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Abstract: Significant advances in enzyme discovery, protein and reaction engineering have trans-
formed biocatalysis into a viable technology for the industrial scale manufacturing of chemicals.
Multi-enzyme catalysis has emerged as a new frontier for the synthesis of complex chemicals. How-
ever, the in vitro operation of multiple enzymes simultaneously in one vessel poses challenges that
require new strategies for increasing the operational performance of enzymatic cascade reactions.
Chief among those strategies is enzyme co-immobilization. This review will explore how advances
in synthetic biology and protein engineering have led to bioinspired co-localization strategies for
the scaffolding and compartmentalization of enzymes. Emphasis will be placed on genetically en-
coded co-localization mechanisms as platforms for future autonomously self-organizing biocatalytic
systems. Such genetically programmable systems could be produced by cell factories or emerging
cell-free systems. Challenges and opportunities towards self-assembling, multifunctional biocatalytic
materials will be discussed.

Keywords: biocatalysis; multi-enzyme; cascade reaction; biomanufacturing; biomaterials; immobi-
lization; cell-free systems; advanced materials; synthetic biology

1. Introduction

Processes and products that take advantage of the catalytic activity and selectivity
of enzymes and their mild reaction conditions have been developed since the beginning
of the last century for a wide range of applications such as in the food, feed, detergent
and textile industries. Yet, the broad use of biocatalytic processes for the industrial scale
production of chemicals has, until about twenty years ago, been lacking from this list
of applications. Over the past two decades, impressive advances have been made in
enzyme discovery, protein and reaction engineering which have propelled the field of
biocatalysis to become a viable alternative to synthetic chemistry for the industrial man-
ufacturing of chemicals. Discovery and engineering pipelines created not only enzymes
that catalyze new desired reactions but also biocatalysts able to meet critical industrial
performance metrics such as space time yields, selectivity, and catalyst costs. The de-
velopment of biocatalysis into a viable technology for scalable chemical synthesis has
been discussed in detail in several excellent reviews dating back from about ten years ago
until very recently [1–5]. In this review, we will look at opportunities for the design of
next generation biocatalytic systems that will take advantage of current developments in
synthetic biology and protein engineering. The design and operation of complex enzy-
matic cascade reactions is increasingly inspiring the development of new immobilization
strategies borrowed from biological systems. Expanding upon these strategies and leverag-
ing advances in cell-free expression systems has the potential of creating self-organizing
systems for biocatalytic materials that in the future could be autonomously produced from
DNA parts.

In parallel with biocatalyst discovery and engineering, enzymes have been combined
in vitro into cascade reactions with the goal of designing sustainable synthetic routes that
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can replace existing chemical processes or create pathways to chemicals that are challenging
to make synthetically. A plethora of cascade reactions have been designed where multiple
enzyme catalysts operate simultaneously or sequentially in different configurations. From
a cost perspective, one-pot systems where steps can be performed simultaneously are
preferable due to reduced operational costs (eliminating intermediate isolation) as well
as increased yields and selectivity because reactions can be driven to the final product.
Progress in the design of biocatalytic cascade reactions has been covered in several com-
prehensive reviews [6–12]. Cell-free biocatalytic systems also offer opportunities for the
integration of chemo-, photo- or electrocatalytic steps to access new chemistries and/or
implement strategies for overcoming challenges and costs associated with co-factor use
and recycling required for steps involving oxidoreductases [13,14].

The need to reduce operational costs of complex cascade reactions for industrial use
has driven efforts aimed at increasing the operational performance of biocatalysts and
overcoming costs associated with expensive co-factors [15]. Enzyme immobilization is
a common strategy for improving the economics of a biocatalytic process by increasing
enzyme stability, performance and allowing for biocatalyst reuse and easier product re-
covery [16–20]. While traditional methods of absorption or attachment to matrices or
surfaces work well for the immobilization of one or two enzymes, the co-immobilization of
multiple cascade enzymes is challenging. This is because it is often not possible to identify
immobilization conditions that support the stability and activity of all involved catalysts
while also benefitting the overall reaction efficiency of the cascade reaction. Biological
systems, however, have solved this challenge by operating highly orchestrated enzyme
cascades that are spatially organized as part of complex metabolic networks. In cells,
the localization and clustering of enzymes in proximity with each other prevent escape
and/or build-up of intermediates that could be unstable, inhibitory or transformed into
unwanted side products. Sequestration, encapsulation, protein–protein interactions, and
surface attachments increase enzyme stability and activity, prevent degradation and in-
crease reaction efficiency by creating local co-factor and substrate pools. Inspired by these
mechanisms, new types of co-immobilization strategies are therefore increasingly devel-
oped that emphasize spatial organization via diverse scaffolding and compartmentalization
approaches [18,21–29].

We envision that current strategies of the scaffolding and compartmentalization of
multi-enzyme systems could be expanded upon for the generation of transformational
hierarchical biocatalytic materials that are genetically encoded for inexpensive fabrication
by cell factories or, in the future, cell-free systems. Self-organization at the nano- to macro
scale is a key characteristic of all biological systems that is genetically encoded. Adopting
the principles and mechanisms of molecular self-organization could be used for the bottom–
up design and low-cost fabrication of new types of biocatalytic materials. Advances
in protein engineering and synthetic biology could ultimately lead to autonomous self-
organizing cell-free biocatalytic reaction systems that operate cascade reactions with a
similar complexity compared to engineered cellular biosynthetic pathways. Cell-free
expression systems have already been developed for a range of applications, including
for the proto-typing of metabolic pathways, biomanufacturing and biosynthesis [30–36].
By extending these approaches to cascade biocatalysis, genetically programmable cell-free
systems could be created where the transcription–translation machinery obtained from,
e.g., a cell lysate drives the production and self-organization of biocatalytic systems from
supplied DNA parts. Although the development of such systems is currently far from
realistic due to the lack of scalability of cell-free expression systems for industrial use, we
will review the state-of-the art enzyme co-localization systems that are genetically encoded
and could serve as platforms for the design of genetically programmable biocatalytic
materials. We will discuss challenges and opportunities for the development of such types
of material for future biocatalytic systems.
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2. Systems Platforms for Multi-Enzyme Self-Organization

