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ABSTRACT: New developments in nucleic acid nanotechnology and protein scaffold
designs have enabled unparalleled control over the spatial organization of synthetic
multienzyme cascade reactions. One of the goals of these new technologies is to create
nanostructured enzyme cascade reactions that promote substrate channeling along the
cascade and, in doing so, enhance cascade catalysis. The concept of substrate channeling
has a long and rich history in biochemistry and has established methods of evaluation and
quantification. In this Perspective, we review the most common of these methods and
discuss them in the context of engineered multienzyme systems and natural bifunctional
enzymes with known mechanisms of substrate channeling. In addition, we use
experimental data and the results of simulations of coupled-enzyme reactions to develop
a set of preliminary design rules for engineering multienzyme nanostructures. The design
rules address the limitations on interenzyme distance and active site orientation in
substrate channeling and suggest designs for promoting enhanced catalysis, specifically, that enzyme orientation should minimize
interenzyme distance and that at distances greater than 1 nm between active sites, significant channeling occurs only if diffusion
of the intermediate is bounded through interactions with the surface or scaffold between active sites. This field is rapidly
developing and promises to create many more new and exciting technologies.
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1. INTRODUCTION

The multistep reaction cascades of cellular metabolism are
highly coordinated, simultaneously processing a battery of
biosynthetic and oxidative pathways to build essential
biomolecules and catabolize energy sources. One strategy that
has evolved to allow for this to occur within the confined
environment of a single cell is substrate channeling along
spatially organized multienzyme structures. Substrate channel-
ing is the transfer of a reaction intermediate from the active site
of one enzyme to the active site of a downstream enzyme
without first diffusing to the bulk solution. This is an important
phenomenon that can result in sequestering substrates and
intermediates along specific pathways, thus increasing pathway
flux and minimizing cross-talk between separate pathways.
Substrate channeling has a long history in biochemistry with

many interesting discoveries, and like many fields, it is not
without controversy in the analysis of experimental evidence
and in the existence of different mechanisms.1−3 The past 5
years have seen a re-emergence of this topic, with a focus on
engineering nanostructured assemblies for coupled-enzyme
reactions and colocalization scaffolds for biosynthetic path-
ways.4−7 At the root of these efforts is the desire to engineer
enzyme reaction cascades with enhanced catalysis. Systems are
designed to promote substrate channeling and control the local
concentration and flux of reaction intermediates and, in doing
so, increase reaction rates, prevent undesired side reactions
from consuming intermediates, and drive reactions counter to
unfavorable thermodynamics in the bulk environment.

Inspired by natural metabolic pathways and bifunctional
enzymes, researchers are developing new strategies to create
colocalized and spatially organized multienzyme structures
(Figure 1). Using protein, nucleic acid, and polymer scaffolds to
position enzymes in multienzyme structures, enhancements in
overall reaction cascade kinetics have been demonstrated both
in vivo and in vitro. For example, a modular DNA scaffold
expressed in Escherichia coli has produced a 5-fold increase in
trans-resveratrol yield from a coupled enzyme reaction;8

colocalization of a two-enzyme system using protein and
RNA scaffolds has produced up to 50-fold increases in the
production of biohydrogen in E. coli;9,10 a protein scaffold used
to assemble a three-enzyme mevalonate pathway resulted in a
77-fold increase in yield;11 and two separate examples of DNA
scaffolds used to colocalize a model coupled-enzyme reaction in
vitro demonstrate a >15-fold increase in the initial pathway
reaction rate.12,13 The prevailing reasoning used to explain
enhancements due to colocalization is that when enzymes are
assembled in close proximity, enhancements in catalysis are due
to an increased local concentration of reaction intermediates. At
low intermediate concentration, the second enzyme of a
coupled reaction is pseudo-first-order with respect to the
intermediate; thus, increases in local concentrations increase
the reaction velocity.14 An alternative mechanism of yield
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enhancement may be at work in vivo: in pathways with toxic
intermediates, it is possible that high local enzyme concen-
trations ensure that intermediates are largely consumed prior to
diffusing from the colocalized pathway, thus conferring a fitness
benefit in comparison with microorganisms with freely diffusing
pathway enzymes.4

