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Abstract

Key Points

tions are reviewed.

Multi-enzyme complexes designed based on scaffold proteins are a current topic in molecular enzyme engineer-

ing. They have been gradually applied to increase the production of enzyme cascades, thereby achieving effective
biosynthetic pathways. This paper reviews the recent progress in the design strategy and application of multi-enzyme
complexes. First, the metabolic channels in the multi-enzyme complex have been introduced, and the construc-

tion strategies of the multi-enzyme complex emerging in recent years have been summarized. Then, the discovered
enzyme cascades related to scaffold proteins are discussed, emphasizing on the influence of the linker on the fusion
enzyme (fusion protein) and its possible mechanism. This review is expected to provide a more theoretical basis

for the modification of multi-enzyme complexes and broaden their applications in synthetic biology.

- The strategies of compartmentalization and substrate channel for organisms to manipulate multi-enzyme reac-

- The discovered enzyme cascade reactions related to scaffold proteins are summarized.
-+ The influence of linkers on fusion proteins and their possible mechanisms are highlighted and prospected.
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Introduction

The catalytic efficiency of the cascade enzyme reaction in
the multi-enzyme complex is influenced by various fac-
tors, such as the number of enzymes, spatial orientation,
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arrangement sequence, and linker (Argos 1990; Smith
2017; Sheng et al. 2022). An efficient multi-enzyme com-
plex must optimally assemble enzymes from different
sources and with different functions to form an ordered
multi-enzyme complex. Many effective multi-enzyme
assembly strategies have been established, including pro-
tein fusion technology, immobilization technology, and
scaffold protein-mediated self-assembly technology.

At the genetic level, constructing a fusion enzyme
is relatively simple and easy. However, there is no clear
and complete standardized process for constructing of
fusion protein in the current research, which solely relies
on the experience of scientists. Moreover, the charac-
teristics and functions of the constructed fusion protein

©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://orcid.org/0000-0003-0735-7259
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40643-023-00695-8&domain=pdf

Wang et al. Bioresources and Bioprocessing (2023) 10:72

multi-enzyme complex cannot be expected (Bilow L,
1991; Huang et al. 2021). Protein fusion technology ena-
bles the enzyme to form substrate channels in space,
reducing substrate diffusion and by-product generation
while improving the overall catalytic efficiency of the
enzyme. Although fusion protein technology is a simple
multi-enzyme assembly strategy, it also has drawbacks,
including the inability of fusion enzyme expression, low
protein expression, and protein misfolding to form inclu-
sion bodies (Zhang 2011; Shi 2018; Arai 2021). We have
a limited understanding of the impact of fusion pro-
tein structure, protein interaction, spatial orientation,
linker flexibility, and protein distance on fusion proteins.
Therefore, without causing the metabolic burden of host
cells, the design of "quantitative, sequential and spatial”
controllable multi-enzyme cascade reaction is a hot
topic for international academic circles. Some research-
ers have been trying to design fusion proteins rationally
through computer simulation, and changing the length
and type of protein linker to solve the above problems
(Robinson and Sauer 1998; Li et al. 2016). Immobiliza-
tion of enzymes is an effective method for resolving their
solubility and stability issues, allowing the enzymes to
be reused and lowering the cost of the biological process
(Schoffelen and van Hest 2012).

Scaffold protein is a new form that mimics the natural
multi-enzyme complex cascade reaction. Some macro-
molecular protein complexes have a special protein—pro-
tein interaction. The scaffold proteins are defined as
proteins that organize signal complexes by binding at
least two signal enzymes together and facilitating their
communication through proximity. Synthetic scaffolds
are mainly used for soluble enzyme systems, with cel-
lulosomes being the most typical example (Bayer 2008).
Lamed et al. (Lamed 1983) purified a cellulose degrada-
tion-related protein complex from C. thermocellum for
the first time in 1983, which was proved to be a cellulo-
some. Cellulosome is an extracellular multi-enzyme com-
plex produced by some anaerobic bacteria in nature and
formed by various cellulases that can efficiently degrade
cellulose (Maki 2009). Notably, cellulosomes are divided
into two parts: one part is a scaffold protein composed of
multiple cohesins in varying orders and quantities, with
the function of the assembly. Scaffold protein contains
non-catalytic cellulose-binding modules (CBM), which
can bind multi-enzyme complexes to cellulose (Bayer
2008; Zverlov 2008; Bule 2016). The other part is the
catalytic module composed of a range of cellulases con-
nected with dockerins with catalytic function. The two
parts form a multi-enzyme complex by interacting with
dockerins and cohesins. Dockerins and cohesins have
specific interaction mechanisms between species and
types. By simulating the natural complexes, the scaffold
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protein can locate the active sites of various enzymes and
play a key role in the metabolic process.

This review introduces the research progress in study-
ing the two main strategies of compartmentalization and
substrate channel for organisms to manipulate multi-
enzyme reactions. The enzyme immobilization strate-
gies mediated by scaffolds and the discovered enzyme
cascade reactions related to scaffold proteins will also be
discussed. In the design of multi-enzyme complexes, the
role and influence of linkers on catalytic efficiency are
still debatable. The effect of various linkers on the fusion
protein (fusion enzyme) and its possible mechanism was
elaborated. Furthermore, the design and selection of the
linker were discussed. So far, various protein assemblies
have been developed as multi-enzyme scaffold plat-
forms. This review is expected to provide a more theo-
retical basis for modifying multi-enzyme complexes and
broaden their application in synthetic biology. The scaf-
fold protein promises new insight into the assembly and
consequences of the multi-enzyme complexes.

Metabolic channeling in multi-enzyme complexes
Enzyme cascades occur naturally in most metabolic
pathways within cells, ensuring the integrity of enzyme-
catalyzed transformations that mimic chemical processes
(Ricca et al. 2011). The enzymes involved in these meta-
bolic pathways play a role in an organized way, carry out
multi-step reactions, and maintain the growth and sur-
vival of cells. According to widespread opinion, most
cascades in metabolic pathways are spatially bound by
non-covalent protein—protein interactions (PA 1987; You
2012). Cascade enzymes are close to each other in space
in the metabolic pathway of organisms and form multi-
enzyme complexes through non-covalent interaction
to form metabolic compartments (Tsitkov 2019). Sun
et al. utilized cascade enzyme reactions to improve bio-
catalytic efficiency and increase product yield (Sun et al.
2022). As we know, many multi-enzyme reactions must
be well-regulated in organisms to achieve effective meta-
bolic processes. The ideal multi-enzyme catalytic system
should be capable of preventing external attacks and pro-
moting the transfer of intermediates between adjacent
enzymes (Fig. 1A) (Shi 2018). Compartmentalization and
substrate channel are two main strategies for organisms
to manipulate multi-enzyme reactions.

Strategies for in vivo multi-enzyme reactions

through compartmentalization

Compartmentalization involves isolating multi-enzymes
or enzyme systems with tandem reaction features in a
compartment through a semi-permeable membrane
(Fig. 1B). The semi-permeable membrane evolved for
compartmentalization to inhibit protease and toxic



Wang et al. Bioresources and Bioprocessing (2023) 10:72

®
»
e

@
»

A *
P V- > -

B

Sub;l;te\s—— » .
e 0D

/'/
DR -

<X

Intermediate

@ Enzymel @ Protease
@ Toxic chemicals
@ Enzyme II # Other negative extermal factors

Page 30f 18

m==) Substrate I

» Intermediate IT

Fig. 1 Schematic diagram of multi-enzyme catalysis. A Ideal multi-enzyme catalytic system would inhibit negative external attack and promote
the transfer of intermediates between adjacent enzymes. The design and construction of multienzyme catalytic systems often confront challenges,
the intermediate product produced by the first step reaction, enzyme | may diffuse back to the overall environment, inhibit the intermediate
enrichment around enzyme Il and reduce the activity. The multi-enzyme catalytic systems may be degraded by protease, produce toxic substances,
or encounter other external attacks. B Scheme of a compartmentalized cascade reaction, Compartmentalization for in vivo multi-enzyme reactions
could inhibit the negative external attack toward multi-enzymes by encasing them in a robust and semi-permeable membrane. C Substrate
channeling for in vivo multi-enzyme reactions could facilitate the transfer of intermediates between neighboring enzymes by shortening

the inter-enzyme distance. D Simulation diagram of substrate channel effects in the catalytic process of cascading enzymes in metabolic

compartments

chemical external attack, ensuring that multi-enzyme
reactions could proceed stably and controllably (Ava-
los et al. 2013). Despite its intuitive utility in contain-
ing toxic reactants and enhancing the concentration of
unstable intermediates, quantitative models were just
recently published. Stanislav et al. studied a basic model
for a compartmentalized two-enzyme cascade reaction
in a well-mixed, steady-state regime. Cascade reactions,
according to the model can be characterized by the num-
ber of molecules of each enzyme rather than concentra-
tions. Furthermore, compartment capacity has only a
minimal impact on homeostasis. We were able to define
and solve the compartment optimization problem using
the model in circumstances when the intermediate was
volatile or poisonous (Tsitkov, 2019). Compartmentaliza-
tion aims to create a suitable micro-environment against
adverse external factors and improve enzyme stability.

Strategies for in vivo multi-enzyme reactions

through substrate channeling

Studies have shown that the substrate channel effect
and synergistic mechanism are the main reasons for the
significantly improve of the catalytic efficiency of multi-
enzyme complexes after the self-assembly of multiple
catalytic elements in some natural metabolic pathways

(Sweetlove and Fernie 2018; Sheng et al. 2022). The sub-
strate channel effect is a process in which the product of
an enzyme is directly transferred to the adjacent cascade
enzyme. It is not restricted by equilibrium (Fig. 1C), and
the catalytic efficiency of the cascade enzyme is signifi-
cantly high (Spivey HO 1999). Wu et al. identified eight
enzymes by in vivo cross-linking and mass spectrometry,
demonstrating the existence of Krebs circulating metabo-
lites. Two models of the wild-type mitochondrial malate
dehydrogenase—citrate synthase—aconitase (mMDH-
CS—ACON) complex and a disymmetric octamer con-
sisting of two mMDH dimers, one CS dimer, and two
ACON monomers are proposed using the distance con-
straints derived from crosslinking. Analysis of the sur-
face electrostatic potential of the model shows that the
rearrangement of the surface charge pattern in protein—
protein binding results in the formation of a continu-
ous positively charged region at its interface. Thus, the
electrostatic channels formed by enzyme association are
favorable for direct transport of intermediates between
active sites (Wu and Minteer 2015). As a result, directed
transport of negatively charged substrates from one active
site to the next would be possible with minimal diffusion
to the body phase of the cell. Notably, the enzyme com-
plex can be considered integral, so the overall apparent
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activity of the enzyme complex is linearly related to its
concentration. The acceleration factor of enzyme com-
plex to enzyme mixture increased with the total enzyme
concentration. As shown in the simulation diagram of the
metabolic compartment in Fig. 1D, the concentration of
local enzyme and substrate increased. Furthermore, the
substrate channel effect in the process of cascade enzyme
catalysis is used to direct the reaction intermediate from
the first enzyme active site to the second enzyme active
site without maintaining the balance in the solution,
resulting in the realization of a multi-enzyme catalytic
system and improved catalytic efficiency and stability of
the enzyme (Shi 2018; Khobragade et al. 2021).

In the cascade enzyme reaction, the lag time of tran-
sient product formation of the fusion protein is shorter
than that of the free enzyme, indicating a channel trans-
fer of metabolites in the fusion protein (Henrik Petters-
son 2001). Kang et.al emphasizes the modular assembly
of metabolic enzymes, manipulating the physical loca-
tion of enzymes without changing the activity or founda-
tion of the enzymes holds promise to produce high yield
strains (Kang et al. 2019). Constructing fusion protein
between cascade enzymes is the simplest way to facilitate
substrate channeling, Laura et al. used a fusion of S. car-
nosus monomeric fructose-1,6-bisphosphate aldolase and
C. freundii CECT 4626 homodimeric dihydroxyacetone
kinase with five amino acid linkers. The overall reac-
tion rate was much higher in the reaction catalyzed by
the fusion enzyme than in the reaction catalyzed by the
native non-fused enzymes (Iturrate 2009). However, sub-
strate channeling in fusion proteins may also be absent.
An exploration of the kinetics of the coupled reaction cat-
alyzed by a fusion protein of L-galactosidase and galac-
tose dehydrogenase found insufficient kinetic evidence to
support the proposal that fusion proteins catalyze the for-
mation of galactolactones from lactose via mechanisms
involving galactose channels (Henrik Pettersson 2001).
The area of metabolic channeling has been well-reviewed
(Zhang 2011; You 2012; Wheeldon, 2016). While explor-
ing the literature, it was evident that substrate channeling
existed in dynamic metabolons of enzymes, such as TIM,
ALD, and FBP (Beeckmans S, 1993). When the sub-
strate level was low, the channelization of the substrate
was more significant (You, 2012). Some articles have
highlighted the latest progress of multi-enzyme reac-
tions, mainly focusing on the substrate channel strategy
based on DNA and protein scaffold (Schoffelen and Hest
2013; Wheeldon 2016; Buddingh’ BC 2017; Nakata et al.
2019; Tsitkov 2019; Wang et al. 2023b). The method by
which synthetic multi-enzyme complexes increase prod-
uct synthesis has long been debated. Idan et al. studied
the concept of "metabolic channels” generated by the
rapid transfer of intermediate substrates through free
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diffusion between two enzymes on nanoscale scaffolds
through simulation and mathematical models. The weak
attractive interaction between substrate molecules and
scaffolds creates a "virtual compartment" and greatly
accelerates initial production (Idan and Hess 2013). Hess
et al. highlight that the enhancements are not caused by
the proximity of the enzymes, but rather by the scaffold
altering the enzyme characteristics (Zhang and Hess
2017). However, Meng et al’s study suggests that the cata-
Iytic efficiency of enzyme complexes is higher than that
of enzyme mixtures, which may be caused by changes
in enzyme properties in protein scaffolds, or by the con-
struction of enzyme complexes that increase reaction
rates by reducing activation energy. It cannot be ruled
out that the reason for the increased activity of enzyme
complexes is the proximity effect of enzymes (Meng et al.
2019). As a result, the process of accelerated product
synthesis in spatial tissue protein scaffolds is still being
debated, and additional study is needed to prove it. Aside
from increasing reaction rates through substrate chan-
nels in the complexes, many potential benefits of these
complexes include the protection of unstable substrates,
the avoidance of adverse equilibria and kinetics, the pre-
vention of substrate competition between different path-
ways, the regulation of metabolic fluxes, the mitigation
of toxic metabolite inhibition, and so on (Zhang 2011;
Wheeldon 2016).

