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ABSTRACT: Artificial multienzyme scaffolds are being developed for in
vitro cascaded biocatalytic activity and, in particular, accessing substrate
channeling. This review covers progress in this field over the last ∼5
years with a specific focus on the scaffold materials themselves and the
benefits they can provide for assembling multienzyme cascades in vitro.
These benefits include improving biocatalytic efficiency, bypassing
potential cellular toxicity, directed catalysis, modularity, incorporating
enzymes from different prokaryotic and eukaryotic sources, and
potentially the ability to create de novo designer cascades. We begin
with an overview of the strongest impetus currently driving the rapid
development of this field, namely, biomanufacturing and cell-free synthetic biology. We then discuss in detail pertinent
mechanisms responsible for the benefits of artificial multienzyme scaffolds. In particular, we focus on substrate channeling,
including the evolving debate about what leads to substrate channeling in artificial systemsproximity, confinement, or both
and whether sequential enzyme order is really needed. How different scaffold materials/chemistries can in turn affect enzyme
activity is also discussed. The bulk of the review then details progress in the development of different biotic (e.g., cells) and
abiotic (e.g., nanoparticles) scaffolding materials and is divided up by class and subtype as needed. Within each material class of
scaffolds, attention is given to their inherent chemical diversity, how they are engineered, how they allow for enzymatic
attachment, their ease of use, their benefits (e.g., inherent three-dimensional architecture) and liabilities where appropriate, and
other relevant issues. For each scaffolding material, a detailed overview of current progress is provided using examples of
multienzyme cascades and data/schematics reproduced from the literature. Special attention is also given to the use of DNA
scaffolds, as they can potentially provide the most versatile designer three-dimensional scaffold architectures. Finally, a short
perspective on how this rapidly moving field will evolve in the near and long terms is provided.
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■ INTRODUCTION

Over the last few decades, individual enzymes have emerged as
complementary catalysts to traditional organic or organo-
metallic materials for chemical processes.1 Despite misconcep-
tions, these enzymes can be relatively inexpensive, fairly stable,
and functional in partially organic solvent and can accept both
natural and non-natural substrates.2−4 Enzymes are currently
used in the pharmaceutical, chemical, food, and detergent
industries and have both degradative and synthetic uses (e.g.,
proteases for laundry detergent and lipases for chiral resolution
of pharmaceuticals and wax ester synthesis for cosmetics).1,3

They can also act as biosensors and can be coupled to
nanomaterials to endow them with bioresponsiveness or
biocompatibility.3,5 Enzymes enjoy many advantages as
catalysts for these processes, including the ability to use water
as a “green” solvent, the capability to perform reactions at
ambient temperature and pressure, and the potential to engage

in substrate and product regio- and stereoselective chem-
istries.1,3

For all of the benefits of enzymatic catalysis, currently we
have only scratched the surface of its full potential. While
industry typically uses single-enzyme processes, the inspiration
for these catalystsnaturetypically employs enzymes in the
form of multienzyme cascades, reflecting the vast bioprocess
opportunities available if one can harness multiple enzymes
simultaneously.6 The use of “one-pot”multienzymatic cascades,
particularly linear cascades, can generate multiple benefits: (1)
as no processing steps (e.g., purification) are needed between
reactions, the overall process time and waste are decreased; (2)
unstable/toxic intermediates do not accumulate but can
immediately proceed to the next step, making processes safer
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and minimizing the risk of side reactions; and (3) a reversible
reaction can be driven forward by a proceeding irreversible
reaction, increasing the yield.7

Multienzymatic cascades can be grouped into four categories:
linear, orthogonal, parallel, and cyclic (see Figure 1 for a

descriptive schematic).7,8 In linear cascades, one substrate is
ultimately converted to one product through multiple enzymes
and intermediates. In orthogonal cascades, one substrate is
converted to one product but requires a cosubstrate or cofactor
or generates a byproduct; the cosubstrate or cofactor is
generated by a second enzyme, or a second enzyme removes the
undesired byproduct. In the closely related parallel cascades,
two substrates are converted to two products, and the two
reactions are coupled by cosubstrate or cofactor use; these

cascades differ from orthogonal cascades in that both products
are desired, though one could potentially consider the
orthogonal cascade as just a combination of the linear and
parallel cascades. Finally, in cyclic cascades, from a mixture of
substrates (e.g., D and L enantiomers), only one (e.g., the D

enantiomer) is selectively converted but then in the second
reaction is converted back to a mixture of substrates (e.g., D and
L enantiomers); over multiple cycles, the nonreactive substrate
(e.g., the L enantiomer) accumulates. If this second step
proceeds through a nonenzymatic chemical reaction, strictly
speaking this is a chemo-enzymatic cascade. Importantly, in
nature these multienzyme cascades are often structurally or
functionally assembled together or encapsulated, which can
enhance their benefits and endow other utility as discussed
below.6,9−15 Moreover, within cells multienzyme cascades are
functionally interconnected with each other in many cases and
thus can be subject to complex competition processes.
In nature, two key examples of multienzyme cascades are

natural product biosynthetic clusters and carbohydrate-
degrading cellulosomes.12 While natural product biosynthetic
clusters, including nonribosomal peptide synthetases (NRPSs)
and polyketide synthases (PKSs), do not have scaffolds per se,
the enzymes are linked by protein−protein interaction domains
that transfer linked intermediates using a “swinging arm”
mechanism. This specifically allows for directed catalysis and
minimizes off-target pathways, enabling a diverse set of natural
products.12,15 Cellulosomes use a protein scaffold made of
cohesin domains residing at the bacterial outer cell membrane
that binds degradative enzymes with complementary dockerin
domains. This facilitates degradation of cellulose by bringing
the multienzyme cascade close to the extracellular substrate,
maintaining higher local concentrations of intermediates versus
their loss by diffusion into the environment, and assembling the
correct ratio and order of enzymes.6,12

Inspired by these and other natural scaffolds, researchers
have sought to engineer both biotic and abiotic artificial
multienzyme scaffolds. Among the strongest impetuses
currently driving the rapid development of this field are cell-
based biomanufacturing and cell-free synthetic biology. In cell-
based biomanufacturing, microorganisms (e.g., bacteria, yeast)
are engineered to produce a desired product through
incorporation of heterologous pathways, metabolic engineering
of endogenous pathways, or a combination of the two.12,16 One
seminal example of research toward improving cell-based
biomanufacturing by application of artificial multienzyme
scaffolds, albeit intracellularly, is the assembly of three enzymes
in the cascade for production of the artemisinin precursor
artemisinic acid by the Keasling laboratory, as shown in Figure
2.17−19 To improve upon the in vivo pathway, the authors
engineered a protein-based scaffold to assemble the enzymes
acetoacetyl-CoA thiolase (AtoB, Escherichia coli), hydroxyl-
methylglutaryl-CoA synthase (HMGS, Saccharomyces cerevi-
siae), and hydroxyl-methylglutaryl-CoA reductase (HMGR, S.
cerevisiae) toward increased production of the artemisinic acid
precursor mevalonate (Figure 2A). The authors reasoned that
this heterologous pathway was causing a high metabolic load on
the cell; to alleviate this, they could scaffold this part of the
cascade together at the correct enzyme ratios to enhance the
efficiency of the pathway, which would allow for decreasing
enzyme expression (and therefore metabolic load) while
maintaining (or increasing) product titers (Figure 2B).
Scaffolding these enzymes at a ratio of 1:2:2 enhanced the

Figure 1. Multienzymatic cascades. The functionality or mechanism
behind cascaded enzyme structures can be grouped into four primary
categories: linear, orthogonal, parallel, and cyclic.7,8 In linear cascades,
one substrate is ultimately converted to one product through multiple
enzymes and intermediates. In orthogonal cascades, a cosubstrate or
cofactor is generated by a second enzyme or a second enzyme removes
the undesired byproduct. In parallel cascades, two reactions are
coupled by cosubstrate or cofactor use; importantly, in this case both
products are desired, though one could potentially consider the
orthogonal cascade as just a combination of the linear and parallel
cascades. In cyclic cascades, from a mixture of substrates (e.g., D and L

enantiomers), only one type (e.g., the D enantiomer) is selectively
converted to an intermediate and subsequently converted back to a
mixture of substrates (e.g., D and L enantiomers); over multiple cycles,
the nonreactive substrate (e.g., the L enantiomer) accumulates. The
second step can be chemical instead of enzymatic, making the process
a chemo-enzymatic cascade. Adapted with permission from ref 7.
Copyright 2011 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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intracellular production of mevalonate by 77-fold relative to
free tagged enzymes.17

Cell-free synthetic biology is a more minimalistic equivalent
of cell-based biomanufacturing. Products are produced either in
cell lysate (e.g., transcription−translation (TX-TL) systems) or
using purified enzymes in buffer. Cell lysate systems come with
the advantage of producing reaction enzymes from added DNA
in situ but can require several exogenously added components
besides cell lysate, including buffer, salts, dithiothreitol,
nucleotides, a tetrahydrofolic acid derivative (e.g., folinic
acid), tRNAs, amino acids, nicotinamide adenine dinucleotide
(NAD+), coenzyme A, spermidine, putrescine, oxalate,
phosphoenolpyruvate, and optional exogenous T7 RNA
polymerase.20,21 “Bare-bones” purified enzyme systems, some-
times called synthetic biochemistry,22 require a buffer (and/or
solvent) that allows for enzyme function as well as substrate,
intermediate, and product solubility; they also require any
cofactors needed for the reaction (e.g., NAD+). Regardless of
the cell-free system, advantages of this approach can include (1)
the ability to produce intermediates and products that would be
toxic to cells; (2) the ability to minimize or remove off-target
pathways, including those involving host metabolism, a
competing branch point, or those occurring during purification
from cells; (3) increased options for engineering methods to
minimize product inhibition; (4) increased options for solvent
conditions to facilitate solubility of substrates, intermediates,
and products; (5) wider flexibility in controlling reactions; and
(6) no requirement for substrates or products (and importantly
for this discussion, scaffolds) to cross cell membranes.12,23

However, cell-free synthetic biology can also be limited by (1)
reduced kinetics due to farther diffusion of substrates and

intermediates in reaction vessels compared with the small
femtoliter to picoliter confines of a cell; (2) forced “one-pot”
reactions where all of the enzymes are required to be
compatible with regard to pH, temperature, and cofactor
utilization; (3) cross-reactivity between substrates, intermedi-
ates, and products (although flow reactions may help mitigate
some of these concerns); and (4) in the case of purified
enzymatic systems a lack of automatic enzyme regeneration.12

Herein we review recent efforts to engineer artificial scaffolds
to assemble multienzyme cascades that are meant to empower
next-generation bioprocesses. Our focus is on in vitro scaffolded
systems only, and therefore, we do not discuss enzyme
encapsulation in particular, as this approach tends to be
mechanistically quite different. However, we do discuss some
systems that do manifest an encapsulation process, including
metal−organic frameworks (MOFs), hydrogels, and carbon
nanotubes. For an excellent overview detailing enzyme
encapsulation techniques with their own pertinent mechanisms
for enzymatic enhancement, we direct the reader to a recent
review by Kuchler et al.11 Furthermore, while our review
focuses largely on non-intracellular systems to avoid complica-
tions of cellular processes and effects due to encapsulation in
the cell, in selected cases we do include these examples to
highlight specific systems of interest. Specifically, we cover
progress over the last ∼5 years in the development of artificial
multienzyme scaffolds in pursuit of in vitro cascaded biocatalytic
activity, with an eye in particular toward those that are capable
of demonstrating or have potential for accessing substrate
channeling. We especially focus on the scaffold materials
themselves, covering research on biotic scaffolds including
cellular surfaces, natural and engineered proteins, peptide

Figure 2.Mevalonate biosynthetic cascade. (A) The genes encoding the mevalonate pathway enzymes (HMGS and HMGR) were taken from yeast (
S. cerevisiae) and inserted into E. coli along with the E. coli gene encoding AtoB. These enzymes have different levels of activity, creating a bottleneck
that results in accumulation of the intermediate HMG-CoA, which is toxic to E. coli at high concentrations.18 Fluxes through each enzymatic step can
be compared to pipes of different cross-sectional areas put together to make a pipeline. The thicknesses of the arrows connecting these enzymes
represent the fluxes through these respective steps, and the resultant relative accumulations of intermediates are also depicted. The scaffolded
pathway is more efficient as a result of colocalization of the mevalonate enzymes to the same complex as well as optimization of the enzyme
stoichiometry to balance the units of activity at the complex. (B) Expression of the scaffold (G1S2P2) allows more mevalonate to be produced at low
pathway induction. At this low induction, the growth rate of E. coli is dramatically increased over strains with the pathway highly induced. A high-
copy plasmid expressing additional scaffold (G1S2P2) did not hinder the growth but further improved the titer. Reproduced with permission from
ref 17. Copyright 2009 Springer Nature.
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scaffolds, multienzyme fusions, chemically linked enzyme
aggregates, DNA and other nucleic acid scaffolds, and other
biopolymers. We also cover abiotic scaffolds including nano-
particles (NPs), polymers, MOFs, and others. We utilize
selected examples for our discussion and extend our apologies
for any and all omissions. Our hope is that this discussion will
facilitate future engineering efforts for both novices and those
experienced with artificial multienzymatic scaffolds. Demon-
strating the high interest in this field, we also point the
interested reader to other excellent recent reviews of related
subject matter.24−26 We begin by providing a short overview of
the mechanisms underlying the functional benefits of artificial
multienzyme scaffolds, in particular enzyme channeling
processes, and some of the continuing debate surrounding
how they may actually function. This is meant to provide a
context for interpreting the examples highlighted in the
subsequent sections.

■ POTENTIAL MECHANISMS UNDERLYING THE
FUNCTIONAL BENEFITS OF MULTIENZYME
CASCADED SCAFFOLDS

Utilizing scaffolds for multienzyme assembly brings with it
access to several potential functional benefits, which fall under
three loosely grouped and related mechanisms: (1) substrate
channeling; (2) enzyme sequentiality, proximity, confinement,
or some combination thereof; and (3) localized scaffolding
effects (for an overview, see Figure 3).10,27−32 Understanding
these pertinent mechanisms, especially some of the debate that
still surrounds them, allows for both the full potential and
challenges of artificial enzyme scaffolds to be appreciated.

Substrate Channeling. The first mechanism potentially
provided by a multienzyme scaffolded cascade is that of
substrate channeling. In the strictest terms, this is the direct
transmission of substrate/intermediate from one enzyme to the
next, bypassing diffusion into the bulk medium; leaky or
probabilistic substrate channeling still enhances the overall
catalytic flux through the cascaded enzymes but also allows for
some diffusion to the bulk medium (Figure 3A).10,30−32 Four
key benefits can be anticipated from minimizing the bulk
diffusional loss of an intermediate from a source enzyme to that
of a direct downstream enzyme: (1) bypassing cellular toxicity
of intermediates; (2) curtailing reactive intermediates from
participating in off-target pathways; (3) directed multistep
catalysis; and (4) enhanced kinetics under specific conditions
(Figure 3B, top panel).29

The primary example epitomizing substrate channeling in
nature is the tryptophan synthase complex, where a hydro-
phobic channel facilitates transport of indole from one active
site to another and increases the reaction rates by 1−2 orders of
magnitude.12 The distance of substrate channeling in the
tryptophan synthase complex case is very short (∼2.5 nm) and
also is chemically facilitated via the hydrophobic nature of the
channel itself.12,31−35 Intuitively, it seems that substrate
channeling and the benefits thereof could be extended to
artificial multienzyme scaffolds when enzymes are placed close
together (Figure 4A).14

However, while most agree that substrate channeling in
artificial multienzyme scaffolds can bypass toxicity and off-
target reactive pathways,12 the idea of significantly enhancing
the kinetics solely on the basis of bringing enzymes into close
proximity (e.g., ≤10 nm) is contested. Other methods of

Figure 3. Potential benefits suggested from artificial multienzyme scaffolds. (A) In this example of an artificial multienzyme scaffold, enzyme 1 (E1),
with its substrate (S) and product (the “intermediate”, I), is in a cascade with enzyme 2 (E2), which takes the intermediate as its substrate and makes
the final product (P). The intermediate can either travel directly between the enzymes ( fdirect) or diffuse from E1 into bulk solution before
encountering E2 ( f bulk) The radius of the enzyme (r), the distance between enzymes (de−e), the type of scaffold, and the type of attachment (e.g., tag/
dock) can all play a role in the benefits from artificial multienzyme scaffolds.10,27,28,30−32 (B) Overview of some potential mechanisms responsible for
the benefits of artificial multienzyme scaffolds.29
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substrate channeling, such as creating barriers to diffusion, will
be discussed further below.12,32,36 Two similar yet distinct
counterarguments have been made against invoking substrate
channeling as a mechanism for increased kinetics on artificial
multienzyme scaffolds, as iterated in depth by Hess, Fernie, and
others:28,37 (1) for typical enzyme scaffolded distances and the
high rate of diffusion, bulk-diffused intermediate quickly
accumulates and becomes the dominant contribution to the
reaction rate within seconds;28 (2) the diffusion rate (e.g., 1 ×
109 nm2/s)28,38 is orders of magnitude higher than most
enzyme reaction rates (e.g., kcat/KM = 105 M/s),9,14,39 and
therefore, channeling cannot contribute significantly to the
overall reaction rate since it will not be the rate-limiting
step.9,14,37,39 The exception where channeling could contribute
would be during the lag-phase buildup to the steady state. It is
worth delving briefly into each of these arguments.
For the following, we assume a two-enzyme reaction cascade,

in which enzyme 1 (E1) converts a substrate (S) into an
intermediate (I), which is then used as the substrate for enzyme
2 (E2) and converted into the final product (P), as shown in eq
1:

+ + + + +

+ + +

H Iooooo H Ioooooo

H Iooooo H Iooooooo

K

K

E S E E S E E I E

E E I E E P

v V

k

v V

k

1 2
M,2

1 2
;

1 2

M,2
1 2

;
1 2

1 max,1

cat,1

2 max,2

cat,2

(1)

Under Michaelis−Menten kinetics, KM,1 and KM,2 are the
Michaelis constants, kcat,1 and kcat,2 are the turnover rates, v1 and
v2 are the velocities, and Vmax,1 and Vmax,2 are the maximum
velocities for E1 and E2, respectively.

28 We also assume that E1 is
the rate-limiting enzyme since if E2 were rate-limiting the
intermediate would accumulate regardless of channeling.32,40

The first question in this context concerns the fraction of the
intermediate that is directly channeled between E1 and E2
( fdirect). This can be estimated using eq 2,

=
−

f
r

ddirect
e e (2)

where r is the radius of E2 and de−e is the distance between
enzymes.27,28Assuming a radius of 2.5 nm for E2 (e.g., for
horseradish peroxidase, which is close to that estimated for a 50

Figure 4. Mechanisms behind the beneficial effects of substrate channeling. The four mechanisms of substrate channeling that can benefit
multienzyme cascades are (A) limited direct diffusion, (B) sequestration, (C) affinity, and (D) aggregation.28 Limiting direct diffusion by proximity
typically enhances the kinetics transiently, as intermediate accumulates in the bulk solvent and becomes the dominant contributor to enzyme 2.
Sequestration protects intermediates from alternative reactions; these alternative reactions limit the accumulation of intermediate in the bulk solvent,
which allows for sustained benefit from scaffolding. Affinity between the scaffold and intermediate keeps the local concentration of intermediate high
by creating a barrier to diffusion and can enhance the kinetics relatively long-term. Aggregation increases the likelihood that intermediate escaping
from one reaction pair will react with another reaction pair rather than diffuse to the bulk solvent; this effect is anticipated to occur with multiple
enzymes scaffolded onto a nanoparticle as well. E1 = enzyme 1 with substrate S1 and product I (the “intermediate”); E2 = enzyme 2 with substrate I
and product P2.
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kDa enzyme, ∼2.4 nm)28,41,42 and a scaffolded separation
distance of 10 nm between enzymes, a calculated 25% of the
intermediate flows directly to E2, yet 75% escapes to bulk
solvent! How does this compare to the nonscaffolded case? The
distance between free-floating enzymes decreases as the their
concentrations increase; this distance (de−e in nm) can be
estimated using eq 3,

≈−d
C
1.18

e e 1/3 (3)

where C is the molar concentration (also see Figure 5 for a
quantitative plot).41

Within cell-based biomanufacturing (i.e., intracellular or
cytosolic enzyme catalysis), free-floating enzymes (assumed to
have a concentration of ∼1.3 μM)23,43−46 would have a
distance of ∼107 nm, giving fdirect ≈ 2.3%. For cell-free synthetic
biology, a given free-floating endogenous enzyme (assumed to
have a concentration of ∼36.8 nM)23,43−46 would have a
distance of ∼458 nm, giving fdirect ≈ 0.6%. Both of these fdirect
percentages are significantly lower than for the scaffolded
example above (25%). However, given the possible high
amount of production of heterologously expressed proteins
(e.g., 20% of total cellular protein),47 the amount of enzyme
could increase significantly, decreasing the distance and putting
fdirect on the order of ∼6−22% for cell-free and cell-based
systems, respectively, close to that found on the scaffolded
example. Therefore, using a scaffold could increase fdirect
substantially for endogenous enzymes but would have less
effect for highly expressed heterologous enzymes. It should be

noted that these values are rough approximations and are given
here simply to put these issues in proximate context.
The first counterargument to the contention that artificial

multienzyme scaffolds enhance the reaction rate through close-
proximity-based substrate channeling is that any kinetic benefit
would occur only transiently, as the fraction of intermediate
that is directly channeled gets overwhelmed by the accumulat-
ing intermediate fraction that escapes to the bulk sol-
vent.28,29,40,48,49 To determine the time in which scaffolding
may improve the kinetics, Idan and Hess detailed an elegant
mathematical derivation to describe the channeling time (τch):

τ
π

≈
−

V
Dd4ch

e e (4)

where V is the volume of the container, D is the diffusion
coefficient of the substrate, and de−e is the distance between
enzymes (eq 4).28,48 This equation was derived under the
assumptions that [S]≫ KM,1 (i.e., Briggs−Haldane conditions)
and [I] ≪ KM,2, as would be the case for initial reaction rates.
Importantly, one can see that this equation is not dependent on
the rates of the enzymes themselves.28

How would this apply to practical examples? For cell-based
manufacturing, assuming a bacterial volume of 1 fL (i.e., 1 × 109

nm3),44,46,50,51 a diffusion coefficient of 1 × 109 nm2/s (i.e.,
H2O2 in H2O at 25 °C),28,38 and a scaffolded distance of 10 nm,
the time over which the scaffold will improve the kinetics is only
∼8 ms. This intuitively makes sense if 75% of the intermediate
is escaping to the bulk solvent in a fairly limited volume like a
cell, where it will quickly accumulate and dominate the reaction.
Conversely, for cell-free synthetic biology, a much larger
reaction volume could be assumed (e.g., 1 mL); for the same
diffusion coefficient and scaffolded distance, the time over
which the scaffold will improve the kinetics increases to years.
However, both of these examples assume only one reaction pair
in the reaction volume. In reality, reaction pairs could be in the
micro- to millimolar range, and presumably, intermediate from
one reaction pair that is escaping to “bulk solvent” will react
with the second enzyme of another reaction pair upon
encountering it; this would then act to greatly decrease the
time over which channeling is important as well. Given the
presence of multiple reaction pairs, it would be difficult to
experimentally measure the amount of intermediate that reacts
within a given reaction pair ( fdirect) versus going to bulk solvent
versus reaction with another reaction pair. Most experimental
setups would require conditions that may change the conditions
(e.g., microfluidics with each pair in a separate channel; mutated
second pairs that covalently capture intermediates versus
turning them over; competitive enzymes). Therefore, the best
information can be expected from well-designed and validated
theoretical simulations in conjunction with experimental
confirmation.
The second counterargument to the idea that artificial

scaffolds enhance the reaction kinetics through close-proximity-
based substrate channeling is that the diffusion rates are orders
of magnitude higher than the enzyme rates and therefore
should not be the rate-limiting step.9,14,28,37−39 To investigate
this counterargument, one would first like to know how the
concentration of the intermediate changes with distance from
the active site of E1. This can be calculated using eq 5:32,36

∑
π τ τ

=
−

−
−

τ

=

− Ä

Ç

ÅÅÅÅÅÅÅÅÅ

É

Ö

ÑÑÑÑÑÑÑÑÑ
c r t

D t i
r

D t i
( , )

1
4 ( )

exp
4 ( )i

t

0

( / ) 1

3/2

2

(5)

Figure 5. Enzyme concentration directly influences the substrate
channeling efficiency. To estimate the distance between protein
molecules, their molar concentration C can be converted to units of
molecules/nm3 as CNA/(10

24 nm3/L) = 0.6C molecules/nm3. The
reciprocal of this, 1.66/C nm3/molecule, can be used as an estimate of
the volume per molecule. Estimating the average separation between
molecules as the cube root of the volume per molecule gives d = 1.18/
C1/3 nm.41 In the graph, red values highlight the average concentration
of proteins in bacterial cells (“in vivo”, e.g., cell-based manufactur-
ing)23,43 and the range of concentrations of proteins for cell-free
synthetic biology (“in vitro”);23,43 the “in vivo” value gives a shorter
distance between proteins than the “in vitro” values. The fraction
directly channeled can be determined as the ratio of the enzyme radius
(r) to the separation distance (de−e); radii can be estimated on the
basis of enzyme size.27,28,41
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where c(r, t) is the concentration at radial distance r at time t, D
is the diffusion coefficient, and τ is the time between reaction
events (τ = 1/k, where k is the turnover frequency). Once the
system reaches steady state (estimated as t = 104τ), for k = 10
s−1 and D = 1 × 109 nm2/s, the concentration of intermediate is
approximately the same between 0 and 5 μm from the active
site of E1.