These new examples of enhanced catalysis in engineered
multienzyme structures are important and encouraging, but
many challenges remain in developing generalizable systems for
assembling multienzyme pathways or cascades with optimized
kinetics. For example, accurate positioning and orientation of
enzymes at the nanometer scale remains technically challeng-
ing, and the diversity of enzyme structures, from primary amino
acid sequence to quaternary structure, can prevent broad
application of a single strategy for assembly of arbitrary
multienzyme cascades. These and more challenges continue to
be defined and are being addressed with new strategies to
create spatially organized, multienzyme systems with well-
defined nanoscale architectures (reviewed in refs 15 and 16).
In this Perspective, we describe recent advances in

engineering spatially organized, multienzyme systems in the
context of methods of evaluating changes in coupled-enzyme
catalysis and, by extension, cascade reactions. We focus on
established methods from the biochemistry community to
observe and quantify substrate channeling and coupled-enzyme
kinetics, and we apply these methods to newly developed
spatially organized, multienzyme systems. As a point of
comparison, we discuss selected natural examples of bifunc-
tional enzymes with known mechanisms of substrate
channeling. Our discussion focuses on in vitro examples
because the complexity of the intracellular environment often
prevents detailed kinetic analysis and a full understanding of the
system architecture is difficult to obtain. On the basis of

published experimental data and simulations of such systems,
we describe a preliminary set of design rules (in terms of spatial
organization, active site orientation, and scaffold design) for
engineering multienzyme systems with enhanced catalysis.

2. SUBSTRATE CHANNELING IN NATURE
Substrate channeling in natural metabolic pathways is not
uncommon. In plant biochemistry, many secondary metabo-
lites, including isoprenoids, alkaloids, and flavonoids, are
produced by spatially organized pathways assembled, some-
times transiently, on lipid membranes.17 These enzyme
complexes create multistep reaction cascades with optimized
ratios of rates and overall structures that create optimal local
conditions to protect cells from toxic intermediates and drive
pathway catalysis.18 Channeling and spatial organization also
occur at the protein level. The canonical example is the
bifunctional enzyme tryptophan synthase, whose active sites are
linked by an intraenzyme molecular tunnel through which the
reaction intermediate can pass (Figure 1, top, left). Similar
intramolecular channels are also found in carbamoyl-phosphate
synthetase and glutamine phosphoribosylpyrophosphate ami-
dotransferase (GPTase).19,20 Bifunctional aldolase−dehydro-
genase complexes are another example of coupling active sites
through intraenzyme tunnels.21 In this case, the open-ended
barrels of each enzyme are genetically fused, sequestering the
toxic aldehyde intermediate from the bulk solution.
One example that has inspired our research group is the

bifunctional enzyme thymidylate synthase−dihydrofolate re-
ductase (TS-DHFR). TS methylates the RNA base dUMP to
complete the synthesis of the DNA base dTMP. The synthesis
requires a methylated tetrahydrofolate cofactor (Figure 2).

Recycling of the cofactor begins with the reduction of the
dihydrofolate product from the TS reaction to tetrahydrofolate
at the DHFR active site. The cofactor product of the coupled
reaction is subsequently methylated by a third enzyme, serine
hydroxymethyltransferase, to complete the cycle. It is in the
first step of cofactor recycling that channeling occurs. The TS-
DHFR crystal structure of Leishmania major reveals a positively
charged region on the outer enzyme surface that spans the ∼4
nm distance between active sites (Figure 1, bottom, left).22

This distance is too far for direct transfer of the intermediate
from active site to active site to account for the kinetic behavior
of the enzyme, and limited conformational change in protein
structure prevents intermediate transfer by a dynamic enzyme−
substrate complex mechanism. Brownian dynamic simulations
show that the negatively charged dihydrofolate intermediate
diffuses between the active sites with high efficiency.23 Under
simulated physiological conditions, the electrostatic interactions
between intermediate and enzyme create a zone of bounded
diffusion, resulting in >50% channeling, increasing to >90%
under reduced ionic strength. These simulations are supported
by transient and steady-state kinetics that provide evidence of
fast intermediate transfer between active sites.24 A recent work