Strategies of enzyme immobilization mediated

by a scaffold

So far, there are several various effective methods to
bring enzymes close to each other. Nevertheless, there is
limited control over how components are built. Affinity
tags, DNA scaffolds, and protein scaffolds have been used
for selective immobilization of proteins (Muller and Nie-
meyer 2008; Hernandez and Fernandez-Lafuente 2011;
Schoffelen and van Hest 2012).

Selectively fixed to the solid bracket using an affinity tag

The use of affinity tags to immobilize functional proteins
on solid carriers is an attractive method in protein micro-
array technology (Freitas et al. 2022). For, example, mate-
rials such as glass and acrylic glass functionalized with
nickel (II) ions have also been employed in affinity-medi-
ated oriented immobilization of His-tagged recombinant
proteins (Kulsharova et al. 2018; Takahashi et al. 2018).
Among the commonly used fusion protein tags, glu-
tathione S-transferase (GST) proteins have been indis-
pensable tools for protein—protein interaction studies
and have extensive applications in recombinant protein
purification and reversible protein immobilization. Zhou
et al. reported that Schistosoma japonicum GST (sjGST)
fusion protein was selectively immobilized by irreversibly
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and covalently modified by a small pyrimidine probe with
sulfonyl fluoride reaction group (Zhou et al. 2014) The
result strongly indicated that glutathione S-transferase
(GST) protein is indispensable among the commonly
used fusion protein tags in studying protein interaction.
It has been widely used in the purification of recombi-
nant proteins and the immobilization of reversible pro-
teins (Viswanathan et al. 2013; Voelker and Viswanathan
2013). Covalently binding tags are most suitable for long-
term protein immobilization, but can only bind naturally
to protein-based materials.

Enzyme immobilization strategies mediated by DNA
scaffold

The ability of DNA to self-assemble nanostructures,
along with the accuracy of nanoparticle localization on
DNA scaffolds, presents a potential strategy for the self-
organization of composite nanostructures (Winfree et al.
1998; Park et al. 2008b; Li et al. 2018; Nakata et al. 2019;
Komarala et al. 2022). Muller et al. reported for the first
time on the production of heterodimerase complexes
of Glucose Oxidase (GOX) or Horseradish peroxidase
(HRP) through DNA-directed assembly of enzyme oligo-
nucleotide conjugates. Although the spatial requirements
of the bulky enzyme hindered the quantitative formation
of GOX-HRP-DNA ternary complexes, the total enzyme
activity of the complexes significantly increased, in which
GOX and HRP were mobilized in direct proximity on
a complete DNA carrier (Muller and Niemeyer 2008).
Orthogonal module adaptors are a promising approach
for constructing explicit protein assemblies in vitro and
possibly in the cell, with spatial and orientational control
of enzymes on the DNA scaffold. Nguyen et al. studied a
series of modular linkers on sequence specific DNA bind-
ing domains and self-linking protein labels to achieve
quick kinetics and high loading rate of cross-linking reac-
tions, with high orthogonality with a single target address
(Nguyen et al. 2017). Nonetheless, the amplification cost
of DNA scaffolds may be too high compared with protein
scaffolds.

Enzyme immobilization strategies mediated by the protein
scaffold

While most affinity tags or binding modules fused with
enzymes are used to fix solid scaffolds, some compo-
nents have been built on protein scaffolds. Many anaero-
bic cellulose-degrading bacteria degrade plant cell walls,
producing extracellular complexes of large molecules
called cellulose bodies (Bayer, 2004; Schoffelen and van
Hest 2012). Compared with other co-localization tech-
niques, protein scaffolds have some advantages. First, the
minimum distance between the active site on the protein
scaffold allows for effective substrate channels, because
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metabolic intermediates are more likely to undergo
sequential reaction steps rather than diffusion (Deng
et al. 2020). When expressed within cells, the protein
scaffold maintains a high local concentration, while the
total cell level remains relatively low. Due to the faster
conversion of unstable compounds, toxic intermediates
have a lower chance of damaging cells (Ivarsson 2021). In
addition, the protein scaffolds can be applied in vitro and
in vivo. The most direct method is to express and purify
different interacting proteins separately. Then, they can
bind in vitro for cascade reactions. Another option is to
express all interacting proteins in the same host cell and
react in vivo. A major advantage of protein scaffolds is
that they can easily target the entire complex to specific
locations. This is usually achieved by adding a localiza-
tion tag to the scaffold protein (Wang and Yu 2012;
Chen et al. 2022). Furthermore, protein scaffolds allow
for control and optimization of spatial organization,
stoichiometry, and enzyme proximity, which is particu-
larly important when flux balance correction is required
(Whitaker and Dueber 2011; Cai et al. 2022). The main
problem of protein scaffolds is the time-consuming pro-
tein labeling and the associated genetic engineering. Fur-
thermore, the creation of these synthetic compounds is
more time-consuming and sophisticated than the other
procedures discussed (Vanderstraeten and Briers 2020).
Table 1 provides an overview of reported examples of
multi-enzyme complexes based on the protein scaffolds.

Scaffold proteins naturally participate in signal cas-
cades. They provide docking sites for various protein
members of signal cascades, thus smoothing correspond-
ing interactions and functions (Rapali et al. 2017; Srour
et al. 2022). Furthermore, the multi-enzyme complexes
mediated by scaffold protein decrease the loss of inter-
mediates, decrease overall transit time, and reduce prod-
uct feedback inhibition due to the proximity of catalytic
sites. Scaffold proteins consist of several protein modules
separated by linkers to produce skeleton molecules or
these specific modules fuse with proteins to self-assem-
ble to form the scaffold skeleton. The high-affinity inter-
action between the scaffold modules and the modules
fused with the enzyme allows for the controlled assembly
of specific enzymes. The enzyme is assembled into the
scaffold by fusing it to a domain orthogonal to the scaf-
fold module. Three main types of interaction domains
are used to assemble complexes: the SpyTag—SpyCatcher
system, the cohesin—dockerin specificity, and SH3, PDZ,
GBD domain, and ligand (Fig. 2).

The fusion protein comprises at least two structural
domains encoded by individual genes that are already
connected, thus being transcribed and translated as
a unit to produce a peptide (Wang et al. 2018). Theo-
retically, the structure of scaffold proteins and fusion
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Table 1 Summarized the use of multi-enzyme complexes based on SpyTag/SpyCatcher, cohesin—dockerin and SH3-PDZ-GBD for

enzyme cascade

SH3, PDZ, GBD domain and ligand In vivo

Increased the production of mevalonate

Dueber et al. 2009)

Scaffold protein Location Function References
SpyTag/SpyCatcher In vivo Achieved higher sugar conversion yield (Jiaetal.2017)
In vivo Increased the oil synthesis (Zhong et al. 2022a)
In vivo Improved the catalytic efficiency (Wang et al. 20233, b)
Cohesin-dockerin specificity In vitro Improved catalytic efficiency (You 2012)
In vitro Increased the reaction rate of bioelectricity generation (Meng et al. 2019)
E. coli cell surfaces Enhanced the power density and operational stability (Caietal. 2022)
(
(

In vivo

Increased the production of GBGA

Pham et al. 2016)

proteins is very similar and can be obtained through gene
fusion. The difference is that sites on the scaffold proteins
can bind to each other, forming a multi-enzyme complex.
As a product of recombinant DNA technology, fusion
protein plays a vital role in biochemistry, biotechnology,
and biomedical. Fusion protein products can obtain dif-
ferent functions from different components by fusing two
or more protein domains(Chen et al. 2013b; Arai 2021)
There are mainly four ways to construct fusion proteins:
end-to-end fusion, insertional fusion, branched fusion,
and linker fusion (Fig. 3) (Huston JS 1988; Nobuhide
Doi 1999; Guntas and Ostermeier 2004; Hirakawa and
Nagamune 2009). End-to-end fusion is the simplest and
most widely used for fusion protein. However, misfold-
ing or inappropriate protein interactions may destabilize
protein structures and affect activity levels (Hong et al.
2006). Our previous investigation, we found that inap-
posite assembly owing to the spatial interference of the
element domain may result in the loss of activity in the
end-to-end fusion protein (Karp and Oker-Blom 1999;
Hong et al. 2006; Yang et al. 2015). The construction of
insertion fusion protein has a significant potential value
in catalytic regulation and biosensors (Ataka and Pieri-
bone 2002; Ribeiro et al. 2019). However, some critical
issues remain, such as how to select two proteins and
how to choose the insertion site, so that they can have
regulatory effects after fusion (Huang 2012). Branching
fusion makes the domain more balanced, thus reduc-
ing interference and steric hindrance. However, its use
remains limited due to the need for additional in vitro
modification steps. The most effective way to overcome
these problems is to introduce a linker between different
domains, which can act as an appropriate bridge between
them while keeping them separate but connected (Huang
et al. 2021) As an integral part of the recombinant fusion
proteins, we found that a suitable linker can provide a
stable connection of fusion proteins without disturbing
their original biological activity or interactions, proving

highly valuable in their construction, expression, stabil-
ity, solubility, and biological activity (Fan et al. 2015; Arai
2021).

SpyTag/SpyCatcher system

The SpyTag/SpyCatcher system has become a vital tech-
nology for multi-enzyme systems. Proteins are designed
using SpyTag/SpyCatcher technology, in which protein
components can be expressed individually and used
as building blocks to generate complex protein assem-
blies (Kajiwara et al. 2021). The SpyTag/SpyCatcher sys-
tem derives from the CnaB2 domain, where Aspl117 on
SpyTag and Lys31 on SpyCatcher can spontaneously
form covalent bonds combining protein assembly and
chemical reactions that are genetically encoded chemi-
cal reactions. The SpyTag/SpyCatcher system is versatile
and offers more possibilities for protein bioconjugation
(Sutherland et al. 2019; Yanase et al. 2023). A polymer
of SpyCatcher was recently applied to fabricate protein
assemblies using SpyTagged enzymes (Fig. 4A). Jia et al.
used the SpyTag/SpyCatcher system to generate a bio-
sensing module capable of detecting the model antigen
ovalbumin. The SpyCatcher polymer was used as a scaf-
fold to assemble the SpyTagged Nanoluciferase and Spy-
Tagged protein G, which was then used as a biological
probe for ELISA, allowing ovalbumin detection (Jia et al.
2017). The system’s usefulness in assembling biomole-
cules to construct biological probe modules is due to pro-
tein clustering reactions amplifying luminescence signals.
Zhong et al. demonstrated a self-assembly strategy based
on SpyTag/SpyCatcher to overcome diffusion limitations
(Zhong et al. 2022b). In this study, TLL-Linker-Spy-
Catcher based on the lipase from Thermomyces lanugi-
nosus and CvFAP-Linker—SpyTag based on the fatty
acid photodecarboxylase from Chlorella variabilis was
designed as the multi-enzyme complex (TLL-CvFAP).
Compared with double-free enzyme catalysis, the effi-
ciency of TLL-CVvFAP in oil synthesis was increased by
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Fig. 2 Protein scaffold systems mainly used for assembling multi-enzyme complexes. A SpyTag/SpyCatcher system. B Cohesin—-dockerin specificity.
C SH3, PDZ, GBD domain and ligand
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Fig. 4 Protein scaffold for enzyme assembly. A Preparation of biosensing module capable of detecting the model antigen ovalbumin

with SpyTagged Nanoluciferase and SpyTagged protein G using SpyCatcher polymer (Jia et al. 2017). B Preparation of the oil synthesis with TLL—
CVFAP (Zhong et al,, 2022a). C Regenerating NADPH with a special structure and excellent catalytic activity with CoCR-SpyCatcher-SpyTag—

GDH (Wang et al. 2023a, b). D Assembly of the TIM, ALD, and FBP fused dockerin in the mini-scaffoldin (You, 2012). E Generating bioelectricity
from cellodextrin with CDP-PGM enzyme complex (Meng et al. 2019). F Preparation a starch-oxidizing bioanode based on displaying a sequential
enzyme system of GA-GDH on E. coli cell surfaces in a precise way using cohesin—-dockerin interactions (Cai et al. 2022). G Synthetic scaffolds built
from modular protein—protein interaction domains (Dueber et al. 2009). H Increased the production efficiency of GABA with the protein—protein
interaction domain of GBD, SH3, and PDZ scaffold architecture (Pham et al. 2016)

about 50%, and the storage stability of TLL-CvFAP after
self-assembly was also significantly improved (Fig. 4B)
Another research group has demonstrated that the multi-
enzyme complex based on the SpyTag/SpyCatcher sys-
tem improves catalytic efficiency (Fig. 4C) (Wang et al.
2023a, b). The stereoselective carbonyl reductase (CpCR)

and glucose dehydrogenase (GDH) successfully fused
with SpyCatcher and SpyTag to form two double enzyme
self-assembled clusters, named CpCR-SpyCatcher—
SpyTag-GDH and GDH-SpyCatcher—SpyTag—CpCR.
CpCR-SpyCatcher—SpyTag—GDH showed better activity
and efficiently converted ethyl 2-oxo-4-phenylbutyrate
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(OPBE) to ethyl(R)2-hydroxy-4-phenylbutanoate ((R)-
HPBE), while regenerating NADPH with a unique
structure and excellent catalytic activity, improving the
catalytic efficiency of the enzyme (Wang et al. 2023a, b).
Overall, these examples demonstrate the practicality of
the SpyTag/SpyCatcher system in biotechnology. Since it
was proposed, the SpyTag/SpyCatcher system has been
widely used in synthetic biology, nanobiotechnology,
protein engineering, and other fields. However, it is more
widely used in developing two enzymes or nanoparticle
vaccines, which is difficult to assemble multiple enzymes
(Zhong et al. 2022a).

