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Abstract Multimeric and polymeric proteins are
large biomacromolecules consisting of multiple pro-
tein molecules as their monomeric units, connected
through covalent or non-covalent bonds. Genetic
modification and post-translational modifications
(PTMs) of proteins offer alternative strategies for
designing and creating multimeric and polymeric
proteins. Multimeric proteins are commonly prepared
by genetic modification, whereas polymeric proteins
are usually created through PTMs. There are two
methods that can be applied to create polymeric
proteins: self-assembly and crosslinking. Self-assem-
bly offers a spontaneous reaction without a catalyst,
while the crosslinking reaction offers some catalyst
options, such as chemicals and enzymes. In addition,
enzymes are excellent catalysts because they provide
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site-specificity, rapid reaction, mild reaction condi-
tions, and activity and functionality maintenance of
protein polymers. However, only a few enzymes are
applicable for the preparation of protein polymers.
Most of the other enzymes are effective only for
protein conjugation or labeling. Here, we review novel
and applicable strategies for the preparation of mul-
timeric proteins through genetic modification and self-
assembly. We then describe the formation of protein
polymers through site-selective crosslinking reactions
catalyzed by enzymes, crosslinking reactions of non-
natural amino acids, and protein-peptide (SpyCatcher/
SpyTag) interactions. Finally, we discuss the potential
applications of these protein polymers.
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Introduction

Proteins are polymers of amino acids with specific
structures and functions. In nature, some proteins are
in a multimeric or polymeric form, which consists of a
long-repeated unit and is known as an essential
biological event. One example of a natural polymeric
protein is resilin, a flexible protein commonly found in
insects and first discovered by Weis—Fogh in the early
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1960s (Fig. 1A-D) (Li and Kiick 2013; Suetal. 2014).
It is formed naturally by tyrosine coupling, called
dityrosine, which connects the monomer units of
tyrosine-containing proteins (Fig. 1A) (Elvin et al.
2005; Li and Kiick 2013; Su et al. 2014; Partlow et al.
2016; Wang et al. 2016). Interestingly, resilin is also
known as an elastomeric protein and is commonly
found in the flea, helping them to jump more than 30
times higher than their body length (Fig. 1B). More-
over, a high number of dityrosine-rich resilin are also
found in the wing tendons of dragonflies (Fig. 1C) and
composite shelters of aquatic caddisfly larvae made
from silk fibers, organic materials, and stones
(Fig. 1D) (Partlow et al. 2016). The silk fibers of the
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Fig. 1 Some examples of natural polymeric proteins. A The
chemical structure of dityrosine bond discovered by Weis-Fogh
when they reported their discovery on resilin. B Highlight of
location of resilin in the flea. C The wing tendon from adult
dragonfly (Zyxomma sp.) contains a large amount of dityrosine
rich resilin. D A caddisfly (Hesperophylax occidentalis) larvae
build composite shelters from adhesive silk fiber. The silk fibers
of the caddisfly were identified as a polymeric heavy chain
fibroin, which consists of a unique repeating motif. Reproduced
from Partlow et al. (2016). Copyright 2016 with permission
from the American Chemical Society (ACS). E The cycle of
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microtubules (MTs); growth and shrinkage (depolymerization).
Catastrophe is the transition from growth to depolymerization.
Rescue is the opposite transition. Reproduced from Roll-Mecak
(2020). Copyright 2020 with permission from Elsevier. F The
three different architectures of the cellulosomes from different
species; Clostridium thermocellum, Acetivibrio cellulolyticum,
and Ruminococcus flavefaciens. The different cohesins and
dockerins (Coh-Doc) interactions and/or specificities are
presented in different colors. Reproduced from Bule et al.
(2018). Copyright 2018 with permission from Elsevier
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caddisfly were identified as a polymeric heavy chain
fibroin, which consists of a unique repeating motif.

The structures of natural multimeric proteins are
highly diverse, including rings, fibers, tubes, cate-
nanes, cages, and knots (Pieters et al. 2016). Some
proteins have the same functionality in both mono-
meric and multimeric architectures (Hdkkinen et al.
2013; Janib et al. 2014). Commonly, multimeric
proteins can be divided into homomultimeric and
heteromultimeric proteins. This depends on the pro-
tein units of the multimeric proteins. If the protein
units are the same, they are identified as homomulti-
meric proteins, whereas, if different, they are identi-
fied as heteromultimeric proteins (Hashimoto et al.
2011). Interestingly, multimeric proteins, especially
homomultimeric proteins, can be found in the Protein
Data Bank (PDB) database. Approximately 22% of
proteins in PDB are multimeric proteins. This suggests
the abundance of natural multimeric proteins with
specific structures and functions.

