzed
using an online platform, NUPACK web application (http://www.nupack.org/).

Mass data were collected using Mass Hunter Workstation software 6.00. The
data were analyzed using Mass Hunter Quantitative Analysis B.06.00.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

All data are available in the main text or the supplementary materials and can be
obtained from the corresponding author upon reasonable request. Source data are
provided with this paper.

Received: 13 April 2021; Accepted: 23 June 2021;
Published online: 09 July 2021

References

1. Jaenisch, R. & Bird, A. Epigenetic regulation of gene expression: How the
genome integrates intrinsic and environmental signals. Nat. Genet. 33,
245-254 (2003).

2. Barabasi, A. L. & Oltvai, Z. N. Network biology: understanding the cell’s
functional organization. Nat. Rev. Genet. 5, 101-113 (2004).

3. Yeger-Lotem, E. et al. Network motifs in integrated cellular networks of
transcription-regulation and protein-protein interaction. Proc. Natl Acad. Sci.
USA 101, 5934-5939 (2004).

4. Levine, M. & Davidson, E. H. Gene regulatory networks for development.
Proc. Natl Acad. Sci. USA 102, 4936-4942 (2005).

5. Vogel, C. & Marcotte, E. M. Insights into the regulation of protein abundance
from proteomic and transcriptomic analyses. Nat. Rev. Genet. 13, 227-232 (2012).

6. Davidson, E. H. et al. A genomic regulatory network for development. Science
295, 1669-1678 (2002).

7. Fung, E. et al. A synthetic gene — metabolic oscillator. Nature 435, 118-122
(2005).

8.  Weber, W. & Fussenegger, M. Engineering of synthetic mammalian gene
networks. Chem. Biol. 16, 287-297 (2009).

9. Peter, L. S. & Davidson, E. H. Assessing regulatory information in
developmental gene regulatory networks. Proc. Natl Acad. Sci. USA 114,
5862-5869 (2017).

10. Schaffter, S. W. & Schulman, R. Building in vitro transcriptional regulatory
networks by successively integrating multiple functional circuit modules. Nat.
Chem. 11, 829-838 (2019).

11. Ludlow, R. F. & Otto, S. Systems chemistry. Chem. Soc. Rev. 37, 101-108 (2008).

12. Rasmussen, B., Serensen, A., Beeren, S. R. & Pittelkow, M. Dynamic
combinatorial chemistry. Chem. Rev. 106, 3652-3711 (2006).

13. Li, J., Nowak, P. & Otto, S. Dynamic combinatorial libraries: from exploring
molecular recognition to systems chemistry. J. Am. Chem. Soc. 135,
9222-9239 (2013).

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

Mattia, E. & Otto, S. Supramolecular systems chemistry. Nat. Nanotechnol. 10,
111-119 (2015).

Ashkenasy, G., Hermans, T. M., Otto, S. & Taylor, A. F. Systems chemistry.
Chem. Soc. Rev. 46, 2543-2554 (2017).

Pruneda-Paz, J. L. & Kay, S. A. An expanding universe of circadian networks
in higher plants. Trends Plant Sci. 15, 259-265 (2010).

Nagel, D. H. & Kay, S. A. Complexity in the wiring and regulation of plant
circadian networks. Curr. Biol. 22, 648-657 (2012).

Lehn, J. M. From supramolecular chemistry towards constitutional dynamic
chemistry and adaptive chemistry. Chem. Soc. Rev. 36, 151-160 (2007).
Herrmann, A. Dynamic combinatorial/covalent chemistry: a tool to read,
generate and modulate the bioactivity of compounds and compound mixtures.
Chem. Soc. Rev. 43, 1899-1933 (2014).

Lehn, J. M. Perspectives in chemistry - aspects of adaptive chemistry and
materials. Angew. Chem. Int. Ed. 54, 3276-3289 (2015).

Ingerman, L. A. & Waters, M. L. Photoswitchable dynamic combinatorial
libraries: coupling azobenzene photoisomerization with hydrazone exchange.
J. Org. Chem. 74, 111-117 (2009).

Chaur, M. N,, Collado, D. & Lehn, J. M. Configurational and constitutional
information storage: multiple dynamics in systems based on pyridyl and acyl
hydrazones. Chemistry 17, 248-258 (2011).

Giuseppone, N. & Lehn, J. M. Protonic and temperature modulation of
constituent expression by component selection in a dynamic combinatorial
library of imines. Chemistry 12, 1715-1722 (2006).

Giuseppone, N. & Lehn, J. M. Electric-field modulation of component
exchange in constitutional dynamic liquid crystals. Angew. Chem. Int. Ed. 45,
4619-4624 (2006).

Au-Yeung, H. Y., Cougnon, F. B. L, Otto, S, Pantos, G. D. & Sanders, J. K. M.
Exploiting donor-acceptor interactions in aqueous dynamic combinatorial
libraries: exploratory studies of simple systems. Chem. Sci. 1, 567-574 (2010).
Van Roekel, H. W. H. et al. Programmable chemical reaction networks:
emulating regulatory functions in living cells using a bottom-up approach.
Chem. Soc. Rev. 44, 7465-7483 (2015).