Figure 1. Natural strategies of substrate channeling in bifunctional
enzymes and engineering approaches to colocalizing enzymes in a
cascade reaction. (top, left) Crystal structure of tryptophan synthase
(TRPS) with intramolecular tunnel (dashed lines) that connects the
active site of the α-subunit to the active site in the β-subunit.20

(bottom, left) Crystal structure of thimidylate synthase−dihydrofolate
reductase (TS-DHFR) bifunctional enzyme. The structure is shown
with an overlay of the electrostatic map (negative charge shown in red,
positive charge shown in blue). The electrostatic interactions between
enzyme and negatively charged cascade intermediate promote
diffusion between active sites. Adapted with permission from ref 25.
(top, right) Examples of enzymes attached to nucleic acid scaffolds,
including, from left to right, a DNA binding protein fused to an
enzyme, aptamer attachment, and chemical conjugation of an enzyme
to a nucleic acid strand. (bottom, right) Two enzymes attached to a
protein scaffold by unique protein binding domains fused to the
enzyme termini.

Figure 2. The coupled reaction of TS-DHFR. The dihydrofolate
intermediate is boxed for emphasis.
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investigating the TS-DHFR bifunctional enzyme from different
species reveals that this mechanism of substrate channeling is
common among different parasitic protozoa.25

The TS-DHFR example is an important one for engineering
of new spatially organized pathways. Structural and kinetic data
come together to create a compelling picture of the extent and
mechanism of channeling. Because substrate channeling occurs
via a bounded diffusion mechanism, channeling is dependent
on the chemical and physical environment, and careful analysis
was required to clearly identify a mechanism of substrate
channeling and the kinetic enhancements due to that
mechanism.

3. KINETIC ANALYSIS OF SUBSTRATE CHANNELING
There have been substantial efforts made to understand the
kinetics of coupled enzyme reactions, both with and without
the potential occurrence of substrate channeling.26−28 Analysis
of channeling often focuses on one or more of the following:
(1) transient time of the overall reaction, (2) pathway
resistance to a competing side reactions, and (3) enhancement
in the initial pathway reaction rate. Isotope dilution/enrichment
studies and pre-steady-state kinetic analysis can also be used to
evaluate possible channeling but can be technically challenging
and may not be applicable to all coupled-enzyme systems. Here,
we discuss the more common methods of evaluating coupled-
enzyme reactions in the context of bifunctional enzymes and
engineered multienzyme systems. We direct readers to a
comprehensive review on substrate channeling for a full
discussion of all evaluation methods.29

3.1. Transient Time of a Coupled-Enzyme Reaction.
Transient time, τ, is the time required to reach steady-state flux
of an intermediate in a coupled reaction and is an observable
lag phase prior to reaching steady state velocity in a coupled
reaction. If we consider the simple reaction of substrate, S, to
product, P, via intermediate, I, (Scheme 1) when Michaelis−

Menten kinetics apply, τ is dependent on the maximum velocity
and the Michaelis constant of the second reaction (Vmax,2 and
Km,2, respectively) and the reaction velocity of the first reaction
(ν1) in the relationship shown in Scheme 1.14,29

The transient time, τ, is of interest because it is readily
observable in time course kinetic assays, and decreases in τ can
be an indication of increased substrate channeling. To this end,
eq 1 has been extended to include a condition of channeling,

τ =
−K p p

V

(1 )M,2 c r

max ,2 (2)

This equation was developed with the condition that a
relatively small concentration of the intermediate escapes to the
bulk in comparing with the value of Km,2.