One of the most famous examples of natural
polymeric proteins is microtubules (MTs) (Fig. 1E),
which are polymers of tubulin and usually found in
dividing eukaryotic cells. They are bound through
non-covalent bonds, which can also be found in
differentiated cells. The building blocks of MTs are
heterodimers of tubulins, which consist of a- and -
tubulin (dark and light blue) (Fig. 1E) (Desai and
Mitchison 1997; Roll-Mecak 2020). Furthermore, of-
tubulins assemble to form a polar protofilament with
o-tubulin and B-tubulin exposed to different sides.
Interestingly, B-tubulin was identified as capable of
binding GTP and hydrolyzed after the incorporation of
of-tubulins to form non-covalent cylindrical poly-
mers, which are usually formed from at least 13
protofilaments. The transition from the growth state to
the shrinking state (depolymerization) is called a
catastrophe. Another interesting example is the cellu-
losome (Fig. 1F), a complex of multienzymes which
bind to the anaerobic bacterial cell wall and help
bacteria degrade complex cellulosic substrates. Some
cellulosomes are multi-modular enzyme complexes
that are usually found in anaerobic cellulolytic
microorganisms. Cellulosomes play an important role
in the degradation of recalcitrant polysaccharides to
produce simple sugars, which are needed for bacteria
as carbon sources (Bule et al. 2018; Tang et al. 2018;
Kahn et al. 2019). Figure 1F presents the architecture
of three different cellulosomes from different bacteria:
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Fig. 2 Three common strategies for creating multimeric or
polymeric proteins and its critical steps. Genetic modification
through tandem fusion is commonly used for protein fusion.
Two or more genes encoding proteins were fused and
engineered into one expression cassette. Neither covalent nor
noncovalent bond formations are involved in this method.
Another two common strategies are crosslinking reactions and
the self-assembly of proteins. Crosslinking of proteins is a
method of joining proteins that can be prepared through in vivo
or in vitro reactions. The formation of covalent bonds between
protein units is commonly catalyzed by chemicals and enzymes.
Self-assembly methods are also applicable for creating protein
conjugates and polymers. It provides some options for
noncovalent interactions to connect the protein units in the
polymers

Clostridium thermocellum, Acetivibrio cellulolyticus,
and Ruminococcus flavefaciens. The differences
between them are the type of cohesin—dockerin
(Coh-Doc) interactions. C. thermocellum has type 1
Docs, which makes it possible to display different
orientations owing to its rotating capability. A. cellu-
lolyticus provides some adaptor scaffoldings, Sca, that
could improve the intricacy of cellulosome architec-
ture and incorporation of a high number of enzymes.
Lastly, to the best of our knowledge, the most complex
cellulosome thus far is found in R. flavefaciens, which
possesses more than 200 Doc-containing proteins and
21 Coh. Interestingly, the Docs and Cohs of R.
flavefaciens’s cellulosome are structurally divergent
and unlikely to be type I to II of C. thermocellum and,
thus, classified as type III (Bule et al. 2018). Moreover,
in this system, monocovalent adaptor scaffoldings are
unique proteins bound to a single Coh that diverges
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from its C-terminal Doc. The remarkable cellulosome
complexity makes them even more interesting when
the nature of its components is considered.

Inspired by nature, researchers are trying to create
multimeric or polymeric proteins with specific spec-
ifications and functions. Multimerization and poly-
merization of proteins are some approaches for
designing novel artificial enzymes with improved
structures and functions (Albayrak and Swartz 2014;
Yang et al. 2017). However, joining two or more units
of protein to create polymeric proteins remains a
challenge (Yu et al. 2015). Therefore, the preparation
of multimeric and polymeric proteins requires careful
consideration in the design of protein models and the
strategy of multimerization or polymerization of
proteins.

Artificial multimeric proteins are commonly pre-
pared by genetic modification through tandem fusion
or self-assembly through non-covalent bond formation
(Pieters et al. 2016; Yin et al. 2018). However, the
practical experiments for both methods differ. Tandem
fusion engineers the protein at the gene level, while
self-assembly engineers the protein at the protein level
(Yu et al. 2015; Fan et al. 2018; Wang et al. 2018).
Tandem fusion is a genetic modification technique
commonly used in the design of multimeric proteins
(Rizk et al. 2012; Bartels et al. 2019). The genes that
encode the proteins of interest (POIs) are translated
and expressed in the same expression cassette and
joined mostly by adding rigid or flexible linkers (Rizk
etal. 2012; Fan et al. 2018; Rullan-Lind et al. 2018). It
does not involve the formation of covalent or non-
covalent bonds. However, this strategy only works if
the POI has similar characteristics, including chemical
and physical properties; thus, protein fusion can be
expressed by the host. Moreover, the fusion of proteins
is limited to only a few units of proteins. Some
unexpected results might occur in this strategy, such as
misfolding, deactivation, and difficulties in protein
expression and purification (Lan et al. 2015). In
addition, tandem fusion only works for the preparation
of multimeric proteins and cannot be applied to
prepare protein—polymers, protein—-DNA, and pro-
tein—nanoparticle (NP) conjugates (Domeradzka et al.
2016; Wang et al. 2018). Post-translational modifica-
tions (PTMs) are another common strategy that can be
applied to the formation of multimeric and polymeric
proteins; PTMs can appear at the N- or C-terminus or
on the side chains of amino acids (Chou 2020). The

genetically engineered proteins can undertake specific
reactions of PTMs with some advantages such as wide
options of catalyst, high yield of conjugates, and
simple reaction. Therefore, PTMs are a suitable strat-
egy for the multimerization and polymerization of
proteins.