Nucleic acid and protein or peptide-based systems can be genetically encoded and
are therefore suitable for programming the bottom–up design of enzyme assemblies. The
self-organization of biocatalysts can be achieved by genetically fusing interaction domains
or peptides (referred to as “tags”) to the proteins. In the simplest case, enzymes can
be cross-linked via high-affinity interaction tags placed at one or both termini of the
proteins. Variation of the length and flexibility of the linker between the interaction
tags, the type of interaction tags as well as the incorporation of different interaction
pairs affords some control over the spatial organization and properties of the resulting
multi-enzyme assembly. More control over biocatalyst organization along with the ability
to incorporate additional functionalities is possible by immobilizing enzymes on self-
assembling protein or nucleic acid scaffolds. This can be achieved either by direct genetic
fusion of the scaffold building blocks to the enzymes or fusion of cognate interaction tags
to enzymes and scaffold building blocks. Direct genetic fusion of enzymes to scaffold
building blocks though will only work if the attached enzyme does not interfere with
scaffold assembly. A more versatile strategy is the use of interaction tags fused to scaffold
building blocks as they will less likely interfere with scaffold formation while also creating
a highly flexible platform for enzyme immobilization. With such a scaffolding system,
the organization of enzymes can be controlled by the spacing, orientation, types, and
linkers of the displayed tags. Finally, enzymes can be co-localized by encapsulation in a
proteinaceous compartment through designed targeting mechanisms. For future cell-free
applications, the encapsulation of enzymes into lipid vesicles or polymersomes offers
an interesting path forward for the creation of artificial cell-like systems for biocatalysis
that could be genetically programmed. In the following sections, we will introduce these
different systems and present relevant examples for enzyme immobilization, summarized
in Table 1. We will move from nucleic acid-based systems to protein/peptide-based
systems for enzyme cross-linking and scaffolding, followed by compartmentalization
systems. Emphasis will be placed on in vitro applications with a few exceptions to discuss
a particular aspect of a system or where in vitro examples are currently lacking.

Table 1. Representative examples of enzyme systems co-localized by the different approaches discussed in this contribution.

Biocatalysts Methods Substrate Product Co-Factor Ref.

XR, XDH DNA origami Xylose Xylulose NAD+, NADH [37]
MDH, OAD, LDH DNA origami Malic acid Lactate NAD+, NADH [38]

MenF, D, H RIAD, RIDD Chorismate MKH2 — [39]
ACO, CAD PDZ, SH3 Glucose Itaconic acid — [40,41]

LeuDH, FDH PDZ Trimethlypyruvate (TMP) L-tert-Leucine NAD+, NADH [42]
ACAT, HMGS, HMGR PDZ, SH3, GBD Acetyl-CoA Mevalonate — [43]
Xyn, Agu, β-Xyl, XylB Cohesin–dockerin Glucuromoxylan D-Xylonic acid — [44]

MTS, MTH Spy toolbox Trehalose Latopentaose — [45]
ADH, AmDH Spy toolbox, EutM (S)-2-Hexanol (R)-2-Aminohexane NAD+, NADH [46]

ADH, Gre2P, GDH SBP, Spy, Halo-tags 5-Nitrononane-2,8-dione
(NDK) Meso anti-NDK NADPH, NADP [47]

LeuDH, FDH Spy toolbox TMP L-tert-Leucine NAD+, NADH [48]
ACAT, HMGS, HMGR Spy, Snoop toolbox Acetyl-CoA Mevalonate — [49]

VioA, B, C, D, E Spy toolbox, DNA
origami L-Tryptophan Violacein — [50]

CelB, GALK, GLUK P22 VLPs Lactose G-1-P, G-6-P ATP, ADP, AMP [51]
TnaA, FMO Liposome L-Tryptophan Indigo — [52]

CalB, GOx, HRP Polymersome Glucose acetate Gluconolactone — [53]
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Table 1. Cont.

Biocatalysts Methods Substrate Product Co-Factor Ref.

PAMO, CalB, ADH Polymersome 7-((4-Oxopentyl)oxy)-3H-
phenoxazin-3-one Resorufin NAD+, NADPH [54]

AGE, NAL, CSS Polymersome GlgNAc CMP-Neu5Ac — [55]