14 The channeling
probability, pc, is the probability that the intermediate is
transferred from active site to active site without first escaping
to the bulk. The reaction probability, pr, is the probability that a
reaction occurs once a substrate−enzyme complex is formed at
the second active site prior to dissociation of the complex.
Figure 3 shows the graphical calculation of τ from a time course

of a coupled reaction. A linear fit to the data crosses the x-axis
at τ, and by eq 1, the concentration of the intermediate at
steady state is the negative of the y-intercept.
Analysis of the TS-DHFR reaction cascade shows a decrease

in τ from 22 s with monofunction DHFR and TS to a τ
approaching 0 for the bifunctional enzyme under the same
experimental conditions (Figure 4).30 By eq 2, a decrease in τ is
indicative of an increase in the extent of substrate channeling in
the bifunctional enzyme in comparison with the freely diffusing
enzyme pair.

Changes in τ have also been experimentally observed in an
engineered system in which glucose oxidase (GOx) and
horseradish peroxidase (HRP) were colocalized on a hexagonal
DNA scaffold.12 This model enzyme pair has been used in a
number of DNA scaffold technologies that control colocaliza-
tion of the coupled reaction. Both GOx and HRP are robust,
maintain high activity when modified with chemical cross-
linking agents, and make for an excellent model cascade for
developing new scaffolds and for exploring the effects of spatial
organization and scaffold design on the kinetics of coupled-
enzyme reactions (Figure 5). GOx converts glucose and oxygen
to gluconolactone and hydrogen peroxide. Hydrogen peroxide
is the intermediate of the coupled reaction and is oxidized by
HRP with the concomitant reduction of an electron acceptor
(in this case, the colorimetric substrate ABTS). A change in the
design of the hexagonal DNA scaffold decreases τ from 65 to 45
s. When GOx and HRP are colocalized on the surface of ∼10
nm diameter micelles, τ is reduced from ∼25 to <1 s, indicating
a substantial increase in peroxide intermediate directly

Scheme 1

Figure 3. Graphical calculation of the transient time, τ, in a coupled-
enzyme reaction. A linear fit to the product concentration as a function
of time at steady state crosses the x-axis at τ. The y-intercept is equal to
the negative of the steady state concentration of the cascade reaction
intermediate, [I]ss.

Figure 4. Experimental data of the TS-DHFR bifunctional enzyme and
freely diffusing DHFR and TS. Adapted with permission from ref 30. A
clear decrease in the transient time can be observed in the bifunctional
enzyme in comparison with the freely diffusing enzyme pair.
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accessing the downstream enzyme prior to diffusing to the
bulk.31

Given well-defined kinetic parameters, for both freely
diffusing enzymes and modified enzymes assembled into
spatially organized structures, τ-analysis can be a powerful
method of evaluating substrate channeling and enhancements
in the kinetics of coupled reactions. Equation 2, as well as
similar derivations of kinetic expressions of substrate
channelings,28,32 can be used to quantify channeling and
changes in channeling in a given system.
3.2. Competition for Pathway Intermediates from a

Competing Reaction. A relatively straightforward and robust
method of evaluating coupled-enzyme reactions is challenging
the cascade with a parasitic side reaction whose substrate is the
intermediate of interest. The observation of any product from
the competing reaction indicates the presence of intermediate
in the bulk solution and, therefore, less than perfect channeling
in the coupled-enzyme system. The effect of the competing
reaction can also be observed in τ. Reaction with the competing
enzyme decreases the bulk concentration of intermediate and,
consequently, the time required to reach steady state
concentrations. These evaluations of channeling (i.e., decreased
τ and side product formation) do not require a detailed
knowledge of kinetic parameters; however, given such data and
an extension of eq 2 to include the third, competing enzyme
can be used to quantify the extent of channeling.14

Challenge from a competing reaction can also affect the
overall pathway activity and yield. Figure 6 shows the residual
activity of a coupled-enzyme reaction when genetically fused
into a single bifunctional enzyme in comparison with a freely
diffusing enzyme pair.33 In this experiment, mitochondrial
malate dehydrogenase (mMD) and citrate synthase (CS), a
coupled reaction from the Krebs cycle that converts malate to
citrate via an oxaloacetate intermediate, are fused N- to C-
terminus with a three-amino-acid linker. A model of the
mMD−CS fusion protein derived from crystal structures of
each individual enzyme shows that an electrostatic patch
bridges the protein surface from the mMD active site to the CS
active site, a distance of ∼6 nm. With a high concentration of