Figure 2 presents three common strategies for the
preparation of multimeric or polymeric proteins.
Crosslinking and self-assembly also involve genetic
modifications in the design of protein models for the
reaction. The modification of proteins by introducing
specific peptide tags will be very useful for multimer-
ization and polymerization reactions through self-
assembly and crosslinking reactions. Therefore, the
design of protein models is crucial for successful
protein polymer formation.

Protein multimerization through tandem fusion

Advances in genomic and protein engineering have
made the preparation of recombinant proteins easier
and faster, while the development of new expression
vectors and hosts for protein expression also supports
advanced research and development in the preparation
of multimeric and polymeric proteins. It is now
possible to express multiple proteins by fusing genes
encoding proteins in one expression cassette (Iturrate
et al. 2010; Yu et al. 2015). However, the linker that
connects proteins should be carefully considered and
designed to avoid problems with protein expression
(Yu et al. 2015). An interesting study on multimer-
ization proteins through genetic modification was
performed by the Yanhe Ma Laboratory which studied
the formation of artificial fusion proteins and their
application in methanol bioconversion (Fan et al.
2018). Three proteins from different sources, 3-hex-
ulose-6-phosphate synthase (Hps), nicotinamide ade-
nine dinucleotide = (NAD)-dependent methanol
dehydrogenase (Mdh), and 6-phospho-3-hexuloiso-
merase (Phi) from different sources were linked with
two flexible linkers of different lengths: Gly-Gly-Gly-
Gly-Ser (GGGS)3, and (GGGS);, (Fig. 3A). However,
they found that the expression level of Hps-Phi-fused
Mdh was lower than that of Mdh (Fig. 3B). This
phenomenon was probably caused by the incompat-
ibility between the fused proteins, which resulted in
lower protein expression levels (Heck et al. 2013; Yu
et al. 2015). This fusion strategy succeeded in
improving the Mdh activity (Fig. 3C); however, the
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«Fig. 3 A Construction of fusion proteins that connect Mdh,
Hps, and Phi Two types of linkers of different lengths were used:
15 amino acids (GGGGS)3 and 30 amino acids (GGGGS)g].
B SDS-PAGE analysis of proteins (fused and non-fused) after
purification. The numbers in parentheses indicate the lengths of
the linker(s). C, D Methanol oxidation activity of fused and free
enzymes Hps and Phi activity of the fusion proteins (formation
of NADPH and 6PGL from formaldehyde and R5P).
E Schematic reaction of F6P formation and detection using
fused and unfused enzymes. F Formation of F6P of the fused and
free enzymes from methanol and R5P Reprinted from Fan et al.
(2018). Copyright 2018 with permission from Wiley

activity of Hps and Phi of Mdh-fused Hps or Phi
protein was lower than that of the control (Fig. 3D).
The fusion of proteins likely negatively affects
formaldehyde assimilation. Once again, the incom-
patibility of the proteins is responsible for this
phenomenon. However, methanol conversion could
be improved by fusing Mdh with Hps or Hps-Phi. The
Vmax of methanol oxidation was 1.3-and 5.8-fold
higher than that of non-fused Mdh, respectively
(Fig. 3E-F) while the length of the linker (15 and 30
amino acids) only affected the Mdh and Hps-Phi
activities of the fused proteins (Mdh-Hps-Phi and Hps-
Phi). To the best of our knowledge, fusion of these
three proteins has the highest number of proteins to be
fused. Therefore, the problem of protein expression
and the effect of the linker on enzymatic activity could
become a crucial problem in the preparation of
multimeric proteins with a high number of protein
units.

Protein polymerization through self-assembly
reactions

The self-assembly of proteins is an applicable method
for the preparation of multimeric proteins. Self-
assembly of protein units to form protein polymers
via non-covalent interactions offers some benefits
such as catalyst-free, spontaneous, controlled,
designed, and self-organizational reactions (Yin
et al. 2018). Non-covalent interactions are mostly
utilized to supervise the self-assembly of protein units,
which offers the possibility of imitating the charac-
teristics of native proteins. Non-covalent interactions,
such as interprotein interactions, n—m stacking, metal—
ligand coordination, hydrophobic interactions, and
host—guest interactions, are commonly applied to

control the assembly by facilitating the connection
of protein units (Janib et al. 2014; Yin et al. 2018).
Therefore, self-assembly is a good option to create
controlled and/or directed multimeric or polymeric
protein assemblies.