Abbreviations of enzyme names: XR, xylose reductase; XDH, xylitol dehydrogenase; MDH, malate dehydrogenase; OAD, oxaloac-
etate decarboxylase; LDH, Lactate dehydrogenase; MenF, menaquinone isochorismate synthase F; MenD, menaquinone isochorismate
synthase D; MenH, menaquinone isochorismate synthase H; ACO, aconitase; CAD, cis-aconitate decarboxylase; LeuDH, leucine dehy-
drogenase; FDH, formate dehydrogenase; ACAT, acetoacetyl-CoA thiolase; HMGS, hydroxy-methylglutatryl-CoA synthase; HMGR,
hydroxy-methylglutatryl-CoA reductase; Xyn, xylanase; Agu, α-glucuronidase; β-Xyl, β-xylosidase; XylB, xylose dehydrogenase; MTS,
maltooligosyl trehalose synthase; MTH, maltooligosyl trehalose trehalohydrolase; ADH, alcohol dehydrogenase; AmDH, amine dehydroge-
nase; Gre2P, methylglyoxal reductase; GDH, glucose dehydrogenase; VioA, violacein synthase A; VioB, violacein synthase B; VioC, violacein
synthase C; VioD, violacein synthase D; VioE, violacein synthase E; CelB, β-glucosidase; GALK, galactokinase; GLUK, glucokinase; TnaA,
pyridoxal phosphate-dependent tryptophanase; FMO, flavin monooxygenase; CalB, Candida antarctica lipase B; GOx, glucose oxidase; HRP,
horseradish peroxidase; PAMO, phenylacetone monooxygenase; AGE, N-acyl-D-glucosamine 2-epimerase; NAL, N-acetylneuraminate
lyase; CSS, CMP-sialic acid synthetase; RIAD, RI anchoring disruptor; RIDD, RI binding domain; PDZ, PSD95/DlgA/Zo-1 domain from
the adaptor protein syntrophin; SH3, SRC homology 3 domain; GBD, GTPase binding domain; EutM, ethanolamine utilization bacterial
microcompartment shell protein; SBP, streptavidin binding peptide; VLPs, virus-like particles.

3. Nucleic Acid Based Scaffolds

The Watson–Crick base pairing of DNA makes it naturally a highly engineerable
material for the predictable design of nanoscale structures [56–59]. Over a decade ago,
a technique dubbed DNA origami was used for the design of patterned DNA nano-
materials [60] and has since then been applied for the design of a multitude of higher
order structures [61,62]. Many of these materials were designed for biomedical applica-
tions [63–67] but it was soon realized that DNA scaffolds could also be used for the spatial
organization of proteins to create programmable, functional materials [68,69]. The precision
with which the bottom–up assembly of DNA can be controlled together with the ability
to position proteins on DNA made these DNA scaffolds an ideal platform for enzyme co-
immobilization [70,71]. For example, DNA origami was used to immobilize enzymes onto
hexagonal strips [72] or tiles of DNA [73]. In another examples, a co-factor was tethered to
DNA between two proximally positioned enzymes to control co-factor channeling in a dual
enzyme cascade [74,75]. The proximity control afforded by DNA origami has therefore
been used to spatially organize multi-enzyme pathways with the goal of investigating the
effect of distances and orientations of enzymes on catalysis [38,76]. Decreasing the distance
between glucose oxidase (GOx) and horseradish peroxidase (HDP) to 10 nm increased
the activity of the system up to 10-fold compared to the free enzyme system or when the
enzymes were placed more than 20 nm apart [76]. Likewise, the scaffolding of xylose
reductase (XR) and xylitol dehydrogenase (XDH) in close proximity to each other increased
the catalytic efficiency of this NAD-co-factor coupled cascade for the conversion of xylose
to xylulose [37]. A triangular DNA origami shape was designed for the assembly of malic
dehydrogenase (MDH), oxaloacetate decarboxylase (OAD), and lactate dehydrogenase
(LDH). In this example, clustering of the enzymes due to geometry of the assembly was
more important for the overall activity of the cascade than the interenzyme distance [38,75]
(Figure 1).

Although the term “substrate channeling” is often suggested to be responsible for
the observed enhanced catalytic efficiencies of co-localized enzymes, this mechanism,
however, is unlikely to be at play for engineered systems. Enzymes in the native metabolic
enzyme cascade have co-evolved and enzymes in known metabolomes have evolved
specific mechanisms that allow for the passage of molecules directly from one active site
to the other [77]. The observed increased activities of engineered scaffolded systems,
such those on DNA scaffolds, could be the result of the scaffold surface or other yet to
be rigorously characterized factors [78]. Regardless of the exact mechanism, the above
examples demonstrate that DNA scaffolding is a powerful system for the programmable
organization of complex enzyme cascades with enhanced activities. However, there are
several major drawbacks for the use of DNA in future biocatalytic systems, including
limited robustness in cell-free reaction environments that will contain nucleases, the need
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to chemically modify enzymes for attachments (although this can be overcome by fusions
with DNA binding domains) and the limited variability and engineerability of scaffold
surface properties compared to proteins or peptide-based materials. Cost-efficient, large-
scale production in the cell-free expression system may also be difficult.
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Figure 1. Examples of enzyme cascades co-localized on nucleic acid-based scaffolds. (a) Tethering of xylose reductase (XR)
and xylitol dehydrogenase (XDH) on a DNA scaffold for the production of xylulose from xylose [37]. (b) Co-localization of
a co-factor self-sufficient three enzyme system via Watson–Crick pairing of DNA tethers. Malate dehydrogenase (MDH)
catalyzes malic acid oxidation to oxaloacetate which is converted to pyruvate by oxaloacetate decarboxylase (OAD). Lactate
dehydrogenase (LDH) reduces pyruvate and completes the reduction–oxidation cycle of NAD+ and NADH of MDH and
LDH [38]. (c) Co-assembly of MDH, glucose-6-phosphate dehydrogenase (G6pDH), and lactate LDH on DNA tiles with
nanometric control over their spatial arrangement [74].

