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Directional Regulation of Enzyme Pathways through the Control of
Substrate Channeling on a DNA Origami Scaffold

Guoliang Ke, Minghui Liu, Shuoxing Jiang, Xiaodong Qi, Yuhe Renee Yang, Shaun Wootten,
Fei Zhang, Zhi Zhu, Yan Liu,* Chaoyong James Yang,* and Hao Yan*

Abstract: Artificial multi-enzyme systems with precise and
dynamic control over the enzyme pathway activity are of great
significance in bionanotechnology and synthetic biology.
Herein, we exploit a spatially addressable DNA nanoplatform
for the directional regulation of two enzyme pathways
(G6pDH-MDH and G6pDH-LDH) through the control of
NAD" substrate channeling by specifically shifting NAD™"
between the two enzyme pairs. We believe that this concept
will be useful for the design of regulatory biological circuits for
synthetic biology and biomedicine.

The metabolism of living systems involves myriads of
delicate multi-enzyme systems and the precise and dynamic
control of enzymes and substrates."! Therefore, artificial
multi-enzyme systems are of interest in various areas, such as
synthetic biology, biocatalysis, nanofabrication, and biomed-
icine. Particularly, the construction of a smart stimuli-
triggered multi-enzyme system that directionally activates
different enzyme pathways in response to different environ-
mental conditions (e.g., different stimulants, different sub-
strate levels) is critical for their application, for example, in
enzyme regulatory circuitry and signal-transduction path-
ways.” Structural DNA nanotechnology® has been a power-
ful platform for the design of artificial multi-enzyme reaction
pathways,™ with the advantages of programmable assembly,
nanometer positional precision, and dynamic structural con-
trol. Recently, the activity of a single enzyme pathway (i.e.,
GOx/HRP) was successfully controlled by changing the inter-
enzyme distance on a DNA scaffold; however, this system
suffers from relatively slow and inefficient regulation as it is
based on the mechanical control of large molecules such as
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enzymes.”! Alternatively, a strategy that is based on the
spatial control of small molecules such as substrates is
expected to be faster, easier, and more efficient for the
directional regulation of multiplex enzyme pathways in
a multi-enzyme network in response to different stimulants,
and its development is thus highly desirable.

Many natural cascade enzyme pathways rely on substrate
channeling, which passes the intermediary metabolic product
of one enzyme directly to another enzyme without its release
into solution, to expedite the reaction flow as well as to prevent
the intermediates from being consumed by competing reac-
tions.”) Inspired by this mechanism, we recently used NAD*-
modified single-stranded DNA (ssDNA) to realize an artificial
swinging arm for substrate channeling between two dehydro-
genase enzymes on a linear one-dimensional DNA scaffold.”!
The swinging arm could significantly increase the activity of the
two enzymes assembled together. Considering this important
role of substrate channeling, we hypothesized that the
mechanical control of the substrate channeling position could
be a new approach for regulating the activity of cascaded
enzymes. Meanwhile, a two-dimensional DNA scaffold will
enable the construction of a more complex enzyme network
with more enzyme pathways, as well as more directions of
substrate channeling, thus enabling the directional regulation
of substrate channeling for controlling the activities of
enzymatic pathways. Herein, we demonstrate for the first
time that the directional control of substrate channeling is an
efficient approach for the directional regulation of multi-
enzyme reaction pathways on a DNA origami scaffold.