Protein polymerization interactions display a
remarkable degree of high specificity and affinity
and can serve as a powerful force to induce protein—
protein recognition and aggregation. An impressive
study was reported by Fegan et al. (2012), who
designed and constructed chemically self-assembled
antibody nanorings (CSANs) from dihydrofolate
reductase (DHFR) fusion proteins (Fig. 4A). They
used a newly synthesized chemical dimerizer, bis-
methotrexate (bisMTX-NH,), which contains a linker
that can be conjugated to drugs, radiolabels, and
fluorophores. Interestingly, rapid internalization was
conducted by assembling AntiCD3 CSANs with a
fluorescein  isothiocyanate  (FITC)-labeled bis-
methotrexate ligand (bisMTX-FITC). The internal-
ized bisMTX-FITC was trafficked by HPB-MLT, a
CD3+ T-cell leukemia cell line, and was observed in
the early and late stages of endosomes and lysosomes
(Fegan et al. 2012). When incorporated into CSANS,
the fluorescence of bisMTX-FITC was greater than
that of the free ligand, and its stability could also be
monitored. Interestingly, the internalized CSANs were
also found to be stable for several hours. However,
treatment with the nontoxic DHFR inhibitor trimetho-
prim resulted in a rapid loss (> 80%) of cellular
fluorescence within minutes, consistent with efficient
intracellular disassembly of the nanorings. Their
reports suggest that cell receptor-targeting CSANs
prepared with trifunctional bisMTX could be used as
potential tissue-selective drug carriers (Fegan et al.
2012).

The next strategy for preparing protein polymers is
to apply host—guest interactions as an approach to
connect the protein units. Tu et al. (2011) reported an
impressive and advanced design of monomers [CB[8]-
FGG pair and C2-symmetric homodimeric glutathione
S-transferase (hdGST)] to create supramolecular pro-
tein polymers (Tu et al. 2011). The CB[8]-FGG pair
acts as an external inducer, while hdGST is the
building block for genetic fusion with FGG peptides
(Fig. 4B). The hdGSTs were connected by two phenyl
groups assisted by CB[8]. As a result, the molecular
size and weight of the polymeric protein chains were
dramatically increased owing to the end-to-end
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interconnection of hdGSTs. Fortunately, the stability
of hdGST assemblies makes them easier to separate by
size exclusion chromatography (SEC). Moreover, it
can be easily functionalized with glutathione perox-
idase (GPx)-like catalytic centers using a cysteine
auxotrophic expression system. More importantly, the
hdGST assemblies have excellent antioxidant proper-
ties, which may find useful applications in catalysis,
biosensors, and pharmaceuticals.

Another two strategies for preparing supramolecu-
lar polymeric proteins through self-assembly are n—mn
stacking (Fig. 4C) and metal-ligand coordination
(Fig. 4D). Miiller et al. (2011) designed an auto-
fluorescent supramolecular polymer that can be used
as a platform for protein assembly. The discotic
monomers were designed as assembly agents to
reversibly form a columnar polymer (molecule 1).
Interestingly, a columnar polymer was formed in
water, even at low monomer concentrations. By
providing this self-assembled molecular wire with
ligands (molecule 3), they utilized it to assemble
proteins. This design and strategy provide attractive
architectures for protein assembly and, thus, novel
shapes could be achieved, such as columnar wires, on
which proteins can be made to aggregate and interact
(Miiller et al. 2011). Finally, Bai et al. (2013)
demonstrated an impressive strategy for constructing
self-assembled protein nanorings by utilizing Schisto-
soma japonicum glutathione S-transferase (sjGST) as
the building block (Bai et al. 2013). This is a very
stable and homodimer containing two subunits non-
covalently connected to each other and related by a
two-fold axis (C2 symmetry). It also has two properly
oriented His metal-chelating sites on the surface,
which can be utilized as sites for synergic metal-
coordination and non-covalent interactions to create
nanorings through metal-ligand coordination
(Fig. 4D). However, designing the chelating sites of
sjGST is challenging. These are three key factors to be
considered: (1) the chelating sites overhang from the
sjGST surface. (2) The chelating site shape should
have a proper orientation to maintain a ‘V’ shape. (3)
Finally, the distance of the bishistidine (bis-His) clamp
was placed appropriately. The mutation of Cys137
mutation into a His residue would result in a perfect
bis-His metal-binding site and form a dimer variant
that could fulfill the above three requirements. As a

result, sjGST is bound together and is site-specifically
driven by metal ion (Ni*) coordination. Moreover, the
interfaces were “pulled” tightly by non-covalent
interactions between Ni* and chelating site of sjGST
to form a very stable structure which was controlled
thermodynamically. The assembly then started to
demonstrate a flexible trend and ultimately grew into a
nanoring. This strategy can be used to create an
accurate protein polymer with high dimensions and
sophisticated configurations.