4. Protein and Peptide-Based Systems for Enzyme Co-Localization

Compared to nucleic acids, peptide and protein building blocks offer by far the great-
est versatility for the design of programmable functional materials because of their infinite
chemical (sequence) and structural variability. They can also be readily produced (either as
stand-alone building blocks or translationally fused to enzymes) by microbial cell factories
or in the future, directly from DNA parts in cell-free systems. Furthermore, a significant
and fast-growing knowledge base of natural and designed self-assembling and interacting
proteins, protein domains and peptides can be leveraged for the design of self-organizing
mechanisms and platforms for the fabrication of biocatalytic materials [79–85]. Although
synthetic peptides as well as elastin-, collagen-, silk- or amyloid-like polypeptides and
proteins have long been used for the creation various hydrogels, meshes and other bio-
materials, these materials have mostly been designed for biomedical applications but not
for biocatalysis [86–89]. Instead, peptide or protein domains, self-assembling helices or
coiled-coils have been designed as fusion tags or scaffolds for enzyme assembly and immo-
bilization. In these systems, self-assembly is mostly driven by non-covalent interactions,
but a few mechanisms have been designed for high-affinity, covalent peptide conjugation.
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4.1. Co-Localization Using Non-Covalent Interaction Domains and Tags

Numerous protein interaction domains exist in nature that could be used for the
co-localization and scaffolding of enzymes if they interact with strong affinity and can
be engineered for use as fusion tags [90] (Figure 2). One example of a designed, strong
affinity peptide pairs are the 18 residue RIAD and 44 residue RIDD peptides derived
from the dock and -lock peptide interacting family. The fusion of these tags to three
menaquinone biosynthetic enzymes (MenF, D and H) enabled their hierarchical in vitro
assembly into multi-enzyme complexes with increased catalytic efficiencies. The same
approach was also validated for in vivo use with a three-enzyme complex for carotenoid
production in Saccharomyces cerevisiae [39]. Other well-known examples of interacting
domains are the PDZ, SH3 and GBD domains, which were used in a seminal paper by
John Dueber for the scaffolding of three enzymes of the mevalonate biosynthetic pathway
in Escherichia coli (E. coli), resulting in a 77-fold increase in metabolic flux [43]. Instead
of arranging biosynthetic enzymes on a scaffold, itaconic acid production in E. coli was
two- or four-fold improve by co-assembling two- or three enzymes into nanometer sized
complexes through the direct genetic fusion of PDZ and SH3–protein–peptide interaction
domains to the termini of the biocatalysts [40,41]. In another elegant example that takes
advantage of the quaternary structures of enzymes for assembly, the PDZ domain was
used to tether a dimeric formate dehydrogenase (FDH) (for co-factor recycling) to an
octameric leucine dehydrogenase (LeuDH). The two multimer enzymes self-assembled
into extended supramolecular structures for the production of L-tert-leucine in vitro and in
E. coli. Compared to the free enzyme system, the biocatalytic structures had higher stability
and three-fold increased activity [42].

One of the best known naturally occurring modular protein scaffolding system, however,
are the cellulosomes from anaerobic cellulolytic bacteria such as Clostridium thermocellum.
Different enzymes involved in cellulose breakdown along with carbohydrate binding domains
are organized on an extracellular scaffolding structure (scaffoldin) via cohesin–dockerin
interaction domains. The scaffoldin itself is also attached to the cell surface via a cohesin–
dockerin domains. The modular nature of the cellulosome inspired the engineering of
various designer cellulosomes as well as new multi-enzyme complexes displayed on cell
surfaces [91,92]. For in vitro applications, a mini-scaffoldin system was designed for the co-
localization of a three-enzyme systems composed of triosephosphate isomerase (TIM), aldolase
(ALD), and fructose 1,6-biphosphatase (FBP) which yielded a 33-fold higher catalytic efficiency
than the free enzymes [93,94]. In another application, cohesin–dockerin mediated scaffolding
of four enzymes onto a chaperonin as a synthetic cellulosome (dubbed rosettazyme [95])
significantly increased cell free production of the platform chemical D-xylonic acid by more
than 71% compared to the free enzyme system [44].

As shown with the synthetic cellulosome example described above, in principle any
interacting protein domains or multimeric proteins can be engineered as a scaffolding
system as long as (i) the domain/protein interactions are sufficiently strong, (ii) genetic
protein fusions are tolerated without interrupting assembly and (iii) the resulting fusion
proteins can be readily expressed recombinantly. An example of such a scaffolding system
derived from a naturally occurring multimeric protein is the heterotrimeric, ring-shaped
proliferating cellular nuclear antigen (PCNA) complex [96,97]. The PCNA complex pro-
vides a circular scaffold with C-termini exposed to one side. This scaffold was used to
co-localize a cytochrome P450 (CYP450) together with its two redox partners ferredoxin
(PdX), and ferredoxin reductases (PdR) for more efficient electron transfer [98]. This system
was then expanded to incorporate a homodimeric phosphite dehydrogenase for NADPH
co-factor regeneration. The fusion of this homodimeric enzyme to the N-termini of the
PCNA complex subunits facilitates the assembly of supramolecular structures [99].
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antigen (PCNA)-based heterotrimeric complex formation of a cytochrome P450s (CYP450) with its redox partners (PdX, and
PdR) to a ring-shaped electron transfer scaffold (PUPPET) [97]. (b) Co-localization of enzyme assemblies driven by the
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can be fused to the cellulosome protein scaffold allows for attachment to regenerated amorphous cellulose (RAC).