Cohesin-dockerin specificity

The current protein scaffolds are mainly used in soluble
enzyme systems. Cellulosome is a distinctive example of
a naturally occurring protein scaffold system comprising
structural backbone (scaffoldins), where cellulases have
been localized via dockerin—cohesin interactions. Dock-
erins and cohesins also seem to function differently and
may be overexpressed in surrogate host bacteria. They
can be fused or cross-linked to various enzymes or the
components of affinity systems, such as binding pro-
teins, nucleic acids, and other biologically active materi-
als (Takagi M, 1993; Tokatlidis K, 1993). Due to its highly
ordered structure and better catalytic efficiency, cellu-
losomes have potential applications in various biorefiner-
ies (Hu and Zhu 2019). In 1994, Bayer et al. demonstrated
that dockerins or cohesins could be fused or conjugated
to protein A, antibodies, lectins, DNA, etc., to form
hybrid biomolecules. Moreover, it has become clear that
the interaction is characterized by a different set of prin-
ciples (Edward A. Bayer 1994) It has been analyzed and
verified that the cohesin—dockerin interaction is nature’s
most efficient protein—protein interaction (Fierobe 2001;
Mechaly 2001). Constructing a multi-enzyme complex
based on the interaction between cohesins and dockerins
is stronger and easier than that based on the nucleic acid
(Quin et al. 2017).

So far, many researchers have used the scaffold protein
and interactive domains from natural cellulosomes to co-
localize multiple enzymes. The scaffold protein carrying
cohesins and the fusion enzyme carrying dockerins were
constructed using DNA recombination technology. After
expression and purification, the desired multi-enzyme
complex was assembled in vitro. According to studies by
Chun You and coworkers, they construct the dockerin-
containing enzymes Triosephosphate isomerase (TIM),
aldolase (ALD), and fructose 1,6-bisphosphatase (FBP)
by adding one dockerin from the C. thermocellum CelS,
C. cellulovorans EngE, and R. flavefaciens ScaA at their
C termini. They discovered that the activities of dock-
erin-containing enzymes TIM-CtDoc, ALD-CcDoc,
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or FBP-RfDoc in the presence of mini-scaffoldin were
similar to those of dockerin-free enzymes TIM, ALD,
and FBP (You 2012). The addition of dockerins to the
C terminus of TIM, ALD, and FBP did not affect their
activities. This means that the complexes of these three
enzymes may face each other to form dimers with TIM,
ALD, and FBP (Fig. 4D). Many studies have tested the
apparent kinetic parameters of enzyme complex and free
enzyme mixture, showing that the catalytic efficiency of
enzyme complex is higher than that of enzyme mixture.
The effects of enzyme orientation in enzyme complexes
are yet to be experimentally described. They represent an
important future research area for studying the molecu-
lar mechanisms of enzyme complexes. The multi-enzyme
complexes constructed based on scaffold proteins are
mostly the specific of cohesin—dockerin and linker. For
instance, based on the high-affinity and high specific
interaction between cohesins and dockerins from natural
cellulosomes, Meng et al. constructed four self-assem-
bled synthetic enzyme complexes containing cellodextrin
phosphorylase (CDP) and phosphoglucomutase (PGM)
with different spatial organizations for generating bioel-
ectricity from cellodextrin (Meng et al. 2019). The results
showed that the in vitro biological system containing the
optimal CDP-PGM enzyme complex exhibited signifi-
cantly higher current density (3.35 times) and power den-
sity (2.14 times) than the corresponding biological system
containing a free CDP and PGM mixture (Fig. 4E). To
explore a high-performance starch/O2 enzymatic biofuel
cell, Cai et al. prepared a starch-oxidizing bioanode based
on displaying a sequential enzyme system of glucoa-
mylase (GA) and glucose dehydrogenase (GDH) on E.
coli cell surfaces using cohesin—dockerin interactions
(Cai et al. 2022). They discovered that the co-displayed
GA&GDH-E. coli bioanode-based enzymatic biofuel
cells outperformed the randomly mixed system regard-
ing power density and operational stability, exhibiting a
maximum open-circuit voltage of approximately 0.74 V
and the largest P+ +max of 30.1+2.8 pyW cm™2 as well
as good operational stability with GA&GDH (3:1)-E.
coli. (Fig. 4F) The Cohesin—dockerin showed high-affin-
ity interactions (Kd=10""-10"'* M) and were species-
specific, ensuring the availability of an abundance of
orthogonal interaction pairs present in the natural res-
ervoir (Haimovitz et al. 2010). However, research has
shown that since promiscuity binding is possible, the
specificity of cohesin—dockerin should always be verified.
The main drawback of using the specificity of cohesin—
dockerin to assemble enzymes is that their interaction
is calcium-dependent, and the calcium concentration
can affect intracellular assembly (Edward A. Bayer 1994;
Vera 2021). The best concentration of Ca?* assembled in
our laboratory is 2-10 mM. The assembly mechanism
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of natural cellulosomes has not yet been clarified, which
may hinder the expression of protein scaffolds composed
of cellulosome building blocks. Nevertheless, mucin-
based scaffolds are an excellent technology for in vitro
assembly and bacterial cell surface display of protein
scaffolds that assemble enzyme cascades.

SH3, PDZ, GBD domain, and ligand

The interaction domains used in protein scaffolds mostly
come from naturally occurring multi-enzyme complexes,
namely, cellulosomes. Theoretically, any natural domain
with an interacting partner can be incorporated into a
synthetic protein scaffold. The PSD-95 MAGUK family
scaffold protein is a multi-domain organizer of synaptic
transmission and contains three PDZ domains followed
by the SH3-GK domain tandem. This domain structure
allows for the coordinated assembly of protein com-
plexes consisting of neurotransmitter receptors, synaptic
adhesion molecules, and downstream signaling effec-
tors (Rademacher et al. 2019). The family of postsynaptic
density protein-95/disks large/zonula occludens-1 (PDZ)
protein domains is one of the most common protein—
protein interaction modules in mammalian cells. The
general function of the PDZ domain is to aggregate pro-
teins in the appropriate cell compartment, thereby facili-
tating scaffolding, signaling, and transport events (Chi
et al. 2012; Kossmann et al. 2021). A growing number of
SH3 domain-ligand interactions are being described, all
of which involve the conserved peptide-binding surface
of SH3 but are structurally distinct from canonical dock-
ing of SH3 ligands containing consensus motifs. The SH3
domain is a small protein interaction module composed
of five strands connected by three loops and a short 3,,
helix. Early pioneering research revealed how the ligand
sequence PxxP is regulated by two different xP dipeptide
binding pockets on the surface of SH3 (Ren et al. 1993;
Saksela and Permi 2012).

A typical example is the study of mevalonate produc-
tion using a synthetic scaffold (GBD, SH3, and PDZ
scaffold) strategy by Dueber et al. in 2009 (Dueber et al.
2009). In this study, the protein—protein interaction
ligands, such as GBD, PDZ, and SH3, were fused with
acetoacetyl-CoA thiolase (AtoB), hydroxy-methylglu-
taryl-CoA synthase (HMGS), and hydroxy-methylglu-
taryl-CoA reductase (HMGR), respectively (Fig. 4G).
The authors were able to increase the yield of mevalonate
by 77-folds by optimizing the molecular ratio of GBD,
PDZ, and SH3 (1:2:2). The synthetic protein scaffold was
used to produce gluconate (Moon et al. 2010), resvera-
trol (Wang and Yu 2012) and gamma-aminobutyric acid
(Pham et al. 2016), with a significant increase in prod-
uct yield. Pham et al. directed metabolic flux to a new
gamma-aminobutyric acid (GABA) production pathway
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by introducing a synthetic scaffold (GBD, SH3, and
PDZ scaffold) strategy in E. coli. In this study, the pro-
tein—protein interaction ligands, such as GBD, SH3, and
PDZ, were fused with succinate dehydrogenase (SdhA),
succinate—semialdehyde dehydrogenase (GabD), and
GABA aminotransferase (GabT), respectively (Fig. 4H).
The enzyme-ligand complexes were then co-expressed
with the protein—protein interaction domain of GBD,
SH3, and PDZ scaffold architecture. With the introduc-
tion of the synthetic scaffold, 0.75 g/L of GABA was
produced from 10 g/L of glucose at 30 °C and pH 6.5.
Finally, the concentration of GABA increased by 15.4%,
indicating that the inactivation of competitive metabolic
pathways in E. coli can enhance the GABA concentra-
tion in mutant strains. This new pathway can be further
improved to increase the production efficiency of GABA
and applied to the industrial GABA process (Pham et al.
2016). Nature has provided us with a much larger array of
interacting domains. The major advantage of SH3, PDZ,
GK domain, and ligand is that their interactions are not
calcium-dependent and may improve in vivo assembly.
However, the interaction between these modules is not as
strong as the high affinity cohesin—dockerin interactions.
The K, value of domain ligand interaction is 1077 M for
the SH3 domain and its ligands and 10™° M for the PDZ
and GBD domains and their respective ligands (Whitaker
and Dueber 2011; Vanderstraeten and Briers 2020).

Design and selection of linker between the fusion
protein

Both scaffold proteins and fusion enzymes require a
linker to connect. Scientific research has shown that
linker is an inherently disordered protein lacking the
tertiary structure, which not only exists as a connecting
region between functional modules but also has essential
biological functions (Espinoza-Fonseca et al. 2010; Meng
et al. 2015; Rozycki 2016). Linker refers to a polypeptide
between two fused enzymes or domains. Its length ranges
from several to hundreds of amino acid residues. It is
generally believed that it is not directly related to the cat-
alytic process of the enzyme (Gokhale and Khosla 2000;
George and Jaap 2002; Wriggers, 2005) Furthermore, the
role and influence of the linker on catalytic efficiency in
the design of multi-enzyme complexes is still debatable
(Smith 2017). The presence of a linker between the two
domains of natural enzymes suggests that such "fusion"
proteins are produced as part of a natural evolutionary
process (Argos 1990; Gokhale and Khosla 2000). The two
domains of cellulase are connected by a long and highly
glycosylated linker, primarily rich in proline and hydroxy-
proline. Bacterial cellulose linker is rich in Pro and Thr
and is entirely composed of the repetitive sequence of
Pro—Thr. Bacteria have about 100 amino acid residues,
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but fungal cellulase linker is rich in Pro, Ser, and Thr with
only 30—40 amino acid residues, their number is less than
that of bacteria (Cavaco—Paulo et al., 1999). Table 2 pro-
vides an overview of the characteristics of different types
of linkers.

Whether the two components in the fusion protein
can form the correct spatial structure and give better
play to their biological activities depends on the linker
connecting the two components in the fusion protein
(Meng et al. 2015; Ma et al. 2022). The recombinant
fusion protein requires the linker inserted into the
fusion protein not to interfere with the target protein’s
functions (Huang 2012; Chen et al. 2013a; Jiang 2021).
Robinson and Sauer found that the linker sequence’s
composition may significantly impact the folding sta-
bility of fusion protein (Robinson and Sauer 1998). To
avoid secondary structural elements, we emphasize
that the design and selection of a linker sequence often
require careful consideration. Unfortunately, there are
no trustworthy selection criteria in linker design. Most
linker design and selection processes still rely on intui-
tion to a great extent. This intuitive process of designing
and selecting a linker often leaves much uncertainty,
especially in the case of long linker sequence selec-
tion. However, significant advances have been made in
protein secondary structure prediction based on the
primary sequence (Barton 1995; Jones 1997). There is
no denying that the understanding of sequence struc-
ture correlation is still limited. Thus, the design and
selection of linker sequences are crucial for the con-
struction, expression, stability, and functional activity
of fusion proteins. Fusion protein construction often

Table 2 Characteristics of different types of linkers
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requires linkers for prolonged conformation, extended
stability, and enzyme activity. Many related investiga-
tions and studies have been conducted on the design
and selection of linker sequences (Crasto C J 2000).

Design of linker for the fusion proteins

With the wide-ranging study on the linker of natural
multi-domain proteins and recombinant fusion proteins,
the researchers conceived the intention of setting up a
database and proposed linker design tools to rationally
design Linkers based on the desired properties of the
fusion proteins. Such a program is called LINKER. Mean-
while, with the intention of the rational design of linkers
for domain fusion, the web-based project http://www.ibi.
vu.nl/programs/linkerdbwww/ performed by the Centre
for Integrative Bioinformatics VU at the Vrije University
of Amsterdam also offers a database containing various
confirmed linkers (Kabsch and Sander 2006; Chen et al.
2013a). Using bioinformatics technology, deriving molec-
ular structure from homologous modeling, and improv-
ing the genetic algorithm to design Linker is a relatively
scientific design method (James et al. 2005; Arunachalam
et al. 2006; Dietmann et al. 2006). These tools and data-
bases help us implement high-throughput linkers for the
required attributes from extended candidates. Nonethe-
less, search algorithms have limitations in predicting
the most appropriate linker in practice (Fan et al. 2015).
Although many researchers are absorbed in the design of
linkers, they have not yet found an efficacious method.
As a result, further optimizing the selection of linkers
based on experimental analysis is unavoidable.