Fu, T. et al. DNA-based dynamic reaction networks. Trends Biochem. Sci. 43,
547-560 (2018).

Bai, Y. et al. Achieving biopolymer synergy in systems chemistry. Chem. Soc.
Rev. 47, 5444-5456 (2018).

Wang, S. S. & Ellington, A. D. Pattern generation with nucleic acid chemical
reaction networks. Chem. Rev. 119, 6370-6383 (2019).

Peng, R. et al. DNA-based artificial molecular signaling system that mimics
basic elements of reception and response. Nat. Commun. 11, 978 (2020).
Yue, L., Wang, S., Zhou, Z. & Willner, 1. Nucleic acid based constitutional
dynamic networks: from basic principles to applications. J. Am. Chem. Soc.
142, 21577-21594 (2020).

Wang, S. et al. Controlling the catalytic functions of DNAzymes within
constitutional dynamic networks of DNA nanostructures. J. Am. Chem. Soc.
139, 9662-9671 (2017).

Yue, L. et al. Consecutive feedback-driven constitutional dynamic networks.
Proc. Natl Acad. Sci. USA 116, 2843-2848 (2019).

Wang, S. et al. Light-induced reversible reconfiguration of DNA-based
constitutional dynamic networks: application to switchable catalysis. Angew.
Chem. Int. Ed. 57, 8105-8109 (2018).

Lilienthal, S. et al. Constitutional dynamic networks-guided synthesis of
programmed ‘genes’, transcription of mRNAs, and translation of proteins. J.
Am. Chem. Soc. 142, 21460-21468 (2020).

Wang, C., Yue, L. & Willner, I. Controlling biocatalytic cascades with
enzyme-DNA dynamic networks. Nat. Catal. 3, 941-950 (2020).

Fryer, M. J., Andrews, J. R., Oxborough, K., Blowers, D. A. & Baker, N. R.
Relationship between CO, assimilation, photosynthetic electron transport,
and active O, metabolism in leaves of maize in the field during periods of low
temperature. Plant Physiol. 116, 571-580 (1998).

Aratdjo, W. L., Nunes-Nesi, A. & Fernie, A. R. On the role of plant
mitochondrial metabolism and its impact on photosynthesis in both optimal
and sub-optimal growth conditions. Photosynth. Res. 119, 141-156 (2014).
Gago, J. et al. Relationships of leaf net photosynthesis, stomatal conductance,
and mesophyll conductance to primary metabolism: a multispecies meta-
analysis approach. Plant Physiol. 171, 265-279 (2016).

Raghavendra, A. S. & Padmasree, K. Beneficial interactions of mitochondrial
metabolism with photosynthetic carbon assimilation. Trends Plant Sci. 8,
546-553 (2003).

Zhou, Z., Ouyang, Y., Wang, J. & Willner, I. Dissipative gated and cascaded
DNA networks. J. Am. Chem. Soc. 143, 5071-5079 (2021).

Wang, S., Yue, L., Wulf, V., Lilienthal, S. & Willner, I. Dissipative
constitutional dynamic networks for tunable transient responses and catalytic
functions. J. Am. Chem. Soc. 142, 17480-17488 (2020).

Nocera, D. G. Solar fuels and solar chemicals industry. Acc. Chem. Res. 50,
616-619 (2017).

8 | (2021)12:4224 | https://doi.org/10.1038/s41467-021-24512-y | www.nature.com/naturecommunications


http://www.nupack.org/
www.nature.com/naturecommunications

ARTICLE

Acknowledgements
Our research is supported by the Israel Science Foundation.

Author contributions

C.W. performed the experiments, analyzed the results, and participated in writing the
paper. M.P.O. participated in the scientific analysis of the results and writing the paper.
EN. and RN. participated in the synthesis of FNR and the analysis of results. LW.
supervised the project and wrote the paper.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41467-021-24512-y.

Correspondence and requests for materials should be addressed to LW.

Peer review information Nature Communications thanks the anonymous reviewer(s) for
their contribution to the peer review of this work. Peer reviewer reports are available.

Reprints and permission information is available at http://www.nature.com/reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
BY

Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this license, visit http://creativecommons.org/
licenses/by/4.0/.

© The Author(s) 2021

| (2021)12:4224 | https://doi.org/10.1038/s41467-021-24512-y | www.nature.com/naturecommunications 9


https://doi.org/10.1038/s41467-021-24512-y
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
www.nature.com/naturecommunications
www.nature.com/naturecommunications

	Integration of photocatalytic and dark-operating catalytic biomimetic transformations through DNA-based constitutional dynamic networks
	Results
	A photosynthetic CDN
	A metabolic CDN
	Intercommunicated photosynthetic and metabolic dynamic networks

	Discussion
	Methods
	Modification of strand A′ with V2+
	Modification of strand D with LDH
	Modification of strand D′ with NAD+
	Preparation of CDNs

	Reporting summary
	Data availability
	References
	Acknowledgements
	Author contributions
	Competing interests
	Additional information