aspartate transaminase (AAT) competing for the oxaloacetate
intermediate, the mMD−CS fusion maintains upward of 60%
activity. Under the same conditions, freely diffusing enzymes
maintain no more than 20% of the maximum activity, indicating
that channeling occurs in the enzyme fusion. Combined with
Browian dynamics simulations showing the importance of
electrostatics in mMD−CS channeling,14,34 the structural data
and competition assays present compelling evidence of
substrate channeling in the fusion protein.
The presence of a competing reaction can also affect the

yield of the desired cascade. For example, an aptamer-based
DNA scaffold that assembles GOx and HRP in close proximity
protects the peroxide intermediate from a competing reaction
with catalase.35 In the presence of catalase, the reaction yield of
the assembled GOx−HRP structure is decreased by 20%, and
the decrease is upward of 50% under the same conditions with
freely diffusing, unassembled GOx and HRP. The resistance of
the assembled pathway to the competing reaction is consistent
with the concept of channeling by close proximity.
Similarly, the yield of the coupled reaction of bifunctional

aldolase−dehydrogenase complexes was used to evaluate
substrate channeling. The aldolase cleaves 4-hydroxy-2-
oxoacids, producing pyruvate and an aldehyde. The aldehyde
intermediate travels through an intramolecular tunnel and is
converted to acyl-CoA at the active site of the coupled
dehydrogenase. A freely diffusing aldehyde dehydrogenase that
converts aldehdyes to carboxylates competes for the aldehdye
intermediate. The competition assays revealed that upward of
90% of various chain length aldehdye intermediates are

Figure 5. Coupled reaction of glucose oxidase and horseradish
peroxidase and examples of DNA scaffolding of the GOx−HRP model
cascade. (top, left) Reaction scheme of the coupled GOx−HRP
reaction. This model cascade is commonly used to explore new
scaffold designs for spatially organized multienzyme structures. (top,
right) A cartoon representation of the controlled assembly of GOx and
HRP on a DNA origami tile.13 (bottom, left) An active DNA scaffold
that, with the addition of a DNA “fuel” strand, assembles and
disassembles the GOx−HRP cascade. Adapted with permission from
reference 39. (bottom, right) Immobilization of the GOx−HRP with
DNA strands for the controlled assembly of the GOx−HRP cascade.
Adapted with permission from reference 38.

Figure 6. Residual activity of the coupled-enzyme reaction of malate
dehydrogenase and citrate synthase in the presence of a freely diffusing
enzyme that competes for the coupled reaction intermediate. (top)
The coupled reaction of mMD and CS with a competing reaction from
aspartate transaminase (AAT). (bottom) A fusion between mMD and
CS maintains nearly 60% of maximum activity in the presence of 10
units of competing enzyme, whereas the freely diffusing enzyme pair is
reduced to ∼20% activity. Adapted with permission from ref 33.
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channeled from aldolase to the dehydrogenase.36 This natural
bifunctional enzyme is another important example of kinetic
and structural data combining to reveal the extent and
mechanism of substrate channeling.
3.3. Enhancement in Initial Reaction Rate. The overall

reaction rate of a coupled-enzyme reaction is the sum of rates
from reaction with intermediates that take a direct route from
active site to active site (i.e., intermediates that are channeled)
and from intermediates that diffuse to the bulk prior to
reaching a downstream active site. At steady state, in the
absence of side reactions, and when intermediate decom-
position is negligible, this overall rate is not affected by
substrate channeling.14,28 Similarly, the overall rate of a
multienzyme cascade is not affected by substrate channeling
and is limited by the maximum rate of the slowest reaction step.
The data presented in Figure 4 from the TS−DHFR example
demonstrates this point: the slope of the time course data at
times > τ are equal, corresponding to a steady-state rate of
∼0.25 μM/min.30 Similarly, in analyzing GOx−HRP exper-
imental data, we estimate the rates resulting from two different
DNA scaffolds to be equal (∼8 μM/s) at times > τ (46 and 65
s).12