32,36 It should be noted that this time frame selected
for steady state, estimated as 104τ with k = 10 s−1 and τ = 1/k ≈
16.7 min, is in line with the point referenced by Idan and Hess
that enzyme kinetics analyses need to be done long enough that
they go beyond the lag time to the steady state.28 Only when
the enzyme is very quick (turnover frequency of 1000−10000
s−1) at the same D is there a large difference in intermediate
concentration but only between 1 and 5 μm distance (small
difference at 100 s−1).32 Since a distance of 1 μm would
correspond to ∼1.64 nM enzyme (using C = (1.18/d)3),41 this
would indicate that scaffolding would only really affect the
kinetics if the analogous scaffold-free reaction were conducted
at <1.64 nM.32,36 This is much lower than typical values for cell-
based manufacturing (∼1.3 μM enzyme), somewhat less than
for cell-free synthetic biology (∼36.8 nM enzyme), and even
lower for a highly expressed heterologous protein.23,43

However, if one did work in this dilute regime, scaffolding
may certainly help improve the kinetics over that for freely
diffusing enzymes.14 Furthermore, if one is working with
“catalytically perfect” enzymes with kcat/KM at or above the
diffusion rate, scaffolding may help even more.14 Finally, it is
interesting to note that while enzymes may be attached at
scaffold distances of 10 nm, if they are tethered via flexible
linkages, then depending on the active-site orientation they may
be able to move much closer to each other than 10 nm, which
could improve the effect of scaffolding.36,52

Interestingly, this concept of the difference between
enzymatic reaction rate and diffusion rate was also addressed
by Buchner et al.53 In their theoretical analysis, they addressed
the idea of determining how much an intermediate is subject to
“enzyme exposure” and determined a factor α that correlates
the enzymatic reaction rate to the diffusion rate. They surmised
that for α < 1, i.e., when the enzymatic reaction time is much
greater than the diffusion time (the reaction is relatively slow),
clustering enzymes is better to maximize exposure of the
intermediate to the second enzyme before it escapes and
quickly diffuses away. Conversely, for α ≫ 1, i.e., when the
enzymatic reaction time is much less than the diffusion time
(the reaction is relatively fast), distributing some or all of the
second enzyme is a “bet-hedging” strategy that helps to
capture/react with intermediate before it diffuses away. The
authors also derived equations that can help direct what fraction
of the second enzyme should be clustered versus distributed in
a one-dimensional system, which will be qualitatively related to
higher-dimensional systems. Importantly, in this work, the
authors described a boundary where intermediates are
“absorbed/lost” if they encounter it, whereas the Idan and
Hess analyses focus on boundaries that allow reflection and
accumulation of the intermediate.28,29,48,53 With this said, the
Buchner et al. boundary could be seen to approximate
degradation of the intermediate over time/travel or an
encounter with a competitive/degradative enzyme.
Given these arguments, are there situations in which

substrate channeling using artificial scaffolds CAN enhance
multienzyme cascade kinetics? There are three situations
outlined by Idan and Hess where substrate channeling can
improve the overall kinetics, as illustrated in Figure 4B−D. The

first is by sequestration, where there is an off-target reaction
(e.g., the intermediate undergoes oxidative degradation, causes a
toxic effect on the cell, or is consumed by another reaction or
the reaction is highly reversible; see Figure 4B).28,54 It has been
shown that there can be protection of intermediates due to
channeling; furthermore, Idan and Hess showed that there is a
long-term kinetic enhancement if the reaction is competing
against an off-target reaction.12,28,31,55 This can be described by
eq 6:

π
= +

−

k

k
V

Dd
R1

4
2,scaf

2,free e e (6)

where the k2,scaf/k2,free ratio represents the benefit of the scaffold
and R is the rate of the off-target reaction.
For the reaction examples used above with R = 10 s−1 and V

set equal to the volume occupied by an enzyme pair at the
concentration for cell-based/cell-free systems, the ratio does
not increase beyond 1.04.9,14,28,39,56 This is due to the relatively
high enzyme concentrations and therefore small volumes.
However, the ratio can become substantial when the occupied
volume is decreased (i.e., the concentration of enzymes is
decreased), R is increased (i.e., the competing reaction is very
fast), the distance between enzymes on the scaffold is decreased
(e.g., 1 nm), or the rate of diffusion is decreased (e.g., with
viscogens or using a high-concentration environment like a
cell).28

The second way in which substrate channeling can cause
enhanced kinetics is if the scaffold itself (or the assembled
enzymes) have affinity for the intermediate and present a
barrier to diffusion (Figure 4C).28,56,57 This could be the case
for enzymes scaffolded onto anionic DNA with a cationic
intermediate.57 It has been shown that this affinity has to be
moderate and can be considered as mimicking the Sabatier
principle, which makes intuitive sense; if the affinity is too high,
the scaffold would prevent the intermediate from binding to
enzymes, while too-low affinity would not matter overall.57,58

This effect can last from minutes to hours.28

Finally, the third way in which substrate channeling can
enhance the kinetics is through aggregation of the scaffold
(Figure 4D). If scaffolds encourage aggregation of enzyme pairs
(as has been suggested for some systems),28,56,59 then the
chance that the intermediates heading toward the bulk solution
(e.g., ∼75%) will encounter another E2 before fully diffusing
dramatically increases, thereby increasing the overall reaction
rate moderately long-term; this can be considered as a type of
probabilistic substrate channeling.28 In these cases, it is thought
that the dimensions of the scaffold itself actually matter less
than the presence of the scaffold and aggregation.28,56 Models
have shown that under selected conditions the optimal size of
aggregates is ∼260 nm and the optimal separation between
coclusters is 6.5 μm and that the flux could increase by 6-fold
(for a two-step cascade) to over 100-fold (for a three-step
cascade) compared with free enzymes in a cell.12,14,60

In view of the complexity of the substrate channeling issue,
conducting experiments on emergent artificial multienzyme
scaffolds to determine whether they are engaging in substrate
channeling is important. Spivey and Ovad́i31 and Wheeldon et
al.32 have provided excellent reviews that incorporate
experimental procedures to investigate substrate channeling
by proximity. These methods include (1) transient-time
analysis, where the focus is on measuring any shortening of
the lag time; (2) isotope dilution or enrichment, where the
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substrate is labeled and the subsequent labeled intermediate
competes with unlabeled intermediate; (3) addition of a
reaction that competes for use of the intermediate; (4) use of
enzyme buffering, where one uses the first enzyme (without
substrate) to bind a cofactor to “buffer out” the amount of free
cofactor and tests whether this changes the activity of the
second enzyme; (5) transient-state kinetic analysis of enzyme
forms, where enzyme concentrations approximate the same as
substrate concentrations; and (6) using a reaction inhibitor,
which is added to the second reaction to test whether there is
resistance to inhibition due to channeling. There are advantages
and limitations to each method and circumstances where one
method is preferred over another; the interested reader is
directed to the reviews mentioned above31,32 and the references
therein for a thorough treatment of these methods. Interest-
ingly, some of these methods incorporate aspects that may
enhance the channeling effect (e.g., addition of a competing
reaction leading to enhancement due to sequestration);
therefore, caution when interpreting these results is necessary
and requires a caveat that the observed substrate channeling is
seen for those specific conditions.
Besides these experiments, additional measurements can help

delineate the effect of channeling. Since the distance between
enzymes decreases with increasing concentration, if a given
cascade’s enhancement is due to proximity channeling, it should
decrease and approach zero as enzyme concentration is
increased and the distance between free enzymes approaches
the distance between enzymes on the scaffold. Furthermore,
microscopy can be used to monitor aggregate formation of
scaffolds. Shaking and/or the addition of viscogens can
modulate the ability of intermediates to “escape” a scaffold
and/or affect the rate of diffusion of intermediates.61 Changing
the ionic strength and/or pH of the buffer can give insight into
whether electrostatics help to form a barrier to diffusion (away
from the cascade).62 Use of stopped-flow kinetics can enable
rapid measurements providing additional information that can
then be coupled with the experiments outlined above.
Moreover, the application of theoretical simulations, such as
those used by Idan and Hess, Vranish et al., and others, can
provide useful insight into the underlying processes.28,29,48,61,63

With all of these potential methods and experiments, it can
still be difficult to determine the extent of substrate channeling,
particularly as cascades become longer. For example, it may be
difficult to know the rates of nonenzymatic degradation of all
intermediates under given buffer conditions (pH, cofactors,
etc.) or the extent of reversibility of enzymes in a cascade, which
may affect channeling through the addition of sequestration.
Furthermore, multiple factors may confound one another, for
example, addition of enzyme stability (see below) with changes
in kinetics upon immobilization; the extent of aggregation with
different multimers of enzymes; the change in local pH due to
the scaffold environment; the movement of intermediates near
the scaffold surface (i.e., “hydration layers”);64 and changes in
viscosity/cofactor concentration/metal concentration with
changes in enzyme concentration. This is particularly true for
less well studied cascades. Additional advances in theoretical
simulations and analytical techniques, coupled with new
channeling examples, should help deconvolute some of these
factors and illuminate these issues.
Enzyme Sequentiality, Proximity, and Confinement.

The second putative mechanism by which scaffolds could
benefit multienzyme cascades is derived from enzyme
sequentiality, proximity, confinement, or some combination

thereof (Figure 3B, middle panel). In terms of sequentiality,
being able to control the sequence of enzymes along a
multienzymatic cascade can affect the activity, though not
always in obvious ways. The Keasling laboratory examined
different orderings of the three enzymes they scaffolded from
the mevalonate pathway (vide supra and Figure 2) and found
that while their best scaffold showed 77-fold improvement over
free identically tagged-only enzymes, ordering the enzymes in
other ways showed only 10- or 22-fold improvement.17 The
Keasling laboratory system used different orthogonal tags/
docks to be able to arrange their enzymes on the scaffold, based
on the domains used, namely, the GTPase binding domain
from the actin polymerization switch N-WASP (GBD), the Src
homology 3 domain from the adaptor protein CRK (SH3), and
the PSD95/DlgA/Zo-1 domain from the adaptor protein
syntrophin (PDZ). In addition, specific placement can be
accomplished with other systems, such as using orthogonal
pairs of cohesin/dockerin domains from cellulosome systems or
using DNA scaffold systems guided by sequence complemen-
tarity, both of which are addressed in later sections of this
review.6,65−69 Unfortunately, the Keasling laboratory did not
determine why sequentiality had the effect it did.17 However,
the effect is expected to be complex and confounded by other
issues. For example, intuitively it would make sense to place two
enzymes that work in adjoining steps of a cascade together,
especially for a long cascade; however, if those enzymes (and
perhaps their intermediate) are both highly negatively charged
it may actually be better to have them slightly separated.
Further, it is acknowledged that the Keasling laboratory
example was done in vivo, which may complicate the results
regarding the importance of sequentiality because of the
complex interactions in the cell.17 Even with these caveats, the
results are at least demonstrative that sequentiality may be
important and should be considered. It would be interesting to
see similar systems examined in vitro to examine this effect, and
some examples in this vein are detailed below. Along with
sequentiality come the benefits of modularity, which can
contribute to the construction of de novo designer cascades;
specific tags/docks can allow one enzyme to be swapped out for
another easily without redesigning the entire scaffold, regardless
of whether the cascade is producing a natural compound or a
novel non-natural compound.17,65,66,68

Proximity refers to the close distance of the enzymes to the
substrate. Again, the cellulosome system can be invoked as an
example; the cell places all of the cellulase enzymes outside of
the cell closer to the extracellular cellulose substrate, yet these
scaffolded enzymes are still tethered to the cell to facilitate
internalization of the product (digested sugars).6,12 Confine-
ment refers to using scaffolds to keep enzymes in a certain
location, away from off-target pathways or degradative
conditions, as well as coupled together. This can be illustrated
by nature’s placement of associated Krebs cycle enzymes in
mitochrondria.9−11,13,14 Another benefit of confinement is the
ease of recoverability and reuse of artificial multienzyme
cascades; one can engineer a system to recover the scaffold
assembly for reuse instead of trying to recover a series of
individual enzymes. This can be accomplished using magnetic
NPs that can be easily separated from a reaction
solution.1,4,8,23,70

Localized Scaffold Effects. Finally, the third mechanism
by which scaffolds could provide benefits is by localized scaffold
effects and contributions (Figure 3B, bottom panel); this is also
perhaps the least understood and most contentious of all the
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potential enhancement processes. The prime example of this
mechanism was delineated by the Hess laboratory in their
investigation of a common multienzyme pairing tested with
artificial scaffolds, namely, that of glucose oxidase (GOx) and
horseradish peroxidase (HRP), especially as displayed on DNA
scaffolds. GOx oxidizes glucose to D-glucono-δ-lactone and
H2O2; HRP uses the H2O2 to oxidize a dye such as 2,2′-
azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS),
3,3′,5,5′-tetramethylbenzidine (TMB), or Amplex/resoru-
fin.71−73 They demonstrated that the enhanced kinetics of
these enzymes scaffolded on DNA likely was not due to
substrate channeling, as conjugating the same two enzymes

directly to each other using a small heterobifunctional linker
(sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-car-
boxylate, sSMCC) did not improve the kinetics. They
hypothesized that instead the negatively charged DNA lowered
the local environment pH of the enzymes, improving their
activity (both activities increase as the pH is lowered, although
the HRP activity increases significantly more).49 The use of this
enzyme pair with DNA scaffolds is discussed further below.
There are other potential issues with this coupled enzyme
system that may arise from the low molecular weight of H2O2

and its diffusion rate along with its viable lifetime and other
species with which it interacts. Even though the GOx−HRP

Table 1. Selected Examples of GOx−HRP Multienzyme Cascades88,a

entry scaffold scaffold name
highest fold enhancement

observedb
enzyme separation distance

(nm)b
ionic

strengthc pH ref

1 DNA single DNA helix 3 8 0.6 7.4 72
2 DNA DNA origami rectangle 3.4 10 0.203 7.5 36
3 DNA DNA tweezer 1.9 6 0.203 7.5 78
4 DNA DNA-origami-based nanoreactor 25 30 0.0035 5 79
5 DNA flexible DNA triangle prism 2.1 7 0.103 7.5 80
6 DNA DNA origami rectangle 10 10 0.156 NE 81

7 DNA cocaine aptamer 13 5 0.16 7.4 82
8 DNA circular DNA with cocaine aptamer 6 10 0.6 7.4 83
9 DNA dsDNA with AZB moieties 25 5 0.28375 7.8 84
10 DNA Y-shaped DNA 7 5 0.16 7.4 85
11 DNA RCA-prepared long DNA 18 22 NE NE 69
12 DNA hexagon-like strips 15.8 5 0.06 7.5 56
13 DNA rectangular and tubular origami 8 15 NE 7.4 86
14 DNA nanocage origami 8 5 0.203 5 64
15 chemical linker sSMCC linker ∼0 NE 0.2105 8 49
16 CLEA combi-CLEA 1.5 (kcat/KM), 0 (kcat) NE 0.6 7.4 73
17 NP QD ∼3 NE 0.2105 NE 63
18 MOF metal−organic framework 7.5 NE 0.61 NE 87
19 NP SiO2 NP 2 NE NE NE 87
20 NP acrylamide hydrogel 2.5 NE NE NE 87

aAbbreviations: CLEA = cross-linked enzyme aggregate; NP = nanoparticle; MOF = metal−organic framework; AZB = azobenzene; RCA = rolling
circle amplification; sSMCC = sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-carboxylate; QD = quantum dot; NE = not evaluated/not
recorded. bInterenzyme distances and turnover rates were estimated using the reported data when not specifically listed or given in the
corresponding papers. When multiple configurations of the same DNA template were investigated, only the most substantial reported turnover rate
is listed. cIonic strengths were calculated as I = 0.5∑iCizi

2, where Ci and zi are the concentration and charge of ion i, respectively. Values are
estimates.

Figure 6. GOx−HRP system factors. No strong correlation is seen between the fold increase in activity and either the ionic strength or distance, as
shown in Table 1. This illustrates the complexities of the system and the difficulties in assigning the factors that are responsible for an increase in
activity. Numbers correspond to entry numbers in Table 1.
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pair is perhaps one of the most commonly used for investigating
scaffolds and biosensing devices, this finding suggests that the
results need to be carefully analyzed for localized environmental
and other effects. Specifically with regard to assays with DNA,
one needs to consider the potential for changes in activity due
to (1) changing local pH as referenced above,49 (2) interactions
between the substrate/intermediate and negatively charged
DNA (i.e., barrier to diffusion),49,57,74 (3) aggregation,28,48,49

and (4) stabilization of enzymes by hydration layers.49,64 With
regard to (4), it should be noted that this layer could only be a
few angstroms thick, and increased stability would be expected
to increase the enzyme activity only if, for example, the assay
were conducted below the Kd for quaternary structure/subunit
association.49,61,64,75,76 As an example of how prevalent this
enzyme pair is, especially as displayed on DNA scaffolds, see
Table 1. As can be seen from Table 1 and Figure 6, the
convoluted effects of electrostatics (presumably as modulated
by different ionic strengths of buffers and pH values used in
experimental activity assays) and de−e on the fold enhancements
of cascade activity illustrate the complexities of the system and
the difficulties in assigning the factors that are responsible for an
increase in activity.
Another localized scaffold effect that is sometimes observed

is improvement of long-term enzyme stability. Several
laboratories have shown improved stability when enzymes are
linked onto scaffolds.8,40 Importantly, not only can enhanced
enzyme stability enable reactions to occur at elevated
temperatures or for longer time-scales, but some scaffolded
enzymes can even have improved recoverability from
lyophilization, allowing for improved transport and storage.77

Perhaps the most interesting phenomenon in this genre is that
of kinetic enhancement when enzymes are attached to an NP
scaffold. This is discussed in more detail in later sections. These
localized scaffold effects make it important to, if within the
scope of the project, determine the rates of all enzymes in the
cascade individually when they are attached to a scaffold versus
free in solution. This can highlight the difference between
localized scaffold effects enhancing the overall reaction versus
proximity-based substrate channeling.49 If individual enzymes
are enhanced on the scaffold, additional insight can be garnered
by using (1) techniques such as circular dichromism to monitor
conformation/stability, (2) different ionic strengths/pH buffers
or different scaffolding materials to test for enhancements due
to local pH,49,62 and (3) concentrations above and below the
dissociation constant of a multimeric enzyme to determine
whether the scaffold is supporting the quaternary structure.61

Regardless of the potential mechanism, the benefits of artificial
multienzyme scaffolds on cascade reactions will depend on both
the scaffold material and the chemistry used to link enzymes to
the scaffold. We will now address aspects of the latter.

■ ENZYME−SCAFFOLD LINKAGE CHEMISTRIES
The chemistry utilized to attach or associate the enzymes with
the scaffolding material is usually a secondary consideration in
many experimental plans. However, given its importance to
both the resulting structure and its intended function, we
suggest that this should perhaps be a primary consideration.
Bioconjugation chemistry can be quite vast, complex, and
nuanced89 and remains mostly beyond the scope of this review.
However, it is still worth discussing several important points
since this chemistry can directly influence or even dictate the
achievable catalytic efficiency (or lack thereof) in an enzymatic
cascade, especially as assembled on a scaffold.

What is ideally desired from such bioconjugation chemistry is
that any desired enzyme be attached to the scaffold with
intimate control over several key properties, including: (1) the
orientation of the enzyme on the scaffold with the reaction site
clearly available, (2) the ratio or attachment density per
scaffold, (3) the separation distance from the scaffold, (4) the
affinity of the attachment chemistry, (5) the choice of
attachment sites on the scaffold and the enzyme, and most
importantly (6) equal applicability of these chemistries to most
enzymes and also most scaffold materials.90 Unfortunately, the
state of bioconjugation chemistry is far from achieving such a
capability for any experimental format let alone having any
technique that displays a plurality of these properties.91,92 This
issue is further complicated by the paucity of functional
chemical groups available on both the enzymes and the scaffold
materials described here. For the enzymes themselves, these
chemical groups include the ubiquitously available carboxyls
typically found on acidic residues and the C-termini and amines
found on lysines or N-termini along with thiols on cysteine
residues, which are quite often part of structurally critical
disulfide bridges.93 These choices are sometimes supplemented
by engineered motifs such as hexahistidine (His6) tags
introduced to expressed proteins for purification and, to a
much lesser extent, unique functional groups from incorpo-
ration of non-natural amino acids.94,95 Although the scaffold
materials described herein are quite structurally diverse,
including cells, vesicles, DNA, proteins, MOFs, polymers,
lipids, NPs, etc., the actual chemical groups available within a
given material can in fact be quite limited. As described in the
examples below, the three primary superfamilies of enzyme−
scaffold bioconjugation chemistry are based on covalent, non-
covalent, and electrostatic approaches, each of which has several
subtypes as well. More pertinently, each conjugation chemistry
comes associated with a set of benefits and liabilities, and these
must be carefully parsed and considered for both planning and
interpreting data from a desired experimental format.
As an example of a covalent attachment approach, the most

common method for attaching enzymes to NPs and other
surfaces is to utilize carbodiimide chemistry to form an amide
bond between either an available carboxyl or amine on the
protein and the cognate target on the other participant.89,96

This approach benefits from relatively facile and amenable
chemistry (i.e., aqueous reaction conditions). However, the
presence of both groups on an enzyme can and often does lead
to cross-linking, while the short viable half-life of carbodiimides
in aqueous solutions means that a vast excess must be used,
which then leads to the requirement for extensive purification
and cleanup.89 Introducing biorthogonal groups such as azides
and alkynes into an enzyme for targeted click chemistry, for
example, very often relies on an initial nonspecific labeling that
targets available amines.92 Targeting thiols in a protein can be
very site-specific, but as mentioned, if these are part of a critical
disulfide bond, protein function can be lost.97

In terms of non-covalent approaches, biotin−streptavidin is
one of the most popular non-covalent chemistries and enjoys an
extremely high affinity binding constant (KD ∼ 10−15 M).
However, one participant must be modified to display a biotin
group, and as the streptavidin is tetravalent, the possibility of
cross-linking and undesirable orientations again remains.96

Another popular non-covalent approach is to utilize His6 motifs
appended to enzyme termini to coordinate to Ni2+-nitrilotri-
acetic acid (Ni-NTA) groups attached to a scaffold. This takes
advantage of the fact that the His6 motif may already have been
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appended to the enzyme (utilized for purification purposes),
and therefore, a further modification of the enzyme is not
needed for attachment onto the scaffold. A limitation of this
approach is the low-micromolar dissociation constant of this
interaction, which can preclude achieving the right concen-
trations for true Michaelis−Menten analysis (i.e., Briggs−
Haldane criteria with low enzyme concentrations and a vast
excess of substrate),98 while the Ni2+ can affect or even inhibit
other metal-dependent enzymes.
Meanwhile, electrostatic interactions between polymers or

DNA and oppositely charged species, for example, can be quite
strong and very easy to implement. However, this approach
comes with a strong likelihood of significant loss over any
desired orientation and again the possibility of cross-linking.
Also, as will be repeatedly shown in the discussion below,
localized charge can increase enzyme activity by sequestering
substrate, for example, making the exact source of enhancement
quite complex. There are of course many more examples of
potential enzyme−scaffold conjugation chemistries with
corresponding sets of benefits and liabilities, but these few
should suffice to make the necessary points.
It is also important to note that in principle any type of

modification to an enzyme can hinder its activity depending
upon how sensitive its structure is to allosteric interactions.
This can lead to a loss of activity in comparison with the native
or parent construct. Moreover, in many cases attaching an
enzyme to a surface results in a loss of activity, presumably due
to the reduction of the enzyme’s freedom of movement.61,99,100

Cumulatively, extrapolating from the above, it becomes readily
apparent how critical a consideration enzyme−scaffold
bioconjugation chemistry is, as it can affect subsequent activity
in a detrimental manner. For example, nonspecific amine−
carboxyl chemistry can occur at the expense of modifying key
residues in the enzyme’s active site, causing a loss of activity. If
the enzymes are attached in a heterogeneous manner to the
scaffold or cross-linked to some extent, then some of the
enzymes in the sample may not be active. Relying on specific
protein−protein binding motifs such as cohesin−scaffoldin or
enzyme fusions, as described below for scaffolds assembled on
cell surfaces, requires extensive initial engineering and usually
cannot be applied in a direct repeated sequence if sequentially
arranged enzymes are desired. While the issues illustrated here
highlight the need for continuing research into novel
bioconjugation methods, current approaches can often be
sufficient to demonstrate improvements of multienzyme
cascades via artificial multienzyme scaffolds. The main point
is that these issues may need to be taken into account when
analyzing data and considering why a given multienzyme
construct did or did not demonstrate optimized activity or
function as efficiently as expected. The interested reader is
referred to more focused treatises on bioconjugation chem-
istry.89,91,101 The bulk of the remainder of this review will focus
on the other major factor for the success of an artificial
multienzyme scaffold, namely, the scaffold itself and a survey of
what has already been accomplished to date with various
different scaffolding materials.

■ BIOTIC SCAFFOLDS
A variety of biological scaffolds have been explored for their
ability to assemble multienzyme cascades. A succinct overview
of some representative types of biological scaffolds, their
requirements, advantages, and disadvantages, and some
examples of their use are highlighted in Table 2. Biological

scaffolds can range from live cell surfaces to proteins or other
biopolymers, with each exploited for their unique architecture.
In some cases, they self-assemble, driven by programmed
biochemistry; other times, exogenous chemistry is used to bind
them together. It is important to consider the properties of
these scaffolds for the subsequent function of the cascade.
Biological scaffolds have inherent benefits that are different
from artificial scaffolds like synthetic surfaces, NPs, and MOFs.
These benefits include natural compatibility with biologically
derived enzymes and programmability through genetic
engineering. Depending on the particular system, enzymes
can be placed site-specifically or randomly on biological
scaffolds. The method of this attachment is a critical
consideration for all biological scaffolds, in terms of both the
location of the attachment point(s) on the enzyme itself and the
flexibility/rigidity and length of any linker between the enzyme
and the scaffold.102,103 This section explores different biological
scaffolds, including significant aspects to consider in their use,
starting with the display of multienzyme cascades directly on
the cell surface of living microbes.