Linker Fusion protein Function References
Type Sequence
Flexible GGGGS HSA-IFN-a2b Improve biological activity (Zhao et al. 2008)
linker TD1-hEGF Inhibit the permeation activity (Ruan et al. 2014)
(GGGGS), DFR-LAR Improve catalytic efficiency (Sun etal. 2021)
(GGGGS), IL-2-PfCelTOS Enhance structural stability (Shamriz et al. 2016)
Tax-gp21-gp46-gag Increase expression level (Kabiri et al. 2020)
(GGGGS), CotB-Tm1350 Enhance enzyme activity (Ullah et al. 2017)
CotB-DSM Enhance enzyme activity and stability (Chenetal.2017)
Rigid EAAAK CBDs—CP0O5 Enhance structural stability (Ma et al. 2022)
linker Fluc-LRE Improve stability and continuity (Sun et al. 2018)
(EAAAK), DFR-LAR Improve catalytic efficiency (Sun etal.2021)
(EAAAK), Glu-Xxyl Increase catalytic efficiency (Lu and Feng 2008)
(EAAAK)N (n=2,3) VP1-SpyTag Enhance conjugation efficiency (Boonyakida et al. 2023)
EAAAK HSA-CocH1 Prolong biological half-life (Caietal. 2019)
(PAPAP)N

(n=1,2)
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Selection of linker for the fusion proteins

Factors such as flexibility, composition, conformation,
length, and hydrophilicity of the amino acid should be
considered when selecting a linker for the fusion pro-
teins (Robinson and Sauer 1998; Arai R, 2001; Chen et al.
2013b; Fan et al. 2015; Yang et al. 2015; Li et al. 2016;
Huang et al. 2021). According to the flexibility of the
linker, they can be divided into flexible linkers and rigid
linkers (Fig. 5). Whether the linker is flexible or rigid will
affect the direction of the fusion protein. Many studies
have shown that the flexibility of a linker is closely related
to the function of the fusion protein. Therefore, select-
ing an appropriate linker is particularly important in the
fusion protein (Maeda et al. 1996; Wriggers, 2005).

The flexible linker

The flexible linker is a soft and flexible linker with the
non-polar amino acid glycine (Gly) or a polar amino acid,
such as serine (Ser) or threonine (Thr) as the main com-
ponent (Argos 1990). Gly ensures the freedom of peptide
skeleton conformation to the greatest extent. Thus, the
protein has sufficient spatial folding to obtain the origi-
nal biological activity, but this connection will free the
functional proteins at both ends from rigid constraints.
Nevertheless, Ser and Thr can form hydrogen bonds
with water molecules, so it can ensure the stability of the
linker in an aqueous solution, reducing the adverse reac-
tions between protein regions and the linker. The most
commonly used flexible linker is primarily composed
of Gly and Ser residues, with the (GGGGS)n (generally

A

Protein B

Flexible
linker

Protein B

Rigid
linker

Protein A
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n<6) sequence proposed by Huston et al. being the
most common example (Huston JS, 1988). By adjust-
ing the number of repeats n and optimizing the length
of the GS linker, the functional domain can be properly
separated, or the function between domains can be main-
tained, which has almost become a "universal linker" (Hu
et al. 2004; Trinh et al. 2004; Yun and Shen 2006; Hong
et al. 2008). Remarkably, more than 11 amino acids are
required to ensure the biological activity of the fusion
protein. Although the flexible linker has no rigid struc-
ture, it can serve as a passive linker to maintain the dis-
tance between functional domains.

A fusion of DFR and LAR was successfully employed,
significantly improving the flux toward flavan-3-ols.
Chen et al. used the esterase—DSM gene from C. ther-
mocellum and the cotB gene from B. subtilis to gener-
ate CotB-DSM fusion proteins with different lengths
and types of the linker to investigate the optimal linker
conformation. They discovered that fusion proteins
with linker (GGGGS), were the most thermostable at
80 °C. Meanwhile, the fusion proteins with longer flex-
ible linkers showed increased activity, while those with
longer rigid linkers showed decreased activity (Chen
et al. 2017). A glycine-rich linker is more flexible than
a linker of the same length composed of non-glycine
residues. Jawad et al. reported that after inserting a
(GGGGS), linker between CotB and Tm1350 from Ther-
motoga maritime MSBS, the catalytic efficiency of the
fusion protein was 1.29 times higher than the activity of
the original under optimum temperature and pH (Ullah

C
(GGGGS),

(EAAAK),

VU URUIRUWIVNG

Fig. 5 Schematic diagram of the linker. A Fusion proteins are connected by the linker. B 3D structure of the flexible linker (GGGGS) and rigid linker
(EAAAK), which were obtained from SynLinker (Meng et al. 2020). C Molecular dynamics simulations of a selected group of linkers (Li et al. 2016)
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et al. 2017). Ruan et al. showed that the permeation activ-
ity of TD1-hEGF, a fusion protein composed of TD1
and human epidermal growth factor (hEGF) connected
with the flexible linker (GGGGS), can be inhibited by
the energy inhibitor, rotenone or oligomycin (Ruan et al.
2014).

The rigid linker

The rigid linker comprises amino acid residues that eas-
ily form a stable secondary structure and are not easy to
bend. The most commonly used rigid linker in recombi-
nant fusion proteins is (EAAAK)n (n<6) or proline-rich
sequences (XP)n with X designating any amino acid,
preferably Ala, Lys, or Glu (Evans et al. 1986; Yun and
Shen 2006; Nurmamet et al. 2009; Huang et al. 2021).
The presence of Pro can increase rigidity and effectively
separate protein domains (Turner et al. 1993; Wriggers
2005; Arai 2021). Studies have shown that proline-rich
connexin (XP) n is often used as a linker, because it has
been proven to resist protease degradation and is used
in many natural multi-domain proteins (Mojgan et al.
2007). As suggested by Ma et al., the presence of EAAAK
can make the exosomal capture peptides (CP05) and
collagen-binding domains (CBD) of the fusion protein
have a fixed distance in space, so that they do not inter-
fere with each other, and the fusion protein has higher
structural stability (Ma et al. 2022). Sun et al. inserted a
rigid linker EAAAK between the Firefly luciferase (Fluc)
and luciferin-regenerating enzyme (LRE) to improve
luminescence production. The dual enzymes showed
higher stability and continuity in signal generation (Sun
et al. 2018). Lu et al. used a rigid linker (EAAAK), to
fuse beta-glucanase (Glu) and xylanase (Xyl), which
increased the catalytic yield by 31% and 26.2%, respec-
tively (Lu and Feng 2008). Boonyakida et al. inserted a
linker (EAAAK)n (n=2,3) between the SpyTag and the
VP1 protein to increase surface exposure of the SpyTag
on the NoV-LPs. They discovered that the conjugation
efficiency of the VP1-SpyTag with the linker (EAAAK)
n (n=2,3) improved from ~15-35 to ~50-63% based
on the densitometric analysis (Boonyakida et al. 2023).
Cai et al. redesigned albumin-fusion cocaine hydrolase
CocH1 (TV-1380) to extend its biological half-life. The
half-life of the fusion protein (HSA-CocH1) without a
linker was 14 + 2 h, while the fusion protein HSA—-CocH1
with a rigid linker extended the biological half-life, with
HSA-EAAAK-CocH1 and HSA-PAPAP-CocH1 having
a half-life of 17 +2 h and HSA—(PAPAP),—CocH1 having
a half-life of 18 + 3 h (Cai et al. 2019).

The (GGGGS), and (EAAAK), linkers between dihy-
dro flavonol 4-reductase (DFR) and leucoanthocyani-
din reductase (LAR) were proved by Sun et al. to be the
best choice for afzelechin (AFZ) and catechin (CAT)
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production (Sun et al. 2021). Fusion protein brings
enzyme-active sites nearby for consecutive reactions.
Kabiri et al. evaluated the effects of the helix and flexible
linkers on the expression levels of multi-epitope chime-
ras containing four epitopes of Human T Lymphotropic
Virus Type 1 (HTLV-1). Their data showed that insert-
ing flexible (GGGGS); linkers between chimera epitopes
significantly increased expression levels, while chimeras
containing helix (EAAAK); linkers had lower expression
levels (Kabiri et al. 2020). The absence of a -carbon in
glycine might allow the polypeptide backbone to access
dihedral angles that are energetically forbidden for other
amino acids, and the ability of serine to form hydrogen
bonds might allow the formation of new stabilizing inter-
actions in the native state.

Compared with (GGGGS)n, (EAAAK)n has the advan-
tage of forming a relatively stable secondary structure
and providing a relatively stable and controllable isola-
tion effect for two connected domains. However, when
the number of repeat units is increased, the distance
between domains changes little, and the isolation effect
varies significantly across systems (Arai et al. 2004). The
3D structures of the flexible linker (GGGGS) and rigid
linker (EAAAK) were obtained from SynLinker (Fig. 5).
Because (EAAAK)n is not a stretched conformation, the
possibility of protease attack is somewhat reduced, mak-
ing the fusion protein more stable. The extended con-
formation of (GGGGS)n may make it the cleavage site
of protease, resulting in the instability of fusion protein.
Previous research has shown that the a-helical content
of rigid linker (EAAAK)n increased proportionally with
the number of repeats, whereas more flexible linker
(GGGGS)n resulted in more random conformations of
the fusion protein (Arai R, 2001). In a recent investiga-
tion by Li et al., attention was drawn to the number of
repeats n in (EAAAK)n. With the increased number of
repeats, the rigid linker was exposed to more helical con-
formations and hydrogen bonds in the simulated confor-
mation (Li et al. 2016). The hydrogen bond in the helical
conformation helps improve the linker’s rigidity (Karle
etal. 1997; Igor et al. 1999).

The length of the amino acid sequence in the linker
must be designed to keep the active site closer together
and strengthen the substrate channel effect (Iturrate
2009). The length of the linker directly affects the spac-
ing of functional proteins. Too long or too short a linker
will affect the stability and activity of fusion protein. If
the linker is too long, it will increase the sensitivity of the
linker to protease, resulting in the instability of the fusion
protein. While too short linker will often make the par-
ent domains of the fusion protein too close, thus affecting
their respective functions (Malin et al. 2001). The length
of the linker varies significantly, generally ranging from 6
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to 59 amino acid residues (Black et al. 1994; Pham et al.
2010; Song HY 2014). The linker with 10 to 22 amino acid
residues is generally believed to be more effective but
also reported for 4 to 44 amino acids or 6 to 27 amino
acids (Malin et al. 2001; Gall et al. 2004). Experiments by
George et al. showed that solvent accessibility improved
with the increase in the length of the linker, indicating
that longer linkers were more likely to be exposed to the
solvent. Furthermore, with the increase in the length of
the linker, the average hydrophobic linker decreased,
suggesting that the longer linkers were more hydro-
philic than shorter linkers, so they were more likely to be
exposed to aqueous solvents (George and Jaap 2002).

Robinson et al. examined and compared the linker of
different lengths, and found that the most stable protein
has a linker with 19 residues. Increasing or decreasing a
handful of amino acids would reduce the stability of the
protein (Robinson and Sauer 1998). Although long link-
ers may contribute to immune reaction, those with less
than 15 amino acids have little effect on protein folding
and function. According to the study by G.G. Yang and
coworkers, the length of linkers only affected the activ-
ity of rHSA-N-ONC (N=0, 5, 10, and 15) but not its
expression (Yang et al. 2015). The short linkers have been
successfully applied in many fusion proteins. They also
have many defects, such as being vulnerable to protease
attack, which in turn leads to the degradation of proteins.
Moreover, the short linkers fail to avoid the spatial inter-
ference of the regions (Maeda et al. 1997; Robinson and
Sauer 1998; Arai et al. 2004). Kavoosi et al. have proved
that the expression level, proteolytic stability, and ther-
modynamic stability of the fusion protein expressed in
recombinant E. coli can be decided by the chemical prop-
erties and the length of the linker (Kavoosi 2007). Bouin
et al. also showed that enzyme orientation and linker
length are crucial for the performance of fusion enzymes
(Bouin et al. 2023). The design and selection of valuable
linkers should not be based solely on proteolytic stability.
The thermodynamic stability and spatial localization of
the fusion protein may also change the expression level,
thus affecting the overall performance of the fusion label.

Both scaffold proteins and fusion enzymes require a
linker to connect. The linker must be flexible enough to
allow the natural folding of each protein. The selection of
an appropriate linker is vital for the distance and orienta-
tion between fusion proteins and scaffold proteins.

Conclusion

From the examples discussed in this review, it is clear
that the spatial organization of the enzyme cascade reac-
tion on the appropriate protein scaffold has attracted
attention because of its vital role in the substrate chan-
nel to obtain the best catalytic efficiency and provide
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a stable micro-environment. The substrate channeling
effect, the number and order of the cohesins in a scaf-
fold protein, the number and orientation of enzymes on
the kinetic performance of synthetic enzyme complexes,
and the design and selection of linkers between cohesins
and fusion enzymes are crucial factors of further inves-
tigations in the structural orientation among cascade
enzymes and metabolite transfer among them. Many
more experiments are still required to get a complete pic-
ture of the interactions between these factors.

Acknowledgements
Not applicable.

Author contributions

XYW and YJ wrote the review and have contributed equally to this work. HBY
and DH edited this review. TFW and HLL designed the structure and revised
this review.

Funding

This work was supported by the National Natural Science Foundation of China
(No.32001632); the Key Research and Development Program of Shandong
Province (2022CXGC010506); the Natural Science Foundation of Shandong
Province (ZR2020QB041, ZR2021QB074, ZR202103030132); the Founda-

tion of Qilu University of Technology of Cultivating Subject for Biology and
Biochemistry (No. 202003, No. 202018, No. 202007); the State Key Laboratory
of Biobased Material and Green Papermaking (No. 2220200136, 2220210114,
7720200119); and the Key Research and Development Program of Zibo
(2021XCYF0085).

Availability of data and materials
The authors confirm that the data supporting the findings of this study are
available within the review.

Declarations

Ethics approval and consent to participate

The authors confirm that this study does not involve animal testing or human
subjects. The authors strictly adhered to all the institutional and national ethics
codes of research.

Consent for publication
“Not applicable’, this manuscript does not contain data from any individual
person.

Competing interests
The authors declare no competing interests.