4.2. Co-Localization Using Covalent Conjugation Mechanisms

The SpyTag/SpyCatcher system and its derivatives have become the most versatile and
widely used mechanism for covalent ligation of proteins for diverse applications. [100–103].
Howarth’s group developed this technology by designing a split version of the Streptococ-
cus pyogene fibronectin-binding adhesin by separating an intramolecular isopeptide bond
formed between a reactive Lys and Asp residues [104]. The resulting split system consists of
a short 13 amino acid SpyTag containing the reactive Asp and a 116 amino acid SpyCatcher
domain that contains the Lys residue. Upon interactions, the two polypeptides sponta-
neously link together by forming an intermolecular isopeptide bond. Bond formation
occurs within minutes with high affinity under a wide range of temperatures (4 to 37 ◦C),
pH values (pH 5–8) and buffer conditions. The original split system was subsequently
engineered to create versions with faster reactivity and for protein complex formation at
low protein concentration [105,106]. In addition, an orthogonal SnoopTag/SnoopCatcher
system was derived from the Streptococcus pneumoniae adhesion protein, which when com-
bined with the SpyTag/SpyCatcher system facilitated the directed assembly of polyprotein
complexes [107]. Most recently, a ligation incompetent SpyDock domain was engineered
for reversible binding which was used for the purification of SpyTag-proteins [108]. In this
work, the authors also fused the SpyTag to self-assembling helical peptides to facilitate the
oligomerization of SpyCatcher fused proteins.

The combination of high affinity protein ligation with the predictable self-assembling
properties of designed alpha-helices [109] is a powerful strategy for the higher-order
assembly of biocatalytic materials. Another benefit of the Tag/Catcher system is the small
size of the SpyTag which allows it to be not only placed at the termini of a protein, but
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also displayed at other surface accessible regions of proteins. The SpyCatcher domain can
be readily fused to the termini of proteins with different linkers such as the frequently
used flexible and protease resistant Gly/Ser linkers [110]. A complete list of greater than
800 variations and hundreds of publications of the Tag/Catcher systems is compiled by
the Howard laboratory in a SpyBank described in [106].

The high-affinity Tag/Catcher system was quickly adopted for the immobilization
and co-localization of biocatalysts. Enzyme complexes can be readily formed in vitro
or in vivo by genetically fusing SpyTag and/or SpyCatcher to the terminal residues of
enzymes. For example, SpyTag/Catcher tagging of maltooligosyl trehalose synthase (MTS)
and maltooligosyl trehalose trehalohydrolase (MTH) created a two-enzyme complex for
faster in vitro trehalose conversion than the untagged enzyme system [45]. In another
example, instead of assembling leucine dehydrogenase (LeuDH) and formate dehydroge-
nase (FDH) [42] into supramolecular structures using the PDZ interacting protein–peptide
system described above, the SpyTag/SpyCatcher system was combined with elastin-like
peptide (ELP) fusions for enzyme co-assembly and temperature-dependent reversible
hydrogel formation for purification [48]. The extension of the SpyCatcher domain with an
ELP fusion allowed for the easy purification of the protein system. The assembled enzymes
showed up to 32-fold higher conversion rates compared to the free enzyme system [48].

The SpyTag/Catcher system is equally useful for in vivo assembly of enzymes, as was
shown for linking three enzymes of the mevalonate pathway together with Spy/SnoopTag/
Catcher fusions. The combined enzymes increased carotenoid production rates in engi-
neered E. coli up to five-fold [49]. The system has also been applied in combination with
other high-affinity tag systems—the well-known streptavidin system and the Halo-tag
system for the in vitro self-immobilization of a three-enzyme system on microbeads. Im-
mobilized (R)-selective alcohol dehydrogenase (ADH) and (S)-selective methylglyoxal
reductase (Gre2P) catalyzed the enantioselective reduction of the prochiral 5-nitrononane-
2,8-dione while NADPH co-factor recycling was performed with glucose 1-dehydrogenase
(GDH) [47]. Cascade reactions were run for 14 days in a microfluidic reactor system with
high conversion yields (>95%) and stereoselectivity (d.r. > 99%).

In an interesting approach, nanometric spacing of the five enzymes of the violacein
biosynthetic pathway (VioA–E) on a DNA scaffold was recently achieved by conjugated
SpyTagged Vio enzymes to SpyCatcher fused dCas9 (dead Cas9) (Figure 3). Each purified
enzyme-dCas9 complex was then complexed with a guide RNA (sgRNA) for binding to
five targeting sequences on a DNA scaffold. The best scaffolded system was three times
more efficient than the free system. Interestingly, scaffolding of the enzymes in the vicinity
of each other rather than in order was important for the increased efficiency [50].

Another system available for protein ligation that does not require the chemical modi-
fication of proteins is the bacterial transpeptidase sortase. This enzyme attaches secreted
surface protein to the bacterial cell wall envelop [111,112]. It recognizes a C-terminal sorting
motif (Leu-Pro-X-Thr-Gly, LPXTG, where X = any amino acid) and cleaves the TG (Thr-Gly
in the sorting motif)-peptide and transfers the peptide via an acyl–enzyme intermediate to
the N-terminal amine group of an oligo–glycine modified acceptor protein. Engineered
variants of sortase A from Staphylococcus aureus with improved activity and orthogonal
sorting motif recognition have been used for a wide range of ligation activities [113–115],
including for hydrogel cross-linking [116], protein conjugation on a cyclodextrin scaf-
fold [117], and co-immobilization of a glucose oxidase (GOx) and horseradish peroxidase
(HRP) [118]. Recently, sortase-mediated ligation was used to co-localize two cellulases
on the surface of a designed protein cage to create a cellulolytic cage with enhanced cel-
lulose degradation activity compared to the free enzyme system [119]. Compared to the
autocatalytic ligation of the Tag/Catcher system, the sortase ligation approach requires
an additional enzyme and the N- and C-terminal placement of tags, which makes a less
versatile system. However, it does offer more control over protein ligation through the
enzymatic step involved.
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4.3. Self-Assembling Protein Arrays and Nanostructures as Scaffolds

Higher-order scaffolds and nanostructures assembled from self-associating protein
building blocks could deliver exceptional platforms for the design of programmable and hi-
erarchical biocatalytic materials. The self-association of hundreds to thousands of building
blocks into highly robust protein assemblies would create large surface areas that could be
genetically engineered for functionalization and autonomous organization into hierarchical
structures with properties of choice.