Cellular Surfaces. Using a cellular surface as a biological
scaffold requires a method to display the enzymes on that
surface. The desired enzymes are often fused to tags that must
(1) export the protein outside the cell yet (2) keep it anchored
to the cell surface.110 Alternatively, a secondary protein-based
binding moiety/scaffold that in turn recruits the desired
enzymes is fused to the tags;110 the use of secondary scaffolds
is discussed in Naturally-Derived Protein and Peptide Scaffolds
below. Tags may have different signal sequences for the two
tasks, ideally with minimal interference of the target protein’s
function (see below).110 This allows the entire cell membrane
to act as a biological scaffold. Perhaps the most well-known use
of this type of technology (albeit not on a cell/membrane) is
phage display, where peptides or proteins are displayed on the
outside of phages and can be rapidly screened for affinity to
given targets.110,129,130 However, this system can face
limitations on how large the displayed peptides/proteins can
be before steric effects restrain phage assembly.110

Display on cellular surfaces such as yeast/fungi and bacteria
endows advantages and, of course, comes with its own set of
limitations. All of the components can be expressed together in
one live cell, which is particularly advantageous if the cascade
utilizes other aspects of cellular machinery, such as displaying
enzymes to degrade cellulose to glucose and then using internal
enzymes to convert glucose to ethanol.108,110 Additional
advantages of this system can include access to nonconven-
tional substrates that do not have to be internalized into the cell,
self-immobilized enzymes that are renewable from the cell, and
increased enzyme stabilization.105,109−111 Limitations of this
approach can include difficulties in exporting and maintaining
fusion of enzymes outside a cell, difficulty in engineering/
identifying cells displaying correct enzyme ratios, and other
limitations inherent with using live cells (e.g., pathways
producing toxic intermediates or products and maintaining
optimal environmental conditions). The use of both yeast and
bacteria for cell surface display is highlighted below.108,110

Yeast Cell Surface Display. Using yeast for cell surface
display has been colloquially described as “whole-cell
biocatalysis”, “yeast surface display”, “yeast surface engineer-
ing”, “arming technology”, and “arming yeasts”.110,111,131,132

Multiple yeast hosts have been investigated for this purpose,
including Aspergillus oryzae, Pichia pastoris, Yarrowia lipolytica,
and the common baker’s yeast S. cerevisiae.106,108,110,111,131−141
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To perform yeast cell surface display for multienzyme cascades,
enzymes are typically fused to an anchor protein that in turn
ideally contains two signal sequences, one targeting the cell
surface and another for glycosylphosphatidylinositol (GPI)
attachment to transiently anchor the protein to the cell
membrane. There are a range of known anchor proteins (i.e.,
“tags”) from which to select for enzyme attachment, depending
on which one maintains the target enzyme’s activity. Tsai and
colleagues and Kondo and colleagues have published excellent
reviews that list these anchor proteins, including SED, Cwp2,
Flo428p, and the α-agglutinin system.106,110,142−145 Of
importance to multienzyme cascades, researchers have also
identified several auxotrophic markers that can facilitate site-
specific codisplay of enzymes on yeast.111 In this subsection, we
focus on direct yeast surface display (DYSD), specifically
codisplay (CD), where multiple enzymes are displayed on each
yeast cell. This contrasts from formats where multiple enzymes
are displayed in a coculture of single yeasts, each displaying a
separate enzyme (single enzyme display consortium or SEDC);
for more information on this method, see Tabañag et al.110

One of the main applications of yeast cell surface display that
has been investigated is the display of enzymes for the
degradation of complex biological feedstocks.110 This is largely
due to the focus of using yeast for biofuel/ethanol production,
where one of the main bottlenecks for production is the
breakdown of feedstocks such as cellulose, which can be
particularly difficult to degrade.106,110,146 Given this focus, here
we provide a brief introductory background on different types
of cellulose and cellulose-degrading enzymes before delving
into specific application examples. Polymerized glucose makes
up cellulose, which can have disordered amorphous domains
and ordered crystalline domains. In plant-based fibers,
crystalline cellulose makes up 90−100% of the mass.106,147,148

Cellulases are enzymes that can break down cellulose, but
unfortunately, crystalline cellulose is particularly recalcitrant to
cellulase degradation.146 Given the inherent differences in the
ability of different types of cellulose to be degraded, researchers
typically specify the cellulose source when describing
degradation systems: carboxymethyl cellulose (CMC), a
soluble cellulose that can be degraded by some organisms
that cannot degrade other types of cellulose;149 phosphoric
acid-swollen cellulose (PASC), an insoluble, mostly amorphous
cellulose; and Avicel, which is nearly pure cellulose that has
been treated with dilute acid to remove hemicelluloses and
more extensive amorphous cellulose regions, though it still
contains a significant amount of amorphous cellu-
lose.106,147,150−152 Figure 7 illustrates how three different
types of cellulases can degrade cellulose: an endoglucanase
and cellobiohydrolase can cleave cellulose to smaller pieces, and
a β-glucosidase can hydrolyze cello-oligosaccharides into
glucose.106,153

One recent example of the use of yeast cell surface display for
cellulose degradation was reported by Liu et al.106 This
approach focused on surface display of four enzymes on S.
cerevisiae for degradation of crystalline cellulose into glucose: an
endoglucanase, two cellobiohydrolases, and a β-glucosi-
dase.106,153 To display these enzymes, they used a Sed1
anchoring domain, which is a stress-induced structural GPI-cell
wall glycoprotein.106,110,142,143 The authors desired to optimize
the ratio of these enzymes to maximize the overall activity;
however, modulating the ratio of enzymes in yeast cell surface
display has traditionally been quite difficult. To address this
issue, a cocktail δ-integration method the laboratory had

developed was used to generate a pool of yeast that expressed
different copy numbers of genes encoding three of the
cellulases/anchoring proteins in the genome; thus, these yeasts
would display different ratios of the desired enzymes.110,154,155

A screening strategy was then implemented to determine which
ratios were best at degrading cellulose.106,156 With this
technique, the best strain identified (A26) was found to have
57% of the equivalent of the theoretical maximum yield from
Avicel. The authors also noted that this yield from Avicel
generated by cellulolytic yeast is among the highest reported.
The A26 strain also had a 60% increase in ethanol yield from
rice straw relative to the single-integrated strain displaying the
four enzymes. The setup of the technique and the transcription
ratios of the enzymes in A26 can be seen in Figure 8.106,110

While this report did not specify whether substrate channeling
improved the performance of the scaffolded cascade, it does
highlight the importance of modulating the enzyme ratio and
illustrates one technique for selecting cells displaying an
optimized ratio of enzymes.

Bacterial Cell/Spore Surface Display. Similar to yeast cell
surface display, enzymes can also be displayed on bacteria or
even on bacterial spores. Schüürmann et al. published an
excellent review detailing different anchor proteins and their use
in Gram-negative and Gram-positive bacteria.108 They
described three general categories for Gram-negative bacteria.
First are autotransporters, which typically contain a signal
peptide for inner membrane translocation, a passenger domain
(i.e., targeted enzyme or a secondary scaffold), and a
translocation domain enabling the passenger domain to be
displayed on the cell surface. Second are ice nucleation proteins
(INPs), which contain a C-terminal hydrophilic domain, a
repetitive, large internal domain, and an N-terminal domain
that binds to the outer membrane. Third are a collection of
other outer membrane proteins such as OprF from
Pseudomonas aeruginosa, OmpW from E. coli, and bacterial
lipocalins. Three general categories for Gram-positive bacteria
were also described. First is the use of the PgsA anchor motif
from the membrane-associated poly-γ-glutamate synthetase
complex PgsBCA from Bacillus subtilis. The second is the use of
the NCg11221 anchor motif from Corynebacterium glutamicum,
a channel protein that may be used for L-glutamate secretion.
Third, and unique in that it is a display not on the mature cell
surface itself, is the use of endospores made by Bacillus spp.,

Figure 7. Schematic illustration of cellulose assimilation by cellulase
surface-displaying microorganisms. Three different types of cellulases
work together to degrade cellulose: an endoglucanase and cellobiohy-
drolase to cleave cellulose into smaller pieces and a β-glucosidase to
hydrolyze cello-oligosaccharides into glucose, which is then taken up
into the cell preferentially because of its close proximity.106,153

Adapted with permission from ref 153. Copyright 2013 Elsevier Inc.
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where proteins are displayed by C-terminal fusion to inner and
outer spore coat proteins. One benefit of this latter approach is
that since spores are made inside the bacteria (and then
released by lysis), membrane translocation of heterologous
passenger domains is not an issue.108

For some of these systems, it has been reported that up to
103−105 enzymes can be displayed on a given cell sur-
face.157−159 It has been speculated that Gram-positive bacteria
may be better for cell surface display because of their rigid cell
walls in view of the possible disruption of outer membranes
caused by anchored enzymes.160,161 With this said, there still
have been several reports of displayed enzymes on Gram-
negative bacteria.108 For additional mechanisms of surface
display on lactic acid bacteria in particular, the reader is referred
to a review by Michon et al.162 Two considerations to keep in
mind when using bacterial cell/spore display and that may
require trial and error are the choice of anchor/carrier and the
choice of linker, since it was shown that the choice of carrier
affected enzyme expression in one system163 and the flexibility
of the linker affected successful utility in another system.102,103

While much work has been done on bacterial cell/spore
surface display using single enzymes,108 one example of the use
of a multienzyme cascade was reported by Ryu and Karim.107

Similar to the goal of the yeast cell surface display highlighted
above, they aimed to display three cellulases to degrade
cellulose to glucose on E. coli LY01. Previous systems based on
fungal enzymes and yeast display suffered from some
incompatibility since the optimal temperature for the fungal
enzymes was 55 °C, whereas the optimal yeast growth occurred
at 30 °C. In the current example, enzymes came from the
bacterium Clostridium cellulolyticum, and E. coli was used for
display; the optimal temperature and pH for both are
approximately 35 °C and 6.8, respectively.164 The three
cellulases utilized were the endoglucanase Cel5A,164 the
exoglucanase Cel9E,165 and a β-glucosidase, and these were
all fused to the anchor protein PgsA.166,167 Different cellulose
sources were degraded by displaying the three enzymes,
followed by conversion to ethanol by the same bacteria; in
particular, ethanol was produced from 10 g/L PASC at a yield
of 3.59 g/L for an impressive 95.4% of the theoretical yield. The
authors note some advantages and disadvantages to this
approach. One advantage is that glucose can be used by the
microbe immediately, thereby reducing product inhibition of
the cellulases.168 One disadvantage, however, is that the
enzymes may not colocalize with each other in close proximity
on the surface, limiting overall hydrolysis. While each biological

Figure 8. Yeast cell surface display of cellulolytic enzymes. (A) Schematic flow diagram of a novel screening method for high-cellulolytic yeast strains
toward the degradation of crystalline cellulose. (B) Cellulolytic activity toward Avicel. (C) Relative transcription levels of cellulase genes via real-time
PCR. The single-integrated strain EG-D-CBH1-D-CBH2-D was used as the control. Gene ACT1 was used as the internal standard. The relative
transcription levels are shown as the fold of the level in the control strain. Data are means of three independent experiments; error bars represent SDs.
BGL = β-glucosidase; EG = endoglucanase; CBH1 = cellobiohydrolase 1; CBH2 = cellobiohydrolase 2. Reproduced from ref 106. Copyright 2017
Wiley Periodicals, Inc.
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scaffold has its own pros and cons, some of the limitations of
cell-surface scaffolds could potentially be addressed by using
naturally derived protein and peptide scaffolds, which is
addressed in the next section.
Naturally-Derived Protein and Peptide Scaffolds. In

contrast to using an entire cell surface directly as a scaffold,
proteins and peptides can be engineered to assemble multiple
enzymes together using a variety of methods, some of which are
highlighted below. Advantages of using naturally derived
proteins and peptide scaffolds are that they can be genetically
encoded along with the desired enzymes and that the enzymes
can be further assembled in user-defined ratios and order.
Disadvantages can include limits on the number of enzymes
attached per scaffold (in some systems branching can alleviate
this to some extent) and added time/resources to construct the
scaffold (in terms of both human input and microbial input).
The Cellulosome. The cellulosome can for all intents and

purposes be considered nature’s model scaffold for self-
assembly of enzymatic cascades. These extracellular complexes
are usually found either attached to the cell wall of bacteria such
as Clostridium thermocellum or existing free in solution after
being excreted from cells.112,147,169−171 The native cellulosome
core consists of a multicomponent scaffoldin protein that serves
to organize and display the cellulolytic enzymes around the
complex, such as the various cellulases described for cell surface
display above. These cellulolytic enzymes include a variety of
degradative enzymes such as xylanases, cellobiohydrolases, and
endoglucanases that work together in a synergistic manner to
“digest” insoluble cellulosic substrate into simple sugars.147,170

Enzymes destined for use in cellulosomes typically display
dockerin binding protein modules that bind to a cognate
cohesin protein module on the scaffoldin when Ca2+ ions are
present.119,172 The latter class of high-affinity binding partner
proteins (KD in the nM to pM range)66,116 have now been
extensively cloned and studied to allow for attachment of
appropriate fusion proteins to each other, to designer scaffolds,
or around another large scaffold protein.66,116,169−171 Cellulo-
somes even have cellulose-binding domains (CBDs) that allow
for attachment to the substrate while undergoing digestive
reactions. This complexity and organization is believed to have
arisen by selection during evolution to optimize the kinetic
efficiency, as cellulases are among the slowest-acting enzymes
known.146,173

The beauty and innate evolutionarily derived organization of
the cellulosome, whose structure imbues and amplifies its
intended function, have led researchers to try to assemble
similar systems as artificial multienzyme scaffolds in a variety of
contexts. In particular, this strategy has been used to (1) display
cellulosic enzymes on yeast for cellulose degradation, (2)
investigate a mixture of covalent docking strategies, again for
display of cellulases on yeast, (3) explore another orthogonal
cascade on yeast; and (4) display enzymes on a surface other
than yeast. These examples are highlighted below.
Instead of directly scaffolding enzymes on the cell surface as

described in the previous section, researchers have investigated
displaying artificial multienzyme scaffolds based on cellulo-
somes on yeast. The overarching goal driving this research is to
develop new ways of processing cellulosic feedstock into simple
reducing sugars for ethanol production as a key biofuel.112,115

For example, Fan et al. cloned a variety of cellulases from C.
cellulolyticum for assembly and display in minicellulosomes on
the surface of S. cerevisiae.112 As shown in Figure 9, the
minimally functional minicellulosome was composed of a

scaffoldin and three attached catalytic subunits.112 Scaffoldin I
contained a C-terminal type II dockerin (DocII), a CBD, and
three type I cohesins (CohI-1, CohI- 2, and CohI-3). The
catalytic units included an endoglucanase (EG), an exogluca-
nase (cellobiohydrolase; CBH), and β-glucosidase (BGL),
which cumulatively allowed the enzyme complex to meet the
minimum requirement for crystalline cellulose hydrolysis.
Scaffoldin II contained type II cohesins (CohII) to bind to
scaffoldin I and an AGA2 domain to bind the cognate AGA1
domain on the yeast surface (AGA1 and AGA2 are components
of a commercial yeast display system); the proteins were all
secreted by the yeast, assembled extracellularly, and then
displayed on the yeast cell surface.174,175 Exploiting the benefits
inherent to this design approach, the authors displayed multiple
copies of scaffoldin I on the scaffoldin II protein again using
dockerin−cohesin interactions. By optimizing the scaffoldin II
length and its corresponding number of repeats, they were able
to demonstrate simultaneous saccharification and fermentation

Figure 9. Self-surface assembly of minicellulosomes on the yeast cell
surface. (A) Scaffoldin II was displayed through AGA1 and AGA2 (a
yeast display system); the V5 epitope was used as a tag for
immunodetection. CBD = cellulose-binding domain; BGL = β-
glucosidase; EG = endoglucanase; CBH = cellobiohydrolyase (a.k.a.
exoglucanase); DocI = exogenous or native type I dockerin, CohII =
type II cohesins. (B) Functionality of the different versions of the
minicellulosomes with various scaffoldin II lengths. PASC (86.2)
means the cellulose was prepared using 86.2% phosphoric acid
(phosphoric acid-swollen cellulose), CMC is soluble cellulose, and
Avicel is another crystalline cellulosic substrate. Reproduced with
permission from ref 112. Copyright 2012 reference authors.
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Figure 10. Self-assembling cellulosome designed for yeast surface display. (A) Interaction between Aga1p and Aga2p via disulfide bonds. (B)
Assembly of cellulases on the surface-displayed synthetic scaffoldins through covalent disulfide bonds. AGA2s, used as dockerins; tAGA1s, used as
cohesins; GPI, the glycosyl phosphatidylinositol anchor; SP, signal peptide; BGL, β-glucosidase; EG, endoglucanase; CBH, exoglucanase; CBM,
carbohydrate-binding module. (C) Assembly of the cellulosome using scaffoldins from C. thermocellum. (D) Assembly of complex cellulosomes with
two scaffoldins through covalent disulfide bonds. (E) Immunofluorescence micrographs and FACS analysis of each enzyme self-assembly through
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Figure 10. continued

covalent disulfide bonds. (a) Control strain with expression of empty plasmids. (b) Assembly of Talaromyces emersonii exoglucanase fused with
Aga2p (Te-aCBH1) onto synthetic scaffoldin using the repeated N-terminus of Aga1p (ScafAGA3) on yeast cell wall. (c) Assembly of Chaetomium
thermophilum endonuclease fused with Aga2p (Ct-aCelA) onto ScafAGA3 on yeast cell wall. (d) Assembly of Saccharomycopsis fibuligera β-
glucosidase fused onto Aga2p (Sf-aBGL1) onto ScafAGA3 on yeast cell wall. Anti-DDDDK antibody was used to detect the assembly of BGL1 and
CBH1, and anti-Myc tag antibody was used to detect the assembly of CelA (endoglucanase). The control is the strain without staining. Results are
representative of two independent repeat experiments. Reproduced from ref 119 under a Creative Commons license (https://creativecommons.org/
licenses/by/4.0/).

Figure 11. Trifunctional scaffold displayed on the yeast surface. (A) Schematic representation of the coimmobilization of three dehydrogenases
(alcohol dehydrogenase (ADH), formaldehyde dehydrogenase (FALDH), and formate dehydrogenase (FDH)) on a trifunctional scaffold displayed
on the yeast surface using Aga1/Aga2 components. Three orthogonal cohesin (Coh)−dockerin (Doc) pairs from Clostridium cellulolyticum (CC),
Clostridium thermocullum (CT), and Ruminococcus flavefaciens (RF) were used for the assembly. With this system, methanol was fully oxidized to
CO2, resulting in three molecules of NADH. (B) NADH production rates generated by the dehydrogenase multienzyme cascade and the same
amount of free enzymes. Using all three dehydrogenases on the scaffold resulted in a 5.1-fold increase in NADH production rate. Reproduced with
permission from ref 116. Copyright 2013 Royal Society of Chemistry.
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of cellulose into ethanol directly from crystalline cellulose
substrate, yielding an ethanol titer of 1.4 g/L (Figure 9B). More
importantly, the constructs demonstrated a 1.3-fold increase in
cellulose hydrolytic ability which was ascribed to proximity-
based synergy and a 3.2−3.6-fold increase in ethanol titer for
the optimized construct over unifunctional minicellulosomes.
Overall, this example serves as a key proof that cellulosome-
derived enzyme cascades can be assembled in a designed
heterologous manner on other cell surfaces and still provide the
benefit of a close-packed enzyme scaffold. Liang et al. built upon
this approach to create analogous yeast minicellulosomes that
further included lytic polysaccharide monooxygenases, which
are believed to cleave cellulose oxidatively.115 This minis-
caffoldin cascade increased the ethanol titer to 2.7 g/L and
allowed the yeast strain to use PASC as its sole carbon source.
While cellulosome assembly on yeast using the display of

scaffoldin with cohesin−dockerin domains can be effective, it
relies on the non-covalent interaction between these two
domains and can face limitations including (1) a low number of
cells displaying the scaffold efficiently, (2) high-affinity yet still
non-covalent docking of cellulase−dockerin fusions onto the
scaffold, and (3) the low activity of the cellulase−dockerin
fusions.119 To address these limitations, Tang et al. investigated
using subunits of the S. cerevisiae cell adhesion protein α-
agglutinin as a docking pair instead.119 This protein has been
used previously as a yeast surface display system,176−178 and in
fact, AGA1/AGA2 was the basis for anchoring scaffoldin II to
the yeast surface in the above example from Fan et al. but was
not investigated with regard to the docking/pairing system.
This protein consists of an Aga1p subunit that anchors to the
surface cell wall and an Aga2p subunit that binds two cells
together; these two subunits are attached using two disulfide
bonds.174,175 The N-terminus of Aga1p, called tAga1p, contains
149 amino acids and is the region that binds Aga2p. Three
yeast-displayed systems were compared by the authors: (1) a
scaffold using only the α-agglutinin system docking pairs
(Figure 10A,B), (2) a scaffold using the cohesin−dockerin pairs
(Figure 10C), and (3) a complex scaffold using the α-agglutinin
system as the primary scaffold with the cohesin−dockerin
system as branching secondary scaffolds (Figure 10D). A β-
glucosidase, exoglucanase, and endoglucanase multienzyme
cascade was used to test degradation of PASC followed by yeast
conversion to ethanol. The display of each fusion enzyme,
especially that of the endoglucanase, was significantly improved
using the α-agglutinin system versus the cohesin−dockerin
system. The display percentages using the α-agglutinin system
versus the cohesin−dockerin system were 3.90% versus 1.58%
for β-glucosidase, 6.39% versus 1.80% for exoglucanase, and
20.88% versus 1.58% for endoglucanase (see Figure 10E for α-
agglutinin percentages). Importantly, the display of the
cohesin−dockerin system was seen only when those secreted
fusion enzymes were concentrated and added to cells displaying
the scaffold; for the α-agglutinin system, the fusion enzymes
could be coexpressed with the scaffold with no concentration
step needed. Tang et al. also explored additional modifications,
including placing linkers between the dockerin domain and
enzymes to improve the activity (no activity increase was seen
for the endoglucanase) and expressing select aspects of the
yeast secretory pathway to improve yeast display of the scaffold.
Ultimately, they showed 0.89 g/L ethanol production from
PASC at 72 h using the α-agglutinin system, while the cohesin−
dockerin system produced 3-fold less, and 1.7-fold more was
produced using the optimized complex scaffold, which was also

optimized for enzyme ratios. Overall, the use of a covalent
docking pair seems to come with functional advantages;
however, one limitation is the inability to control the enzyme
ratio in the simple system due to a lack of orthogonal docking
pairs, requiring the use of complex scaffolds with the cohesin−
dockerin system, though this limitation may be addressed with
future research.
The use of the yeast-displayed cellulosome system is not

limited to cellulose degradation; it can also be used for a
completely orthogonal multienzyme cascade, as demonstrated
by Liu et al., who focused on assembling a system that could
fully oxidize methanol to CO2 (Figure 11A).