Received: 6 August 2023 Accepted: 4 October 2023
Published online: 23 October 2023

References

Amet N, Lee H-F, Shen W-C (2009) Insertion of the designed helical linker
led to increased expression of Tf-Based fusion proteins. Pharm Res
26(3):523-528. https://doi.org/10.1007/511095-008-9767-0

Arai R (2021) Design of helical linkers for fusion proteins and protein-based
nanostructures. Methods Enzymol 647:209-230. https://doi.org/10.
1016/bs.mie.2020.10.003

Arai R, Ueda H, Kitayama A, Kamiya N, Nagamune T (2001) Design of the linkers
which effectively separate domains of a bifunctional fusion protein.
Protein Eng 14(8):529-532. https://doi.org/10.1093/protein/14.8.529

Arai R, Wriggers W, Nishikawa Y, Nagamune T, Fujisawa T (2004) Conformations
of variably linked chimeric proteins evaluated by synchrotron X-ray


https://doi.org/10.1007/s11095-008-9767-0
https://doi.org/10.1016/bs.mie.2020.10.003
https://doi.org/10.1016/bs.mie.2020.10.003
https://doi.org/10.1093/protein/14.8.529

Wang et al. Bioresources and Bioprocessing (2023) 10:72

small-angle scattering. Proteins 57(4):829-838. https://doi.org/10.1002/
prot.20244

Argos P (1990) An investigation of oligopeptides linking domains in protein
tertiary structures and possible candidates for general gene fusion. J
Mol Biol 211(4):943-958. https://doi.org/10.1016/0022-2836(90)90085-Z

Arunachalam J, Kanagasabai V, Gautham N (2006) Protein structure prediction
using mutually orthogonal Latin squares and a genetic algorithm.
Biochem Biophys Res Commun 342(2):424-433. https://doi.org/10.
1016/j.bbrc.2006.01.162

Ataka K, Pieribone VA (2002) A genetically targetable fluorescent probe of
channel gating with rapid kinetics. Biophys J 82:509-516. https://doi.
org/10.1016/50006-3495(02)75415-5

Avalos JL, Fink GR, Stephanopoulos G (2013) Compartmentalization of
metabolic pathways in yeast mitochondria improves the production
of branched-chain alcohols. Nat Biotechnol 31(4):335-341. https://doi.
0rg/10.1038/nbt.2509

Barton GJ (1995) Protein secondary structure prediction. Curr Opin Struct Biol
5(3):372-376. https://doi.org/10.1016/0959-440x(95)80099-9

Bayer EA, Morag E, Lamed R (1994) The cellulosome—a treasure-trove for
biotechnology. Trends Biotechnol 12(9):379-386. https://doi.org/10.
1016/0167-7799(94)90039-6

Bayer E-A, Belaich J-P, Shoham Y, Lamed R (2004) The cellulosomes: multi-
enzyme machines for degradation of plant cell wall polysaccharides.
Annu Rev Microbiol 58:521-554. https://doi.org/10.1146/annurev.
micro.57.030502.091022

Bayer E-A, Lamed R, White B-A, Flint H-J (2008) From cellulosomes to cellu-
losomics. Chem Rec 8(6):364-377. https://doi.org/10.1002/tcr.20160

Beeckmans S, V.D.E, Kanarek L. (1993) Immobilized enzymes as tools for the
demonstration of metabolon formation. A Short Overview J Mol Rec-
ognit 6(4):195-204. https://doi.org/10.1002/jmr.300060408

Black GW, Hazlewood GP, Xue GP, Orpin CG, Gilbert HJ (1994) Xylanase B from
Neocallimastix patriciarum contains a non-catalytic 455-residue linker
sequence comprised of 57 repeats of an octapeptide. Biochem J.
https://doi.org/10.1042/bj2990381

Boonyakida J, Khoris IM, Nasrin F, Park EY (2023) Improvement of modular pro-
tein display efficiency in SpyTag-implemented norovirus-like particles.
Biomacromol 24(1):308-318. https://doi.org/10.1021/acs.biomac.2c011
50

Bouin A, Zhang C, Lindley ND, Truan G, Lautier T (2023) Exploring linker’s
sequence diversity to fuse carotene cyclase and hydroxylase for zeaxan-
thin biosynthesis. Metab Eng Commun 16:e00222. https://doi.org/10.
1016/j.mec.2023.e00222

Buddingh'BC, v.H.J. (2017) Artificial cells: synthetic compartments with life-like
functionality and adaptivity. Acc Chem Res 50(4):769-777. https://doi.
0rg/10.1021/acs.accounts.6b00512

Bule P, Alves V-D, Leitao A, Ferreira L-M-A, Bayer E-A, Smith S-P, Gilbert H-J,
Najmudin S, Fontes C-M-G-A (2016) Single binding mode integration
of hemicellulose-degrading enzymes via adaptor scaffoldins in Rumi-
nococcus flavefaciens Cellulosome. J Biol Chem 291(52):26658-26669.
https://doi.org/10.1074/joc M116.761643

Bllow L, MK. (1991) Multienzyme systems obtained by gene fusion. Trends
Biotechnol 9(7):226-231. https://doi.org/10.1016/0167-7799(91)90075-s

CaiY, Zhou S, Jin Z, Wei H, Shang L, Deng J et al (2019) Reengineering of albu-
min-fused cocaine hydrolase CocH1 (TV-1380) to prolong its biological
half-life. AAPS J 22(1):5. https://doi.org/10.1208/512248-019-0377-z

CaiY,Wang M, Xiao X, Liang B, Fan S, Zheng Z et al (2022) A membraneless
starch/O-2 biofuel cell based on bacterial surface regulable displayed
sequential enzymes of glucoamylase and glucose dehydrogenase.
Biosens Bioelectron 207:114197. https://doi.org/10.1016/j.bi0s.2022.
114197

Cavaco-Paulo A, Morgado J, Andreaus J, Kilburn D (1999) Interactions of cotton
with CBD peptides. Enzyme Microb Technol 25(8-9):639-643. https://
doi.org/10.1016/50141-0229(99)00101-5

Chen X, Zaro JL, Shen WC (2013) Fusion protein linkers: property, design and
functionality. Adv Drug Deliv Rev 65(10):1357-1369. https://doi.org/10.
1016/j.addr.2012.09.039

Chen H,Wu B, Zhang T, Jia J, Lu J, Chen Z et al (2017) Effect of linker length and
flexibility on the Clostridium thermocellum esterase displayed on Bacillus
subtilis spores. Appl Biochem Biotechnol 182(1):168-180. https://doi.
org/10.1007/s12010-016-2318-y

Page 150f 18

Chen X, Chen X, Zhu L, Liu W, Jiang L (2022) Efficient production of inulo-
oligosaccharides from inulin by exo- and endo-inulinase co-immo-
bilized onto a self-assembling protein scaffold. Int J Biol Macromol
210:588-599. https://doi.org/10.1016/j.ijbiomac.2022.04.213

Chi CN, Bach A, Stromgaard K, Gianni S, Jemth P (2012) Ligand binding by PDZ
domains. BioFactors 38(5):338-348. https://doi.org/10.1002/biof.1031

Crasto CJ, Feng JA (2000) LINKER :a program to generate linker sequences for
fusion proteins. Protein Eng 13(5):309-312. https://doi.org/10.1093/
protein/13.5.309

Deng D, Meng Q, Li Z, Ma R, Yang Y, Wang Z et al (2020) Enzyme-inspired
assembly: incorporating multivariate interactions to optimize the Host-
Guest configuration for high-speed enantioselective catalysis. ACS Appl
Mater Interfaces 12(42):47966-47974. https://doi.org/10.1021/acsami.
0c13802

Dietmann S, Aguilar D, Mader M, Oesterheld M, Ruepp A, Stuempflen Vet al
(2006) Resources and tools for investigating biomolecular networks in
mammals. Curr Pharm Des 12(29):3723-3734. https://doi.org/10.2174/
138161206778559722

Dueber JE, Wu GC, Malmirchegini GR, Moon TS, Petzold CJ, Ullal AV et al (2009)
Synthetic protein scaffolds provide modular control over metabolic
flux. Nat Biotechnol 27(8):753-759. https://doi.org/10.1038/nbt.1557

Espinoza-Fonseca LM, Wong-Ramirez C, Trujillo-Ferrara JG (2010) Tyr74 is
essential for the formation, stability and function of Plasmodium
falciparum triosephosphate isomerase dimer. Arch Biochem Biophys
494(1):46-57. https://doi.org/10.1016/j.abb.2009.11.009

Evans JS, Levine BA, Trayer IP, Dorman CJ, Higgins CF (1986) Sequence-
imposed structural constraints in the TonB protein of E coli. FEBS Lett
208(2):211-216. https://doi.org/10.1016/0014-5793(86)81020-1

Fan J, Huang L, Sun J, QiuY, Zhou J, Shen Y (2015) Strategy for linker selection
to enhance refolding and bioactivity of VAS-TRAIL fusion protein based
on inclusion body conformation and activity. J Biotechnol 209:16-22.
https://doi.org/10.1016/j.jbiotec.2015.06.383

Fierobe H-P, Mechaly A, Tardif C, Belaich A, Lamed R, Shoham Y, Belaich
J-P, Bayer E-A (2001) Design and production of active cellulosome
chimeras. Selective incorporation of dockerin-containing enzymes into
defined functional complexes. J Biol Chem. https://doi.org/10.1074/jbc.
M102082200

Freitas Al, Domingues L, Aguiar TQ (2022) Tag-mediated single-step purifica-
tion and immobilization of recombinant proteins toward protein-
engineered advanced materials. J Adv Res 36:249-264. https://doi.org/
10.1016/jjare.2021.06.010

Gall FL, Reusch U, Little M, Kipriyanov SM (2004) Effect of linker sequences
between the antibody variable domains on the formation, stability and
biological activity of a bispecific tandem diabody. Protein Eng Des Sel
17(4):357-366. https://doi.org/10.1093/protein/gzh039

Geck MK; Kirsch JF (1999) A novel, definitive test for substrate channeling
illustrated with the aspartate aminotransferase/malate dehydrogenase
system. Biochemistry 38(25):8032-8037. https://doi.org/10.1021/bi983
029¢

George RA, Jaap H (2002) An analysis of protein domain linkers: their classifica-
tion and role in protein folding. Protein Eng 15(11):871-879. https://doi.
org/10.1093/protein/15.11.871

Gokhale RS, Khosla C (2000) Role of linkers in communication between protein
modules. Curr Opin Chem Biol 4(1):22-27. https://doi.org/10.1016/
$1367-5931(99)00046-0

Guntas G, Ostermeier M (2004) Creation of an allosteric enzyme by domain
insertion. J Mol Biol 336(1):263-273. https://doi.org/10.1016/jjmb.2003.
12.016

Haimovitz R, Barak Y, Morag E, Voronov-Goldman M, Shoham Y, Lamed R et al
(2010) Cohesin-dockerin microarray: Diverse specificities between two
complementary families of interacting protein modules. Proteomics
8(5):968-979. https://doi.org/10.1002/pmic.200700486

Henrik Pettersson GP (2001) Kinetics of the coupled reaction catalysed by
a fusion protein of L-galactosidase and galactose dehydrogenase.
Biochim Biophys Acta 1549(2):155-160. https://doi.org/10.1016/s0167-
4838(01)00252-7

Hernandez K, Fernandez-Lafuente R (2011) Control of protein immobilization:
coupling immobilization and site-directed mutagenesis to improve
biocatalyst or biosensor performance. Enzyme Microb Technol
48(2):107-122. https://doi.org/10.1016/j.enzmictec.2010.10.003


https://doi.org/10.1002/prot.20244
https://doi.org/10.1002/prot.20244
https://doi.org/10.1016/0022-2836(90)90085-Z
https://doi.org/10.1016/j.bbrc.2006.01.162
https://doi.org/10.1016/j.bbrc.2006.01.162
https://doi.org/10.1016/S0006-3495(02)75415-5
https://doi.org/10.1016/S0006-3495(02)75415-5
https://doi.org/10.1038/nbt.2509
https://doi.org/10.1038/nbt.2509
https://doi.org/10.1016/0959-440x(95)80099-9
https://doi.org/10.1016/0167-7799(94)90039-6
https://doi.org/10.1016/0167-7799(94)90039-6
https://doi.org/10.1146/annurev.micro.57.030502.091022
https://doi.org/10.1146/annurev.micro.57.030502.091022
https://doi.org/10.1002/tcr.20160
https://doi.org/10.1002/jmr.300060408
https://doi.org/10.1042/bj2990381
https://doi.org/10.1021/acs.biomac.2c01150
https://doi.org/10.1021/acs.biomac.2c01150
https://doi.org/10.1016/j.mec.2023.e00222
https://doi.org/10.1016/j.mec.2023.e00222
https://doi.org/10.1021/acs.accounts.6b00512
https://doi.org/10.1021/acs.accounts.6b00512
https://doi.org/10.1074/jbc.M116.761643
https://doi.org/10.1016/0167-7799(91)90075-s
https://doi.org/10.1208/s12248-019-0377-z
https://doi.org/10.1016/j.bios.2022.114197
https://doi.org/10.1016/j.bios.2022.114197
https://doi.org/10.1016/S0141-0229(99)00101-5
https://doi.org/10.1016/S0141-0229(99)00101-5
https://doi.org/10.1016/j.addr.2012.09.039
https://doi.org/10.1016/j.addr.2012.09.039
https://doi.org/10.1007/s12010-016-2318-y
https://doi.org/10.1007/s12010-016-2318-y
https://doi.org/10.1016/j.ijbiomac.2022.04.213
https://doi.org/10.1002/biof.1031
https://doi.org/10.1093/protein/13.5.309
https://doi.org/10.1093/protein/13.5.309
https://doi.org/10.1021/acsami.0c13802
https://doi.org/10.1021/acsami.0c13802
https://doi.org/10.2174/138161206778559722
https://doi.org/10.2174/138161206778559722
https://doi.org/10.1038/nbt.1557
https://doi.org/10.1016/j.abb.2009.11.009
https://doi.org/10.1016/0014-5793(86)81020-1
https://doi.org/10.1016/j.jbiotec.2015.06.383
https://doi.org/10.1074/jbc.M102082200
https://doi.org/10.1074/jbc.M102082200
https://doi.org/10.1016/j.jare.2021.06.010
https://doi.org/10.1016/j.jare.2021.06.010
https://doi.org/10.1093/protein/gzh039
https://doi.org/10.1021/bi983029c
https://doi.org/10.1021/bi983029c
https://doi.org/10.1093/protein/15.11.871
https://doi.org/10.1093/protein/15.11.871
https://doi.org/10.1016/s1367-5931(99)00046-0
https://doi.org/10.1016/s1367-5931(99)00046-0
https://doi.org/10.1016/j.jmb.2003.12.016
https://doi.org/10.1016/j.jmb.2003.12.016
https://doi.org/10.1002/pmic.200700486
https://doi.org/10.1016/s0167-4838(01)00252-7
https://doi.org/10.1016/s0167-4838(01)00252-7
https://doi.org/10.1016/j.enzmictec.2010.10.003