Protein polymerization through crosslinking
reactions

The crosslinking reaction of proteins is described as
the reaction of joining two or more proteins through
covalent bonds. The newly formed covalent bonds
between protein units can be catalyzed by chemicals
(Campbell et al. 1998; Smith et al. 2010; Gunnoo and
Madder 2016), enzymes (Stephanopoulos and Francis
2011; Heck et al. 2014; Minamihata et al. 2016),
chemoenzymatic (Rabuka 2010; Diaz-Rodriguez and
Davis 2011), metals (Wedrychowski et al. 1986;
Albayrak and Swartz 2014), and light (Kim et al.
1999). The crosslinking reaction can be performed via
in vivo and in vitro reactions and can target some
natural amino acids (NAA) for modification sites or
points. However, not all amino acids are accessible
because of their location and abundance on the surface
of proteins. Some natural amino acids, such as serine,
glutamine, glutamic acid, glycine, lysine, and aspartic
acid, are located on the surface of proteins (Jung and
Theato 2013). They also have a high value of average
surface accessibility (ASA) (Table 1), which means
that they can be recognized and reacted with the
catalyst in the crosslinking reaction. Another amino
acid can also be targeted as a modification site;
however, further modifications are required (Jung and
Theato 2013). Some researchers have also applied
non-natural amino acids (NNAAs) for crosslinking
reactions or specific labeling of proteins. However,
engineering a protein with NNAAs requires careful
consideration because it cannot be recognized by most
enzymes. Further chemical reactions are required to
modify or cross-link NNAAs of proteins. Thus,
protein crosslinking through the existing NAA is
preferable for most researchers.
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Table 1 The an.lino aCiflS Amino acid Location® Functionality® Natural abundance ASAP
used as a target in protein
crosslinking reaction: Cysteine C Thiol 1.36 0.268
amino acid, location, Isoleucine C Aliphatic 5.97 0.273
functionality, natural
abundance, and their Tryptophan C Indole 1.08 0.279
average surface Phenylalanine C Benzyl 3.86 0.290
accessibility Valine C Aliphatic 6.87 0.306
Tyrosine C Phenol 2.92 0.319
Leucine C Aliphatic 9.66 0.321
Methionine C Thioether 2.42 0.364
Alanine C Aliphatic 8.26 0.405
Histidine M Imidazole 227 0.425
Threonine M Hydroxy 5.34 0.480
Proline M Aliphatic 4.69 0.502
Arginine M Guanidine 5.53 0.539
all:ocationé)f amino azids in Asparagine M Carboxamide 4.06 0.568
the core (C), intermediate .
(M), and surface (S) Serine S Hydroxy 6.55 0.568
b Glutamine S Carboxamide 3.93 0.573
Average surface
accessibility Glutamic Acid S Carboxylic acid 6.75 0.586
Reproduced from Jung and Glycine S - 7.08 0.588
Theato (2013). Copyright Lysine S Primary amine 5.85 0.607
2011 with permission from Aspartic Acid S Carboxylic acid 5.46 0.615

Springer Nature

Protein polymerization through chemical
crosslinking reaction

The crosslinking reaction of proteins can be accom-
plished by a massive variety of chemicals as cross-
linkers with distinct properties and aims for different
reactive groups on the proteins (Stephanopoulos and
Francis 2011). The selective modification of proteins
by using chemicals is possible and successful for
reactions that use engineered proteins, for example,
the engineered protein with site-directed mutagenesis
or specific labeled-proteins. Some amino acids are
exposed to the surface of proteins, which makes it
easier for them to react with chemical agents. The
most commonly used reactive groups are —NH,
(Leitner et al. 2014; Falatach et al. 2015; Hoffman
et al. 2015; Onoda et al. 2020), -SH (Masri and
Friedman 1988; Smith et al. 2010), aryl-OH (Kim
et al. 1999; Joshi et al. 2004; Viljanen et al. 2004), and
—COOH (Pei et al. 2010; Falatach et al. 2015).
Although other reactive amino acid groups have lower
ASA values, it is still possible to become a target of the
crosslinking reaction. Small chemical molecules can
avoid the steric hindrance of proteins and react with
the hidden amino acids. Most of the chemical

@ Springer

reactions involved in protein crosslinking reactions
are substitution, oxidation, and addition reactions.
Consequently, the substitution and addition reactions
involve leaving groups, which vary based on the
chemicals used. Moreover, the activation of nucle-
ophiles is essential for initiating the reaction with such
activation requiring a catalyst, a specific solvent, and
temperature. This means the chemical crosslinking
takes more time than enzymatic crosslinking, which
can proceed within minutes.