116 The goal was to
fully oxidize the fuel, resulting in an improved current density
for enzymatic biofuel cells.116,179−181 The cascade reaction
results in three molecules of NADH, proportional to the
number of electrons that would go to a biofuel cell anode.116 To
improve upon a previously constructed scaffold,68,182 the
authors deleted the internal CBD in order to move the attached
enzymes into closer proximity, leaving three divergent cohesin
domains from C. cellulolyticum, C. thermocullum, and
Ruminococcus flavefaciens to bind three different docker-
ins.68,116,182 Three dehydrogenases were recombinantly ex-
pressed in E. colialcohol dehydrogenase (ADH; tetrameric)
from B. stearothermophilus, formaldehyde dehydrogenase
(FALDH; tetrameric) from Pseudomonas putida, and formate
dehydrogenase (FDH; dimeric) from S. cerevisiaeeach fused
at the C-terminus with a separate dockerin domain that
matched the species-specific cohesin domain referenced
above.68,179,182,183 The fusions did not need purification to
attach onto the yeast surface; the use of just cell lysates was
sufficient. Ultimately, this trifunctional scaffold on the surface of
yeast cells increased the NADH production rate by 5.1-fold
compared to the same amount of free enzymes (Figure 11B).
This was attributed to substrate channeling and the ability to
minimize product inhibition of formate on FALDH by
conversion of formate to CO2.
The cellulosome system has also been used without being

displayed on yeast. Park et al. investigated using the cellulosome
scaffold displayed on bacterial-derived outer membrane vesicles
(OMVs).117 OMVs are produced by some Gram-negative
bacteria and consist of 20−200 nm proteoliposomes made as
part of these bacteria’s normal growth.117,184−186 Displaying
cellulosome scaffolds on OMVs instead of on yeast cells may be
advantageous in the case of multienzyme cascade reactions for
which the use of living cells could be difficult (e.g., for reactions
that produce toxic products or species that are substrates for
competing reactions).12,23 Furthermore, using OMVs may be
less complicated than using liposomes or polymerosomes,
necessitating only molecular biology methods and cell
growth.117 A potential problem in displaying the cellulosome
scaffold on bacterial membranes was that the scaffold is large
(>100 kDa). To solve this problem, the authors used the INP
anchor to display the scaffold, as this anchor has previously
been used to display proteins up to 119 kDa on E. coli.187 They
used E. coli JC8031 because this strain overproduces OMVs in
comparison with E. coli BL21(DE3), which does not produce
many OMVs under the same growth conditions.117,188 A
multienzyme cascade reaction was tested on the OMV-
scaffolded system using three cellulases (an endoglucanase, an
exoglucanase, and a β-glucosidase) fused to three dockerin
domains that were bound to the scaffold with three cohesin
domains (the scaffold also contained the cellulose-binding
module in this case) (Figure 12A). This reaction catalyzes the
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conversion of PASC to glucose, facilitating the use of common
feedstocks for biosynthesis. The OMV scaffold system
produced 23-fold more glucose than the free enzyme system
(Figure 12B). Importantly, this system was better than a yeast
display system with the same scaffold, and this was attributed to
increased cooperative action between enzymes due to the
smaller bacterial structure and better enzyme proximity.117

Affibodies. Another strategy to dock enzymes onto scaffolds
is through the use of affibodies and their cognate binders.120

Affibodies are based on a 58-residue three-helix bundle from the
Fc-binding Z domain of Staphylococcus aureus protein A, where
helix 2 can be engineered for increased stability and the Fc
binding face can be randomized in order for affibodies to bind
to other targets.189−192 Affibodies can be paired with other
affibodies that are anti-idiotypic (i.e., that bind to the equivalent
of an antigenic determinant of an affibody) to form a docking
pair. One part of the pair can be linked to form a scaffold, and
the other can be attached to the enzyme of interest (Figure
13A).120,193 Some of the selected anti-idiotypic affibody−
affibody pairs include ZTaq:anti-ZTaq (KD = 0.7 μM), ZIgA:anti-
ZIgA (KD = 0.9 μM), ZHER2:anti-ZHER2 (KD = 0.3 μM), and
ZWT:anti-ZWT (KD = 0.05 μM).120,189 Importantly, there are
many known affibody/anti-idiotypic pairs that are orthogonal,
so this system could be used to dictate enzyme ratios and/or
positions on scaffolds similarly to the previous cohesin−
dockerin systems.120,189,194

Tippmann et al. examined the use of affibody pairs to
associate enzymes with scaffolds because of their small size,
stability, and fast folding kinetics.120 In addition to a two-
enzyme cascade for farnesene production, they also examined a
three-enzyme cascade to produce polyhydroxybutyrate (PHB)
from Synechocystis sp. PCC 6803, since this compound can be
used as a bioplastic (Figure 13A).195 Importantly, the first step
is thermodynamically unfavorable (under standard conditions),
and thus, channeling the product (acetoacetyl-CoA) forward
could improve the overall reaction (Figure 13B). The N-
terminus of the enzymes were fused to ZWT, ZHER2, and ZIgA; the
scaffold contained the cognate antiaffibodies separated by

(SSSSG)4 linkers (Figure 13A). Production of PHB by the
fusion enzymes was increased 3-fold even in the absence of
scaffold; using this scaffold, production was increased another
2.5-fold, but only at low enzyme and scaffold levels (Figure
13C). The authors indicated that along with placement of the
affibody, the affibody-pair KD values could affect the efficiency
of the system. The KD values indicate a half-life of 3−50s for the
complex, while enzyme−substrate complex lifetimes can be
estimated as 35−270 ms (based on median enzyme turnover
numbers for central and secondary metabolism);39 therefore,
the lifetime of the complete scaffold may be short compared
with the kinetics of the multienzymatic reaction. A further way
to improve the efficiency could be scaffold aggregates based on
multimeric enzymes.12,14,28,56,59,60,196,197

Display on 2D/3D Architectures. While the previous
examples have focused on a scaffold of linked binding domains,
Zhang et al. recently developed a system using a shell protein
from the ethanolamine utilization (Eut) microcompartment of
Salmonella enterica, as shown in Figure 14A.123 EutM forms
hexamers that self-assemble into arrays, which then assemble in
vivo into microcompartment shells.198−200 The authors showed
that EutM purified from E. coli self-assembled in vitro into large
crystalline arrays (not shells) and envisioned this as a scaffold
for multienzyme assembly. To attach enzymes to this scaffold,
the authors chose to use the SpyTag/SpyCatcher system,201

where the ∼1.5 kDa SpyTag peptide would be fused to the
enzyme and the ∼9.5 kDa SpyCatcher would be fused to EutM.
Upon encountering each other, the SpyTag/SpyCatcher pair
forms an autocatalytic isopeptide bond. Using green fluorescent
protein (GFP) and mCherry in place of enzymes, the authors
showed that the SpyTag/SpyCatcher system could associate
proteins with the EutM scaffold in vivo and found that the C-
terminal fusion of SpyCatcher to EutM only slightly altered self-
assembly. On this basis, an N-terminal His-tagged EutM−
SpyCatcher fusion was overexpressed in E. coli, purified in one-
step, and found to self-assemble at room temperature at pH 7.4
into micrometer “nests” formed from long, flexible protein
fibrils with widths of ∼40 nm width and lengths of several

Figure 12. Multiple enzymes functionally assembled on engineered bacterial outer membrane vesicles (OMVs). (A) A trivalent scaffold containing
three orthogonal cohesion domains, DocC (from C. cellulolyticum), DocT (from C. thermocellum), and DocF (from R. flavefaciens), and one cellulose-
binding module was displayed on OMVs using the ice nucleation protein (INP) anchor. The specific interaction between each cohesin−dockerin
pair enabled the sequential assembly of three dockerin-tagged cellulases (E1, E2, and E3) onto the OMVs at the corresponding positions (C, T, and
F). With this system, PASC was degraded to glucose. CMB = cellulose-binding module. (B) Reducing sugars (AT = endoglucanase and AT+EC =
endoglucanase + exoglucanase) or glucose (AT+EC+BF = endoglucanase + exoglucanase + β-glucosidase) were produced from PASC by enzyme-
assembled OMVs or the same amount of free enzymes. Using all three cellulases on the scaffold resulted in a 23-fold increase in glucose compared
with free enzyme. Reproduced with permission from ref 117. Copyright 2014 reference authors.
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hundred nanometers. These were stable at pH 5−9 and up to
50 °C. Attachment of SpyTag−GFP could be done at the same
time as self-assembly or after self-assembly. In some cases, there
was not a 100% yield of SpyTag fusion(s) attachment to
SpyCatcher fusion(s); this has been documented previously for
this system and reflects the complexity of optimizing conditions
for efficient completion of the reaction.201

Encouraged by these results, the same authors aimed to
assemble two enzymes to enantioselectively convert (S)-2-
hexanol to (R)-2-aminohexane as proof of concept based on a
cascade developed by Mutti et al.202 SpyTags were fused to the
broad-specificity NAD+-dependent alcohol dehydrogenase
Prelog AA-ADH and a chimeric Ch1-AmDH NADH-depend-
ent amine dehydrogenase engineered for stability.203−205 N-

terminal fusion of the SpyTag slightly improved the activity of
the enzymes; C-terminal fusion to AA-ADH severely lowered
activity. Overall, SpyTag−Ch1-AmDH had ∼300-fold lower
catalytic efficiency (kcat/KM) than SpyTag−AA-ADH, so the
loading ratios onto EutM−SpyCatcher were adjusted to
partially compensate for this. Different ratios of the fusion
enzymes versus the scaffold were also tested (1:1−1:6), and
attachment resulted in a dense filmlike material on top of the
fibril-like scaffold (in contrast to GFP fusion, which did not
change the appearance of the scaffold). As the enzymes are
multimers, they may attach to the scaffold in multiple places,
and this may account for the change in appearance.205−207

Overall, the scaffolded system improved the percentage of
chemical conversion versus free tagged enzymes (Figure 14B)

Figure 13. Affibody scaffold for improved production of polyhydroxybutyrate (PHB) from E. coli. (A) The PhaA, PhaB, and PhaEC enzymes were
tagged N-terminally with affibodies ZWT, ZHER2, and ZIgA, respectively. Genes encoding the enzymes were expressed from the IPTG-inducible
promoter PA1lacO1, and the three-site anti-idiotypic affibody scaffold (anti-ZWT−anti-ZHER2−anti-ZIgA) was expressed from the arabinose-inducible
promoter PBAD. (B) The heterologous PHB pathway consists of three enzymes and was cloned into E. coli. (C) PHB levels 24 h after enzyme and
scaffold induction in M9 medium supplemented with glycerol to 2%. PHB quantification was done using Nile Red staining and fluorescence
measurements and was normalized by cell density. (left) PHB enzymes were induced at low IPTG concentrations (0.05 mM). Fusion of affibody tags
increased the PHB levels significantly (*, P < 0.05; n.s., not significant (P > 0.05); Student’s t test). Induction of the Z3 scaffold also increased the
PHB levels, but only at low scaffold induction (60 μM arabinose). The presence of a nonbinding antibody (Zdummy) did not affect the PHB levels.
(right) PHB levels when PHB enzymes were induced at high IPTG concentrations (0.5 mM). Reproduced from ref 120. Copyright 2016 American
Chemical Society.
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and reached close to the same yield of (R)-2-aminohexane in
only 24 h as the free enzymes (untagged) did at 48 h
(∼90%)202 with low enzyme fusion to EutM ratios (e.g., 1:5,
1:6). This increase in activity could be due to increased stability
of the enzymes at these ratios, though at ratios of 1:1 and 1:3
the SpyTag−AA-ADH exhibited lower activity at all time
points, perhaps because of problems in quaternary structure. Of
note regarding this approach, a toolbox of EutM proteins from
diverse microorganisms with different properties such as
different architectures was developed, with potential for use
in future enzyme immobilization.208

Multienzyme Fusions. Another method for creating
scaffolded multienzyme cascades is to fuse enzymes together
using a peptide bridge. An excellent example that specifically
addresses substrate channeling was described by Liu et al. using
the enzymes hexokinase (HK) and glucose-6-phosphate
dehydrogenase (G6PDH).62 The authors sought not only to
fuse these two enzymes together with a peptide bridge but also
to specifically use a cationic peptide to exploit electrostatic
attraction with the dually negatively charged intermediate

glucose-6-phosphate. In this approach, electrostatic interactions
can facilitate substrate channeling even at longer distances
between active sites.209 This could be considered as using the
barrier to (bulk) diffusion as described in the Introduction. The
authors used molecular dynamics simulations and found that
the best cationic amino acid to use was lysine (vs histidine or
arginine) and that it is best used as slightly nonsaturating in the
bridge. They additionally found through these simulations that
dually negatively charged intermediates are much better than
singly negatively charged intermediates, as the dual negative
charge allows for coordination with two lysine residues that
helps with diffusion along the bridge. A pentalysine bridge was
then constructed to fuse the two enzymes together, linking
through a convergent synthesis (Figure 15A). The use of
neutral linking techniques makes the entire bridge close to the
nonsaturated, theoretical optimum lysine density; furthermore,
the total bridge was only ∼4 nm long, within the expected
distance to allow for substrate channeling facilitated by
electrostatics.62,209 A control bridge constructed from the
neutral amino acid glycine was also used. It was found that the

Figure 14. Coimmobilization of a dual enzyme cascade for chiral amine synthesis. (A) Schematic of the dual enzyme cascade coimmobilized on
EutM (bacterial microcompartment protein)−SpyCatcher protein scaffolds. An NAD+-dependent alcohol dehydrogenase (ADH) oxidizes an
alcohol substrate into the corresponding ketone intermediate, which is subsequently reduced by an NADH-dependent amine dehydrogenase
(AmDH) into a chiral amine. In this study, a Prelog AA-ADH with broad substrate specificity was combined with an engineered, stable, chimeric
Chl1-AmDH for the conversion (S)-2-hexanol to (R)-2-aminohexane. (B) One-pot amination reaction with free and EutM−SpyCatcher-scaffolded
dual-enzyme cascade. Conversion rates of (S)-2-hexanol to (R)-2-aminohexane by free and scaffolded SpyTag−ADH/AmDH dual-enzyme cascades
(controls contain untagged ADH/AmDH) containing increasing molar ratios of EutM−SpyCatcher after 12 and 24 h are shown. Data are averages of
three replicate experiments, and error bars are standard errors of the mean. All of the cascade reactions were performed at 30 °C and 190 rpm in a 3
mL reaction volume with ammonium chloride buffer (2 M, pH 8.7) containing 20 mM (S)-2-hexanol, 1 mM NAD+, 6 μM ADH, 150 μM AmDH,
and EutM−SpyCatcher (scaffold) added to obtain differing molar ratios of enzymes to scaffold. Conversion rates are shown as the percentages of
alcohol converted to the ketone intermediate and final amine product. Reproduced from ref 123. Copyright 2018 American Chemical Society.
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lag time decreased significantly using only the lysine bridge,
indicating substrate channeling (Figure 15B,C). This con-
clusion was bolstered by the finding that increasing the enzyme
concentration to the point where the free enzymes would be
close together in space obviated the relative decrease in lag time
for the peptide-fused construct. To demonstrate that electro-
statics did indeed play a role, the authors went on to show that
the decrease in lag time was dependent on the ionic strength,
increasing to nearly the free enzyme level at a NaCl
concentration of 100 mM. Altogether, this combined
theoretical and experimental work demonstrated that this
technique is a viable method for producing substrate channeling
between enzymes with a dually charged intermediate.
In contrast to using paired binding domains as a scaffold or to

bind a scaffold, one can use them to attach enzymes directly to
each other. This can be particularly valuable if one or more of
the enzymes is dimeric/multimeric, as it can facilitate enzyme
ratios beyond 1:1, which can have benefits such as aligning the
catalytic activity more closely to the ratio of desired enzyme
activities. One example of using binding domains in this way
was described by Yang et al.,122 who explored the production of
itaconic acid, a building block for various polymers.122,210−213

The three enzymes used in the cascade to produce itaconic acid
were citrate synthase (gltA, GA; predicted dimeric), aconitase
(acnA, ACN; monomeric), and cis-aconitate decarboxylase
(cadA, CAD; dimeric).214 As shown in Figure 16A,B, GA was
produced as a fusion to a C-terminal scaffolding domain
encoding the Src homology domains PSD95/DlgA/Zo-1
(PDZ) and the murine SH3 domain. To ensure rigidity and
position of the PDZ and SH3 domains, a rigid 5 nm α-helical
domain was incorporated between GA and the PDZ domain as
well as between the PDZ and SH3 domains.17,215,216 As GA is
dimeric, the C-terminal scaffold allows for the assembly of two

monomeric ACN−PDZ and a single CAD−SH3 dimer as they
bind to their respective binding domains. Of note, the linker
(GGGGS)2 was used between the fusions of ACN/CAD and
PDZ ligand/SH3 ligand, respectively.215 All of the additions
were fused to the C-termini of the respective enzymes, and the
location of the additions did indeed impact the overall
efficiency.17 Therefore, the complex had a final GA:ACN:CAD
ratio of 1:2:1. The fused enzymes retained most of their specific
activity versus unfused enzymes. This complex self-assembled
into 50−120 nm particle-like structures as multiple complexes
(likely two to four units of complex). Aggregation did increase
the overall efficiency of the system, likely as a result of the
increased likelihood that any intermediates that happened to
escape the complex would quickly hit another complex (see the
Introduction).12,14,28,56,59,60 Overall, in vivo an E. coli strain
expressing the entire complex produced 3.84-fold more itaconic
acid than the control strain expressing free enzymes. After
additional metabolic engineering, the production of itaconic
acid was 3.06 g/L, and the concentration of byproducts was
significantly reduced (Figure 16C).
In another example, Price et al. were able to effect a large 1:10

enzyme ratio just by using enzyme fusion.118 They focused on a
multienzyme cascade converting methanol to fructose-6-
phosphate to facilitate the use of methanol as a feedstock.
This cascade utilizes the decameric methanol dehydrogenase
MGA3 (Mdh3), 3-hexulose-6-phosphate synthase (Hps), and
6-phospho-3-hexuloseisomerase (Phi).217−222 A significant
aspect of this reaction is that the first enzyme, methanol
dehydrogenase, favors the reverse direction (formaldehyde to
methanol); having enough Hps and Phi is one way to
irreversibly sequester formaldehyde and drive the reaction
forward efficiently.220 The authors noted that one could do this
by expressing 10-fold more Hps than Mdh3 in vivo but that this

Figure 15. Electrostatic bridge for substrate channeling. (A) Illustration of the proposed channeling complex using a poly(lysine) bridge as an
electrostatic surface between hexokinase (HK) (PDB entry 3VF6) and glucose-6-phosphate dehydrogenase (G6PDH) (PDB entry 4LGV). (B)
Experimental reaction scheme used to study electrostatic channeling of the charged intermediate (glucose-6-phosphate) across a cationic peptide
bridge. (C) Sample absorbance plot highlighting the determination of the experimental lag time (τ) for complexes containing a 4 nm cationic bridge
(K5), a neutral bridge (G5), or free enzymes. Reproduced from ref 62. Copyright 2017 American Chemical Society.
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may result in a heavy cellular burden, especially if all of the
downstream enzymes also had to be expressed at a high level.
Instead, they used Mdh3 as a core for a complex as well as Hps
alone and a previously investigated Hps−Phi fusion that had
more activity than a 1:1 mixture of Hps and Phi.223 On the basis
of the understanding that multimeric enzymes are typically hard
to assemble and can form large and disordered complexes if
random cross-linking between enzymes and scaffolds is used,224

they opted to use interaction domains and take advantage of the
self-assembly of multimers.225 The SH3 domain/ligand pair
was used to complex Mdh3 with the Hps−Phi fusion; this pair
has KD = 0.1 μM.17 The SH3 ligand (sSH3lig,
PPPALPPKRRR) was fused to the decameric Mdh3, and the
SH3 domain was fused to Hps alone or the Hps−Phi fusion
(Figure 17A). The complex of Mdh3−Hps with free Phi at a
1:1:1 ratio led to 27-fold greater production of fructose-6-
phosphate than the free enzymes in vitro; using the Hps−Phi
fusion at a 1:1 ratio led to 50-fold greater production, which was
better than even an Mdh:Hps:Phi ratio of 1:5:5 (Figure 17B).
The size of the complex between Mdh and the Hps−Phi fusion
was 24 nm, indicating that large multienzyme complexes did

not form. To improve the reaction even more, the authors
added an NADH sink using lactate dehydrogenase; this resulted
in a 97-fold increase overall relative to the free enzymes. This
system was also tested in vivo, where methanol consumption
was approximately 9-fold faster using the complex, though only
2.3-fold faster after 24 h, perhaps because of limitations in
resting cell cultures.118 Overall, this example clearly illustrates
the power of enzyme fusions using designer multimeric
enzymes.

Inclusion-Body-Based Scaffolding and the Use of Coiled
Coils/Leucine Zippers. A priori, if one wanted to design a
simple system to bring two enzymes together, one might start
by trying to find short complementary-binding peptides and
then fuse them to those enzymes. Coiled coils represent a
family of just this type of system: two or more α-helices, each
with seven amino acid repeats, that twist together in a
supercoiled bundle with micromolar to subnanomolar
affinities.226−228 An important subfamily of coiled coils are
the leucine zipper peptides, which are ∼40 residues long and
combine two to four helices.227 Extensive research has

Figure 16. Sequential self-assembly of a multienzymatic complex reactor. (A) Strategy for self-assembly of complex reactors of the heterogeneous
dimeric citrate synthase (GA), monomeric aconitase (CAN), and dimeric cis-aconitate decarboxylate (CAD) using protein−peptide interaction
domains and ligands (mouse SH3 and PDZ domains/ligands). The scheme at the right presents the putative self-assembly mechanism for the
conversion of citric acid to itaconic acid (IA) in the presence of a sequential catalytic flux (green arrows). (B) Simplified cartoon representation of
(A) for illustrative purposes. (C) Illustration of the cooperating metabolic engineering strategy with the sequential self-assembly system to increase
the biocatalytic efficiencies. (left) Schematic representation of the metabolic networks integrating the itaconate pathway in E. coli. (right) The IA
productions were measured in all of the genetically manipulated strains, with the unassembled strain uaCGA employed as the control. Each data
point represents the mean ± SD of three measurements. Adapted from ref 122. Copyright 2018 American Chemical Society.
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expanded our knowledge of the various coiled-coil domains that
are available for further utility.226,227,229−232

An exciting application of coiled coils with regard to
multienzyme cascades is to use them with inclusion bodies
(IBs). IBs are aggregates of proteins found both in prokaryotes
and eukaryotes (a.k.a. aggresomes); historically, these aggre-
gates were thought to be only inactive, unfolded proteins, but
recent research has shown that, at least in E. coli, these
aggregates can retain some activity (they are known as CatIBs
when catalytically active).114,233,234 Therefore, a protein
scaffold that facilitates IB formation can be fused to one helix
of a coiled coil, while the enzymes constituting the reaction
cascade can be fused to the complementary helix; upon
formation of the IB and mixing, the coiled-coil interaction
brings the multienzyme cascade into proximity. Han et al. took
advantage of this with their system to produce 1-butanol from
acetoacetyl-CoA.113 They used the CBD of Cellulomonas fimi
exoglucanase to induce IB formation and fused this to one part
of a leucine zipper.113,235,236 The complementary part (to form
an antiparallel leucine zipper) was fused to four enzymes of the

final cascade: 3-hydroxybutyl-CoA dehydrogenase (Hbd),
crotonase (Crt), butyryl-CoA dehydrogenase (Ter), and
butylaldehyde dehydrogenase/butanol dehydrogenase
(AdhE2), where all but Ter (from Treponema denticola) were
from Clostridium acetobutylicum (Figure 18A).113,237 The IB−
leucine zipper−enzymes construct was tested both in vitro and
in vivo (Figure 18B). In vitro, separate cell-free extracts of the
tagged enzymes and the IB were prepared, mixed, and washed,
resulting in a 7.3−7.9-fold increase in the rate of butanol
production versus free enzymes (free enzymes did show lower
activity in insoluble fractions). In vivo, the rate increase was
estimated to be 1.5−2-fold (Figure 18C).
Jag̈er et al. also exploited an IB/coiled-coil system, but in a

different way.114 They fused the tetrameric coiled-coil domain
of tetrabrachion from Staphylotermus marinus both to induce
inclusion body formation and to bind the enzymes togeth-
er.114,238,239 They specifically pointed out the following
advantages of CatIBs: they are easy to produce in E. coli; they
can be handled/stored in frozen suspension or lyophilized;
often they are more stable long-term; and they are easily

Figure 17.Mdh3−Hps−Phi supramolecular enzyme complex. (A) Schematic of the methanol dehydrogenase−3-hexulose-6-phosphate synthase−6-
phospho-3-hexuloseisomerase (Mdh3−Hps−Phi) supramolecular enzyme complex and corresponding cascade reactions. Lactate dehydrogenase
(LDH) was used as an NADH sink to further minimize formaldehyde reduction. H6P = hexulose-6-phosphate; SH3 = Src homology 3 domain from
the adaptor protein CRK; SH3lig = SH3 ligand. (B) Formaldehyde (first bar) and fructose 6-phosphate (F6P) (second bar) formation with and
without SH3-tethered enzymes. Purified Mdh−sSH3lig was mixed with either Hps and Phi, SH3−Hps and Phi, or the SH3−Hps−Phi fusion.
Formaldehyde was assayed using the Nash reagent. Error bars represent SDs of at least three replicate experiments. Reproduced with permission
from ref 118. Copyright 2016 reference authors.
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recycled because of their insolubility in aqueous or organic
systems.114,238 They used this system to produce (1R,2R)-1-
phenylpropane-1,2-diol (a precursor for the calcium channel
blocking drug diltiazem) from benzaldehyde and acetaldehyde
using two enzymes attached to the coiled coil through a flexible
linker: benzaldehyde lyase from Pseudomonas fluorescens and
alcohol dehydrogenase from Ralstonia sp.240−243 They found
that >80% of the activity in the cell lysates was in the insoluble
fraction, indicating that the enzymes were pulled to inclusion
bodies; however, the enzymes retained only ∼1−3.3% of their
activity compared with purified enzymes (although the higher
yield partially compensated for this). Importantly, though, the
inclusion body system showed more stability than free enzymes,
with 7- to 15-fold higher residual activity after 4 days of
reaction. Furthermore, the inclusion body system worked even
though the enzymes required cofactors, were tetrameric (with
minimal functional units as dimers/monomers), and had
subunit sizes of 60.0 and 26.7 kDa, indicating the flexibility of
this approach.114,242,244,245

Protein Crystalline Inclusions by Cip Scaffolds. In an
alternate aggregate-type approach, Wang et al. focused on Cip
scaffolds.121 Cip scaffolds are composed of the protein CipA
(104 amino acids) or CipB (100 amino acids) from
Photorhabdus luminescens fused to enzymes of interest.121,246,247

Cip scaffolds can (1) organize single or multiple proteins into
protein crystalline inclusions (PCIs), (2) be used in vivo or
readily isolated and utilized in vitro, and (3) organize multiple
enzymes into functional complexes. Wang et al. showed that
Cip−enzyme fusions could form insoluble PCIs that could be
purified within 2 h simply by cell disruption, centrifugation, and
washing (90% pure by polyacrylamide gel electrophoresis
(PAGE)); these PCIs could be dissolved only in high levels of
denaturing solutions (10% w/v SDS or 8 M urea), strongly
acidic (pH 3) or alkaline (pH 11) conditions, or partially with
50% v/v glycerol, but not with high concentrations of NaCl or
EDTA; this facilitated their easy isolation. Cip−enzyme fusions
could also move the enzyme maximum activity to higher

temperatures, as the optimum temperature of β-galactosidase
(LacZ, β-Gal) was moved from 42 °C as His−LacZ to 52 °C as
CipB−LacZ. In terms of a multienzyme cascade, the violacein
pathway was investigated in vivo. This pathway consists of five
enzymes (VioA−E) to make the bisindole violacein, which has
potential applications in medicine.248,249 Different combina-
tions of selected enzymes from this pathway fused to a Cip
scaffold or left free in solution were tested, including the
situation where all of the enzymes were fused to a Cip scaffold
and a control in which all of the enzymes were free in solution.
Importantly, the combination resulting in the highest yield per
OD600 and the highest percentage of product over byproduct
did not have all of the enzymes fused to a Cip scaffold: only
three of the five enzymes were fused, with the remaining two
free in solution. This combination resulted in a 2.6-fold increase
in yield/OD600 and an 8.8-fold increase in rate. The highest
overall combination was 3.2- and 22.2-fold, respectively, but
this combination had a higher percentage of byproduct. In
contrast, having all of the enzymes fused to a Cip scaffold led to
a 7.5-fold decrease in yield/OD600; the authors indicated that
this was due to a decrease in the specific activities of the
enzymes.121 Therefore, a critical aspect of this approach is that
different combinations should be tested to see which results in
the best improvement.