Wang et al. Bioresources and Bioprocessing (2023) 10:72

Hirakawa H, Nagamune T (2009) A branched fusion P450 system containing
CYP119. J Biosci Bioeng 108:5100-S101. https://doi.org/10.1016/j jbiosc.
2009.08.293

Hong SY, Lee JS, Cho KM, Math RK, Kim YH, Hong SJ et al (2006) Assembling
a novel bifunctional cellulase-xylanase from Thermotoga maritima by
end-to-end fusion. Biotechnol Lett 28(22):1857-1862. https://doi.org/
10.1007/510529-006-9166-8

Hong LZ, Xue QY, Chong X, Yang W, Xiang HX, Zhi ML (2008) Increasing the
homogeneity, stability and activity of human serum albumin and
interferon-alpha2b fusion protein by linker engineering. Protein Expr
Purif 61(1):73-77. https://doi.org/10.1016/j.pep.2008.04.013

Hu BB, Zhu MJ (2019) Reconstitution of cellulosome: research progress and
its application in biorefinery. Biotechnol Appl Biochem 66(5):720-730.
https://doi.org/10.1002/bab.1804

Hu W, Feng L, Yang X, Zhen L, Xia H, Li G et al (2004) A flexible peptide linker
enhances the immunoreactivity of two copies HBsAg preS1 (21-47)
fusion protein. J Biotechnol 107(1):83-90. https://doi.org/10.1016/j jbiot
€c.2003.09.009

Huang Z-L, Zhang C, Wu X, Su N, Xing X (2012) Recent progress in fusion
enzyme design and applications. Chin J Biotechnol 28(04):393-409.
https://doi.org/10.13345/j.cjb.2012.04.003

Huang Z, Zhang C, Xing XH (2021) Design and construction of chimeric linker
library with controllable flexibilities for precision protein engineering.
Methods Enzymol 647:23-49. https://doi.org/10.1016/bs.mie.2020.12.
004

Huston JS, Levinson D, Mudgett-Hunter M, Tai MS, Novotny J, Margolies MN,
Ridge RJ, Bruccoleri RE, Haber E, Crea R et al (1988) Protein engineering
of antibody binding sites recovery of specific activity in an anti-digoxin
single-chain Fv analogue produced in Escherichia coli. Proc Natl Acad
Sci USA 85(16):5879-5883. https://doi.org/10.1073/pnas.85.16.5879

Idan O, Hess H (2013) Origins of activity enhancement in enzyme cascades on
scaffolds. ACS Nano 7(10):8658-8665. https://doi.org/10.1021/nn402
823k

Igor T, Jerry P, Greenberg S et al (1999) 600 ps Molecular dynamics reveals sta-
ble substructures and flexible hinge points in CAMP dependent protein
kinase. Biopolymers 50(5):513-524. https://doi.org/10.1002/(SICI)1097-
0282(19991015)50:5%3¢513:AID-BIP5%3e3.0.CO;2-I

Iturrate L, Sanchez-Moreno |, Doyaguez E-G, Garcia-Junceda E (2009) Substrate
channelling in an engineered bifunctional aldolase/kinase enzyme
confers catalytic advantage for C-C bond formation. Chem Commun
13(13):1721-1723. https://doi.org/10.1039/b822345a

Ivarsson M, Prenkert M, Cheema A, Wretenberg P, Andjelkov N (2021) Mussel
adhesive protein as a promising alternative to fibrin for scaffold fixation
during cartilage repair surgery. Cartilage. https://doi.org/10.1177/19476
03519887319

James P, Philip K, Daniel C et al (2005) Inhibition of human cyp1a2 oxidation
of 5,6-dimethyl-xanthenone-4-acetic acid by acridines: a molecular
modelling study. Clin Exp Pharmacol Physiol 32(8):633-639. https://doi.
org/10.1111/j.0305-1870.2005.04243 x

Jia L, Minamihata K, Ichinose H, Tsumoto K, Kamiya N (2017) Polymeric Spy-
Catcher scaffold enables bioconjugation in a ratio-controllable manner.
Biotechnol J. https://doi.org/10.1002/biot.201700195

Jiang Y, Zhang X-Y, Yuan H, Huang D, Wang R, Liu H, Wang T (2021) Research
progress and the biotechnological applications of multienzyme com-
plex. Appl Microbiol Biotechnol 105(5):1759-1777. https://doi.org/10.
1007/500253-021-11121-4

Jones DT (1997) Progress in protein structure prediction. Curr Opin Struct Biol
7(3):377-387. https://doi.org/10.1016/50959-440x(97)80055-3

Kabiri M, Tafaghodi M, Saberi MR, Moghadam M, Rezaee SA, Sankian M (2020)
Separation of the epitopes in a multi-epitope chimera: helical or flexible
linkers. Protein Pept Lett 27(7):604-613. https://doi.org/10.2174/09298
66526666191112124602

Kabsch W, Sander C (2006) Dictionary of protein secondary structure: pattern
recognition of hydrogen-bonded and geometrical features. Biopoly-
mers 22(17):2577-2637. https://doi.org/10.1002/bip.360221211

Kajiwara K, Aoki W, Koike N, Ueda M (2021) Development of a yeast cell
surface display method using the SpyTag/SpyCatcher system. Sci Rep
11(1):11059. https://doi.org/10.1038/541598-021-90593-w

Kang W, MaT, Liu M, Qu J, Liu Z, Zhang H et al (2019) Modular enzyme assem-
bly for enhanced cascade biocatalysis and metabolic flux. Nat Commun
10(1):4248. https://doi.org/10.1038/541467-019-12247-w

Page 16 of 18

Karle IL, Banerjee A, Balaram P (1997) Design of two-helix motifs in peptides:
crystal structure of a system of linked helices of opposite chirality and
a model helix-linker peptide. Fold Des 2(4):203-210. https://doi.org/10.
1016/51359-0278(97)00029-1

Karp M, Oker-Blom C (1999) A streptavidin-luciferase fusion protein: compari-
sons and applications. Biomol Eng 16(1-4):101-104. https://doi.org/10.
1016/51050-3862(99)00039-x

Kavoosi M, Creagh A-L, Kilourn D-G, Haynes C-A (2007) Strategy for selecting
and characterizing linker peptides for CBM9-tagged fusion proteins
expressed in Escherichia coli. Biotechnol Bioeng 98(3):599-610. https://
doi.org/10.1002/bit.21396

Khobragade TP, Sarak S, Pagar AD, Jeon H, Giri P, Yun H (2021) Synthesis of sit-
agliptin intermediate by a multi-enzymatic cascade system using lipase
and transaminase with benzylamine as an amino donor. Front Bioeng
Biotechnol 9:757962. https://doi.org/10.3389/fbice.2021.757062

Komarala EP, Neethinathan CSS, Kokkiligadda S, Mariyappan K, Yoo SS, Yoo PJ
et al (2022) DNA Scaffolds with manganese Oxide/Oxyhydroxide nano-
particles for highly stable supercapacitance electrodes. Acs Appl Nano
Mat 5(7):8902-8912. https://doi.org/10.1021/acsanm.2c01091

Kossmann C, Ma S, Clemmensen LS, Stromgaard K (2021) Chemical Synthesis
of PDZ Domains. Methods Mol Biol 2256:193-216. https://doi.org/10.
1007/978-1-0716-1166-1_12

Kulsharova G, Dimov N, Marques MPC, Szita N, Baganz F (2018) Simplified
immobilisation method for histidine-tagged enzymes in poly(methy!
methacrylate) microfluidic devices. N Biotechnol 47:31-38. https://doi.
0rg/10.1016/j.nbt.2017.12.004

Lamed R, Setter E, Kenig R, Bayer E (1983) Cellulosome: a discrete cell surface
organelle of Clostridium thermocellum which exhibits separate anti-
genic, cellulose-binding and various cellulolytic activities. Biotechnol
Bioeng Symp 13:163-181

Li G, Huang Z, Zhang C, Dong BJ, Guo RH, Yue HW et al (2016) Construction
of a linker library with widely controllable flexibility for fusion protein
design. Appl Microbiol Biotechnol 100(1):215-225. https://doi.org/10.
1007/500253-015-6985-3

Li ZH, Wang J, Li YX, Liu XW, Yuan Q (2018) Self-assembled DNA nanomaterials
with highly programmed structures and functions. Mater Chem Front
2(3):423-436. https://doi.org/10.1039/c7qm00434f

Lin J-L, Palomec L, Wheeldon | (2014) Design and analysis of enhanced cataly-
sis in scaffolded multienzyme cascade reactions. Acs Catal 4(2):505-
511. https//doi.org/10.1021/cs401009z

Lu P, Feng MG (2008) Bifunctional enhancement of a beta-glucanase-xylanase
fusion enzyme by optimization of peptide linkers. Appl Microbiol Bio-
technol 79(4):579-587. https://doi.org/10.1007/500253-008-1468-4

Ma 'S, Wu J,Hu H, MuY, Zhang L, Zhao Y et al (2022) Novel fusion peptides
deliver exosomes to modify injectable thermo-sensitive hydrogels
for bone regeneration. Mater Today Bio 13:100195. https://doi.org/10.
1016/}.mtbio.2021.100195

Maeda Y, Ueda H, Hara T, Kazami J, Kawano G, Suzuki E et al (1996) Expression
of a bifunctional chimeric protein A-Vargula hilgendorfii luciferase in
mammalian cells. Biotechniques 20(1):116-121. https://doi.org/10.
2144/96201rr01

Maeda 'Y, Ueda H, Kazami J, Kawano G, Suzuki E, Nagamune T (1997) Engineer-
ing of functional chimeric protein G-Vargula luciferase. Anal Biochem
249(2):147-152. https://doi.org/10.1006/abio.1997.2181

Maki M, Leung K-T, Qin W (2009) The prospects of cellulase-producing
bacteria for the bioconversion of lignocellulosic biomass. Int J Biol Sci
5(5):500-516. https://doi.org/10.7150/ijbs.5.500

Malin G, Janne L, Stuart D, Teeri TT, Karl H, Mats M (2001) Stable linker peptides
for a cellulose-binding domain-lipase fusion protein expressed in Pichia
pastoris. Protein Eng 9:711-715. https://doi.org/10.1093/protein/14.9.
711

Mechaly A, Fierobe H-P, Belaich A, Belaich J-P, Lamed R, Shoham Y, Bayer E-A
(2001) Cohesin-dockerin interaction in cellulosome assembly: a single
hydroxyl group of a dockerin domain distinguishes between nonrec-
ognition and high affinity recognition. J Biol Chem 276(13):9883-9888.
https://doi.org/10.1074/jbc.M009237200

Meng DD, Ying Y, Chen XH, Lu M, Ning K, Wang LS et al (2015) Distinct roles for
carbohydrate-binding modules of glycoside hydrolase 10 (GH10) and
GH11 xylanases from Caldicellulosiruptor sp. strain F32 in thermostabil-
ity and catalytic efficiency. Appl Environ Microbiol 81(6):2006-2014.
https://doi.org/10.1128/AEM.03677-14


https://doi.org/10.1016/j.jbiosc.2009.08.293
https://doi.org/10.1016/j.jbiosc.2009.08.293
https://doi.org/10.1007/s10529-006-9166-8
https://doi.org/10.1007/s10529-006-9166-8
https://doi.org/10.1016/j.pep.2008.04.013
https://doi.org/10.1002/bab.1804
https://doi.org/10.1016/j.jbiotec.2003.09.009
https://doi.org/10.1016/j.jbiotec.2003.09.009
https://doi.org/10.13345/j.cjb.2012.04.003
https://doi.org/10.1016/bs.mie.2020.12.004
https://doi.org/10.1016/bs.mie.2020.12.004
https://doi.org/10.1073/pnas.85.16.5879
https://doi.org/10.1021/nn402823k
https://doi.org/10.1021/nn402823k
https://doi.org/10.1002/(SICI)1097-0282(19991015)50:5%3c513::AID-BIP5%3e3.0.CO;2-I
https://doi.org/10.1002/(SICI)1097-0282(19991015)50:5%3c513::AID-BIP5%3e3.0.CO;2-I
https://doi.org/10.1039/b822345a
https://doi.org/10.1177/1947603519887319
https://doi.org/10.1177/1947603519887319
https://doi.org/10.1111/j.0305-1870.2005.04243.x
https://doi.org/10.1111/j.0305-1870.2005.04243.x
https://doi.org/10.1002/biot.201700195
https://doi.org/10.1007/s00253-021-11121-4
https://doi.org/10.1007/s00253-021-11121-4
https://doi.org/10.1016/s0959-440x(97)80055-3
https://doi.org/10.2174/0929866526666191112124602
https://doi.org/10.2174/0929866526666191112124602
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1038/s41598-021-90593-w
https://doi.org/10.1038/s41467-019-12247-w
https://doi.org/10.1016/S1359-0278(97)00029-1
https://doi.org/10.1016/S1359-0278(97)00029-1
https://doi.org/10.1016/s1050-3862(99)00039-x
https://doi.org/10.1016/s1050-3862(99)00039-x
https://doi.org/10.1002/bit.21396
https://doi.org/10.1002/bit.21396
https://doi.org/10.3389/fbioe.2021.757062
https://doi.org/10.1021/acsanm.2c01091
https://doi.org/10.1007/978-1-0716-1166-1_12
https://doi.org/10.1007/978-1-0716-1166-1_12
https://doi.org/10.1016/j.nbt.2017.12.004
https://doi.org/10.1016/j.nbt.2017.12.004
https://doi.org/10.1007/s00253-015-6985-3
https://doi.org/10.1007/s00253-015-6985-3
https://doi.org/10.1039/c7qm00434f
https://doi.org/10.1021/cs401009z
https://doi.org/10.1007/s00253-008-1468-4
https://doi.org/10.1016/j.mtbio.2021.100195
https://doi.org/10.1016/j.mtbio.2021.100195
https://doi.org/10.2144/96201rr01
https://doi.org/10.2144/96201rr01
https://doi.org/10.1006/abio.1997.2181
https://doi.org/10.7150/ijbs.5.500
https://doi.org/10.1093/protein/14.9.711
https://doi.org/10.1093/protein/14.9.711
https://doi.org/10.1074/jbc.M009237200
https://doi.org/10.1128/AEM.03677-14