The situation is more complex at times < τ when a coupled-
enzyme reaction has yet to reach steady state. At times < τ, the
contributions of channeling toward the overall rate can
dominate and can result in significant enhancements to the
observed overall reaction rate. Modeling and simulation of
coupled-enzyme reactions support this idea and demonstrate
that the initial enhancement in overall rate can range from <1s
to tens of minutes, depending on system architecture and
reaction volume.37

Enhancements in overall initial rate have also been
experimentally observed. For example, a DNA origami tile
that colocalizes GOx and HRP at ∼10 nm interenzyme distance
results in a >15-fold increase in initial pathway reaction rate
(Figure 5, top, right).13 A 3-fold enhancement in initial rate was
demonstrated with the same enzyme pair assembled in close
proximity with surface-tethered linear DNA scaffolds (Figure 5,
bottom, right).38 Enhancements in overall rate have also been
demonstrated with a dynamic scaffold that repeatedly closes
(high activity) and opens (low activity) the GOx−HRP
reaction cascade (Figure 5, bottom, left).39 Finally, the GOx−
HRP coupled reaction shows significant enhancement in overall
rate when colocalized inside of a DNA nanotube.40

In the emerging field of DNA scaffolds, the predominant
model cascade has been GOx−HRP; however, a number of
different multienzyme cascades have been assembled using
protein scaffolds (Figure 7). For example, three enzymes from
the glycolysis pathway (triosephosphate isomerase, aldolase,
and fructose 1,6-biphosphatase) were assembled with a
dockerin/cohesin-based protein scaffold. The assembled multi-
enzyme cascade produced a >20-fold increase in initial rate, in
comparison with freely diffusing enzymes.41 A similar scaffold
was used to assemble a cascade of dehydrogenases to oxidize
methanol to CO2.

42 Catalytic enhancement of the assembled
cascade was observed by a 5-fold increase in the rate of enzyme
cofactor production in comparison with an unassembled
control. Finally, a trimeric ring-shaped protein made from
proliferating cell nuclear antigens (PCNAs) was used as a
scaffold to assemble a redox reaction cascade of cytochrome
P450 with P450 electron transfer proteins ferredoxin and
ferredoxin reductase. The assembled cascade exhibited a 50-fold
increase in initial activity over the unassembled control.43 In

each of these protein scaffolding examples, the overall structure
of the scaffolded cascade is not well-known. Flexible protein
scaffolds allow enzymes to aggregate and form a cluster of
enzymes in close proximity. Interenzyme distance and
orientation are likely variable, thus preventing clear identi-
fication of a mechanism of potential substrate channeling.

4. PRELIMINARY DESIGN RULES FOR ENGINEERING
ENHANCED CATALYSIS IN NANOSTRUCTURED
MULTIENZYME CASCADES

Newly developed nucleic acid, protein, and polymer scaffolding
technologies have enabled the design and engineering of
multienzyme cascade reactions with control over the position-
ing of cascade enzymes and the overall architecture of the
multienzyme structure. From the kinetic analysis of these
multienzyme structures and of natural bifunctional enzymes
that exhibit substrate channeling, we aim to extract a
preliminary set of rules for designing new multienzyme
cascades. This set of design rules addresses interenzyme
distance, active site orientation, and overall architecture of
coupled-enzyme structures for promoting substrate channeling.
We present these guidelines and design rules as a preliminary
set and do not expect them to account for differences in specific
reaction mechanisms. We recognize that there remains
significant technical challenges to the precise positioning of
multiple enzymes at the <1−10 nm scale and in the control of
active site orientation. As such, we expect that as the set of
available tools used to create spatially organized multienzyme
structures improves, new experiments will reveal refinements to
the design rules as well as reveal new guidelines not proposed
here.