Cross-Linked Enzyme Aggregates. The previous two
examples highlighted IBs/PCIs initiated and maintained by
peptides (CBDs, coiled coils, and Cip scaffolds). Similarly,
enzymes can be precipitated but then maintained as aggregates
through synthetic chemistry, affording cross-linked enzyme
aggregates (CLEAs). Enzymes are aggregated using a
precipitant such as ammonium sulfate, poly(ethylene glycol)
(PEG), or tert-butyl alcohol in such a way as to maintain
(partial) catalytic activity and then cross-linked using a
chemical such as glutaraldehyde, which cross-links the amines
of lysine residues.250−252 There are several properties that can
affect the efficiency of this method. First, enzymes can be
precipitated alone or with an additive, such as bovine serum

Figure 18. CBD inclusion body (IB)-based novel metabolon system for the production of molecules of interest. (A) Peptide−peptide interaction
between two antiparallel leucine zipper (LZ) domains of enzymes and CBD IBs. (B) Scheme for colocalization of multiple heterologous enzymes
involved in 1-butanol production onto the CBD IBs. Arrows indicate the possible intermediate channeling. Hbd = 3-hydroxybutyryl-CoA
dehydrogenase; Crt = crotonase; Ter = butyryl-CoA dehydrogenase; AdhE2 = butylaldehyde/butanol dehydrogenase. hbd, crt, and adhE2 genes
were from Clostridium acetobutylicum, and ter was from Treponema denticola.237 (C) Bioconversion profiles of acetoacetyl-CoA to 1-butanol in
metabolon-free E. coli (■; in vivo) and in the CBD-IB-based metabolon (●; in vitro). Data represent means ± SD of three replicate cultures.
Reproduced with permission from ref 113. Copyright 2016 International Metabolic Engineering Society.
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albumin (BSA) or polymers (Figure 19A,B).250 BSA can
improve the CLEA yield when dealing with low enzyme
concentrations or enzymes that are particularly susceptible to
inactivation by glutaraldehyde.253 Polycationic polymers such
as polyethylenimine (PEI) can also improve CLEA cross-
linking when enzymes have low amounts of lysines available for
cross-linking (Figure 19C).254−256 Second, the choice of
precipitant can affect the activity252 as well as the choice of
cross-linker, particularly if the cross-linker reacts with side-chain
functional groups on key catalytic residues.257 Instead of
glutaraldehyde, ethylene glycol bis(succinimidyl succinate)
(EG-(NHS)2) has been used as a milder cross-linker. Third,
the sizes of most reported CLEAs are less than 10 μm, which
may not be optimal for a given application.258 To modulate the
size, CLEAs can be cross-linked into materials such as
mesoporous silica or alginate127,251,259,260 or onto magnetic
NPs, which can also facilitate their reuse.261 Finally, a form of
molecular imprinting can be used by adding in a molecule to
help keep the enzyme in an open conformation during
preparation.262,263 CLEAs can also be prepared immobilized
in a polytetrafluoroethylene tube reactor using laminar
flow.250,264,265 While many CLEAs have been constructed
from individual enzymes, they have also been constructed from
multiple enzymes as part of a cascade (combi-CLEAs).250

Advantages of CLEAs include ease of preparation, potential
increased stability, reusability, and the ability to pack enzymes
densely, which may help facilitate aggregation-based substrate
channeling.12,14,28,56,59,60,73,126−128 Disadvantages include po-
tential lower activity, particularly for non-site-specific cross-

linking, and difficulty in producing homogeneous CLEAs with
regard to size and enzyme ratio.73

One prime example of the use of a combi-CLEA where the
protection of an intermediate (i.e., substrate channeling) was
specifically investigated was reported by Nguyen and Yang.73

They used the GOx and HRP bienzyme cascade with the goal
of producing a colorimetric glucose assay. Key to this reaction is
the unstable intermediate H2O2; the authors investigated
whether this was protected (i.e., substrate channeling) by
adding catalase, which competes with HRP for H2O2.

73 In order
to circumvent problems of heterogeneous shapes and sizes of
combi-CLEAs and consequential inconsistent efficiencies due
to batch production, the authors used a millifluidic reactor.
Coaxial flows of (1) phosphate-buffered GOx and HRP and (2)
acetonitrile containing glutaraldehyde were used, and the
outflow was collected in phosphate buffer to quench the cross-
linking reaction.73,266,267 This process led to doughnut-shaped
combi-CLEAs with an average size of around 250 nm.268 Two
parameters were optimized in their combi-CLEA production:
the GOx:HRP ratio and the glutaraldehyde concentration. The
optimum GOx:HRP ratio was found to be 150 by weight, which
on the basis of the specific enzyme activities of the free enzymes
was equivalent to a ratio of 1.1, suggesting that the two enzymes
retained similar percentages of their activity as part of the
combi-CLEA. The concentration of glutaraldehyde was
optimized for efficient cross-linking while minimizing activity
loss. At a concentration of 0.5 mM, the yield was 100% (no
enzyme in filtrate solution), and the activity remained high at
96.5%, perhaps as a result of the short time of the reaction (15.6

Figure 19. Methods of preparing cross-linked enzyme aggregates (CLEAs). (A) General cross-linking method. (B) Another protein like bovine
serum albumin (BSA) can be added for the protein-supported CLEA cross-linking method. Combined CLEAs (combi-CLEAs) are prepared by
similar processes. (C) Ionic polymers can be used to support CLEAs. Adapted from ref 250 under a Creative Commons license (https://
creativecommons.org/licenses/by/4.0/).
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s) and the doughnut shape. Below 0.5 mM glutaraldehyde, the
yield decreased; above 0.5 mM, the activity decreased.
After the production was optimized, the performance of the

GOx−HRP combi-CLEA was tested. Formation of the combi-
CLEA protected H2O2 from catalase, as the reaction rate fell
only from 10.2 to 8.3 μM/min (i.e., by 18.7%) in the presence
of 6.3 milliunits/mL catalase, whereas the rate decreased from
∼10.6 to 0.6 μM/min in the presence of 6.3 milliunits/mL
catalase when free GOx and HRP were used. With regard to the
reaction rates at various glucose concentrations with a fixed
colorimetric substrate concentration, the catalytic efficiency of
the combi-CLEA (kcat/KM) was 1.47-fold higher, mostly as a
result of a decreased KM. It was concluded that this was due to
fast transfer of H2O2 from GOx to HRP as well as decreased
buildup of H2O2, limiting its product inhibition of
GOx.73,269−271 Finally, the authors demonstrated that the
detection of glucose by the combi-CLEA was linear to 11.1
mM. Importantly, the combi-CLEAs were then immobilized on
a nylon membrane, which could not be done in the same
fashion with free enzymes. With this system, not only was the
linear range extended (likely because of a lower reaction rate),
but the immobilized combi-CLEAs could be used multiple
times, with the correlation coefficient dropping only to 0.99 and
0.94 in the second and third cycles. Overall, this report
demonstrated the moderate ease of this scaffolding approach
(although it requires a millifluidic apparatus for consistency)
and the potential for accessing and exploiting substrate
channeling.
Lipids. In addition to naturally derived protein and peptide

scaffolds, scaffolds exploiting naturally derived lipids have also
been reported. The recent development of lipid-based scaffolds
has opened a new way to assemble multienzyme cascades with
unique capabilities such as a large size, tolerance to hydro-
phobicity, and the ability to use membrane proteins.125 In fact,
these scaffolds may provide special advantages for processes
that involve hydrophobic intermediates such as fatty acids,
steroids, or biofuels. They may also be challenged by limitations
where hydrophobicity or large size is not desired.
Intracellular Lipid/Protein-Based Scaffolds.Myhrvold et al.

recently designed and built synthetic lipid-containing scaffolds
(SLSs) in E. coli facilitated by two proteins derived from the

bacteriophage ϕ6.125 This bacteriophage is uncommon in that
it uses an envelope of lipids and membrane proteins to
encapsulate a proteinaceous nucleocapsid.272,273 This system
was based on expressing in E. coli two bacteriophage proteins
required for forming lipid/protein particles: P9 (a major
membrane protein) and P12 (a nonstructural protein) (see
Figure 20A,B).274,275 It was found that proteins/enzymes could
be fused to the C-terminus of P9 for localization to the lipid
scaffold, but fusion to the N-terminus was less successful.
Fusion of fluorescent proteins showed that (1) on average 2.5
foci were found per cell, (2) the foci were likely transiently
associated with the membrane and/or were not in the nucleoid,
and (3) the foci were likely greater than 20 nm in diameter.
Additional experiments showed that the SLSs were likely
discrete but amorphous and did not cause a growth burden to
cells. Importantly, isoforms of P9 can colocalize on the SLSs, as
shown by both colocalization experiments with two P9−
fluorescent protein fusions as well as with a P9−fluorescent
protein fusion and a P9−His6 fusion. The latter could be
isolated with affinity purification, indicating that at least some of
the C-terminus of P9 faced out toward the cytosol. To
demonstrate the ability of their system to be used for
multienzyme reactions, the authors fused two enzymes for
indigo production, TnaA and FMO, to the C-termini of two
P9s. One reason for this choice was that an intermediate of the
reaction, indole, is a diffusible signaling molecule, so any
decrease in diffusion away from the enzymes (i.e., increase in
substrate channeling) should improve indigo production. In
fact, strains expressing both P9s plus P12 produced 2−3-fold
more indigo than control strains that did not express P12
(Figure 20C). Western blots confirmed that this was not due to
a change in P9−TnaA or P9−FMO levels. It is worth noting
that while the authors did show that some of the C-terminus of
P9 was displayed toward the cytosol, this does not exclude the
possibility that some of the enzymes were displayed inside the
lipid particle and that the system benefited from encapsulation
as well.

Lipid Droplets. In a different approach, Lin et al. developed a
system based on naturally occurring lipid droplets (LDs) in
yeast.124 The authors targeted ester production, as esters can be
useful as solvents or for flavor and fragrance materials and are

Figure 20. Synthetic lipid-containing scaffolds (SLSs). (A) SLSs were designed to self-assemble from the ϕ6 phage structural protein P9 in the
presence of the required assembly factor P12. (B) The mean number of foci per cell was 2.5 (N = 797 cells). (C) Indigo production values for strains
expressing P9−His6−TnaA and P9−FLAG−FMO fusions in the presence or absence of P12. Data are normalized such that production values for
strains without P12 are equal to 1. Error bars indicate one standard deviation based on N = 4 experiments. Asterisks indicate mutant forms of P9 that
do not contain the transmembrane domain (P9ΔTM). Indigo production in the rightmost four samples was insufficient to allow for quantitation.
TnaA and FMO are two enzymes involved in indigo synthesis. Reproduced from ref 125. Copyright 2016 American Chemical Society.
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naturally produced in low levels in yeast. In S. cerevisiae,
pyruvate is converted into acetaldehyde, which can then be
converted into acetate by aldehyde dehydrogenase (Ald6). In
turn, acetate is converted into acetyl-CoA by Acs1 and finally
condensed with an alcohol (e.g., ethanol) to form an ester (e.g.,
ethyl acetate) by the membrane-bound, LD-associated (in
stationary phase) alcohol-O-acetyltransferase (Atf1) (see
Figure 21A).276,277 In yeast, Ald6 and Acs1 are separated

from Atf1, as they are found in the cytosol (and mitochondria as
well for Acs1).278−280 The authors hypothesized that
assembling Ald6 and Acs1 in close proximity with Atf1 on
LDs would increase the production of esters. Screening for LD-
targeting proteins, it was shown that oleosin (Ole) from Zea
mays281 fused to cyan fluorescent protein localized with LDs
under both aerobic and anaerobic growth conditions. Ald6 and
Acs1 were then fused to Ole and expressed, but the reaction

activity in whole-cell lysates did not increase over background.
The authors speculated that this could be due to enzyme
orientation, especially since Acs1 is cationic around the active
site and may interact with the anionic phosphate groups of the
LD.282 To address this issue, the system was split, so that the
LD-targeting Ole protein was fused to two cohesin domains
(see above for discussion of cohesin−dockerin interaction
domains), and the Ald6 and Acs1 enzymes were separately
fused to dockerin domains. Specifically, the two pairs were D1−
C1 from Clostridium perfringens283 and D2−C2 from C.
thermocellum,284 leading to the fusions Ole−C1−C2, Ald6−
D1, and Acs1−D2 (Figure 21B). Further, fusions also contained
a tag for Western blot identification. Each fusion had modest
activity increases above the cell lysate background, but the D1/
D2−enzyme fusions were less active than cytosolically targeted
expressed enzymes, perhaps because of lower expression levels.
Importantly, the authors investigated the distance between

enzymes assembled on an LD to determine whether they were
separated by less than 5 nm, as this has been noted to be
important for substrate channeling.285 Using fluorescence
resonance energy transfer (FRET) studies, they determined
that the distance between Adl6 and Acs1 and the distance
between Ole−C1−C2 and Atf1 were less than an average of 4.5
nm, indicating the possibility for substrate channeling. Addi-
tional tests of their system were performed starting with the use
of Atf1 integrated into the genome at a high-expression
integration site, with the other fusions expressed in a single-
copy expression vector.286 Using cell lysates from the stationary
phase, there was a 1.9-fold improvement for the assembled
system versus natively expressed Ald6 and Acs1 (and integrated
Atf1) and a 1.7-fold improvement for the assembled system
versus overexpressed but unassembled Ald6−D1 and Acs1−D2
(see Figure 21C). Beside the fact that the distances between
enzymes were less than 5 nm, substrate channeling was also
indicated as helping the reaction, as there are native reactions
that compete for acetate, CoA-SH, and acetyl-CoA inter-
mediates, though additional experiments would be necessary to
conclude that substrate channeling helped.276 Acs1 was
indicated as having the limiting activity for the cascade, so
the system was then optimized by adding a second copy of Acs1
with varying promoter strength, changing the ratio on the LDs
by varying the number of C2 domains between one and three,
and varying the promoter strength of the scaffold. The final in
vivo optimized version showed 2.5-fold increased ethyl acetate
production versus the in vivo control version (also used
previously in vitro). A retransformed version produced ethyl
acetate at 14.8 mg L−1 OD−1, which was 1.7-fold higher than
with the scaffoldless controls (Figure 21D). However, the
unoptimized version was only very modestly better than the
scaffoldless control, showing some difference between the in
vitro and in vivo results. An interesting aspect of this system is
that LDs may partition compounds to their inner core versus
the cytosol, as has been seen with carotenoids;287 this may help
in the case of toxic compounds but hurt if the product is lost. As
ethyl acetate is particularly volatile, significant loss of product
was not expected.

The Special Case of DNA Scaffolds. In the previous parts
of this section on biotic scaffolds, we have focused on cellular
display, naturally derived proteins and peptides, CLEAs, and
lipids. We now focus on the special case of DNA scaffolds,
which offer unique structural and functional differences
compared with the above platform materials. This section
describes the use of DNA as a template to arrange multiple

Figure 21. Ethyl acetate biosynthesis in S. cerevisiae. (A) Ethyl acetate
biosynthesis in S. cerevisiae and the subcellular localization of aldehyde
dehydrogenase (Ald6), acetyl-CoA synthetase (Acs1), and alcohol-O-
acetyltransferase (Atf1). Abbreviations: Cyt = cytosol; Mt =
mitochondria; ER = endoplasmic reticulum; LD = lipid droplet. (B)
Schematic diagram of the scaffolding strategy colocalizing Ald6 and
Acs1 with Atf1 on LDs via a membrane-bound protein scaffold. (C)
Rates of ethyl acetate production from in vitro assays of lysates
containing P2P5S3, P2P5Sole, and P2P5S0. The data are shown as mean ±
standard deviation (n = 3). Activity is reported in units of nmol min−1

(mg of total lysate protein)−1. (D) Specific productivities of ethyl
acetate from 24 h fermentations with strains expressing the pathway
without a scaffold (P0P5S0), with scaffold (P0P5S1), with optimized
scaffold (P2P5S3), without the optimized scaffold (P2P5S0), and with an
oleosin-only scaffold (P2P5Sole). The titers were quantified by GC-FID.
Reproduced from ref 124. Copyright 2017 American Chemical
Society.
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enzymes from coupled reactions or pathways in specific
geometries. Because of the unique aspects of this scaffolding
material, a brief introduction to the field of structural DNA
nanotechnology, how enzymes are attached to DNA, and the
unique advantages and disadvantages of DNA-based enzyme
cascades are briefly discussed, as they are directly relevant for
both motivation and understanding of the results. An overall
summary of the enzyme systems discussed in this section is
shown in Table 3 along with key information such as the DNA
scaffold name/type, the enzyme attachment chemistry used, the
percentage decrease in enzyme activity caused by DNA
conjugation, the assembly yield of the cascade, and the highest
observed enhancement in coupled activity. This table was
supplemented with information from a recent and noteworthy
review by Rajendran et al.88 We also note that several other
excellent reviews on this same subject are available.12,288−290

Structural DNA Nanotechnology. Over the past decade,
DNA nanotechnology has rapidly developed to the point that
nearly any three-dimensional shape can be formed in a bottom-
up self-assembled manner.291 The predetermined geometry is
created when sets of complementary DNA oligomers are
combined, allowing them to hybridize to each other at specific
locations and thus form a defined nanoscale shape. In the
current context, the formed DNA-based geometry is then used
as a template for the arrangement of active enzymes. Designing,
folding, and characterizing self-assembled DNA structures for
technological uses has now developed into its own fully formed
research area. This field, pioneered by Seeman in the 1980s, is
composed of two subfields, structural DNA nanotechnology
and dynamic DNA nanotechnology.292 Its use for arranging
enzymes near one another is not new, as Seeman’s original
purpose was to use DNA as a structural material to align and
crystallize proteins that would not crystallize using conventional
means for subsequent structural determination using X-ray
crystallography. To date, large-scale, high-yield protein crystals
have yet to be realized in this manner, but it has been shown
repeatedly that DNA can be used to arrange proteins with
nanometer resolution and in specific geometries.36,293,294 In the
early 2000s, it was shown that larger structures could be created
in high yield by the use of a relatively long scaffold strand and
relatively impure staple strands.295

DNA origami, described by Paul Rothemund in his seminal
2006 paper, exploits the now commonly used single-stranded
(ss) M13mph18 phage DNA (7249 bp) as a universal template
that can be assembled into almost any structure design by the
addition of staple strands derived from open-source software.301

Douglas et al. later extended DNA self-assembly into three-
dimensional shapes, greatly extending the utility of the
method.302 A major enabler in this field is the fact that the
synthetic ssDNA oligonucleotides used as the staples are
commercially available in high yield at low cost. Advances in
structural DNA nanotechnology have been well-summarized in
two excellent reviews by Lin et al.303 and Pinheiro et al.67

The typical DNA enzyme cascade utilizes a DNA template
on which enzymes are arranged. Leveraging DNA’s specific
Watson−Crick base-pair hybridization allows researchers to
design and fold three-dimensional templates to which proteins
can be further attached in site-specific locations. DNA is well-
suited as a template because specific geometries can be created
relatively easily utilizing open-source design and modeling
software such as CaDNAno,302 Nanoengineer-1 by Nanorex,304

vHelix,305 DNA Origami Sequence Design Algorithm for User-
defined Structures (DAEDALUS),306 and CanDo.307

Using DNA as a structural scaffold material for these
purposes offers several advantages and some liabilities. One of
the greatest benefits is the ability to form designer nanoscaffolds
of nearly any three-dimensional shape.291 The second
advantage is the attachment specificity or addressability offered
by the technique. Typically, the proteins are DNA-conjugated
and then attached to the DNA scaffold in a precise manner.
Site-specific attachment directly results from the complemen-
tary Watson−Crick base-pairing between the ssDNA tether
strand extending from the scaffold and the ssDNA strand
extending from the conjugated protein. Another inherent
benefit is the ease with which a container can be formed around
the enzymes, and this stands out in particular because it offers a
direct method for investigating enzymes in confined spaces of
desired shape and even porosity.64 Although still not fully
understood, the molecular structure of DNA itself may
potentially act to increase the turnover rate of attached
enzymes. It has been postulated that the negative charge of
the DNA backbone acts to lower the pH near the surface of the
structure relative to the bulk pH, and this can optimize the
enzyme activity.49

Utilizing DNA-scaffolded enzyme systems also presents
several significant liabilities. In many cases, the procedure
results in decreased enzymatic activity compared with the
native counterparts. Average decreases in activity in the 15−
50% range are typically seen,36,80,100 with up to an 83% activity
loss observed in extreme cases.300 The complex protein
attachment chemistries are difficult to scale, and thus,
production of enzyme-conjugated DNA scaffolds in high yields
in the large amounts needed for industrial scales has yet to be
realized.308 There has been some recent work to scale the yield
of GOx and HRP by attaching them to the surface of activated
silica particles (vide inf ra).81 However, much more work would
be required in order to scale up and improve the long-term
stability of a majority of the cascades discussed herein.

Attaching Enzymes to DNA. The previously mentioned
considerations regarding how an enzyme is associated with its
scaffold are particularly important here. There are many
methods for conjugating DNA to proteins based primarily on
utilization of covalent or non-covalent chemistries. The
interested reader is directed to reviews by Niemeyer,309 Sacca ̀
and Niemeyer,289 and Yang et al.310 for a more complete
accounting of protein-to-DNA attachment strategies. In terms
of non-covalent attachment strategies, the most widely used
non-covalent protein−DNA coupling strategy is based on the
ubiquitous biotin−streptavidin chemistry. The method is quite
versatile since a relatively large number of proteins can be
expressed as an avidin fusion.79 Niemeyer et al. implemented
this interaction as a “smart glue” to join supramolecules with
biotinylated oligonucleotides.311,312 Another popular non-
covalent coupling strategy is that of metal affinity coordination
between Ni2+-chelated nitrilotriacetic acid (NTA) groups and
polyhistidine motifs, most often His6 introduced at the termini
of proteins for initial purification.299,309,313 However, this
method suffers from dissociation constants that occur above the
relatively low (nM) concentrations utilized for many DNA-
based enzyme cascades. Such low concentrations are typically
required in order to observe substrate channeling.
In general, covalent attachment strategies provide more

benefit since the DNA enzyme cascade can be diluted to
subnanomolar concentrations without the worry of enzyme
dissociation as in the case of many non-covalent attachment
strategies.98 Covalent attachment strategies are thus more
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commonly utilized, and they further offer more control and
specificity despite the more complex procedures and the
requirement for elaborate purification to remove components
that were added in excess to help drive the conjugation
reactions to completion. Some methods require the enzymes
first to be modified with the addition of unnatural amino acids
and bio-orthogonal chemical tags such as azides.312,314

Chemistries involving the use of “SnapTag”315 and/or
“HaloTag”316 have also been described. One of the best
references on this subject, published by Fu et al., systematically
explains the techniques for preparing and characterizing DNA
enzyme cascades and discusses their advantages and disadvan-
tages at length.293 An alternative and elegant chemistry is the
DNA-templated protein conjugation (DTPC) method devel-
oped by Gothelf’s group, which is typically accomplished in two
steps (see Figure 22 for a stepwise overview of the
process).317,318

Many different enzyme cascades have been assembled using
DNA structures. We first focus on the GOx−HRP cascade, as
this common cascade has been used with multiple different
architectures, before addressing examples from some other
multienzyme cascades.
DNA-Based Glucose Oxidase−Horseradish Peroxidase

Systems. Given its popularity, the GOx−HRP coupled system
has been extensively prototyped within DNA architectures, and
the caveats about this discussed in the Introduction have direct
relevance to the following examples. Herein we highlight how
this system has been investigated using (1) single ssDNA “1D”
architectures, (2) 2D tiles, (3) 3D nanotubes and prisms, and
(4) DNA scaffolds attached to silica particles. In 2008, Müller
and Niemeyer72 set out to investigate proximity effects in
multienzyme systems using a relatively simple system
composed of a single ssDNA backbone with commercially
obtained GOx and HRP attached. The kinetics was investigated
using an Amplex Red assay, as shown in Figure 23A. The four
DNA enzyme configurations investigated (called complexes)
are shown in Figure 23B. Complexes 1 and 2 consisted of single
GOx−HRP pairs, but the enzyme order was reversed between
them. Complexes 3 and 4 consisted of GOx or HRP pairs only

and were used as controls. The enzymes were DNA-conjugated
using sulfosuccinimidyl 4-(N-maleimidomethyl)cyclohexane-1-
carboxylate (sSMCC) by cross-linking target enzyme lysine
residues and commercially available thiolated DNA. A
significant amount of free DNA-conjugated enzymes were still
present in solution because of the dissociation/association
equilibrium, so kinetic investigations were conducted by
binding the ssDNA backbone of each complex on the surface
of a streptavidin-coated microplate, where bound biotinylated
ssDNA strands acted as “carrier strands”, and then washing
away unbound material. In the kinetic investigations, the
amount of carrier stands was varied from 30 to 500 fmol while
the concentration of DNA-conjugated enzymes was kept
constant; Figure 23C shows representative results. At low
carrier concentrations, a 1.8-fold increased turnover rate was
observed in configurations 1 and 2 relative to the controls. As
the carrier concentration was increased, the turnover rate
decreased to 1-fold. It was hypothesized that at low carrier
concentrations the separation between individual complexes
increased, which eliminated cross-diffusion between adjacent
complexes, thus promoting enzyme channeling. Additionally,
adding a T6 spacer to extend the distance between the enzymes
and the microbead surface lowered the number of unbound
enzymes and resulted in a 3.0-fold increase in overall turnover
rate (Figure 23D). Kinetic investigations utilizing catalase as a
H2O2 scavenger were conducted to confirm the presence of
channeling, but this caused a significant decrease in the
turnover rate of both complex 1 and complex 2, indicating that
diffusional transport was still present in the investigated
cascade.
To investigate the kinetics of the GOx−HRP system with

regard to the distance between enzymes in a more 2D layout,
Fu et al. investigated coupled GOx and HRP kinetics on a DNA
origami tile.36 In this configuration, the kinetics of four different
enzyme spacings of 10, 20, 45, and 65 nm on the DNA origami
tile were evaluated (Figure 24A,B). Critically, the activity of the
coupled pathway was found to be dramatically decreased when
the enzyme separation was increased from 10 to 20 nm (Figure
24C). The activity then only decreased by another ∼10% up to
the final spacing of 65 nm. A Brownian diffusion model
accounted for the rapid decrease in activity when the distance
was increased but could not explain the strong enhancement
observed when the enzymes were close. The nonparticipating
protein β-Gal was placed between the enzymes as a way to test
whether dimensionally restricted diffusion was present in the
system. Since H2O2 is known to have some affinity for protein
surfaces, it could facilitate dimensionally limited diffusion,
resulting in decreased diffusion times of the substrate. Indeed,
an activity increase of ∼42% was observed with β-Gal placed
between GOx and HRP at longer enzyme separations. This led
the authors to suggest that the formation of a hydration layer
around the protein was responsible for the increase in activity.
Similar to the previous example, the enzyme cascade was not
purified (to remove the 3-fold excess of enzymes added to
promote attachment) before the kinetic investigations, and this
was taken into account by a correction to the analyses.
Using a scaffold resembling DNA tweezers and called a DNA

machine, Xin et al. constructed a scaffolded GOx−HRP enzyme
cascade.78 The cascade consisted of two parallel double
crossover (DX) arms with GOx and HRP attached at the
ends, as shown in Figure 24D. Formation and assembly ratios of
DNA-conjugated protein to DNA were also evaluated, and it
was found that a GOx:HRP:DNA machine ratio of 1.5:3:1

Figure 22. DNA-templated protein conjugation. (A) The His6-tagged
protein (H) with lysine (K) placed adjacent to the His6 tag is
combined with a tris(NTA)-modified DNA guide strand in the
presence of Ni2+. (B) A reacting DNA strand that has been modified
with an aldehyde is added. The reacting strand binds to the guide
strand, thus colocating the aldehyde in close proximity to the lysine,
and then a covalent bond is formed through reductive amination. (C)
Displacement and bridge strands (cyan) are then added to displace the
guide strand. (D) The final product of the reaction is a DNA-labeled
protein with a bridge strand that can be hybridized to attachment
tethers on the DNA scaffold.317 Adding two lysine residues at the
termini can improve the yield of DNA-modified protein.
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resulted in the highest assembly efficiency. A 1.9-fold

enhancement in coupled activity was observed when the

DNA tweezers were in their closed state versus freely diffusing

enzymes, as depicted in Figure 24E. The modest improvement

was attributed to the decreased distance between the enzymes

from the estimated closed state separation of 6 nm.
In terms of DNA-based 3D architecture, soon thereafter

Linko et al. created a more sophisticated DNA-origami-based

Figure 23. ssDNA-scaffolded GOx−HRP system. (A) Molecular components and reaction of the Amplex Red GOx and HRP kinetic assay. Glucose
is oxidized by GOx, which forms H2O2 as a byproduct. In the second step, HRP reduces H2O2 to H2O. The highly fluorescent resorufin product is
formed when Amplex Red is oxidized by H2O2. (B) The four enzyme configurations/complexes investigated. (C) Bar plot showing how the turnover
rate generally decreased for complex 1 (gray bars) and complex 2 (white bars) as the carrier stand concentration was increased. A 1.8-fold increased
turnover rate was observed at the lowest concentration. (D) Bar plot similar to that shown in (C) for modified versions of complex 1 (gray bars) and
complex 2 (white bars) in which T6 spacer was inserted between the enzymes and the DNA scaffold. This modification resulted in more
heterodimeric complexes (complexes consisting of GOx and HRP), which further increased the turnover rate. A 3.0-fold increase was observed.
Reproduced with permission from ref 72. Copyright 2008 Elsevier Inc.