Native or designed self-assembling building blocks could seed the design of such
materials. The proteinaceous shells of viruses, for example, represent such highly ordered
and self-organized nanostructures whose assembly has been studied extensively [120,121].
Other examples of natural nanostructures are the protein S-layers (cell envelope surface
layers) made by many prokaryotes [122,123] and the different types of proteinaceous nano-
and microcompartments made by prokaryotic and eukaryotic cells [124–129] discussed
in the next section. In addition, impressive progress has been made in the design and
construction of self-assembling protein nanostructures that can form the foundation of
new types of materials for biocatalysis [83,109,130–135]. Recent publications demonstrate
the design of diverse protein nanostructures including cages, layers, crystals, and fila-
ments [136–141], the engineering of a preexisting cage into various structures [142–145],
the assembly of computationally designed icosahedral nanostructures [137,138], 2D-arrays,
crystals [146,147], and protein filaments [81], as well as the design of metal-coordination,
disulfide bridges, and surface electrostatics for the creation of functional 2D-lattices and
cages [146,148–152].

Yet, despite the diversity of available protein nanostructures, only a limited number
of arrays and scaffolds have so far been explored for in vitro biocatalysis and specifically,
enzyme co-localization. For example, the ubiquitous paracrystalline S-layers made by
prokaryotes seem to make an excellent platform for the design of biocatalytic materials.
S-layers have been used as nanomaterial for various applications and biofunctionalized
with different proteins, including enzymes, either by chemical modification or by genetic
engineering [122]. However, so far, these scaffolds have not yet been explored for the
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co-localization of enzyme cascades for in vitro biocatalysis, which may be due to their low
sequence conservation, complex, and varied assembly properties that make engineering
more challenging. In recent work though, the S-layer protein SbsB from Geobacilllus
stearothermophilus was engineered to display SnoopTag and SpyTag peptides for conjugation
with Spy/SnoopCatcher fused fluorescent proteins. The incorporation of bifunctional
Catcher protein constructs as cross-linkers then enabled self-assembly into 3D-stacks,
suggesting that S-layers could be developed into programmable biocatalytic materials [153]
(Figure 4).
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engineering S-layer proteins for Spy/SnoopTag display facilitates the stacking of layers with bifunctional Spy/SnoopCatcher
domain proteins [154]. (b) Scaffolding system for multi-enzyme biocatalysis. The bacterial microcompartment shell protein
EutM assembles into hexameric arrays to which biocatalysts can be attached via N- or C-terminal genetic fusion of interacting
polypeptide tags like the SpyTag/SpyCatcher pair. The spatial organization of enzyme cascades is optimized by varying the
molar ratios of catalysts and scaffold building blocks. A scaffold toolbox created from EutM homologs provides access to
arrays with different assembly and surface properties for enzyme cascade optimization [46].
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Our group has taken advantage of the robust self-assembling properties of the bacterial
microcompartment shell (BMC, see next section) protein EutM identified during work on
engineering the ethanolamine BMC of Salmonella enterica [154–156]. The EutM shell protein
monomer rapidly self-assembles into highly robust hexameric arrays (Figure 4). Important
for material development, this protein can be readily recombinantly produced, isolated,
and functionalized to display genetic fusions at either side of the protein arrays. We have
used this scaffolding system for the co-localization of a self-sufficient, dual enzyme cascade
composed of a NAD+-dependent alcohol dehydrogenase (ADH) and a NADH-dependent
amine dehydrogenase (AmDH) for chiral amine production [46]. The SpyTag/Catcher
system was used for enzyme attachment. By varying the molar ratio of biocatalyst to
scaffold building blocks, the spacing of the catalyst was optimized and the final system
reached >90% conversion twice as fast as the free enzyme system. Subsequently, we
have expanded this system by building a scaffold toolbox from EutM homologs to create
scaffolds with different surface electrostatics, architectures, and hybrid compositions that
can be tailored towards the individual requirement of a biocatalyst or system [157–159].

5. Compartmentalization Systems

The co-localization of enzyme systems into protein or lipid compartments is another
strategy to create high catalyst densities for increased pathway flux, to sequester toxic
intermediates in cellular systems and to provide dedicated co-factor pools [160,161]. Only
protein compartments, though, can be engineered and programmed for autonomous
assembly and material fabrication. In addition, pores in their shells allow for the exchange
of molecules and can be engineered for altered selectivity. Membrane-based systems,
however, will be useful for the design of future artificial biocatalytic cell-like systems
when combined with cell-free expression systems. They would need to be optimized for
operational robustness and the efficient transport of molecules across their membranes.
Both types of compartments have been used for enzyme catalysis and examples for in vitro
applications and will be discussed next.

5.1. Encapsulation in Proteinaceous Compartments, Cages and Virus-Like Particles

Diverse biological and engineered protein compartments and cages have been re-
purposed for biomedical applications, as composite nanomaterials, for bioremediation
and biosensing and to a much lesser extent, for in vitro enzyme catalysis and as in vivo
nanoreactors [124,162–164]. Biological compartments large enough for multi-enzyme en-
capsulation include the eukaryotic major vault particles, bacterial microcompartments
(~50–200 nm), encapsulins (~20–40 nm), and lumazine synthase (~15 nm) (Figure 5). Cargo
proteins can be encapsulated into these compartments either with native encapsulation
peptides identified on native cargo or scaffolding proteins that interact with the luminal
face of shell proteins, or through engineered mechanisms such as the SpyTag/Catcher
system, coiled-coil peptide interactions, fusion to shell or scaffolding proteins or designed
charge complementary interactions (reviewed in [124]).