Wang et al. Bioresources and Bioprocessing (2023) 10:72

Meng D, Wu R, Wang J, Zhu Z, You C (2019) Acceleration of cellodextrin
phosphorolysis for bioelectricity generation from cellulosic biomass
by integrating a synthetic two-enzyme complex into an in vitro
synthetic enzymatic biosystem. Biotechnol Biofuels 12:267. https://
doi.org/10.1074/jbc.TM118.004144

Meng DD, Wang J, You C (2020) The properties of the linker in a mini-scaffol-
din influence the catalytic efficiency of scaffoldin-mediated enzyme
complexes. Enzyme Microb Technol 133:109460. https://doi.org/10.
1016/j.enzmictec.2019.109460

Mojgan K, A, Louise, Creagh, Douglas, et al (2007) Strategy for selecting
and characterizing linker peptides for CBM9-tagged fusion proteins
expressed in Escherichia coli. Biotechnol Bioeng 98(3):599-610.
https://doi.org/10.1002/bit.21396

Moon TS, Dueber JE, Shiue E, Prather KL (2010) Use of modular, synthetic
scaffolds for improved production of glucaric acid in engineered E.
coli. Metab Eng 12(3):298-305. https://doi.org/10.1016/j.ymben.2010.
01.003

Muller J, Niemeyer CM (2008) DNA-directed assembly of artificial multi-
enzyme complexes. Biochem Biophys Res Commun 377(1):62-67.
https://doi.org/10.1016/j.bbrc.2008.09.078

Nakata E, Dinh H, Nguyen TM, Morii T (2019) DNA binding adaptors to
assemble proteins of interest on DNA scaffold. Methods Enzymol
617:287-322. https://doi.org/10.1016/bs.mie.2018.12.014

Nguyen TM, Nakata E, Saimura M, Dinh H, Morii T (2017) Design of modular
protein tags for orthogonal covalent bond formation at specific DNA
sequences. J Am Chem Soc 139(25):8487-8496. https://doi.org/10.
1021/jacs.7b01640

Nobuhide Doi HY (1999) Design of generic biosensors based on green fluo-
rescent proteins with allosteric sites by directed evolution. FEBS Lett
453(3):305-307. https://doi.org/10.1016/50014-5793(99)00732-2

Park SH, Finkelstein G, LaBean TH (2008a) Stepwise self-assembly of DNA tile
lattices using dsDNA bridges. J Am Chem Soc 130(1):40-41. https://
doi.org/10.1021/ja078122f

Park SY, Lytton-Jean AKR, Lee B, Weigand S, Schatz GC, Mirkin CA
(2008b) DNA-programmable nanoparticle crystallization. Nature
451(7178):553-556. https://doi.org/10.1038/nature06508

Pham TA, Berrin JG, Record E, To KA, Sigoillot JC (2010) Hydrolysis of
softwood by Aspergillus mannanase: Role of a carbohydrate-binding
module. J Biotechnol 148(4):163-170. https://doi.org/10.1016/jjbiot
ec.2010.05.012

Pham VD, Somasundaram S, Lee SH, Park SJ, Hong SH (2016) Redirection
of metabolic flux into novel gamma-aminobutyric acid production
pathway by introduction of synthetic scaffolds strategy in Escherichia
Coli. Appl Biochem Biotechnol 178(7):1315-1324. https://doi.org/10.
1007/512010-015-1948-9

Quin MB, Wallin KK, Zhang G, Schmidt-Dannert C (2017) Spatial organiza-
tion of multi-enzyme biocatalytic cascades. Org Biomol Chem
15(20):4260-4271. https://doi.org/10.1039/c70b00391a

Rademacher N, Kuropka B, Kunde SA, Wahl MC, Freund C, Shoichet SA
(2019) Intramolecular domain dynamics regulate synaptic MAGUK
protein interactions. Elife 8:@41299. https://doi.org/10.7554/elife.
41299

Rapali P, Mitteau R, Braun C, Massoni-Laporte A, Unlu C, Bataille L et al (2017)
Scaffold-mediated gating of Cdc42 signalling flux. Elife 6:e25257.
https://doi.org/10.7554/elife.25257

Ren R, Mayer BJ, Cicchetti P, Baltimore D (1993) Identification of a ten-amino
acid proline-rich SH3 binding site. Science 259(5098):1157-1161.
https://doi.org/10.1126/science.8438166

Ribeiro LF, Amarelle V, Ribeiro LFC, Guazzaroni ME (2019) Converting a peri-
plasmic binding protein into a synthetic biosensing switch through
domain insertion. Biomed Res Int 2019:4798793. https://doi.org/10.
1155/2019/4798793

Ricca E, Brucher B, Schrittwieser JH (2011) Multi-enzymatic cascade reactions:
overview and perspectives. Adv Synth Catalysis 353(13):2239-2262.
https://doi.org/10.1002/adsc.201100256

Rinker S, Ke YG, Liu Y, Chhabra R, Yan H (2008) Self-assembled DNA nanostruc-
tures for distance-dependent multivalent ligand-protein binding. Nat
Nanotechnol 3(7):418-422. https://doi.org/10.1038/nnano.2008.164

Robinson CR, Sauer RT (1998) Optimizing the stability of single-chain proteins
by linker length and composition mutagenesis. Proc Natl Acad Sci USA
95(11):5929-5934. https://doi.org/10.1073/pnas.95.11.5929

Page 17 of 18

Rozycki B, Cieplak M (2016) Stiffness of the C-terminal disordered linker affects
the geometry of the active site in endoglucanase Cel8A. Mol Biosyst
12(12):3589-3599. https://doi.org/10.1039/c6mb00606]

Ruan R, Jin P, Zhang L, Wang C, Chen C, Ding W et al (2014) Peptide-chaper-
one-directed transdermal protein delivery requires energy. Mol Pharm
11(11):4015-4022. https://doi.org/10.1021/mp500277g

Saksela K, Permi P (2012) SH3 domain ligand binding: What's the consensus
and where’s the specificity? FEBS Lett 586(17):2609-2614. https://doi.
0rg/10.1016/j.febslet.2012.04.042

Schoffelen S, Hest JV (2013) Chemical approaches for the construction of
multi-enzyme reaction systems. Curr Opin Struct Biol 23(4):613-621.
https://doi.org/10.1016/j.sbi.2013.06.010

Schoffelen S, van Hest JCM (2012) Multi-enzyme systems: bringing enzymes
together in vitro. Soft Matter 8(6):1736-1746. https://doi.org/10.1039/
clsm06452e

Seras-Franzoso J, Peebo K, Garcia-Fruitos E, Vazquez E, Rinas U, Villaverde A
(2014) Improving protein delivery of fibroblast growth factor-2 from
bacterial inclusion bodies used as cell culture substrates. Acta Biomater
10(3):1354-1359. https://doi.org/10.1016/j.actbio.2013.12.021

Shamriz S, Ofoghi H, Moazami N (2016) Effect of linker length and residues
on the structure and stability of a fusion protein with malaria vaccine
application. Comput Biol Med 76:24-29. https://doi.org/10.1016/].
compbiomed.2016.06.015

Sheng YY, Zhou K, Liu L, Wu HC (2022) A nanopore sensing assay resolves
cascade reactions in a multienzyme system. Angew Chem Int Ed Engl
61(20):€202200866. https://doi.org/10.1002/anie.202200866

ShiJ,Wu'Y, Zhang S, Tian Y, Yang D, Jiang Z (2018) Bioinspired construction
of multi-enzyme catalytic systems. Chem Soc Rev 47(12):4295-4313.
https://doi.org/10.1039/c7cs00914c

Simmel FC (2008) Three-dimensional nanoconstruction with DNA. Angew
Chem Int Ed Engl 47(32):5884-5887. https://doi.org/10.1002/anie.20080
1982

Smith S-P, Bayer E-A, Czjzek M (2017) Continually emerging mechanistic com-
plexity of the multi-enzyme cellulosome complex. Curr Opin Struct Biol
44:151-160. https://doi.org/10.1016/j.5bi.2017.03.009

Song HY, Kim DR, Lee KI, Hwang IT (2014) A new bi-modular endo-3-1,4-
xylanase KRICT PX-3 from whole genome sequence of Paenibacillus ter-
rae HPL-003. Enzyme Microb Tech 54(1):1-7. https://doi.org/10.1016/].
enzmictec.2013.09.002

Spivey HO, Ovadi J (1999) Substrate channeling. Methods Enzymol 19(2):306—
321. https://doi.org/10.1006/meth.1999.0858

Srere PA (1987) Complexes of sequential metabolic enzymes. Annu Rev
Biochem 56(1):89-124. https://doi.org/10.1146/annurev.bi.56.070187.
000513

Srour B, Gervason S, Hoock MH, Monfort B, Want K, Larkem D et al (2022)

Iron insertion at the assembly site of the ISCU scaffold protein is a
conserved process initiating Fe-S cluster biosynthesis. J Am Chem Soc
144(38):17496-17515. https://doi.org/10.1021/jacs.2c06338

Sun X, Tang X, Wang Q, Chen P, Hill P, Fang B et al (2018) Fusion expression of
bifunctional enzyme complex for luciferin-recycling to enhance the
luminescence imaging. J Photochem Photobiol B 185:66-72. https://
doi.org/10.1016/jjphotobiol.2018.05.024

Sun G, LiG, LiH, LyuY,Yus, Zhou J (2021) Enhancing Flavan-3-ol biosynthesis
in Saccharomyces cerevisiae. ) Agric Food Chem 69(43):12763-12772.
https://doi.org/10.1021/acs jafc.1c04489

Sun X, Yuan'Y, Chen Q, Nie S, Guo J, Ou Z et al (2022) Metabolic pathway
assembly using docking domains from type | cis-AT polyketide
synthases. Nat Commun 13(1):5541. https://doi.org/10.1038/
s41467-022-33272-2

Sutherland AR, Alam MK, Geyer CR (2019) Post-translational assembly of pro-
tein parts into complex devices by using SpyTag/SpyCatcher protein
ligase. ChemBioChem 20(3):319-328. https://doi.org/10.1002/cbic.
201800538

Sweetlove LJ, Fernie AR (2018) The role of dynamic enzyme assemblies and
substrate channelling in metabolic regulation. Nat Commun 9(1):2136.
https://doi.org/10.1038/541467-018-04543-8

Takagi M, Hashida S, Goldstein MA, Doi RH (1993) The hydrophobic repeated
domain of the Clostridium cellulovorans cellulose-binding protein
(CbpA) has specific interactions with endoglucanases. J Bacteriol
175(21):7119-7122. https://doi.org/10.1128/jb.175.21.7119-7122.1993


https://doi.org/10.1074/jbc.TM118.004144
https://doi.org/10.1074/jbc.TM118.004144
https://doi.org/10.1016/j.enzmictec.2019.109460
https://doi.org/10.1016/j.enzmictec.2019.109460
https://doi.org/10.1002/bit.21396
https://doi.org/10.1016/j.ymben.2010.01.003
https://doi.org/10.1016/j.ymben.2010.01.003
https://doi.org/10.1016/j.bbrc.2008.09.078
https://doi.org/10.1016/bs.mie.2018.12.014
https://doi.org/10.1021/jacs.7b01640
https://doi.org/10.1021/jacs.7b01640
https://doi.org/10.1016/s0014-5793(99)00732-2
https://doi.org/10.1021/ja078122f
https://doi.org/10.1021/ja078122f
https://doi.org/10.1038/nature06508
https://doi.org/10.1016/j.jbiotec.2010.05.012
https://doi.org/10.1016/j.jbiotec.2010.05.012
https://doi.org/10.1007/s12010-015-1948-9
https://doi.org/10.1007/s12010-015-1948-9
https://doi.org/10.1039/c7ob00391a
https://doi.org/10.7554/eLife.41299
https://doi.org/10.7554/eLife.41299
https://doi.org/10.7554/eLife.25257
https://doi.org/10.1126/science.8438166
https://doi.org/10.1155/2019/4798793
https://doi.org/10.1155/2019/4798793
https://doi.org/10.1002/adsc.201100256
https://doi.org/10.1038/nnano.2008.164
https://doi.org/10.1073/pnas.95.11.5929
https://doi.org/10.1039/c6mb00606j
https://doi.org/10.1021/mp500277g
https://doi.org/10.1016/j.febslet.2012.04.042
https://doi.org/10.1016/j.febslet.2012.04.042
https://doi.org/10.1016/j.sbi.2013.06.010
https://doi.org/10.1039/c1sm06452e
https://doi.org/10.1039/c1sm06452e
https://doi.org/10.1016/j.actbio.2013.12.021
https://doi.org/10.1016/j.compbiomed.2016.06.015
https://doi.org/10.1016/j.compbiomed.2016.06.015
https://doi.org/10.1002/anie.202200866
https://doi.org/10.1039/c7cs00914c
https://doi.org/10.1002/anie.200801982
https://doi.org/10.1002/anie.200801982
https://doi.org/10.1016/j.sbi.2017.03.009
https://doi.org/10.1016/j.enzmictec.2013.09.002
https://doi.org/10.1016/j.enzmictec.2013.09.002
https://doi.org/10.1006/meth.1999.0858
https://doi.org/10.1146/annurev.bi.56.070187.000513
https://doi.org/10.1146/annurev.bi.56.070187.000513
https://doi.org/10.1021/jacs.2c06338
https://doi.org/10.1016/j.jphotobiol.2018.05.024
https://doi.org/10.1016/j.jphotobiol.2018.05.024
https://doi.org/10.1021/acs.jafc.1c04489
https://doi.org/10.1038/s41467-022-33272-2
https://doi.org/10.1038/s41467-022-33272-2
https://doi.org/10.1002/cbic.201800538
https://doi.org/10.1002/cbic.201800538
https://doi.org/10.1038/s41467-018-04543-8
https://doi.org/10.1128/jb.175.21.7119-7122.1993