Although chemical crosslinking offers many cata-
lyst options, as far as we aware there are only a few
chemical agents which can be used for protein
polymerization reaction, such as glutaraldehyde (Silva
et al. 2004; Roy and Abraham 2006) and formalde-
hyde (Jackson 1999; Hoffman et al. 2015). Most
chemical agents are effective catalysts for protein
labeling and the formation of protein conjugates. The
protein polymerization reaction requires a strong
oxidant to form free radicals, which initiates the
polymerization reaction. Enzymes are better alterna-
tives to chemical agents in most chemical reactions,
including the crosslinking reaction of proteins. The
site-specificity reaction is the most interesting feature
of enzymes involved in the crosslinking reaction of
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proteins as the enzymes will only recognize and react
with a specific residue or sequence of proteins, which
is very useful in the design of protein targets. Although
the enzyme options for the crosslinking reaction of
proteins are not as effective as chemical agents, it is
not a limitation to apply it as a catalyst.

Protein polymerization through enzymatic
crosslinking reaction

Enzymatic crosslinking reactions for protein modifi-
cation or functionalization have attracted the attention
of researchers owing to the high site-specificity of the
reaction. Enzymes are powerful catalysts for the
crosslinking of proteins if they react with genetically
modified target proteins that harbor specific peptides
or sequence tags (Minamihata et al. 2011; Heck et al.
2013). Reactive and specific peptides or sequence tags
play essential roles in the enzymatic crosslinking of
proteins, such as those catalyzed by horseradish
peroxidase (HRP) (Minamihata et al. 2012; Roberts
et al. 2016), laccase (Permana et al. 2019, 2020), lysil
oxidase (Moreira Teixeira et al. 2012), transglutam-
inase (Kamiya et al. 2003; Mori et al. 2011), lipoic
acid ligase (Hauke et al. 2014), biotin ligase (Granhgj
et al. 2019), bacterial sortase (Heck et al. 2014), and
phosphopantetheinyl transferase (PFTase) (Rabuka
2010) which require additional peptides or sequence
tags for successful site-specific crosslinking reactions.

Most enzyme options for the crosslinking reaction
of proteins are effective only for protein conjugate
formation and protein labeling with specific molecules
(Table 2). However, they cannot be employed for
protein polymerization because of the limitations of
the reaction. For example, they cannot undergo
oxidation reactions on the substrates to form reactive
free radicals, which are required for the non-enzymatic
polymerization of proteins. There are some enzymes
from the oxidoreductases (EC 1) family that can
oxidize substrates to form free radicals, and the
crosslinking between free radicals occurs non-enzy-
matically without the formation of tripartite com-
plexes, which are required for other enzymes.
Transglutaminases, a member of transferases (EC 2),
can also be used as catalysts in the polymerization
reaction of proteins. However, a specific design of the
protein model is required. Therefore, the design of
protein targets and correct enzymes is a crucial step in
protein polymerization.

Transglutaminase

Transglutaminases (TGs, EC 2.3.2.13) are one of the
most comprehensively studied transferases (EC 2) for
site-specific crosslinking reactions of proteins. Some
TGs are calcium-dependent enzymes, acyltransferases
that catalyze the transfer reaction of a y-carboxyamine
group of glutamine (Q) to the e-amine group of lysine
(K) to form cross-linked proteins (Buchert et al. 2010).
TGs isolated from Streptomyces mobaraensis (micro-
bial TGs or MTG) are powerful catalysts for preparing
protein conjugates, including protein-proteins (Mori
et al. 2013), protein-nanoparticles (Janib et al. 2014;
Chen et al. 2015), protein-polymers (Wakabayashi
et al. 2017), protein-lipids (Takahara and Kamiya
2019), and protein-nucleotide conjugates (Kitaoka
et al. 2012).

An interesting study on the MTG-catalyzed poly-
merization reaction was reported by Sato et al. (2020)
at the Kamiya Laboratory. They prepared GFP
mutants with unique MTG-recognizable peptide tags
to form scaffold-less functional protein assemblies.
They designed two peptide tags: double tag at N- and
C-terminus (Fig. 5A) and newly proposed ‘PolyTag’
which promotes intermolecular crosslinking of pro-
teins by introducing the lysine and glutamine residues
in StrepTag I (Fig. 5B). This PolyTag successfully
assisted MTG in the polymerization of the EGFP-
StrepTag I monomer and avoided intramolecular
cyclization (Fig. 5C) (Sato et al. 2020). In contrast,
circular EGFPs were formed from the polymerization
reaction of KTag-EGFP-StrepTag I due to covalent
bond formation between the Q-tag and K-tag
(Fig. 5D). They further confirmed that heteromeric
protein assemblies could also be formed by mixing
polytagged proteins. The BRET analysis results of
heteromeric assemblies comprising EGFP and Nano-
luc showed that these proteins were stable in their
assembled form. The results obtained also suggest that
the arrangement of PolyTag and MTG provides a
promising molecular tool for designing scaffold-less
protein assemblies (Sato et al. 2020).