Figure 24. Cascaded GOx−HRP DNA origami tile system. (A) Schematic of the GOx−HRP DNA origami tile enzyme cascade. (B) Schematics
showing enzyme separations of 10 and 65 nm. Corresponding AFM images are shown below the schematics. (C) Plot of the enzymatic enhancement
vs the enzyme spacing. A dramatic decrease in the turnover rate was observed when the spacing was increased from 10 to 20 nm. (D) Schematic of
the DNA tweezers GOx−HRP enzyme cascade and accompanying GOx−HRP pathway. The cascade was capable of being cycled between two states
(open and closed) with the addition of a fuel or antifuel DNA strand, respectively. (E) Plot of increasing absorbance vs time showing that the
cascade’s initial rate is the highest when the system is in its closed configuration with the enzymes close to one another, allowing for channeling as
opposed to diffusion. Reproduced with permission from (A−C) ref 36 and (D, E) ref 78. Copyright 2012 American Chemical Society and 2013
Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim, respectively.
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nanoreactor composed of GOx and HRP attached inside a
tubular DNA origami dimer (Figure 25A).79 The enzymes were
connected inside the DNA origami nanotube via streptavidin−
biotin interactions, and the HRP activity was detected using
TMB as a reporter. Approximately 5- and 3-fold increases in the
kinetics of the individual uncoupled HRP and GOx,
respectively, were observed as a result of a localized DNA
effect. Combining the two DNA origami in an end-to-end
configuration (Figure 25B) resulted in an ∼12-fold increase in
the coupled kinetics (Figure 25C). Overall, the enhanced
reaction rates here were attributed to the compartmentalization
the DNA origami structure provided. In 2018, Zhou et al.
investigated GOx−HRP attached on a relatively flexible DNA
triangle prism that was connected to streptavidin-coated
microbeads as a possible alternative route for the biomimetic
generation of nitric oxide, as shown schematically in Figure
25D,E.80 The coassembled yield of the enzymes on the DNA
scaffold was estimated to be 77.5% as determined by PAGE and
dynamic light scattering (DLS). A 2.1-fold enhancement
relative to free enzyme was observed using a H2O2−ABTS
colorimetric assay, with the enzyme cascade consisting of
GOx−HRP bound to the DNA prism having the highest
turnover rate (Figure 25F).

In 2018, Vogele et al. took an additional step toward realizing
a more advanced application by placing a DNA-scaffolded
GOx−HRP enzyme system on the surface of activated silica
particles and assaying the activity using luminol-based
chemiluminescence (Figure 26A).81 A twist-corrected DNA
origami rectangle was prepared where the DNA-conjugated
GOx and HRP enzymes were attached in an array pattern with
interenzyme distances of ∼10 nm. Copper-assisted azide−
alkyne Huisgen cycloaddition (i.e., click chemistry) was used to
attach the DNA to the enzymes, and their DNA-conjugated
activity was found to decrease by 64% compared with the free
native protein. The attachment yields were determined to be 31
and 68% for GOx and HRP, respectively. A plot of the
normalized chemiluminescence observed for each of the
enzyme colocalization strategies investigated is shown in Figure
26B. Enhancements of 2.1- and then 10-fold were observed
when the enzymes were attached to the DNA origami rectangle
and then placed on the surface of the silica particles,
respectively. The investigators concluded that the cascade in
its present form is not stable for long-term continuous
operating conditions as a result of mechanical interactions
between the particles and the accumulation of products.
However, the work does suggest a pathway for potential
upscaling of future DNA-based enzyme cascades.

Figure 25. DNA-origami-based nanoreactor. (A) Schematic of the DNA-origami-based nanoreactor highlighting the dimensions and location of the
neutravidin (NTV) binding locations. (B) Schematic depicting the formation of the dimer nanoreactor assembled from two DNA origamis, one with
three GOx enzymes and one with three HRP enzymes, which were attached inside a tubular DNA origami dimer. (C) Plot of the normalized initial
rate Vmax vs three nanoreactor configurations: HRP only, GOx only, and the dimer with both GOx and HRP. Initial rates for reference controls are
shown to the right the corresponding bars. Reproduced from ref 79. Published by the Royal Society of Chemistry. (D) Diagram highlighting the
formation of the DNA triangle prism enzyme cascade along with the enzyme attachment locations and subsequent immobilization on the microbead.
(E) The cascade reaction pathway and colorimetric assay scheme used for kinetic characterization. (F) Plot of the enzyme cascade relative activities
for the three different states shown above the respective bars. The highest activity was observed when both GOx and HRP were attached to the DNA
scaffold. Reproduced with permission from ref 80. Copyright 2018 Wiley-VCH Verlag GmbH & Co. KgaA, Weinheim.
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Other DNA-Scaffolded Multienzyme Cascades. Given the
exquisite control over location on DNA scaffolds, powerful
mechanisms can be investigated. In 2014, Fu et al. designed,
evaluated, and optimized a DNA DX tile-based swinging-arm
DNA enzyme cascade utilizing glucose-6-phosphate dehydro-
genase (G6PDH) and malic dehydrogenase (MDH).100 The
arm itself displayed the key NADH cofactor for enzyme
catalysis, and the effect of this on the overall activity was the
prime research question investigated (Figure 27A). The
enzymes were DNA-functionalized using homobifunctional
NHS linker chemistry and purified using fast-protein liquid
chromatography (FPLC) to select the fraction containing
enzymes with only single DNA tethers. A phenazine
methosulfate-catalyzed resazurin fluorescence assay was used
to determine how the distance between the enzyme and the
swinging arm affected the turnover rate. Swinging-arm−enzyme
separation distances of 7, 14, and 21 nm were kinetically
evaluated, and the 7 nm distance was found to be the most
efficient, demonstrating a remarkable ∼90-fold higher rate than
the same cascade lacking the arm. The structure was then
extended by forming a cross with either G6PDH or MDH
enzymes at the center surrounded by up to four swinging arms,
termed a 4 × 4 tile (Figure 27B). The activity of the enzymes at
the center of the 4 × 4 tile was observed to increase nearly
linearly in the case of G6PDH. However, only a 2-fold increase
in the MDH turnover rate was observed when it was
surrounded by four swinging arms, indicating that MDH was
approaching saturation. The catalytic efficiency could be even
further improved by increasing the number of MDHs and
swinging arms. Indeed, an astonishing 277-fold turnover
enhancement was observed when an MDH:NADH swinging
arm:G6PDH ratio of 4:4:1 was utilized (Figure 27C). Finally,
the channeling efficiency was evaluated by adding the
scavenging enzyme lactate dehydrogenase (LDH) to compete

for NADH. As the percentage of the swinging arm structure
increased, the MDH activity also increased, indicating that the
swinging arm was effective at channeling NADH from the first
G6PDH enzyme to the final MDH enzyme. Yang et al. extended
this swinging arm concept by creating a network of G6PDH
and LDH on a 100 nm square-lattice-like DNA origami
template, as shown in Figure 27D.298 Here the enzyme
attachments were accomplished using either ssDNA−HaloTag
or SPDP chemistry. The largest cascade investigated consisted
of a total of eight pairs of G6PDH and LDH with 24 NAD+

swinging arms on a 6 × 6 DNA origami lattice. Surprisingly,
only an ∼10% increase in turnover was observed relative to the
previously designed (DX) 4 × 4 tile-based swinging-arm
configuration functionalized with a much lower number of
G6PDH/LDH (Figure 27E).100,298 No explanation for this
modest increase was provided, but it is not beyond speculation
that this may have to do with the enzyme attachment yield and
the complexity of highly localized coupled enzymatic processes
that are further dependent upon cofactors.
Again, because of the localization control DNA offers, in

2016 Ke et al. were able to demonstrate the first directional
regulation of a three-enzyme G6PDH, MDH, and LDH
pathway assembled on a DNA origami rectangle, as shown in
Figure 28A.296 Enzyme conjugations were achieved using SPDP
chemistry for LDH and enzymatic HaloTag chemistry for
MDH and G6PDH. Agarose gel and AFM evaluation found
assembly yields of >80% and 36−66%, respectively, with the
incongruity presumably due to AFM tip interactions with
loosely held surface DNA assemblies. Control over the
direction of substrate channeling between the two-enzyme
pathways (G6PDH−MDH and G6PDH−LDH) was elicited
by changing the position of the NAD+ cofactor swinging arm
via a DNA-toehold-mediated strand displacement driven by
addition of the appropriate complementary DNA strand. Switch

Figure 26. DNA-scaffolded GOx and HRP on activated silica particles. (A) Diagram highlighting the experimental approach for attaching DNA-
scaffolded GOx and HRP on activated silica particles. (B) Plot of the normalized fold enhancement determined via chemiluminescence (CL) assay.
Enhancements of 2.1- and 10-fold were observed when the enzymes were attached to the DNA origami rectangle and then placed on the surface of
the silica particle, respectively. Reproduced from ref 81. Copyright 2018 American Chemical Society.
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1 activated the G6PDH−MDH pathway, whereas switch 2
activated the G6PDH−LDH pathway and reduced the
G6PDH−MDH pathway. Optimization focused on the length
of the poly(T) spacer that attached the NAD+ to the swinging
arm and the interenzyme spacings (Figure 28B−E). These data
revealed that 25 and 20 nm resulted in the highest turnover for
G6pDH−MDH and G6PDH−LDH, respectively. Similarly,
Liu et al. created a three-pointed-star DNA-scaffolded enzyme
cascade utilizing MDH, oxaloacetate decarboxylase (OAD),
and LDH to understand how substrate coupling modulates the
favored direction of a reaction pathway (Figure 28F).297 Here
an MDH fusion was DNA-conjugated using a commercially
available HaloTag succinimidyl ester, whereas OAD and LDH
enzymes were conjugated to thiol-modified DNA by SPDP
chemistry. Enzyme attachment to each point of the star resulted
in distances between any two enzymes of approximately 12 nm.
The assembly yield was evaluated using PAGE and size-
exclusion chromatography and found to be >80%. Evaluation of
the MDH/OAD and OAD/LDH enzyme pairs demonstrated
1.7- and 10-fold increased turnover rates, respectively. Further
distance-dependent activity experiments on the MDH/OAD
pair linearly attached with varying spacings of 7, 14, 21, and 28
nm revealed activity variations of <20%, a finding that is
significantly lower than in previously reported investigations.36

The effect of the enzyme geometric arrangement on the
turnover rate is summarized in Figure 28G. The three-pointed-

star configuration resulted in the highest turnover rate, with a
4.5-fold enhancement relative to freely diffusing enzymes. The
key finding was that the overall activity of the three-enzyme
configuration was more dependent on geometric placement
than interenzyme spacing.
In contrast to most of the above planar configurations, Zhao

et al. created an elaborate DNA origami nanocage by combining
two half-cages into a hollow rectangular box, as shown in Figure
29A.64 The two honeycomb DNA origami lattice half-cages
were initially folded and purified, and then the DNA-conjugated
enzymes were attached in the center void of each half before the
halves were joined together. Enzymes were DNA-conjugated
using SPDP chemistry by cross-linking thiol-modified oligonu-
cleotide with a lysine residue on the protein surface. Six
different enzymes (HRP, MDH, G6PDH, LDH, GOx, and β-
Gal) were all successfully conjugated and encapsulated within
full DNA nanocages in yields ranging from 64 to 98%. TEM
images of the assembled cascades are shown in Figure 29B,C.
The closed cage had 42 small nanopores approximately 2.5 nm
in diameter as a direct result of the honeycomb lattice.
Individual and selected coupled enzyme activities were tested,
and the activity of a full closed cage loaded with GOx and HRP
(estimated interenzyme distance of ∼5 nm) was found to be
∼8-fold higher than that of a control without encapsulation
(Figure 29D). Two explanations for the increased turnover rate
were posited: a proximity effect that promoted substrate

Figure 27. Swinging-arm DNA enzyme cascade. (A) Schematic of the DNA double-crossover (DX) tile-based swinging-arm DNA enzyme cascade
and accompanying pathway. (B) Plot of normalized cascade activity vs the number of swinging arms present. As the number of swinging arms is
increased from 1 to 4, the activity of the cascade increases. (C) Bar plot of the normalized cascade activity for the four configurations investigated.
The tallest bar corresponds to the cross configuration with a total of four swinging arms. (D) Cartoon of the fully assembled G6pDH and LDH
square enzyme cascade array consisting of a remarkable eight pairs of G6pDH and LDH with 24 NAD+ swinging arms. (E) Plot comparing the
catalytic turnover rate of the full 6 × 6 array to that of the previously investigated 4 × 4 tile cascades with increasing numbers of G6pDH enzymes
attached. Reproduced with permission from (A−C) ref 100 and (D, E) ref 298. Copyright 2014 Springer Nature and 2018 Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, respectively.
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transfer and contributions from high charge density arising
from the DNA’s negatively charged phosphates surrounding the
enzymes. Another interesting finding was that an ∼4-fold
enhancement in the turnover rate was observed when a sample
was prepared that consisted of an equimolar mixture of separate
nanocages, each encapsulating only single enzymes. This
suggests that the putative DNA charge density effect is stronger
than the proximity effect.
An artificial D-xylose metabolic pathway composed of the

enzymes xylose (XR) reductase and xylitol dehydrogenase
(XDH) displayed on a DNA origami rectangle was reported by
Ngo et al. (Figure 29E).300 In the pathway’s first step, XR
converts xylose into xylitol by consuming the cofactor NADH.
In the second step, XDH transforms xylitol into xylulose. The
enzymes were attached inside three rectangular cavities
designed into the DNA rectangle, as shown in Figure 29F.
Enzyme attachment was unique in this case, as it was

accomplished using sequence-specific DNA-binding proteins.
XR was fused to the zinc finger protein (zif268), whereas XDH
attachment was achieved using a Gly-Gly-Ser linkage to the
basic leucine zipper protein (GCN4) to give G-XDH.
Interenzyme distances of 10, 54, and 98 nm were evaluated
for assembly yield and kinetic performance since each cavity
contained four binding sites for four ZS-XR enzymes and eight
G-XDH enzymes (four homodimers). The attachment
probability was determined from AFM image counts and
revealed that the coassembly yields for the three different
distances were 75%, 71%, and 81%, respectively. The coupled
enzyme activity was monitored by following the oxidation of
NADH spectrophotometrically at 340 nm. The cascaded
reaction efficiency was found to be highly dependent on the
interenzyme distance, with the highest flux observed when the
enzymes were placed at a distance of 10 nm (Figure 29G). This
last example also serves to highlight the strong potential of

Figure 28. Three-enzyme DNA origami pathways. (A) Schematic of the three-enzyme pathway assembled on a DNA origami rectangle. The enzyme
cascade was capable of switching between two pathways (G6pDH−MDH and G6pDH−LDH) by changing the positions of a NAD+ swinging arm
and a blocker DNA strand. (B, D) Plots showing how changing the length of a poly(T) spacer attaching the NAD+ to the substrate swinging arm
affected the turnover rate for the (B) G6pDH−MDH and (D) G6pDH−LDH pathways. (C, E) Bar plots showing how the activity varied as a
function of different interenzyme distances for the (C) G6pDH−MDH and (E) G6pDH−LDH pathways. The optimal distances were found to be
25 and 20 nm for G6pDH−MDH and G6pDH−LDH pairs, respectively. (F) Schematic of the OAD−LDH−MDH enzyme cascade highlighting the
component parts and reaction pathway direction. (G) Plot showing the enzyme cascade’s normalized activity vs the control and the four
configurations investigated. The star configuration resulted in a 4.2-fold increase in the pathway’s turnover rate. Reproduced with permission from
(A−E) ref 296 and (F, G) ref 297. Copyright 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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using DNA-binding proteins (in the form of enzyme fusions) as
an alternative and powerful way to assemble such hybrid
structures.319

DNA offers not only precise localization but also the
possibility of dynamic control. In 2018, Chen et al. used a
toehold strand displacement strategy to dynamically control the
rate of degradation of cellulose.320 The endoglucanse CelA and
the cellulose-binding module (CBM) were attached to DNA
using elastic-like-polypeptide (ELP)−HaloTag fusions, where
the ELP was used for purification. DNA was modified with
cyclohexane to covalently link to the HaloTag. The two DNA
strands connected to CelA and CBM were bound to a third
strand, keeping CelA and CBM in close proximity and
facilitating 1.5-fold higher cellulase activity than the free
proteins. Addition of a “NOT” strand disrupts the DNA
complex through a toehold domain on the DNA attached to
CBM and decreases the overall cellulase activity. While this
example was not a multienzyme cascade (as CBM is a binding
protein and not an enzyme), as the authors noted, this example
along with known aptamer switches for toehold displacement
that are metabolite-sensitive portends the ability to dynamically
control multienzyme cascades in the future.

■ ABIOTIC SCAFFOLDS
As mentioned, researchers have shown that enzyme activity and
stability can be improved under variable reaction conditions,
both ideal and nonideal, when the enzymes are immobilized on
solid supports. In many instances, the scaffold material itself is
selected to facilitate enzyme recovery and reuse, further
enabling enzyme utility in large-scale catalytic applica-
tions.26,321,322 Like the enzymes immobilized on them, abiotic
or synthetic scaffolds are highly diverse and often tailored to the
specific enzyme reaction or biocatalytic process. The hydro-
phobicity/hydrophilicity, surface charge, presence/absence of
reactive functional groups, and other physicochemical proper-
ties allow for the use of specific enzyme immobilization
strategies that directly affect downstream applications. While
enzyme immobilization can result in some loss of activity,
careful selection of these strategies and the scaffold material can
lead to improvements in a variety of enzyme properties, as
discussed by Rodrigues et al.269 Though outside our direct
purview, reviews written by Sheldon and van Pelt discuss some
of the immobilization strategies routinely employed and their
benefit to the assembly of enzyme/abiotic scaffold cata-
lysts.321,323

Classically, abiotic materials for enzyme immobilization were
classified simply as those derived from metal oxides, minerals,

Figure 29. DNA origami nanocage and xylose pathway. (A) Schematic depicting the assembly of the DNA origami nanocage from two halves.
Enzymes are first attached to each DNA origami half, and then the two halves are coassembled to form a DNA shell around the two enzymes. (B, C)
TEM images of the assembled nanocages. The enzymes are clearly visible. (D) Bar plot of the relative activities of the five DNA origami nanocage
configurations investigated. The greatest increase (∼6-fold) was observed when HRP and GOx were enclosed with in the nanocage. (E) Schematic of
the artificial D-xylose metabolic pathway composed of xylose reductase (XR) and xylitol dehydrogenase (XDH) assembled on a DNA origami
rectangle. (F) Top view of the cascade highlighting the available sequence-specific DNA-binding protein attachment points. (G) Plot of normalized
initial rate vs interenzyme distance for the four separations investigated. The highest initial rate was observed at the shortest interenzyme distance (10
nm). Reproduced from (A−D) ref 64 and (E−G) ref 300. Copyright 2016 Springer Nature and American Chemical Society, respectively.
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or carbon materials.322 More recently, many different materials
have emerged that demonstrate improved thermal, chemical,
and even mechanical properties, significantly improving the
effectiveness and applicability of enzyme catalysts. Figure 30
presents an overview of the different material types currently
being investigated for these purposes.322 NPs of varied
composition,324,325 carbon nanotubes,326−328 and graphene
sheets,329,330 have demonstrated success as substrates for
surface immobilization of enzymes to enable enzymatic
processes and are just a few examples of the abiotic scaffolds
currently being employed by both industry and academic
researchers. In this section, we highlight selected abiotic
scaffolds that have documented success with multienzyme
cascades, describing both their advantages and limitations as
they apply to enzyme enhancement. Beyond these examples,
additional enzyme systems utilizing abiotic scaffolds have been
very effectively summarized by Zdarta et al.322

Nanoparticles. By definition, a nanoparticle is a material
that exists in the 1−100 nm size range and exhibits properties
that are dissimilar from those of larger particles or bulk
accumulations of the same material. Often this can translate
into materials with unexpected optical and diffusional proper-
ties, among others. Abiotic NPs typically comprise an inorganic
particle surrounded by an interfacial “capping” layer that is
composed of organic molecules that serve as passivating agents
and provide colloidal stability.331 In many instances, this
capping layer contributes to the overall behavior and properties
of the NP itself. This surface layer can often be tailored to
experimental or application needs in order to facilitate enzyme
immobilization and performance.332 Inorganic NPs are differ-
entiated and quite distinct from more biotic nanoparticulate
materials such as liposomes and organic dendrimers, which are
more commonly utilized in drug delivery.
Magnetic Nanoparticles. Magnetic NPs have found use in

numerous biotechnology and medical applications. Though
most magnetic NPs are iron oxides, magnetic properties can be
improved through the addition of metal dopants such as Zn,
Mn, Co, and Ni.333 Once synthesized, magnetic NPs are usually
capped with a wide range of passivating layers that can be
chosen on the basis of the application, reaction conditions, and

immobilization strategy.333−336 As with other NP scaffolds, they
possess a high surface-to-volume ratio, which makes them ideal
for enzyme immobilization and the assembly of multi-
component enzyme catalysts.337 Additionally, magnetic NPs
are relatively inexpensive to manufacture, very stable, and
biotolerant under a range of physiological conditions.333 In
combination, the inherent magnetic and other properties of
iron oxide NPs have allowed the development of biomedical
separation processes, protein purification methods, and
biosensor platforms, as described in several recent re-
views.337−341 One potential limitation is that some enzymes
have reduced activity when immobilized on magnetic NPs,
perhaps because of the formation of aggregates.342 Below we
highlight three recent examples of the use of magnetic NPs
based on application.
Carbon dioxide accumulation in the environment and its

capture and sequestration are ever-growing topics in scientific
and societal discussions. Plants and other autotrophic
organisms employ enzyme cascades to produce sugars and
other metabolic components from CO2, but carbohydrates such
as glucose are not the only products that can be enzymatically
synthesized from this precursor. Using an engineered non-
natural enzyme pathway, Marques Netto et al. were able to
produce methanol from CO2 using four enzymes immobilized
on magnetic NPs;343 this is the converse of the pathway utilized
by Liu et al. (Figure 11A), which also employed most of the
same enzymes.116 The conversion process required four
enzymes: alcohol dehydrogenase (ADH) from S. cerevisiae,
formaldehyde dehydrogenase (FALDH) from P. putida,
formate dehydrogenase (FDH) from Candida boidinii, and
glutamate dehydrogenase (GluDH) from bovine liver cells. The
authors determined empirically that each enzyme required a
magnetic NP of different size and composition, which was
validated through independent interrogation of each compo-
nent of the complete enzymatic process. When combined, the
stepwise synthetic reactions yielded a 2.3% increase in
methanol production per NADH molecule. In pressurized
batch reactions containing all four enzymes and a separate
NADH regeneration component, the reaction was markedly
improved, with a 64-fold increase in methanol yield. Although

Figure 30. Abiotic materials for enzyme assembly. Major classes or families of materials being investigated for enzyme assembly with direct relevance
to multienzyme cascades are shown. Reproduced from ref 322 under a Creative Commons license (https://creativecommons.org/licenses/by/4.0/).
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the authors speculated about the material and NP size effects on
each enzyme, the reasons that different NP materials were
required still remain unknown, suggesting that there is much to
be learned about bioconjugation effects.
Throughout the literature, the assembly of enzyme cascades

on abiotic scaffolds is described with the goal of improving
commercial applications. As an example, Dong et al. showed
that an enzyme cascade assembled on magnetic NPs enabled a
relatively low-cost method of producing a precursor necessary
for in vitro glycosylation.344 Glycosylation of proteins and other
biomolecules is often important to their cellular function.345,346

Therapeutic biomolecules are therefore often glycosylated
during formulation to ensure accurate function within the
body. In cells, glycosylation of proteins is facilitated by
glycosyltransferases that utilize a sugar-modified uridine
nucleotide as a substrate. While these modified nucleotides
can be synthesized through chemical means, enzymatic
processes are desired because of favorable reaction conditions
and the regioselectivity of enzyme reactions.347,348 However,
enzyme systems are often burdened with the high cost of
precursors, as shown by the cascade designed by Jiang et al. that
relied on a glucose-1-phosphate substrate.348 In contrast, the
mechanism described by Dong et al. targeted low-cost
substrates, specifically maltodextrin, uracil triphosphate, and
free phosphate. To facilitate the synthesis of uridine
diphosphoglucose (UDP-Glc), the authors employed three
enzymes assembled on amino-functionalized magnetic NPs:
maltodextrin phosphorylase, glucose-1-phosphate thymidyl-

transferase, and inorganic pyrophosphatase. The authors
observed a 30% loss of activity following immobilization, but
when interrogated individually, the enzymes showed specific
activities similar to those of the free enzymes. In all cases, the
enzymes showed higher KM and Vmax values for the immobilized
enzymes for at least one substrate. With this system, the authors
were able to achieve a moderate yield (50%) of the UDP-Glc
precursor using low-cost starting materials and an enzyme
catalyst that could easily be recovered and reused a number of
times.
Magnetic particles have been shown to be viable not only as

abiotic scaffolds for enzyme assembly but also as mediators of
reaction mixing, a critical parameter for the design of large-scale
reactions, through alternating magnetic fields. In a demon-
stration of this capability, Yang et al. immobilized glucoamylase
and α-amylase on ferric oxide powders in chitosan beads.349

The goal was to implement an enzymatic system that was
amenable to manipulation using magnetic fields that would
eliminate the need for secondary pumps or mixers in biosensor
or bioanalytical tool development. In this study, both enzymes
maintained their catalytic activities and were successfully able to
reduce the starch substrate to its monomer components over
the course of the experiment. As enzyme kinetics was not their
focus, the enhancement of starch conversion was not
monitored.