As shown in Figure 1a, we constructed a model multi-
enzyme system arranged on a rectangular DNA origami
platform that involves three dehydrogenases (glucose-6-phos-
phate dehydrogenase (G6pDH), malate dehydrogenase
(MDH), and lactate dehydrogenase (LDH)) and a cofactor
(nicotinamide adenine dinucleotide (NAD™)). G6pDH uses
NAD" to oxidize glucose-6-phosphate, and the NAD" is
turned into NADH, which can be used by both MDH and
LDH as the reducing agent to reduce oxaloacetate to malate
and pyruvate to lactate, respectively. The NAD™ substrate
channeling has a great influence on the activities of the two-
enzyme cascade system (G6pDH-MDH or G6pDH-LDH):
the two-enzyme cascade system is expected to achieve high
activity when the co-substrate is tethered between the two
enzymes and allowed to swing between them; a lower activity
is expected when the co-substrate is far away from both
enzymes. Thus by switching the position of the NAD" substrate
channeling, the relative activities of the two two-enzyme
pathways (G6pDH-MDH and G6pDH-LDH) can be regu-
lated. As shown in Figure 1a, when NAD™ is tethered to

Wiley Online Library

An dte

Chemie

7609


http://dx.doi.org/10.1002/anie.201603183
http://dx.doi.org/10.1002/ange.201603183
http://orcid.org/0000-0002-2374-5342
http://orcid.org/0000-0002-2374-5342
http://dx.doi.org/10.1002/anie.201603183
http://dx.doi.org/10.1002/anie.201603183

7610

.. = ‘.\
e
' (fluorescence

¢ = - Blocker 1 — Y ! X
, 3 Anchor2 ' increase)

DNA origami

(G6pDH-LDH on) Switch 2 ] l Switch 1 (G6pDH-MDH on)

o OH o

’ Hou A 3
I "\ ~0H
Hofg 0 W
,SE io
o 0 Ho: o™

Ho, \ﬂ/\(fk ':
OH .
% = A
o == : === §
t . Blocker 2 e =
(A dgcreage) e e 3 .

250nm

EB staining

Figure 1. Design and characterization of the enzyme pathway regula-
tion system on DNA origami. a) The nanostructured complex consist-
ing of G6pDH, MDH, LDH, and NAD"-anchored HJ on a rectangular
DNA origami platform. In the presence of switch 1, the NAD™*
substrate channeling binds to anchor 1 and is located between
G6pDH and MDH, thus activating the GepDH-MDH pathway. In the
presence of switch 2, the substrate channeling is located between
G6pDH and LDH, activating the G6pDH-LDH pathway. b) Character-
ization of the assembled DNA origami complex with 1.2% agarose gel
(left: EB staining for DNA detection; right: fluorescence imaging for
FAM detection). Lane 1: rectangular origami; lane 2: rectangular
origami with GepDH/MDH/LDH; lane 3: rectangular origami with
G6pDH/MDH/LDH and FAM:-labeled HJ. c) AFM image of the rectan-
gular origami with G6pDH/MDH/LDH and H]J. Scale bar: 50 nm.

anchor 1 for substrate channeling between G6pDH and MDH,
the GopDH-MDH and G6pDH-LDH pathways are activated
and deactivated, respectively. The opposite activation pattern
is observed when the substrate channeling is switched to
anchor 2, which is located between G6pDH and LDH. This
positional switching of substrate channeling is made possible
by dynamic DNA toehold-mediated strand displacement.”
The cofactor NAD" was attached to the end of one arm of
a four-arm Holliday junction (HJ; see the Supporting Infor-
mation, Figure S8 and Table S2), which is linked to the DNA
origami through an opposite arm at a position with appropriate
distances to the three enzymes. The other two HJ arms have
single-stranded extensions that allow for the positional switch-
ing of the cofactor by selectively binding with one of the two
anchors located between the enzyme pairs.