Wang et al. Bioresources and Bioprocessing (2023) 10:72

Takahashi S, Kishi K, Hiraga R, Hayashi K, Mamada Y, Oshige M et al (2018) A
new method for immobilization of His-Tagged proteins with the appli-
cation of low-frequency AC electric field. Sensors 18(3):784. https://doi.
0rg/10.3390/518030784

Tokatlidis K, D.P, Béguin P, (1993) Properties conferred on Clostridium ther-
mocellum endoglucanase CelC by grafting the duplicated segment
of endoglucanase CelD. Protein Eng 6(8):947-952. https://doi.org/10.
1093/protein/6.8.947

Trinh R, Gurbaxani B, Morrison SL, Seyfzadeh M (2004) Optimization of codon
pair use within the (GGGGS); linker sequence results in enhanced
protein expression. Mol Immunol 40(10):717-722. https://doi.org/10.
1016/j.molimm.2003.08.006

Tsitkov, S.a.H., H, (2019) Design principles for a compartmentalized enzyme
cascade reaction. ACS Catal 9(3):2432-2439. https://doi.org/10.1021/
acscatal.8b04419

Turner SL, Russell GC, Williamson MP, Guest JR (1993) Restructuring an inter-
domain linker in the dihydrolipoamide acetyltransferase component of
the pyruvate dehydrogenase complex of Escherichia coli. Protein Eng
6(1):101-108. https://doi.org/10.1093/protein/6.1.101

Ullah J, Chen HY, Vastermark A, Jia JR, Wu BG, Ni Z et al (2017) Impact of ori-
entation and flexibility of peptide linkers on T-maritima lipase Tm1350
displayed on Bacillus subtilis spores surface using CotB as fusion partner.
World J Microbiol Biotechnol 33(9):166. https://doi.org/10.1007/
$11274-017-2327-1

Vanderstraeten J, Briers Y (2020) Synthetic protein scaffolds for the colocalisa-
tion of co-acting enzymes. Biotechnol Adv 44:107627. https://doi.org/
10.1016/j.biotechadv.2020.107627

Vera A-M, Galera-Prat A, Wojciechowski M, Rozycki B, Laurents D-V, Carrion-
Vazquez M, Cieplak M, Tinnefeld P (2021) Cohesin-dockerin code in
cellulosomal dual binding modes and its allosteric regulation by proline
isomerization. Structure 29(6):587-597. https://doi.org/10.1016/j.str.
2021.01.006

Viswanathan R, Labadie GR, Poulter CD (2013) Regioselective covalent immo-
bilization of catalytically active glutathione S-Transferase on glass slides.
Bioconjug Chem 24(4):571-577. https://doi.org/10.1021/bc300462j

Voelker AE, Viswanathan R (2013) Synthesis of a suite of bioorthogonal glu-
tathione S-Transferase substrates and their enzymatic incorporation for
protein immobilization. J Org Chem 78(19):9647-9658. https://doi.org/
10.1021/j0401278x

Wang Y, Yu O (2012) Synthetic scaffolds increased resveratrol biosynthesis in
engineered yeast cells. J Biotechnol 157(1):258-260. https://doi.org/10.
1016/} jbiotec.2011.11.003

Wang XF, Guo TL, Chen JH, Li XF, Zhou YQ, Pan ZY (2018) Covalent and selec-
tive immobilization of GST fusion proteins with fluorophosphonate-
based probes. Chem Commun 54(37):4661-4664. https://doi.org/10.
1039/c7cc08888d

Wang J, LuY, Cheng P, Zhang C, Tang L, Du L et al (2023a) Construction of
bi-enzyme self-assembly clusters based on SpyCatcher/SpyTag for the
efficient biosynthesis of (R)-Ethyl 2-hydroxy-4-phenylbutyrate. Biomol-
ecules 13(1):91. https://doi.org/10.3390/biom13010091

Wang X, Jiang Y, Liu H, Zhang X, Yuan H, Huang D et al (2023b) In vitro assem-
bly of the trehalose bi-enzyme complex with artificial scaffold protein.
Front Bioeng Biotechnol 11:1251298. https://doi.org/10.3389/fbioe.
2023.1251298

Weizmann Y, Braunschweig AB, Wilner Ol, Cheglakov Z, Willner | (2008) A
polycatenated DNA scaffold for the one-step assembly of hierarchical
nanostructures. Proc Natl Acad Sci USA 105(14):5289-5294. https://doi.
0rg/10.1073/pnas.0800723105

Wheeldon |, Minteer S-D, Banta S, Barton S-C, Atanassov P, Sigman M (2016)
Substrate channelling as an approach to cascade reactions. Nat Chem
8(4):299-3009. https://doi.org/10.1038/nchem.2459

Whitaker WR, Dueber JE (2011) Metabolic pathway flux enhancement by
synthetic protein scaffolding. Methods Enzymol 497:447-468. https://
doi.org/10.1016/B978-0-12-385075-1.00019-6

Wilner Ol, Weizmann Y, Gill R, Lioubashevski O, Freeman R, Willner | (2009)
Enzyme cascades activated on topologically programmed DNA scaf-
folds. Nat Nanotechnol 4(4):249-254. https://doi.org/10.1038/nnano.
2009.50

Winfree E, Liu F, Wenzler LA, Seeman NC (1998) Design and self-assembly of
two-dimensional DNA crystals. Nature 394(6693):539-544. https://doi.
0rg/10.1038/28998

Page 18 of 18

Wong LS, Thirlway J, Micklefield J (2008) Direct site-selective covalent protein
immobilization catalyzed by a phosphopantetheinyl transferase. J Am
Chem Soc 130(37):12456-12464. https://doi.org/10.1021/ja8030278

Wriggers W, Chakravarty S, Jennings P-A (2005) Control of protein functional
dynamics by peptide linkers. Biopolymers 80(6):736-746. https://doi.
0rg/10.1002/bip.20291

Wu F, Minteer S (2015) Krebs cycle metabolon: structural evidence of substrate
channeling revealed by cross-linking and mass spectrometry. Angew
Chem Int Ed Engl 54(6):1851-1854. https://doi.org/10.1002/anie.20140
9336

Yanase T, Okuda-Shimazaki J, Asano R, lkebukuro K, Sode K, Tsugawa W (2023)
Development of a versatile method to construct direct electron trans-
fer-type enzyme complexes employing SpyCatcher/SpyTag System. Int
J Mol Sci 24(3):1837. https://doi.org/10.3390/ijms24031837

Yang GG, Xu XY, Ding Y, Cui QQ, Wang Z, Zhang QY et al (2015) Linker length
affects expression and bioactivity of the onconase fusion protein in
Pichia pastoris. Genet Mol Res 14(4):19360-19370. https://doi.org/10.
4238/2015.December.29.46

You C, Myung S, Zhang Y-H (2012) Facilitated substrate channeling in a self-
assembled trifunctional enzyme complex. Angew Chem Int Ed Engl
51(35):8787-8790. https://doi.org/10.1002/anie.201202441

Yun B, Shen WC (2006) Improving the oral efficacy of recombinant granulo-
cyte colony-stimulating factor and transferrin fusion protein by spacer
optimization. Pharm Res 23(9):2116-2121. https://doi.org/10.1007/
$11095-006-9059-5

Zhang Y-H (2011) Substrate channeling and enzyme complexes for biotech-
nological applications. Biotechnol Adv 29(6):715-725. https://doi.org/
10.1016/j.biotechadv.2011.05.020

Zhang YF, Hess H (2017) Toward rational design of high-efficiency enzyme
cascades. Acs Catal 7(9):6018-6027. https://doi.org/10.1021/acscatal.
7b01766

Zhao HL, Yao XQ, Xue C, Wang Y, Xiong XH, Liu ZM (2008) Increasing the
homogeneity, stability and activity of human serum albumin and
interferon-alpha2b fusion protein by linker engineering. Protein Expr
Purif 61(1):73-77. https://doi.org/10.1016/j.pep.2008.04.013

Zhong X, MaY, Zhang X, Zhang J, Wu B, Hollmann F et al (2022) More efficient
enzymatic cascade reactions by spatially confining enzymes via the
SpyTag/SpyCatcher technology. Mol Catalysis. https://doi.org/10.1016/j.
mcat.2022.112188

Zhou Y, Guo T, Tang G, Wu H, Wong NK, Pan Z (2014) Site-selective protein
immobilization by covalent modification of GST fusion proteins. Bio-
conjug Chem 25(11):1911-1915. https://doi.org/10.1021/bc500347b

Zverlov V-V, Klupp M, Krauss J, Schwarz W-H (2008) Mutations in the scaffoldin
gene, cipA, of Clostridium thermocellum with impaired cellulosome
formation and cellulose hydrolysis: Insertions of a new transposable
element, 1S1447, and implications for cellulase synergism on crystalline
cellulose. J Bacteriol 190(12):4321-4327. https://doi.org/10.1128/Jb.
00097-08

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.3390/s18030784
https://doi.org/10.3390/s18030784
https://doi.org/10.1093/protein/6.8.947
https://doi.org/10.1093/protein/6.8.947
https://doi.org/10.1016/j.molimm.2003.08.006
https://doi.org/10.1016/j.molimm.2003.08.006
https://doi.org/10.1021/acscatal.8b04419
https://doi.org/10.1021/acscatal.8b04419
https://doi.org/10.1093/protein/6.1.101
https://doi.org/10.1007/s11274-017-2327-1
https://doi.org/10.1007/s11274-017-2327-1
https://doi.org/10.1016/j.biotechadv.2020.107627
https://doi.org/10.1016/j.biotechadv.2020.107627
https://doi.org/10.1016/j.str.2021.01.006
https://doi.org/10.1016/j.str.2021.01.006
https://doi.org/10.1021/bc300462j
https://doi.org/10.1021/jo401278x
https://doi.org/10.1021/jo401278x
https://doi.org/10.1016/j.jbiotec.2011.11.003
https://doi.org/10.1016/j.jbiotec.2011.11.003
https://doi.org/10.1039/c7cc08888d
https://doi.org/10.1039/c7cc08888d
https://doi.org/10.3390/biom13010091
https://doi.org/10.3389/fbioe.2023.1251298
https://doi.org/10.3389/fbioe.2023.1251298
https://doi.org/10.1073/pnas.0800723105
https://doi.org/10.1073/pnas.0800723105
https://doi.org/10.1038/nchem.2459
https://doi.org/10.1016/B978-0-12-385075-1.00019-6
https://doi.org/10.1016/B978-0-12-385075-1.00019-6
https://doi.org/10.1038/nnano.2009.50
https://doi.org/10.1038/nnano.2009.50
https://doi.org/10.1038/28998
https://doi.org/10.1038/28998
https://doi.org/10.1021/ja8030278
https://doi.org/10.1002/bip.20291
https://doi.org/10.1002/bip.20291
https://doi.org/10.1002/anie.201409336
https://doi.org/10.1002/anie.201409336
https://doi.org/10.3390/ijms24031837
https://doi.org/10.4238/2015.December.29.46
https://doi.org/10.4238/2015.December.29.46
https://doi.org/10.1002/anie.201202441
https://doi.org/10.1007/s11095-006-9059-5
https://doi.org/10.1007/s11095-006-9059-5
https://doi.org/10.1016/j.biotechadv.2011.05.020
https://doi.org/10.1016/j.biotechadv.2011.05.020
https://doi.org/10.1021/acscatal.7b01766
https://doi.org/10.1021/acscatal.7b01766
https://doi.org/10.1016/j.pep.2008.04.013
https://doi.org/10.1016/j.mcat.2022.112188
https://doi.org/10.1016/j.mcat.2022.112188
https://doi.org/10.1021/bc500347b
https://doi.org/10.1128/Jb.00097-08
https://doi.org/10.1128/Jb.00097-08

	Research progress of multi-enzyme complexes based on the design of scaffold protein
	Abstract 
	Key Points 
	Introduction
	Metabolic channeling in multi-enzyme complexes
	Strategies for in vivo multi-enzyme reactions through compartmentalization
	Strategies for in vivo multi-enzyme reactions through substrate channeling

	Strategies of enzyme immobilization mediated by a scaffold
	Selectively fixed to the solid bracket using an affinity tag
	Enzyme immobilization strategies mediated by DNA scaffold
	Enzyme immobilization strategies mediated by the protein scaffold
	SpyTagSpyCatcher system
	Cohesin–dockerin specificity
	SH3, PDZ, GBD domain, and ligand


	Design and selection of linker between the fusion protein
	Design of linker for the fusion proteins
	Selection of linker for the fusion proteins
	The flexible linker
	The rigid linker


	Conclusion
	Acknowledgements
	References