4.1. Interenzyme Distance. Both experimental observa-
tions and molecular simulations of coupled-enzyme reactions
show us that the distance between enzymes has a significant
effect on the proportion of intermediate that takes a direct path
from upstream to downstream active sites. Studies of the TS-
DHFR and mMD-CS bifunctional enzymes show that
channeling can occur with active site distances of up to 6 nm
when aided by electrostatic interactions that promote a
diffusional path.14,34 In the absence of electrostatic interactions
in the intervening space between enzymes, Brownian dynamics
simulations of two fixed-position enzymes suggest the

Figure 7. Protein scaffolds and examples of engineered multienzyme
cascades. (top) Cartoon representation of a three enzyme cascade
assembled by protein−protein interactions on a protein scaffold.
(middle) Reaction scheme for the 3-step conversion of glucose-3-
phosphate to fructose-6-phosphate. (bottom) Reaction scheme for the
3-step conversion of methanol to carbon dioxide.
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probability that the products of the first reaction channels to
the second active site is >90% at 0.5 nm, decreasing to <10% at
a distance of 4 nm, given optimal orientations of the actives
sites.44 Many experimental examples that bring enzymes in
close proximity (i.e., that are assembled in a structure where
upstream and downstream enzymes are essentially in contact)
are consistent with these simulation results. For example, when
the GOx−HRP cascade is assembled with 10 nm between
flexible tethers on a DNA origami tile, a 15-fold increase in the
initial rate is observed. The flexibility of the tethers allows for
GOx and HRP to come into contact.13 Similarly, flexible
protein scaffolds allow cascade enzymes to cluster, resulting in
enhanced initial rates.41−43

When taken together, the experimental and simulation data
describing substrate channeling as a function of the distance
between active sites suggests that at fixed distances between
active sites greater 1−2 nm, substrate channeling occurs to a
significant extent only if diffusion between active sites is
promoted by interactions between the cascade intermediate
and the surface or scaffold between the enzymes. This distance
can be extended with bounded diffusion between active sites, as
is demonstrated in the case of the natural bifunctional enzyme
TS−DHFR (∼4 nm between active sites) and the fusion of
mMD and CS (∼6 nm between active sites).
4.2. Enzyme Orientation. Intimately coupled to the effects

of interenzyme distance on substrate channeling is the
orientation of active sites within a cascade. Natural examples
of bifunctional enzymes have inherent control over the
positioning of active sites, an ability that still remains as a
significant technological challenge in engineering multienzyme
structures. Recent works have demonstrated the importance of
active site orientation in single-enzyme systems immobilized on
a surface45 and in electron transfer reactions with electrode-
immobilized redox enzymes.46 Specific to cascade reactions,
Brownian dynamics simulations have been used to describe a
relationship between the orientations of the active sites and the
probability of the downstream reaction.44 At a fixed
interenzyme distance of 0.5 nm, inward-facing active sites can
limit substrate access to the first enzyme in the cascade, thus
reducing the overall throughput of the cascade. At 1 nm
spacing, direct alignment of the active sites is optimal and leads
to the highest probability that the second reaction in the
cascade occurs. Experimental descriptions of the effects of the
active site and enzyme orientation on cascade reactions has yet
to be developed and represents an important area of future
research.
4.3. Multi-Enzyme Architectures. Newly developed

enzyme colocalization techniques have only just begun to
enable the analysis of spatially organized coupled reactions. As
such, there is not an extensive data set from which we can distill
detailed, generalizable design rules for assembling multienzyme
structures with optimized channeling. However, from estab-
lished τ-analysis and from simulations and modeling of an
engineered GOx−HRP system, we can draw two preliminary
guidelines. First, eq 1 provides the simple principle that the rate
of the downstream enzyme must be greater than the velocity of
the first reaction. Under these conditions, the concentration of
the intermediate will attain a steady state value. If the
production of the intermediate is greater than the maximum
value of its consumption (i.e., Vmax,2), then a steady state will
not be reached and, regardless of channeling, the concentration
of the bulk intermediate will increase. With respect to the
design of multienzyme nanostructures, this suggests that the

ratio of the upstream enzyme to the downstream enzyme
within the cascade should be balanced so that Vmax,2 is greater
than the velocity of the upstream enzyme. Second, modeling
and simulation work that describes the kinetic enhancements in
an experimental systems that couples GOx and HRP in a
hexagonal DNA structure shows that the overall structure of the
multienzyme systems has a significant effect on system
catalysis.37 Such modeling and simulation efforts are important
in understanding these systems and help in our understanding
of the kinetics of the systems and the relationships between the
system architecture and catalysis.