Semiconductor Quantum Dots. Semiconductor quantum
dots (QDs) are small nanocrystals formed from the nucleation
and crystallization of elements such as cadmium and selenium

Figure 31. Menaquinol synthesis by multienzyme−QD assemblies. (A) Schematic illustration of three multienzyme−QD assemblies with excess
MenH (6a), MenD (6b), and MenF (6c), respectively. The composition of the enzymes in the assemblies drastically affected the catalytic efficacy
and intermediate flow. (B) Product (SHCHC) generation catalyzed by the three assemblies. (C) Substrate (chorismate) consumption catalyzed by
the three assemblies. (D) Intermediate (isochorismate) accumulation catalyzed by the three assemblies. The total amounts of the enzymes and QDs,
volumes of the reaction solutions, and the initial concentrations of chorismate were all the same in 6a, 6b, and 6c. Reproduced from ref 354.
Copyright 2014 American Chemical Society.
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that are commonly employed as semiconductor materials.350

They have come to prominence in biological applications for
both their unique optical properties and the ease of surface
modification or capping, which allows them to be employed in a
wide array of biological assays.350,351 Beyond imaging assays
and biosensors, QDs also serve as reliable scaffolds for the
immobilization of enzymes and other biomolecules. While the
chemical diversity of the QD cap can readily be tailored to
experimental needs, the most direct route of oriented protein
immobilization utilizes the His6 purification epitope that is
typically added to the C- or N-terminus of the recombinantly
produced enzyme.91,99,352,353 Here the imidazole side chains
bind to Zn2+ on the shell of CdSe/ZnS core/shell QDs by metal
affinity coordination. This method of high-affinity enzyme
immobilization offers not only a mechanism of oriented
immobilization but also control over the relative ratio of
enzyme per QD and eliminates the need for chemical
conjugation methods, which often detrimentally affect the
enzyme activity. QDs can be beneficial as a scaffold because of
the ease of modifying the number of enzymes immobilized, for
example, using the His6 method of immobilization. Assembly of
enzymes on NPs is meant to facilitate the reassembly of
functional multiprotein complexes such as those seen within
cells. Often, the positional assembly (i.e., the distance between
enzymes) is important to ensure efficient catalytic activity from
the enzyme system or cascade.
Menaquinones are redox-active compounds found within the

membranes of bacteria and other organisms. In E. coli, the
menaquinol-8 biosynthetic pathway utilizes products of both

the chorismate biosynthesis I pathway and the trans,trans-
farnesyl disphosphate biosynthesis pathway as starting sub-
strates for two convergent enzyme pathways. The first three
enzymes of the chorismate arm, MenF, MenD, and MenH, have
all been produced recombinantly and function normally as part
of in vitro assays. To investigate the distance between enzymes
and its effect on their catalytic activity, Kang et al. exploited the
same His6-driven metal ion affinity immobilization to assemble
each of these enzymes in varying ratios to 3.5 nm (565 nm
emission maxima) CdSe/ZnS core/shell QDs.354 In their initial
trials, where the enzyme was immobilized at an enzyme:QD
ratio of 5:1, the authors observed a reaction rate less than or
equal to that with the free enzymes in solution. However,
through iterative modification of both the enzyme:QD and
enzyme:enzyme ratios on QDs, the authors observed an
increased rate in production formation (Figure 31). While the
enzyme:enzyme ratio likely contributed to reducing the
bottleneck of rate-limiting steps in the catalytic process, the
authors theorized that the increase in the enzyme:QD ratio is
directly correlated to a reduction in the interenzyme spacing,
thereby aiding in intraparticle substrate flow. Though the
authors stopped short of comparing the assembled systems to
free-enzyme or alternate biosynthetic approaches, their
thorough examination of the intraenzyme spacing and substrate
channeling reflect the critical components needed for under-
standing the enhancement observed when enzymes and enzyme
cascades are assembled on NPs. Moreover, since each enzyme
has a different intrinsic catalytic rate, numerical simulations of

Figure 32. Substrate channeling and enzyme stabilization on QD scaffolds. (A) Schematic of the coupled PykA−LDH enzyme system colocalized on
a QD surface. The propensity of the enzymes to form cross-linked QD dimers and, to a lesser extent, trimers via the enzymes’ tetrameric polyhistidine
tags is also schematically indicated. The schematic is not to scale. (B) Specific activity of LDH (μM of NADH consumed s−1 (μM LDH)−1)
determined at various enzyme concentrations in the absence (black) or presence of 605 QDs (blue) or 525 QDs (red). (C, D) Concentration of
NADH in a combined PykA−LDH reaction monitored with enzymes assembled on 605 (red) or 525 QDs (green) or QD-free (black). The reactions
were monitored at (C) a high concentration of 8 LDH (12.8 nM)/4 PykA (6.4 nM)/1 QD (1.6 nM) and (D) a 5-fold lower concentration of 8 LDH
(2.4 nM)/4 PykA (1.2 nM)/1 QD (0.3 nM). Enzyme-only contained the equivalent amount of free enzyme. Reproduced from ref 61. Copyright
2018 American Chemical Society.
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each system’s kinetic profile can be quite useful to determine
the optimal ratio of each enzyme to use within a given cascade.
In addition to activity, immobilization of enzymes on abiotic

scaffolds such as QDs is often associated with stabilizing
enzyme function, although this characterization is often used
quite ambiguously with little interpretation as to its actual
meaning. Important to this discussion, in vivo many enzymes
are active not as simple monomers but as multimeric proteins
or multiprotein complexes. In a study of the kinetic parameters
of pyruvate kinase (PykA) and lactate dehydrogenase (LDH)
assembled on QDs, Vranish et al. observed an interesting
variability in the activity of these enzymes assembled on QDs
that was affected by both the concentration of the enzyme itself
and the location of the His6 epitope tag that was used for NP
immobilization.61 In preliminary studies, the authors observed
that the tetrameric PykA showed reduced kinetic activity when
immobilized on QDs at low enzyme concentrations, which is
contrary to the author’s previous studies with other
enzymes.63,355−357 However, when higher enzyme:QD ratios
were used, the enzyme activity reached levels comparable to
those of free enzyme in solution. In contrast, the LDH enzyme
showed significant enhancement of activity, nearly 50-fold,
when immobilized on similarly sized QDs using the same metal
affinity tag for assembly. Like PykA, LDH is a tetramer,
although it dissociates to the monomer form at low
concentrations.358 On the basis of modeling of the protein
structure and the positioning of the His6 tag, the authors
hypothesized that the epitope tag in this instance actually serves

to stabilize the multimeric structure, contributing to the
significant increase in enzyme activity. In conjunction with
these studies, the authors examined bienzyme assembly on
particles at varying enzyme:QD ratios to further improve the
catalytic activity (Figure 32). To better understand the
mechanisms at play, the authors performed a number of
simulations in which the surface diffusion of the pyruvate
intermediate was varied to predict the maximum reaction
velocity attainable through substrate channeling (Figure 33).
Comparison of the experimental data with the model-predicted
activities at low and high enzyme concentrations supported the
authors’ hypothesis that at the optimized enzyme ratios the
observed improvements in catalytic activity are the product of
both improved enzyme stability and substrate channeling
between the QD-immobilized enzymes. Interestingly, a large
number of other enzymes have shown some type of enhanced
activity when assembled on both QDs and similarly sized gold
nanoparticles (AuNPs), including alkaline phosphatase, phos-
photriesterase and many of its engineered structural variants,
luciferase, β-Gal, and acetylcholine esterase, among
others.77,355−357,359−372 This phenomenon seems to arise
from the unique environment around NPs, which appears to
alleviate certain rate-limiting steps along with the aforemen-
tioned improvement in stability. It also certainly bodes well for
their utility in any type of NP-scaffolded cascade. Moreover,
this enhancement was shown for HRP attachment to QDs and
was even maintained when HRP was functionally coupled to
GOx in solution.63

Figure 33. Simulation of channeling of a pyruvate intermediate between QD-immobilized PykA and LDH. Experimental data for (A) high density
and (B) low density enzyme formats are compared with predictions of a kinetic model of the PykA−LDH cascade. The experimental data are
denoted as points connected by thin lines of the same color, and the simulation results are given by thicker solid or dashed lines. Reproduced from ref
61. Copyright 2018 American Chemical Society.
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The inherent optical properties of QDs are often paired with
chemical or biological sensors in the development of sensors or
bioanalytical tools and devices. When used in conjunction with
a reporter such as HRP that can utilize chemiluminescent
substrates, QD-based reporters typically have advantages over
conventional FRET-based sensors, as no light source is required
for activation and there is little activation of the energy donor.
Despite these advantages, chemiluminescent substrates such as
luminol are enzymatically cleaved to form H2O2 as a product
that can oxidize QDs and reduce the activity. Referencing the
observations of Limoges et al., who described improved enzyme
activity when confined within nanometric range,374 Xu et al.375

successfully demonstrated improved chemiluminescence reso-
nance energy transfer (CRET)373 efficiencies in their QD-based
sensor when an oxidase enzyme was added to control the
formation of H2O2. Here the authors used carbodiimide
chemistry to attach HRP and one of three oxidase enzymes
GOx, cholesterol oxidase (ChOx), or benzylamine oxidase
(BeOx)to a QD to demonstrate a proof-of-concept CRET-
based sensor for serum biomolecules (Figure 34A). The
authors validated the initial design using glucose oxidase
showing that compared with free HRP or QD-conjugated HRP,
the bienzyme system possessing the immobilized oxidase
enzyme showed a much greater CRET efficiency (Figure
34B). In subsequent serum analysis experiments, the QD-based
sensors showed detection limits comparable to or better than
those of hospital-performed blood assays.

Gold Nanoparticles. AuNPs are highly adaptable to a range
of biological and medical applications because of their optical
properties, biotolerance, and amenability to a range of chemical
and biological strategies for surface immobilization.376−378 One
such strategy that is directly conducive to subsequent protein or
enzyme immobilization is surface functionalization with a Ni2+-
NTA group. As discussed in the preceding section, inclusion of
a small His6 tag in recombinantly produced enzymes allows for
both immobilization and orientation on NP surfaces that
possess divalent metal ions such as Ni2+ or Zn2+. Other typical
AuNP chemical immobilization or bioconjugation strategies are
based on cysteine thiol affinity to gold surfaces or the
ubiquitous biotin−avidin chemistry.92 In addition to surface
modification, the years of invested research have established
well-defined protocols for the synthesis of AuNPs of various
shapes and sizes.379 In conjunction, these properties make
AuNPs ideal not only for both downstream medical and
commercial applications but also for studying the behavior of
enzymes and other biomolecules on NP surfaces.
While the material composition of NPs often contributes to

some of their unique properties and reported biological
enhancements, the size and shape are also important to some
of these behaviors. To explore the effect of NP size on enzyme
activity, Lata et al. performed a series of experiments examining
the kinetic properties of three enzymesglucose-6-phosphate
isomerase (GPI), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), and pyruvate kinase (PykA)immobilized at high

Figure 34. Bienzyme system to enhance sensor activity. (A) Schematic principle of CRET from luminol to CdTe QDs with a bienzyme−QDs
bioconjugate. (B) Comparison of the CRET performances of the GOx−HRP−CdTe QDs bioconjugate, the HRP−CdTe QDs bioconjugate, and a
mixture of free HRP and CdTe QDs: (left) CRET spectra and (right) CRET ratios reflecting the efficiency of energy transfer. Reproduced from ref
375. Copyright 2016 American Chemical Society.
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and low concentrations on AuNPs of four sizes (5, 10, 20, and
50 nm).380 Here the enzymes were chosen on the basis of
classification (an isomerase, an oxidoreductase, and a trans-
ferase, respectively) and not for their ability to shuttle or
channel intermediates between enzymes. Of consequence, the
authors reported little to no improvement in activity when the
enzyme was immobilized as a monolayer (less than 100%
surface coverage) to any of the four particles, in contrast to
previous reports by other groups who routinely observed
reductions in KM or increases in kcat/KM. Interestingly, the
group observed increasing catalytic activity as the NP size and
enzyme concentration increased. On the basis of quantitation of
the immobilized proteins, the authors speculated that multi-
layer enzyme structures likely formed. This is a somewhat
counterintuitive finding, as it would be expected that multilayer
structures may nullify access to some of the enzymes.
Geometrically, increasing NP size correlates to decreasing
surface curvature, which here was hypothesized to encourage
multilayer assembly. While the authors were not able to
accurately calculate how much enzyme was active on the
saturated NPs, the observed improvements in total activity per
particle were consistent among the enzymes.
Silica Nanoparticles. The synthesis of silica NPs is a highly

controlled process that allows researchers to tune the size,
porosity, crystallinity, and shape of the particles.381,382 Their
biocompatibility and amenability to surface modification have
allowed researchers to readily implement them in the
development of therapeutics for drug delivery, diagnostics,
and tools for imaging.383 For enzyme assembly, silica NPs in
their various forms and compositions offer an alternative set of
chemical properties that can be utilized to ensure function. In
their attempts to construct a 10-enzyme sequential reaction,
Mukai et al. found that 500 nm magnetic silica NP scaffolds
significantly reduced the activities of some enzymes.342 The
authors therefore adopted NTA-modified silica-based NPs as
an alternative scaffold. In these studies, the genes encoding 10
enzymes involved in glucose metabolism were isolated from
mammalian sperm and recombinantly produced as His6-tagged
proteins in mammalian cell cultures. The enzymes were divided
into three distinct clusters, each possessing at least one tractable
cofactor that allowed the enzyme activity to be assessed. When
examined independently, each of the three NP/enzyme
assemblies showed a higher rate of product formation than
free enzyme controls. Additionally, when supernatant from each
reaction was removed and sequentially added to the next
enzyme cluster, the NP-assembled enzyme systems showed
elevated levels of lactate production from each nanomole of
glucose consumed compared with control reactions. The
authors proposed that this enhancement is likely attributable
to the diffusion of intermediates within the hydration shell of
adjacent enzymes or substrate channeling, although the free
enzyme system still produced substantially more lactate per
microgram of enzyme. It should also be noted that the 0.5 μm-
sized silica particles utilized in this study are technically
microparticles and do not meet the strict definition of NPs; this
also points out a potential issue, as the size of this type of
scaffold may have a strong influence on access to channeling,
and further investigation is certainly warranted.
Metal−Organic Frameworks. Metal−organic frameworks

(MOFs) are materials constructed by linking metal-containing
units via organic linkers to create crystalline frameworks with
defined porosity.384 The flexibility in the selection of both the
metal-containing unit and the linkers has enabled the formation

of thousands of MOF materials that have widely varying
properties and applications, including storage of fuels, enabling
catalytic conversions, serving as drug carriers, and many
more.87,384,385 Similar to NPs, exposed functional groups and
surface features can be tailored for specific biomolecule
immobilization strategies, including passive absorbance through
hydrogen bonding and van der Waals interactions, via salt
bridges, or through covalent modification.386 MOFs also
provide an elevated level of control in enzyme and biomolecule
packaging, as the synthesis reactions can be optimized to
control the pore size, shape, volume, and surface area, which
can directly correlate to the enzyme loading.384,387,388 Such
control over the physical properties of MOFs has allowed
researchers to develop several effective strategies for loading of
enzymes into MOF structures (Figure 35).386 For the

development of enzyme catalysts, encapsulation within MOFs
has been shown to improve biomolecule stability under harsh
thermal, mechanical, and chemical conditions similar to other
scaffold platforms.389 These stability improvements are often
the product of physical inhibition of denaturation or
aggregation that can occur under environmental stress. The
combined properties of MOFs have contributed to an ever-
growing interest in these materials as abiotic scaffolds for
enhancing enzyme viability as a tool for commercial
applications.
Despite their numerous advantages, MOF−enzyme systems

often show reduced enzyme activity relative to the free enzymes
due to inhibition of substrate diffusion through the crystalline
lattice. The diversity of available metals and ligands, however,
allows for exquisite control over the pore size and structure of
MOFs, which can allow these limitations to be overcome. As an
example, Li et al. demonstrated that the activity of an
organophosphorous acid anhydrolase enzyme could be
improved beyond that of the free enzyme through the use of
a csq-net zirconium MOF that featured a large mesoporous
aperture.390 Similarly, Lyu et al. employed a coprecipitation
method of capture to anchor cytochrome c to the surface of a
zeolite imidazole framework and observed a 10-fold increase in
catalytic activity.391 While there are numerous examples of
single-enzyme improvements in MOFs, there are minimal
references to multienzyme systems or cascades. Recently, Chen

Figure 35. Methods of enzyme encapsulation within MOFs. The
schematic highlights how enzymes can be encapsulated by
coprecipitation or biomineralization as well as postsynthetically in
the channels or cages of MOFs. Reproduced with permission from ref
386. Copyright 2017 Royal Society of Chemistry.

ACS Catalysis Review

DOI: 10.1021/acscatal.9b02413
ACS Catal. 2019, 9, 10812−10869

10854

http://dx.doi.org/10.1021/acscatal.9b02413


et al. demonstrated MOF-associated enhancement of two
distinct enzyme systems.87 In their initial trials, the authors
encapsulated the ubiquitous GOx−HRP pair within a zeolitic
imidazole framework and measured the coupled enzyme
activity via the oxidation of Amplex Red to its resorufin
fluorescent product by HRP. The nanoreactor system exhibited
a 7.5-fold increase in catalytic activity compared with free
enzyme controls. Expanding upon this success, the system was
modified to include β-Gal as the initiator enzyme to degrade
lactose to the glucose substrate for GOx. The three-enzyme
system again showed rate enhancement with a calculated 5.3-
fold improvement over control reactions. In both of these
studies, the authors confirmed colocalization of enzymes via
fluorescence microscopy. The authors hypothesized that similar
to other scaffolded enzyme systems, the MOFs enable catalytic
rate enhancement through an increase in the local concen-
trations of substrates/products and the enzymes.
Polymeric Structures. Abiotic scaffolds are highly diverse

in their structure and composition. Polymeric structures are a
general classification of repeating subunit scaffolds that do not
readily fall into the other more distinct groups previously
described. Polymers have an inherent advantage of a well-

defined structure that allows for precise control over the
chemical handles or functional groups they display and that can
be targeted for enzyme immobilization as described by Katyal et
al.392 This allows for well-controlled positioning of enzymes in
these structures. As reviewed by Schmidt-Dannert and Lopez-
Gallego393 and by Chen et al.,6 polymeric scaffolds and other
similar structures provide a pathway to the realization of
commercial biosynthesis, as these systems have been shown to
improve enzyme activity, stability, and reusability while
employing a scaffold that can be easily and cost-effectively
manufactured.
In addition to the complexities of assembling enzymatic

systems for in vitro catalysis, regeneration of cofactors and other
necessary components can severely limit reaction efficiency.
The pathway previously described by Liu et al.116 (Figure 11A)
reduces the greenhouse gas CO2 to methanol through an
enzymatic cascade comprising formate dehydrogenase (FDH),
formaldehyde dehydrogenase (FALDH), and alcohol dehydro-
genase (ADH). Each of these requires an NADH cofactor for
the enzymatic reduction of its substrate. As direct capture of
NADH molecules by the solid support does not increase
catalysis, Ji et al. focused upon passive immobilization of the

Figure 36. Polymer nanotubes for reduction of CO2 to methanol. (A) Electrospun polyurethane fibers were doped with poly(allylamine
hydrochloride) (PAH) to enable passive immobilization of enzymes and NADH cofactor. Enzymatic conversion of CO2 to methanol occurred
through a three-step reduction facilitated by formate dehydrogenase, formaldehyde dehydrogenase, and alcohol dehydrogenase, each utilizing
NADH as the cofactor. (B) Regeneration of the NADH cofactor was vital to the efficiency of the entire pathway and was improved when local
concentrations were increased through a cofactor regeneration system. (left) Plots of methanol yield as a function of reaction time for methanol
synthesis from CO2 by using multiple enzymes (△, ▲) without cofactor regeneration, (○,●) with coupled GDH for cofactor regeneration, and (□,
■) with both GDH for cofactor regeneration and CA for accelerating hydration of CO2. (right) Reaction mechanisms corresponding to these
multienzyme systems. Open symbols represent results for the free multienzyme systems, and solid symbols present results for the hollow-nanofiber-
supported multienzyme systems. Reproduced from ref 394. Copyright 2015 American Chemical Society.
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cofactor through electrostatic interactions.394 Here the authors
electrospun polyurethane nanofibers doped with a water-
soluble cationic polyelectrolyte, poly(allylamine hydrochlor-
ide). Electrostatic interactions with the negatively charged
NADH ensured localization within the lumen of the fiber along
with glutamate dehydrogenase to allow for its regeneration
(Figure 36). While the authors did not directly monitor the
enzyme kinetics for each individual enzyme in the cascade, they
did report that through the addition of the cofactor
regeneration system to the cascade, a 2.85-fold increase in
methanol production was observed. Additionally, the authors
indicated that this improvement was observed only when the
NADH regeneration system was colocalized within the lumen
of the fiber and could not be reproduced with exogenous
addition of NADH. As with other shuttling mechanisms, the
elevated local concentration of the cofactor likely leads to the
improvement in reaction efficiency.
As with any immobilization strategy, careful selection of the

chemistries used for immobilization is critical to ensure activity.
Zore et al. examined different approaches for enzyme assembly
to a poly(acrylic acid) abiotic scaffold to form multienzyme
polymer conjugates (MECs).395 In both of the strategies
employed for MEC assembly, carbodiimide chemistry was used
to form the abiotic scaffold. The authors tested both parallel
and sequential addition of enzymes and polymer, assaying the
specific activities of individual enzymes in the MEC to assess
the impact of the immobilization strategy on each. Interestingly,
the effect on enzyme activity was inconsistent for different
enzymes. While this study did not directly address substrate
channeling, it does highlight the need to carefully select the
protocols used for formation of multicomponent enzyme
assemblies to ensure that the activities of each individual
component are retained.
Other Abiotic Scaffolds. Carbon Nanotubes. Single-

walled carbon nanotubes (SWNTs) and multiwalled carbon
nanotubes (MWNTs) rose to prominence as nanomaterials
with remarkable electronic and tensile properties.396 For
biological applications, carbon nanotubes offer a platform for
biomolecule assembly, as many such molecules readily adsorb
on these structures passively or through common chemical
cross-linking methods such as carbodiimide chemistry.326,328

Additionally, unlike many other NP systems, the intrinsic length
of carbon nanotubes enables purification and recovery from
reactions using filtration rather than high-speed centrifuga-
tion.327 Finally, carbon nanotubes also have inducible ionic
charges that can alter the enzyme activity under some
conditions, be integrated into sensor platforms, or used to
induce secondary processes.328 To date, SWNTs and MWNTs
have been used in a variety of enzyme-based applications and
shown significant potential for subsequent studies in cascade
enzyme reactions. Though not an examination of shuttling,
Zhang et al. paired tyrosinase and β-Gal in a carbon-nanotube-
based biosensor.397 This paired enzyme system was able to
achieve pg/mL levels of detection and outperformed single-
enzyme sensors by 44−80% in experimental studies. In addition
to biosensor development, the unique conductive properties of
carbon nanotubes offer great potential for fuel cell design.
Exploiting the glycolytic enzymes invertase and glucose
dehydrogenase, researchers from Auburn University described
a stacked carbon nanotube fuel cell.398 They used sucrose as a
starting substrate and harnessed the free electrons from the
oxidation of NADH to NAD+ by glucose dehydrogenase. The
enhancements to enzyme catalysis and its translation into these

applications to power generation and biosensor improvements
provide a foundation for the use of SWNTs and MWNTs in
increasingly complex enzyme systems.