The protein—-DNA conjugates were synthesized by using
a bifunctional succinimidyl 3-(2-pyridyldithio)propionate
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(SPDP) linker™” (for LDH) or a HaloTag!"" genetically
engineered on the protein (for MDH and G6pDH; Figure S1-
S4). Through sequence-specific hybridization of the DNA
tags linked to the enzymes with the extended anchoring
probes on the origami, all three enzymes were successfully
attached to a rectangular DNA origami (ca. 60 x 90 nm?). The
assembly yield of all three enzymes on the DNA origami was
estimated to be higher than 80 %, based on an agarose gel
mobility shift assay (Figure 1b and Figure S7). Atomic force
microscopy (AFM) images (Figure 1c¢ and Figure S7) showed
that the locations of the proteins matched their expected
positions on the DNA origami (see Figure S19 for details). To
confirm the attachment of the four-arm HJ on the DNA
origami, we labeled the HJ with an organic fluorescent dye
(FAM) in place of the cofactor (Figure S8b) and subjected the
constructed assembly to native gel electrophoresis (Figure 1b,
lane 3). From the overlay of the EB staining and the
fluorescence gel imaging, the dye stayed in the same band
as the protein—origami assembly, indicating the successful
attachment of the HJ on the DNA origami together with all
three enzymes.

In a proof-of-concept experiment to demonstrate the
positional switching of the HJ between the two anchoring
sites on the DNA origami, we utilized fluorescence spectros-
copy for the real-time monitoring of the switching process. As
shown in Figure 2a, green (AF488) and red (TAMRA)
fluorescent dyes were used to label the two anchors on the
origami scaffold, respectively. On the HJ, a quencher (BHQ1)
was attached to both arms that will bind with the anchors
(Figure S8c, Table S2). In the presence of switch 1 (ACE, see
Table S3 and Figure S9-12 for the optimization of the switch
length), blocker 1 (E*C*A*) is removed to unlock anchor 1
(AC), enabling HJ to bind with anchor 1 (via AA* pairing,
status IT), which brings the quencher near the green dye and
decreases the green emission (Figure 2b). The addition of the
block strand (E*C*A*) releases the HJ from anchor 1 back to
the middle position (status I), and the green fluorescence is
recovered. Similarly, upon addition of switch 2 (BDF) and
blocker 2 (F*D*B*), the position of the HJ can be changed
between anchor 2 (BD via BB* pairing, status III) and the
middle position (statusI), resulting in the quenching and
recovery of the red emission of TAMRA, respectively
(Figure 2¢). These results also show that the switching
between the binding states was relatively fast (within a few
minutes, shown in Figure 2b,c) and reversible (Figure 2d).

The activity modulation of each enzyme pathway was then
achieved through optimization of the spacer length and the
distance between the enzymes. In these experiments, NAD*
was anchored on the free arm of the HJ (Figure S8d,
Table S2) through a disuccinimidyl suberate (DSS) linking
strategy!””! (Figures S5 and S6). G6pDH and the respective
secondary enzyme (MDH or LDH) were attached to the
origami scaffold, and the anchor strands 1 and 2 were located
between the respective enzyme pairs. Taking GopDH-MDH
as an example (Figure 3a), this enzyme pathway was acti-
vated when the HJ binds to anchor 1, which brings the NAD"*
substrate channeling closer to MDH; however, this enzyme
pathway is blocked when the HJ binds to anchor 2 so that the
substrate channeling is kept further away from MDH. The
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Figure 2. Fluorescence study of the positional switching of H) binding.
a) The toehold-mediated strand displacement strategy for controlling
the HJ binding position on the DNA origami. b) Real-time AF488
fluorescence study of HJ binding to the left anchor and returning to
the middle position. c) Real-time TAMRA fluorescence study of H)
binding to the right anchor and returning to the middle position.

d) Fluorescence agarose gel characterization of the reversible binding
of HJ at different sites for several cycles.

normalized activity ratio of the pathway in the active and
inactive states was used as the criterion for the optimization of
the design parameters (see Figures S13-S17 and Table S4 for
the normalization method).