5. CONCLUSIONS
In this Perspective, we aim to connect new progress in
engineering nanoscale multienzyme structures to the methods
and analysis techniques that the biochemistry community has
established over the past 20 or more years to evaluate the
kinetics of coupled-enzyme reactions and substrate channeling.
Recent progress in the development of DNA nanotechnologies
that create programmable, well-defined structures through
Watson−Crick base pairing have enabled the creation of
multienzyme nanostructures with a high degree of spatial
organization. The enzymes of a coupled reaction can be
tethered at known distances down to ∼10 nm,13 organized into
aggregate structures with high enzyme density,12 assembled on
the inside of nanoscale DNA tubes,40 and dynamically pushed
together and pulled apart.39 Engineerable protein scaffolds that
can assemble multienzyme structures with high densities of
enzymes and with tunable enzyme ratios compliment these new
DNA nanotechnology tools.42,47

Detailed analysis of the kinetics of coupled-enzyme reactions
assembled with these DNA and protein technologies is
important and promises to reveal how far we have come in
mimicking natural bifunctional enzymes and metabolic cascades
that rely on substrate channeling to drive pathway flux and
protect cascade intermediates from reaction in alternate
pathways. Transient time (τ) analysis along with detailed
knowledge of the enzyme kinetic parameters can be used to
quantitatively evaluate the extent of substrate channeling in a
given system. Challenge from a competing reaction in the bulk
solution that uses cascade intermediates as substrates can also
be used to evaluate channeling and the extent of protection that
a multienzyme structure provides to its cascade intermediates.
Finally, under pre-steady-state conditions, increases in the
overall reaction rate can reveal enhanced catalysis and possibly
substrate channeling.
A second goal of this Perspective is to develop a preliminary

set of design rules or guidelines for promoting substrate
channeling in engineered multienzyme systems. To do so, we
evaluate published data on natural bifunctional enzyme systems
with strong experimental and modeling evidence supporting the
existence of substrate channeling as well as data from new
engineered multienzyme systems that demonstrate enhanced
catalysis. The preliminary design rules are (1) in the absence of
bounded diffusion, interenzyme distances in which substrate
channeling can occur to a significant extent is limited to
approximately 1 nm; (2) significant substrate channeling can be
achieved at interenzyme distances of 5−6 nm if diffusion
between active sites is promoted through interactions between
the surface between the active sites and the cascade
intermediate; (3) at close proximity, active site orientation
can block substrate access to the coupled reaction; (4) when
substrates can access active sites from the bulk solution, active
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site orientation should minimize interenzyme distance; and (5)
to achieve a steady state concentration of cascade intermediate,
the ratio of enzymes should be balanced so that the velocity of
the first reaction is less than the maximum velocity of the
second reaction. These general design rules are preliminary,
and we expect that as the capabilities of the engineering tools
for multienzyme nanostructures improve, these guidelines will
be refined and new rules will be discovered.
This set of guidelines and the data sets from which they were

drawn also highlight the technological challenges that remain in
engineering generalizable tools for the assembly of multi-
enzyme nanostructures with optimized catalysis. New protein
and biomolecular engineering tools are needed to create
multienzyme systems with precise interenzyme distances in the
<1−10 nm range. Similar tools are needed to accurately control
the orientations of enzyme active sites. Importantly, many more
examples of nanostructured coupled-enzyme reactions are
needed so that we can evaluate the effects of new multienzyme
architectures as well as the behavior of different enzyme
reaction mechanisms in such systems.
Engineering new multienzyme nanostructures with opti-

mized kinetics is a complex and multidisciplinary problem that
includes aspects of biophysics and biochemistry, as well as
protein, biomolecular, and nanoscale engineering. Recent
progress in technology development is encouraging and
promises to produce many more interesting discoveries.
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