Vault particles are an intriguing class of very large compartments that are ubiqui-
tously found in most eukaryotic organisms. Their function is still unknown, but they can
be recombinantly produced (mostly in insect cells) and have been engineered for cargo
protein encapsulation and surface display. Vaults have mostly been used for biomedical
applications but have not yet been explored for biocatalysis. They do not have pores but
the joint where the two halves of the vault meet opens and closes dynamically for cargo
and molecule exchange [124]. Bacterial microcompartments are present in a large number
of bacteria. They are known to sequester catabolic pathways that generate a reactive
aldehyde intermediate, or encapsulate RuBisCO (ribulose-1,5-bisphosphate carboxylase)
and carbonic anhydrase for CO2 fixation [127,128,165]. The engineering of these compart-
ments has also focused mostly on in vivo applications due to their requirement for in vivo
co-assembly of shells and cargo protein. Recent advances in structural characterizations
and protein engineering, however, has led to the design of BMC-like protein cages [166],
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engineered shells for controlled in vitro assembly [167], and opening a path for in vitro
applications. The smaller encapsulin compartments can be readily assembled in vitro and
they have been developed into various nanomaterials and for in vivo biosynthesis [126],
but have also not received much attention for in vitro biocatalysis application. Their
simpler homomeric organization compared to the large vaults and heteromeric microcom-
partments and the fact that they can be more readily assembled in vitro would make them
good platforms for enzyme encapsulation. Most recently, different biocatalysts including
a heme-containing catalase, flavin adenine dinucleotide (FAD)-containing Bayer–Villiger
monooxygenase (CHMO) and carbohydrate oxidase (mChito) and a metal-containing per-
oxidase (SviDyP) were encapsulated in these shells. Except for CHMO, the other enzymes
were functional and substrates up to a certain molecular weight were able to pass through
the pores. However, NADPH required for CHMO was too large for the pores [168]. This
can be remedied by enlarging the pore diameter, which was carried out for the prototyp-
ical encapsulin from Thermotoga maritima [169]. Even smaller compartments are formed
by the lumazine synthase from Aquifex aeolicus, which self-assembles into small capsids
that readily form in vitro and are highly engineerable. Hilvert’s group has extensively
engineered these cages for a variety of applications [142,144,145,170]. For example, they
designed an artificial carboxysome by engineering the co-encapsulation or RuBisCO and
carbonic anhydrase and although co-localization of the two enzymes did not increase
overall enzyme activity, it protected the catalytic system from proteolytic inactivation [143].
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Another frequently engineered group of compartments for biomedical and biotechno-
logical applications are virus-like particles (VLPs) that self-assemble in vitro from one or
two different structural capsid proteins (e.g., from the P22 or MS2 bacteriophages, hepatitis
B virus (HBV) or Qβ Levivirus) [162]. P22 VLP’s are a versatile system that assembles
from hundreds of coat protein and a correspondingly, slightly lower number of scaffolding
protein copies into a highly porous shell. Genetic fusion of cargo proteins to a truncated
version of the scaffolding protein is used to direct their encapsulation into the capsid lumen.
In a recent example, two enzymes for isobutanol synthesis from α-ketoisovalerate were
separately encapsulated into P22 VLPs [171]. The exterior surface display of a negatively
charged peptide tag was then used to co-assemble the two catalytic VLPs into a supramolec-
ular cage lattice in the presence of polyamidoamine dendrimers. Co-localization of the two
nano-reactors in this lattice and the subsequent compacting of the matrix led to significantly
enhanced isobutanol production compared to the uncondensed VLP system. The only
example so far for the in vitro co-localization of a multi-enzyme system into VLPs is that of
a translationally fused construct of a beta-glucosidase (CelB), ATP-dependent galactokinase
(GALK) and glucokinase (GLUK) encapsulated in P22 VLPs. However, co-localization had
no effect on the catalytic efficiency of the enzyme system [51]. The in vivo co-localization
of a two-enzyme indigo pathway in SpyTag modified viral capsids and the subsequent pu-
rification of the enzyme-loaded capsids for in vitro characterization also did not show any
increased activity compared to the free system. However, encapsulation greatly enhanced
the storage stability of the enzymes [172].

From the above examples, it is not apparent that the co-encapsulation of non-native
cargo enzymes into compartments has an effect on the reaction efficiency of multi-enzyme
systems. Encapsulation does benefit the enzyme’s stability and protect it from degrada-
tion. However, especially in the case for VLPs, high catalyst densities may be required
to achieve similar effects on conversion rates seen with scaffolded enzyme systems. One
issue of VLPs and other compartmentalized systems is that the cargo proteins often re-
main attached to the shell interiors due to the encapsulation mechanisms used, limiting
dense cargo packaging. To alleviate this issue, a calcium-dependent cargo release system
was recently engineered for HBV VLPs [173]. Other controllable protein affinity interac-
tions, e.g., the above mentioned SpyTag/SpyDock system, could be similarly adopted
for this purpose.