The first parameter to be optimized was the length of the
single-stranded polythymidine (T) linker between NAD* and
HJ at a fixed inter-enzyme distance of approximately 20 nm.
Poly(T) spacers with different lengths (TO, T5, T10, T15, and
T20) were utilized for both pathways. The results (Figure 3b)
showed that the activity ratio of G6pDH-MDH increased as
the poly(T) spacer was shortened, largely owing to the
decreased activity of the inactive state, probably because the
NAD™ with a shorter spacer was further away from the
secondary enzyme (MDH) when it was anchored in the
inactive state. For the G6pDH-LDH pathway (Figure 3e),
the activity ratio of the active and inactive states showed
a maximum value at TS5, and decreased as the spacer length
increased. As the spacer length should be the same for both
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Figure 3. Optimization of the activity regulation of G6pDH-MDH (a—
c) and G6pDH-LDH (d—f) by changing the substrate channeling
position. The poly(T) spacer length between NAD" and HJ (b,e) and
the inter-enzyme distance (c,f) were optimized. The normalized
activity ratio of the pathway in the active and inactive states was used
as the criterion for optimization.

pathways, we chose to use TO as the spacer (i.e., no spacer
between NAD" and the HJ), a condition for which both
pathways reliably achieved high on/off activity ratios. Fur-
thermore, by fixing the position of G6pDH, we also changed
the position of MDH (or LDH) to control the enzyme
distance (Figure 3 ¢ and Figure 3 f) using the optimized NAD*
spacer length. The activity assay results show that the best
distances for GopDH-MDH and G6pDH-LDH were 25 and
20 nm, respectively, which were used for all further enzyme
pathway regulation experiments. The difference is mostly due
to the inherent properties of MDH and LDH (e.g., in terms of
size and shape).”] These results clearly confirm that we can
successfully regulate each enzyme pathway by changing the
position of their substrate channeling.

Finally, we achieved the directional regulation of the
enzyme pathways by using short ssDNA to alternatively
control the on and off switching of the GopDH-MDH and
G6pDH-LDH pathways on the DNA scaffold. As shown in
Figure 4a,b, in the presence of switch 1, the HJ binds to
anchor 1 to achieve substrate channeling between G6pDH and
MDH, thus activating the GopDH-MDH pathway (its activity
can be monitored by a significant absorption decrease at
250 nm in Figure 4 a).Simultaneously, the GopDH-LDH path-
way was blocked (indicated by the small increase in the
fluorescence intensity at 590 nm in Figure 4b). Conversely, in
the presence of switch 2, HJ binds to anchor 2 and brings the
substrate channeling close to LDH, turning on the G6pDH-
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Figure 4. Directional regulation of enzyme pathways by DNA switches.
a) G6pDH-MDH pathway activity in the presence of switch 1 or 2.

b) G6pDH-LDH pathway activity in the presence of switch T or 2.

c) Regulatory cycling of the enzyme pathway activity. All enzyme
activities were normalized to the respective activity in the initial status.
A twofold amount of switch 1 or 2 was added for each conformational
change.

LDH pathway (indicated by a strong increase in the fluores-
cence intensity) and shutting down the GopDH-MDH path-
way (indicated by the small absorption decrease at 250 nm).
The optimized on/off activity ratio for both pathways is
approximately five- to sevenfold. As shown in Figure 4c, the
reversibility of the enzyme pathway regulation was also
successfully confirmed by several cycles of activity regulation.

In conclusion, we have demonstrated the directional
regulation of enzyme pathways in an artificial multi-enzyme
network by controlling the position of the substrate channel-
ing. The artificial enzyme network exhibited different activ-
ities for the two enzyme pathways in response to different
external stimuli (different regulatory DNA single strands)
with fast response and good reversibility: Switch 1 activated
the G6pDH-MDH pathway and shut down the G6pDH-
LDH pathway whereas switch 2 activated the GopDH-LDH
pathway and reduced the GopDH-MDH pathway. To the
best of our knowledge, this is the first study that demonstrates
the directional regulation of multiple enzyme pathways
through the control of substrate channeling on functional
DNA scaffolds. In the future, this strategy for the activity
regulation of enzyme pathways through the control of
substrate channeling should be applicable to the design of
smart enzyme networks involved in feedback or feed-forward
control and synergistic or antagonistic effects,'!! as well as the
development of functional catalytic devices for energy and
material converters and regulatory biological circuits for
synthetic biology and biomedicine.!?
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