Tyrosinases
Tyrosinase (EC 1.14.18.1) is a copper-containing
enzyme that catalyzes the four-electron oxidation of

tyrosine residues to o-quinones; it is an oxygen-
dependent enzyme. The formed quinones can easily
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Table 2 List of enzymes that used as catalyst in crosslinking reaction

Recognition site or Target of amino Enzymes
sequence acids

N-terminus

—é—NH2

€-amino group

of lysine
Cysteine
Thiol
Tyrosine
Phenol
CXPXR Cysteine
CAAX Cysteine
DSLEFIASKLA Serine
T/ISXXXG N-terminal
glycine
GFEIDKVWYDLDA  Lysine
LPXTG Glycine

GLNDIEAQKIEWHE Lysine

Transglutaminases (Tominaga et al. 2007; Sato et al. 2020), Lysil oxidases (Moreira
Teixeira et al. 2012)

Laccases (Mattinen et al. 2006), peroxidases (Milczek 2018), protein farnesyltransferases
(PFTase) (Zhang et al. 2019)

Peroxidases (Minamihata et al. 2011, 2016; Jia et al. 2017), tyrosinases (Jus et al. 2008;
Faccio et al. 2014), laccases (Hollmann and Arends 2012; Permana et al. 2020)

Formylglycine-generating enzyme (FGE, EC 1.8.3) (Roeser et al. 2006)
Protein farnesyltransferase (PFTase, EC 2.5.1.58) (Zhang et al. 2019)
Phosphopantetheinyl transferase (PPTase, EC 2.7.8.7) (Rabuka 2010)
N-myristoyltransferase (NMT, EC 2.3.1.97) (Heal et al. 2002)

Lipoate—protein ligase A (LplA, EC 6.3.1.20) (Hauke et al. 2014)
Sortase A (SrtA, EC 3.4.22.70) (Heck et al. 2014; Garg et al. 2018)
Biotin-[acetyl-CoA-carboxylase] ligase (BirA, EC 6.3.4.15) (Granhgj et al. 2019)

cross-link with cysteinyl, lysyl, or tyrosyl residues
(Selinheimo et al. 2007) Tyrosinase-catalyzed
crosslinking of proteins is an appealing transformation
for pharmaceutical or food companies because it
produces water as the sole product. Tyrosinase has
been used as a catalyst for many protein crosslinking
reactions to prepare protein conjugates or protein
polymers (Lobba et al. 2020; Mogilevsky et al. 2021).
However, only a few reports have studied the tyrosi-
nase-catalyzed, non-site-specific polymerization reac-
tion of proteins including ao-casein (Selinheimo et al.
2008), B-casein (Mattinen et al. 2008), collagen (Jus
etal.2011), and rutin (quercetin-3-rutinoside) (Desen-
tis-Mendoza et al. 2006). Some mediators, commonly
phenolic acids, are required for tyrosinase-catalyzed
polymerization reactions (Selinheimo et al. 2008). The
mechanism of the reaction of tyrosinases in protein
oxidation is different from that of peroxidases and
laccases, which involve the formation of a very
reactive species, free tyrosyl radicals. Tyrosinases
catalyze the formation of quinones, including dopa-
quinone and indole-5,6-quinone (Mattinen et al. 2008)
and these can help the formation of protein conjugates
and polymers with two different products, aldol and
Schiff-base products (Milczek 2018).
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Peroxidases

Peroxidases (EC 1.11.1.7) are the most commonly
used oxidoreductases in the polymerization of proteins
and can catalyze the oxidation reaction of phenolic
moieties of tyrosine residues to form free tyrosyl
radicals, making it an applicable enzyme for many
protein polymerization reactions. Peroxidases typi-
cally react with tyrosine, lysine, and cysteine, resulting
in heterogeneous products (Milczek 2018). However,
tyrosine residues are preferable for reactions with
peroxidases. Further protein modifications are
required for site-specific crosslinking of proteins
catalyzed by peroxidases. For example, tyrosine
residues should be exposed on the surface of proteins
and can be recognized by peroxidases (Minamihata
et al. 2012, 2015). Horseradish peroxidase (HRP) is
the most frequently used peroxidase in protein poly-
merization reactions and has been used to polymerize
bacterial alkaline phosphatase (BAP) (Minamihata
et al. 2011, 2012), protein G (pG) (Minamihata et al.
2016), chimeric antibody binding protein (ABP)
(Minamihata et al. 2015), and SpyCatcher (Jia et al.
2017). Minamihata et al. (2011) modified an Escher-
ichia coli alkaline phosphatase (BAP) by adding a
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POIs, which hints to (i) polymerization or (ii) self-cyclization
reaction. B Introduction of a peptide tag containing lysine
(K) and glutamine (Q) residues (StrepTag I) to the POI for