5.2. Encapsulation in Lipid Vesicles and Polymersomes

The encapsulation of proteins into membrane vesicles is a relatively straightforward
approach for enzyme co-localization. However, control over encapsulation and vesicle for-
mation can be difficult. Liposome-based systems are also mechanically less stable compared
to other heterogenous systems for enzyme co-localization. More robust compartments can
be fabricated from amphiphilic block copolymers [174,175]. These synthetic polymersomes
lack the intrinsic membrane permeability of lipid vesicles, and permeability and other
membrane functionalities of biological vesicles must therefore be achieved by integrating
different membrane pores and channels. Polymersomes have been successfully used as
permeable nanobioreactors with encapsulated enzymes [176–178] and for multi-enzymatic
reactions [53–55]. For example, by taking advantage of the different environments present
in a polymersome system, a three-enzyme system was spatially separated to increase com-
patibility by localizing them to the membrane (Candida antarctica lipase B, CalB), into the
lumen (glucose oxidase, GOx), and on the exterior surface (horseradish peroxidase, HRP)
for the efficient conversion of glucose acetate to gluconolactone [53]. A different approach
for separating incompatible steps was pursued by creating separate compartments within
polymersomes for each enzyme of a three-enzyme cascade (composed of phenylacetone
monooxygenase (PAMO), CalB, and alcohol dehydrogenase (ADH) for the conversion
of 7-((4-oxopentyl)oxy)-3H-phenoxazin-3-one to resorufin [54]. A more complex enzyme
system that separates incompatible reaction steps and facilitates selective mass transfer
across polymersome membranes via a channel pore, was developed for a three-step enzy-
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matic reaction that convert N-acyl-D-glucosamine (GlgNAc) to CMP-N-acetylneuraminate
(CMP-Neu5Ac) [55]. Here, the first reaction step is localized to the lumen to prevent
inhibition of the N-acyl-D-glucosamine 2-epimerase (AGE) by cytidine triphosphate (CTP)
which is required for the last reaction step catalyzed by CMP-sialic acid synthetase (CSS).
CSS, together with the second enzyme of the cascade, N-acetylneuraminate lyase (NAL),
are attached to the exterior polymersome surface [55].

Controlling enzyme cargo encapsulation in membrane vesicles can be challenging
without the natural or engineered targeting mechanisms of protein compartments. This can,
however, be achieved by the genetic fusion of high-affinity binding to proteins embedded
in the vesicle membrane. For example, Silver’s group repurposed a membrane protein
of the φ6 bacteriophage for controlled cargo-loading and lipid scaffold generation in
E. coli [52]. The genetic fusion of two enzymes for indigo production to the C-terminus of
the P9 membrane protein facilitated cargo sequestration into synthetic lipid containing
scaffolds in E. coli, resulting in enhanced indigo production. While this system has not
been designed for in vitro use, the membrane protein fusion construct could be useful
for directing cargo encapsulation into membrane vesicles in vitro. Efficient packaging
of a phosphotriesterase (PTE) into outer membrane vesicles was demonstrated with a
SpyTag fusion at the luminal side of an engineered OmpA porin protein and a SpyCatcher
fusion to the PTE cargo protein [179]. Together, the above examples illustrate the versatility
of polymersomes for the design of biocatalytic systems, which could be incorporated
into future cell-free systems with protein-based components (enzymes and scaffolds)
synthesized from DNA.

6. Conclusions and Future Directions

Ten years ago, we reviewed the emerging field of multi-enzyme biocatalysis [180].
We suggested that new nanoscale enzyme co-localization strategies, including genetically
engineered scaffolding and confinement systems, will be important for increasing reaction
rates and efficiencies of longer enzyme cascades. Eight years later, we concluded that
the spatial organization of multi-enzyme systems until recently had long been ignored
by the field in industrial biocatalysis due to prioritizing the optimization of enzyme
properties [27]. Rapid progress in synthetic biology, de novo protein design and cell-free
approaches now have created a robust foundation for the design of genetically engineered
enzyme assemblies for integration and upscaling in industrial processes. In this review,
we have focused primarily on genetically programmable systems for cell-free biocatalysis.
Although several new scaffolds, compartments and cages for the nano-scale co-localization
and confinement of enzymes have been designed over the past few years, relatively few of
those systems have yet been applied for in vitro multi-step enzyme catalysis. Given the
current push for fundamental and applied research aimed at the design and engineering
of genetically encoded biomaterials in the US, we anticipate that these efforts will also
accelerate the design of new types of programmable biocatalytic biomaterials and future
biocatalytic processes envisioned in Figure 6.

Controlling protein self-assembly across multiple length scales into bulk materials
that can be produced at scale for industrial application is a major challenge. The bottom–up
design of such materials must encompass for the ability to integrate multiple functions
(enzyme immobilization, stabilization, co-factor recycling, surface binding, etc.) along
with required mechanical properties (porosity, compressive strength, etc.). In addition,
materials must maintain their integrity and function for a prolonged time under opera-
tional conditions. Nature has already solved many of these issues by producing highly
robust, self-assembling protein-based materials and scaffolds, including biomineralized
composite materials with exceptional mechanical properties [181]. Elucidating and adopt-
ing the design principles of these biological materials for the fabrication of hierarchi-
cal, multifunctional materials has great potential for the development of future cell-free
biomanufacturing platforms. Advances in protein design already provide many building
blocks and tools for the design of such materials. The development of new biomate-
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rials design workflows that incorporate a predictive computational design and stream-
lined prototyping of material properties will be important to further accelerate functional
biomaterial design.
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programmable protein components. Biocatalysts and material building blocks can be produced in predefined ratios
by cell-factories or cell free systems. Produced proteins self-assembly into hierarchical materials with preconfigured
properties that are also genetically encoded. 3D-assembly is driven by the geometric assembly of engineered building
blocks and their different ratios. Designed surface properties and placement of genetic tags for cargo attachment, min-
eralization, and surface attachment give rise to multifunctional, robust materials suitable for cascade operation in batch
or flow-through modes.
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