Hydrogels. Hydrogels are cross-linked polymer structures
that are able to swell and retain a large amount of water or
biological fluid.399 Hydrogel materials can be assembled from a
variety of monomers, allowing them to be developed for use as
food additives, as tools for tissue engineering, for encapsulation
of biomaterials, and so on.399,400 As has been discussed
throughout this section and others, immobilization strategies
such as carbodiimide chemistry or random attachment
strategies can have a detrimental impact on enzyme activity.
In contrast, hydrogels utilize a passive encapsulation strategy in
which aqueous solutions containing biomolecules and reaction
buffers are sequestered within the hydrogel itself. Hydrogel
encapsulation has been shown for a number of single enzymes
as well as systems of increasing complexity. In a recent
publication, Wu et al. assembled an enzyme cascade including
superoxide dismutase and chloroperoxidase with the intention
of forming reactive oxygen species to mimic the cellular
lysosome.401 Here a magnetic NP served as a core structure
onto which the enzymes were assembled within a hydrogel
shell. These materials were able to induce a cytotoxic effect in
tumor cell lines. While hydrogel materials are able to
encapsulate buffers and solutions favorable to enzyme activity,
they are not without their limitations. In a comprehensive study
of four enzymes independently encapsulated with hydrogel
materials, Schmieg et al. showed that in many instances the
unique environment within these materials can diminish the
relative enzyme activity as a result of diffusional limitations.402

As with many abiotic scaffolds, the unique properties of
hydrogels make them viable candidates and one of many
scaffolds for future studies of multicomponent enzyme systems.

■ OUTLOOK AND PERSPECTIVE
In this review, we have strived to guide the reader through a
background on the benefits of artificial multienzyme scaffolds,
the underlying mechanisms of those benefits (especially
substrate channeling), the chemistries involved in conjugating
enzymes to different scaffolding (nano)materials, and impor-
tantly, the biotic and abiotic scaffolds themselves. We have
provided illustrative examples of advancements in scaffolds
mostly within the last ∼5 years, which emphasizes the rapid and
continuing expansion of this field. From these examples it is also
clear that many of the systems can access and benefit from
channeling phenomena, but what is not transparent is how
much of the full potential benefits from channeling have been
achieved in a given system, and much remains to be
accomplished here as the systems themselves mature and the
methods for analyzing them become more sophisticated.403

Key to the growth of this research field will be continued and
sustained development of at least three directly correlated areas.
First is that of the scaffolding materials themselves. These must
provide for control over relative size, shape, availability for
controlled bioconjugation, and of course the many other
physicochemical characteristics that can aid in the final
application; the latter can include, for example, biocompati-
bility, amenability to chemical modification, colloidal stability,
and solubility. In terms of designer control over just the scaffold
architectures that can be achieved along with control over 3D
placement of different enzymes on those structures, it appears
that DNA nanotechnology has the most to offer. This comes at
the cost of requiring very specialized knowledge to design and
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assemble the structures along with chemically modifying the
enzymes (site-specifically) to display the requisite comple-
mentary DNA for attachment. How these structures will
accommodate enzymes that are dimeric or multimeric is not
readily apparent, as these enzymes may display multiple DNA
linkages on each monomer. It is also hard to anticipate what
new material may be tested as an enzyme scaffold next, but
likely candidates include many of the new macromolecular
protein cages, compartments, and vaultlike subcellular
structures that are continuously being discovered and
described, as these provide the most biocompatibility and can
be sourced from cellular production rather than chemical
synthesis.404 A second key area that still needs much
development is that of bioconjugation for site-specific attach-
ment of the enzymes to any given scaffold material. This
includes both improving upon current methods and discovering
new, broadly applicable means to immobilize enzymes on biotic
and abiotic scaffolds. Rather than relying on a chemical reaction
between chemoselective bio-orthogonal groups introduced
onto the enzymes and the scaffolds, the cohesin−dockerin
family of binding interactions along with systems such as
SpyTag−SpyCatcher appear to have much to offer in this
regard, as each participant can be coexpressed as a fusion with
the enzyme and the cognate protein scaffold of choice,
respectively. The need here is to develop further unique
binding pairs that retain or display very high binding/
interaction affinities to allow for sequential placement of a
large number of enzymes with varying stoichiometry as desired.
Lastly, far more diverse enzymes (especially beyond GOx−
HRP) need to be incorporated in these systems to provide a
sufficient body of work that can help provide enough
background and viable examples for others who wish to venture
into this area. Perhaps what could help most in this regard is
some type of industrial adoption of prototypical systems, as
these will demonstrate and verify the use of robust and rigorous
approaches that others can adopt.
In a general sense, much of the work to date on enzyme

scaffolding has focused on single-enzyme systems. While this
certainly will continue to be, and should continue to be, an area
of focus, we hope the examples highlighted in this review
foreshadow to some extent the broad potential application
space for scaffolded multienzyme cascades. The biggest
beneficiary of the development of these materials will be
synthetic biology in the form of true cell-free minimalist
systems. There is also no reason why such scaffolded
multienzyme systems cannot incorporate both bacterial and
more complex eukaryotic enzymes to help expand the available
chemical and biosynthetic space. Similarly, there is strong
potential for arranging enzymes to achieve particularly
challenging conversions involving the preference of an isomer
and the like. What is also not appreciated is that many
enzymatic pathways can function in a bidirectional manner, as
exemplified by the glycolytic enzymes, which can function
catabolically in converting glucose to lactate and also in the
reverse direction as part of gluconeogenesis. This could allow
systems to work in either direction as needed and as driven
thermodynamically in a manner analogous to the CO2 to
methanol and converse examples mentioned above.116,118,343

Attaching the enzymes to magnetically susceptible scaffolds in a
manner similar to that of Yang et al.,349 who immobilized
glucoamylase and α-amylase on ferric oxide powders in
chitosan beads, is also quite intriguing. This approach could
potentially allow the enzymes to overcome some diffusion

limitations or better exploit channeling phenomena by
removing back-inhibiting products in the right configuration.
Lastly, these systems do not have to be used solely for synthetic
purposes and may be amenable to application as “smart”
sensors utilizing enzyme logic for diagnostics.405,406

In order to improve upon current scaffolding systems and
design novel systems, continued examination of the underlying
mechanisms for the benefits of these systems will be crucial.
This will require harnessing theoretical platforms as well as
accessible analytical methods to monitor improvements in
multienzyme activity and stability plus the geometry of the
entire scaffolded system (for details, see Substrate Channeling).
Accumulation of well-analyzed examples of successful (and
unsuccessful) scaffolding systems for disparate multienzyme
cascades will build a foundation for future designs. What are the
priorities when designing a de novo scaffold for a given enzyme
cascade: Minimizing the distance between enzyme pairs?
Maximizing pH tuning of different scaffold regions to match
enzyme preference? Facilitating “superclustering”/aggregation
of scaffolds at an ideal size? Maintaining enzyme stability at low
concentrations? Recovering enzymes for reuse? Dynamic
control of enzymes in the cascade? Ensuring the correct
enzyme:scaffold ratios? Ensuring sequentiality if needed? To
some degree, all this will depend on the given cascade, but are
there any general design rules that can be illuminated? The
more accessible techniques are to interrogate different systems
theoretically and analytically, the more laboratories will be able
to acquire the data needed to address these aspects. One
probable marker by which to measure successful development
will be if such systems are adopted commercially for sensing or
industrially for biosynthesis. In accomplishing this they will in
essence have crossed the so-called “Valley of Death” and
successfully transitioned from an interesting research area to a
viable technology.
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■ ABBREVIATIONS: GENERAL
2D/3D = two-dimensional/three-dimensional
ABTS = 2,2′-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid)
AuNP = gold nanoparticle
c = concentration at a radial distance
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C = molar concentration
CaaHc = copper-assisted azide−alkyne Huisgen cyclo-
addition (i.e., click chemistry)
CatIB = catalytic inclusion body
CBD = cellulose-binding domain
CBM = carbohydrate-binding module
CLEA = cross-linked enzyme aggregate
CMC = carboxymethyl cellulose
Combi-CLEA = cross-linked enzyme aggregate composed of
different enzymes
CRET = chemiluminescence resonance energy transfer
d, de−e = distance between enzymes
D = diffusion coefficient
DLS = dynamic light scattering
DNA = deoxyribonucleic acid
DTPC = DNA-templated protein conjugation
DX = double crossover (DNA tile)
DYSD; DYSD CD = direct yeast surface display; specifically
codisplay
EDTA = ethylenediaminetetraacetic acid
EG-(NHS)2 = ethylene glycol bis(succinimidyl succinate)
En = enzyme n
FACS = fluorescence-activated cell sorting
fdirect = fraction of the intermediate directly channeled
FPLC = fast-protein liquid chromatography
GPI = glycosylphosphatidylinositol
His = histidine
I = intermediate
IB = inclusion body
INP = ice nucleation protein
k = turnover frequency
k2,scaf/k2,free = ratio of the benefit of the scaffold
kcat = turnover number
KD = dissociation constant
KM = Michaelis constant
LD = lipid droplet
MEC = multienzyme polymer conjugate
MWNT = multiwalled carbon nanotube
MOF = metal−organic framework
NAD+ = nicotinamide adenine dinucleotide, oxidized
NADH = nicotinamide adenine dinucleotide, reduced
NE = not evaluated
NHS = N-hydroxysuccinimide
NP = nanoparticle
NRPS = nonribosomal peptide synthetase
NTA; Ni-NTA = nitrilotriacetic acid; Ni2+-nitriloacetic acid
OD600 = optical density at 600 nm
OMV = outer membrane vesicle
P = product
PAGE = polyacrylamide gel electrophoresis
PASC = phosphoric acid-swollen cellulose
PCI = protein crystalline inclusion
PEG = poly(ethylene glycol)
PHB = polyhydroxybutyrate
PKS = polyketide synthase
QD = quantum dot
r = radial distance
R = rate of off-target reaction
RNA = ribonucleic acid
S = substrate
SD = standard deviation
SDS = sodium dodecyl sulfate
SEDC = single enzyme display consortium

SLS = synthetic lipid-containing scaffold
SPDP = succinimidyl 3-(2-pyridyldithio)propionate
ssDNA = single-stranded DNA
sSMCC = sulfosuccinimidyl 4-(N-maleimidomethyl)-
cyclohexane-1-carboxylate
(SSSSG)4 = (serine)4-glycine linker
SWNT = single-walled carbon nanotube
t = time
τ = time between reaction events (=1/k)
τch = channeling time
TMB = 3,3′,5,5′-tetramethylbenzidine
tRNA = transfer ribonucleic acid
TX-TL = transcription−translation cell-free system
UDP-Glc = uridine diphosphoglucose
v = velocity
V = volume
Vmax = maximum velocity (per Michaelis−Menten enzyme
kinetics)

■ ABBREVIATIONS: PROTEINS AND ENZYMES
AA-ADH = broad-specificity NAD+-dependent alcohol
dehydrogenase Prelog
acnA, ACN = aconitase
Acs1 = enzyme that converts acetate into acetyl-CoA from S.
cerevisiae
ADH = alcohol dehydrogenase [from B. stearothermophilus in
some references in the text]
AdhE2 = butylaldehyde dehydrogenase/butanol dehydro-
genase from C. acetobutylicum
AGA1, AGA2; Aga1p, Aga2p = S. cerevisiae α-agglutinin
(subunits)
tAga1p = N-terminus of Aga1p that binds Aga2p
Ald6 = aldehyde dehydrogenase from S. cerevisiae
Atf1 = alcohol-O-acetyltransferase from S. cerevisiae
AtoB = acetoacetyl-CoA thiolase from E. coli
β-Gal = β-galactosidase
BGL = β-glucosidase
BSA = bovine serum albumin
cadA, CAD = cis-aconitate decarboxylase
CBH = cellobiohydrolase
Cel5A = endoglucanase from C. cellulolyticum
Cel9E = exoglucanase from C. cellulolyticum
Ch1-AmDH = chimeric NADH-dependent amine dehydro-
genase engineered for stability
CohI1, CohI-2, CohI-3 = type I cohesins
Crt = crotonase from C. acetobutylicum
Ct-aCelA = C. thermophilum endonuclease fused with Aga2p
D1-C1, D2-C2 = dockerin−cohesin domains from C.
perfringens and C. thermocellum, respectively
DocII = C-terminal type II dockerin
EG = endoglucanase
ER/K = a 5 nm rigid α-helical linker
Eut; EutM = ethanolamine utilization; Eut protein of S.
enterica
FALDH = formaldehyde dehydrogenase [from P. putida in
some references in the text]
FDH = formate dehydrogenase [from S. cerevisiae in some
references in the text]
FMO = enzyme for indigo production
G6PDH = glucose-6-phosphate dehydrogenase
GADPH = glyceraldehyde-3-phosphate dehydrogenase
GBD = GTPase binding domain from the actin polymer-
ization switch N-WASP
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GFP = green fluorescent protein
GPI = glucose-6-phosphate isomerase
gltA, GA = citrate synthase
GluDH = glutamate dehydrogenase from bovine liver cells
GOx = glucose oxidase
Hbd = 3-hydroxybutyl-CoA dehydrogenase (Hbd) from C.
acetobutylicum
HK = hexokinase
HMGS = hydroxyl-methylglutaryl-CoA synthase from S.
cerevisiae
HMGR = hydroxyl-methylglutaryl-CoA reductase from S.
cerevisiae
Hps = 3-hexulose-6-phosphate synthase
Hps:Phi = fusion of 3-hexulose-6-phosphate synthase with 6-
phospho-3-hexulose isomerase
HRP = horseradish peroxidase
LacZ = a β-galactosidase
LDH = lactate dehydrogenase
Luc = luciferase
MDH = malic dehydrogenase
MGA Mdh 3 = methanol dehydrogenase
NFOR = oxidoreductase
OAD = oxaloacetate decarboxylase
Ole = oleosin from Z. mays
P9 and P12 = bacteriophage proteins required for forming
lipid/protein particles: a major membrane protein and a
nonstructural protein, respectively
PgsA = anchor protein
PgsBCA = poly-γ-glutamate synthetase complex from B.
subtilis
PDZ (domain) = PSD95/DlgA/Zo-1 (domain) from the
adaptor protein syntrophin
Phi = 6-phospho-3-hexuloseisomerase
PykA = pyruvate kinase
Sed1 = Sed1 anchoring domain
Sf-aBGL1 = S. fibuligera β-glucosidase fused onto Aga2p
SH3 = Src homology 3 domain from the adaptor protein
CRK
SH3 ligand = ligand for Src homology 3 domain,
PPPALPPKRRR
SP = signal peptide
Te-aCBH1 = T. emersonii exoglucanase fused with Aga2p
Ter = butyryl-CoA dehydrogenase from T. denticola
TnaA = enzyme for indigo production
VioA−E = five enzymes in the violacein biosynthetic
pathway
XDH = xylitol dehydrogenase
XR = xylose reductase
ZTaq:anti-ZTaq, ZIgA:anti-ZIgA, ZHER2:anti-ZHER2, and
ZWT:anti-ZWT = affibody pairs
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(108) Schüürmann, J.; Quehl, P.; Festel, G.; Jose, J. Bacterial Whole-
Cell Biocatalysts by Surface Display of Enzymes: Toward Industrial
Application. Appl. Microbiol. Biotechnol. 2014, 98, 8031−8046.

ACS Catalysis Review

DOI: 10.1021/acscatal.9b02413
ACS Catal. 2019, 9, 10812−10869

10861

http://dx.doi.org/10.1021/acscatal.9b02413


(109) Su, G. D.; Zhang, X.; Lin, Y. Surface Display of Active Lipase in
Pichia pastoris Using Sed1 as an Anchor Protein. Biotechnol. Lett. 2010,
32, 1131−1136.
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A.; Pohl, M.; Büchs, J.; Jaeger, K. E.; Krauss, U. A Synthetic Reaction
Cascade Implemented by Colocalization of Two Proteins within
Catalytically Active Inclusion Bodies. ACS Synth. Biol. 2018, 7, 2282−
2295.
(115) Liang, Y.; Si, T.; Ang, E. L.; Zhao, H. Engineered
Pentafunctional Minicellulosome for Simultaneous Saccharification
and Ethanol Fermentation in Saccharomyces cerevisiae. Appl. Environ.
Microbiol. 2014, 80, 6677−6684.
(116) Liu, F.; Banta, S.; Chen, W. Functional Assembly of a Multi-
Enzyme Methanol Oxidation Cascade on a Surface-Displayed
Trifunctional Scaffold for Enhanced NADH Production. Chem.
Commun. 2013, 49, 3766−3768.
(117) Park, M.; Sun, Q.; Liu, F.; DeLisa, M. P.; Chen, W. Positional
Assembly of Enzymes on Bacterial Outer Membrane Vesicles for
Cascade Reactions. PLoS One 2014, 9, e97103.
(118) Price, J. V.; Chen, L.; Whitaker, W. B.; Papoutsakis, E.; Chen,
W. Scaffoldless Engineered Enzyme Assembly for Enhanced Methanol
Utilization. Proc. Natl. Acad. Sci. U. S. A. 2016, 113, 12691−12696.
(119) Tang, H.; Wang, J.; Wang, S.; Shen, Y.; Petranovic, D.; Hou, J.;
Bao, X. Efficient Yeast Surface-Display of Novel Complex Synthetic
Cellulosomes. Microb. Cell Fact. 2018, 17, 122.
(120) Tippmann, S.; Anfelt, J.; David, F.; Rand, J. M.; Siewers, V.;
Uhlen, M.; Nielsen, J.; Hudson, E. P. Affibody Scaffolds Improve
Sesquiterpene Production in Saccharomyces cerevisiae. ACS Synth. Biol.
2017, 6, 19−28.
(121) Wang, Y.; Heermann, R.; Jung, K. CipA and CipB as Scaffolds
to Organize Proteins into Crystalline Inclusions. ACS Synth. Biol. 2017,
6, 826−836.
(122) Yang, Z.; Wang, H.; Wang, Y.; Ren, Y.; Wei, D. Manufacturing
Multienzymatic Complex Reactors in Vivo by Self-Assembly to
Improve the Biosynthesis of Itaconic Acid in Escherichia coli. ACS
Synth. Biol. 2018, 7, 1244−1250.
(123) Zhang, G.; Quin, M. B.; Schmidt-Dannert, C. Self-Assembling
Protein Scaffold System for Easy in Vitro Coimmobilization of
Biocatalytic Cascade Enzymes. ACS Catal. 2018, 8, 5611−5620.
(124) Lin, J. L.; Zhu, J.; Wheeldon, I. Synthetic Protein Scaffolds for
Biosynthetic Pathway Colocalization on Lipid Droplet Membranes.
ACS Synth. Biol. 2017, 6, 1534−1544.
(125) Myhrvold, C.; Polka, J. K.; Silver, P. A. Synthetic Lipid-
Containing Scaffolds Enhance Production by Colocalizing Enzymes.
ACS Synth. Biol. 2016, 5, 1396−1403.
(126) Brady, D.; Jordaan, J. Advances in Enzyme Immobilisation.
Biotechnol. Lett. 2009, 31, 1639−1650.
(127) Sheldon, R. A. Characteristic Features and Biotechnological
Applications of Cross-Linked Enzyme Aggregates (CLEAs). Appl.
Microbiol. Biotechnol. 2011, 92, 467−477.
(128) Sheldon, R. A.; Schoevaart, R.; Van Langen, L. M. Cross-
Linked Enzyme Aggregates (CLEAs): A Novel and Versatile Method
for Enzyme Immobilization (a Review). Biocatal. Biotransform. 2005,
23, 141−147.

(129) Chiswell, D. J.; McCaffery, J. Phage Antibodies: Will New
‘Coliclonal’ Antibodies Replace Monoclonal Antibodies? Trends
Biotechnol. 1992, 10, 80−84.
(130) Scott, J. K.; Smith, G. P. Searching for Peptide Ligands with an
Epitope Library. Science 1990, 249, 386−390.
(131) Murai, T.; Ueda, M.; Shibasaki, Y.; Kamasawa, N.; Osumi, M.;
Imanaka, T.; Tanaka, A. Development of an Arming Yeast Strain for
Efficient Utilization of Starch by Co-Display of Sequential Amylolytic
Enzymes on the Cell Surface. Appl. Microbiol. Biotechnol. 1999, 51,
65−70.
(132) Ueda, M.; Tanaka, A. Cell Surface Engineering of Yeast:
Construction of Arming Yeast with Biocatalyst. J. Biosci. Bioeng. 2000,
90, 125−136.
(133) Adachi, T.; Ito, J.; Kawata, K.; Kaya, M.; Ishida, H.; Sahara, H.;
Hata, Y.; Ogino, C.; Fukuda, H.; Kondo, A. Construction of an
Aspergillus oryzae Cell-Surface Display System Using a Putative GPI-
anchored Protein. Appl. Microbiol. Biotechnol. 2008, 81, 711−719.
(134) Georgiou, G.; Poetschke, H. L.; Stathopoulos, C.; Francisco, J.
A. Practical Applications of Engineering Gram-Negative Bacterial Cell
Surfaces. Trends Biotechnol. 1993, 11, 6−10.
(135) Georgiou, G.; Stathopoulos, C.; Daugherty, P. S.; Nayak, A. R.;
Iverson, B. L.; Curtiss, R., III. III Display of Heterologous Proteins on
the Surface of Microorganisms: From the Screening of Combinatorial
Libraries to Live Recombinant Vaccines. Nat. Biotechnol. 1997, 15,
29−34.
(136) Little, M.; Fuchs, P.; Breitling, F.; Dübel, S. Bacterial Surface
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Fernańdez-Lafuente, R. Modifying Enzyme Activity and Selectivity by
Immobilization. Chem. Soc. Rev. 2013, 42, 6290−6307.
(270) Taboada-Puig, R.; Junghanns, C.; Demarche, P.; Moreira, M.
T.; Feijoo, G.; Lema, J. M.; Agathos, S. N. Combined Cross-Linked
Enzyme Aggregates from Versatile Peroxidase and Glucose Oxidase:
Production, Partial Characterization and Application for the
Elimination of Endocrine Disruptors. Bioresour. Technol. 2011, 102,
6593−6599.
(271) Zhang, Y.; Yong, Y.; Ge, J.; Liu, Z. Lectin Agglutinated
Multienzyme Catalyst with Enhanced Substrate Affinity and Activity.
ACS Catal. 2016, 6, 3789−3795.
(272) Gonzalez, C. F.; Langenberg, W. G.; Van Etten, J. L.; Vidaver,
A. K. Ultrastructure of Bacteriophage ϕ6: Arrangement of the Double-
Stranded RNA and Envelope. J. Gen. Virol. 1977, 35, 353−359.
(273) Sinclair, J. F.; Tzagoloff, A.; Levine, D.; Mindich, L. Proteins of
Bacteriophage ϕ6. J. Virol. 1975, 16, 685−695.
(274) Johnson, M. D., III; Mindich, L. Plasmid-Directed Assembly of
the Lipid-Containing Membrane of Bacteriophage ϕ6. J. Bacteriol.
1994, 176, 4124−4132.
(275) Stitt, B. L.; Mindich, L. Morphogenesis of Bacteriophage ϕ6: A
Presumptive Viral Membrane Precursor. Virology 1983, 127, 446−458.
(276) Lin, J. L.; Wheeldon, I. Dual N- and C-Terminal Helices Are
Required for Endoplasmic Reticulum and Lipid Droplet Association of
Alcohol Acetyltransferases in Saccharomyces cerevisiae. PLoS One 2014,
9, e104141.
(277) Verstrepen, K. J.; Van Laere, S. D. M.; Vanderhaegen, B. M. P.;
Derdelinckx, G.; Dufour, J.-P.; Pretorius, I. S.; Winderickx, J.;
Thevelein, J. M.; Delvaux, F. R. Expression Levels of the Yeast
Alcohol Acetyltransferase Genes ATF1, Lg-ATF1, and ATF2 Control
the Formation of a Broad Range of Volatile Esters. Appl. Environ.
Microbiol. 2003, 69, 5228−5237.
(278) Chen, Y.; Siewers, V.; Nielsen, J. Profiling of Cytosolic and
Peroxisomal acetyl-CoA Metabolism in Saccharomyces cerevisiae. PLoS
One 2012, 7, e42475.
(279) Meaden, P. G.; Dickinson, F. M.; Mifsud, A.; Tessier, W.;
Westwater, J.; Bussey, H.; Midgley, M. The ALD6 Gene of
Saccharomyces cerevisiae Encodes a Cytosolic, Mg2+-Activated
Acetaldehyde Dehydrogenase. Yeast 1997, 13, 1319−1327.

(280) Sickmann, A.; Reinders, J.; Wagner, Y.; Joppich, C.; Zahedi, R.;
Meyer, H. E.; Schönfisch, B.; Perschil, I.; Chacinska, A.; Guiard, B.;
Rehling, P.; Pfanner, N.; Meisinger, C. The Proteome of Saccharomyces
cerevisiae Mitochondria. Proc. Natl. Acad. Sci. U. S. A. 2003, 100,
13207−13212.
(281) Qu, R.; Huang, A. H. C. Oleosin KD 18 on the Surface of Oil
Bodies in MaizeGenomic and cDNA Sequences and the Deduced
Protein Structure. J. Biol. Chem. 1990, 265, 2238−2243.
(282) Jogl, G.; Tong, L. Crystal Structure of Yeast Acetyl-Coenzyme
a Synthetase in Complex with AMP. Biochemistry 2004, 43, 1425−
1431.
(283) Adams, J. J.; Gregg, K.; Bayer, E. A.; Boraston, A. B.; Smith, S.
P. Structural Basis of Clostridium perf ringens Toxin Complex
Formation. Proc. Natl. Acad. Sci. U. S. A. 2008, 105, 12194−12199.
(284) Carvalho, A. L.; Dias, F. M.; Prates, J. A.; Nagy, T.; Gilbert, H.
J.; Davies, G. J.; Ferreira, L. M.; Romaõ, M. J.; Fontes, C. M.
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M. J. Coupling of Biomolecular Logic Gates with Electronic
Transducers: From Single Enzyme Logic Gates to Sense/Act/Treat
Chips. Electroanalysis 2017, 29, 1840−1849.
(406) Privman, M.; Guz, N.; Katz, E. Enzyme-Logic Digital
Biosensors for Biomedical Applications. Int. J. Unconv. Comput.
2018, 13, 435−476.

ACS Catalysis Review

DOI: 10.1021/acscatal.9b02413
ACS Catal. 2019, 9, 10812−10869

10869

http://dx.doi.org/10.1021/acscatal.9b02413