Y-tagged and flexible linker at the C-terminus, which
can be recognized by HRP. The Y-tagged BAPs
showed great reactivity against HRP and formed
branched polymeric BAPs. However, they found that
the enzymatic activity of HRP-treated BAP decreased
slightly after the reaction. H,O,, which is required as
an electron acceptor, and is a significant problem for
peroxidases. The additional H,O, could be responsible

StrepTag | monomer
1 15 30 60

Reaction time [min]

KTag-EGFP-StrepTag |
monomer

Circular EGFP

scaffold-less protein assembly. C SDS-PAGE analysis of the
MTG-catalyzed polymerization reaction of EGFP-StrepTagl
against incubation time. D SDS-PAGE analysis of the MTG-
catalyzed polymerization reaction of KTag-EGFP-StrepTagl
against incubation time. Reprinted from Sato et al. (2020).
Copyright 2020 with permission from Elsevier

for the changes in the activity of the BAPs. Another
possibility is that the large and branched polymeric
structures of BAPs may affect their enzymatic activity.
An extra amount of H,O, is harmful and unaccept-
able for food and pharmaceutical products.

An impressive study of the HRP- and MTG-
catalyzed formation of polymeric chitinase was
reported by Minamihata et al. (2021) who engineered
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a chitinase from P. ryukuensis (ChiA) by removing the
chitin binding domain (LysM,) and modifying the
catalytic domain (CatD) of chitinase by adding Y-and
KY-tags at the N-and C-termini of CatD, respectively.
They also engineered the wild-type ChiA by adding
Y-and KY-tags, similar to the CatD, to construct
Y-ChiA-KY and used it as a control. Y- and KY-
tagged ChiA and CatD were used as protein models in
an HRP-catalyzed polymerization reaction. Polymer-
ization of Y-ChiA-KY did not significantly improve
the antifungal activity of ChiA. It is possible that the
complex structure of ChiA and its LysM, in the
Y-ChiA-KY polymers caused a saturated structure and
inhibited its antifungal activity. In contrast, the
removal of LysM, from ChiA to construct the
Y-CatD-KY and Y-CatD-KY polymers resulted in
the loss of antifungal activity against Trichoderma
viride. This suggests that the absence of LysM, caused
the loss of capability of CatD to bind to the chitin
region of the fungi. To improve the antifungal activity
of CatD, the authors proposed two strategies for
polymerization of Y-CatD-KY: (i) direct copolymer-
ization of Y-CatD-KY and Y-LysM,-KY with differ-
ent molar ratios of Y-CatD-KY to Y-LysM,-KY
catalyzed by HRP (Fig. 6A). (ii) Polymerization of
Y-CatD-KY catalyzed by HRP was followed by
grafting of LysM,-Q to Y-CatD-KY polymers cat-
alyzed by microbial transglutaminase (MTG). The
SDS-PAGE results of CatD/LysM, copolymers (pre-
pared by direct copolymerization) (Fig. 6B) and
LysM,G/CatD polymers (prepared by polymerization
and grafting reaction) (Fig. 6C) suggested that both
strategies could be used to prepare polymeric Y-CatD-
KY. Although the activity of both polymers was not as
high as that of the control (WT-ChiA) against glycol
chitin as a soluble substrate (Fig. 6D) and against
chitin powder as an insoluble substrate (Fig. 6E), they
exhibited antifungal activity against 7. viride. As
expected, CatD/LysM, copolymers showed lower
activity than WT-ChiA (Fig. 6F). Again, the bulky
structure of the polymer and random LysM, position
may contribute to its lower antifungal activity. In
contrast, the LysM,G/CatD polymers showed higher
antifungal activity than the WT-ChiA and CatD/
LysM, copolymers. The correct distribution of LysM,
on its structure may play a significant role in its
antifungal activity. This suggests that ChiA and CatD
only require a low number of LysM, on its structure to
hydrolyze the chitin walls of T. viride. This study is
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quite interesting and could contribute to the further
development of functional protein polymers, in which
the ratio of the protein components and their 3D
arrangements are critical for their functionality.

Laccases

Laccases (EC 1.10.3.2) are multi-copper-binding
enzymes primarily employed in the textile and pulp
industries as catalysts for aromatic polymer degrada-
tion. Laccases, similar to peroxidases, catalyze the
oxidation of phenolic compounds using molecular
oxygen, resulting in the formation of free radicals and
water. The newly formed free radicals can undergo
radical reactions, such as polymerization, hydration,
disproportionation, and fragmentation. Laccase-cat-
alyzed crosslinking reactions commonly produce
heterogeneous products, guiding dityrosine and isodi-
tyrosine formation, or a higher degree of tyrosine
coupling and disulfide intermolecular bonds of pro-
teins. Laccases have been used to polymerize bacterial
alkaline phosphatase (BAP) (Permana et al.
2018, 2020), silkworm-expressed HRP (Permana
et al. 2019), chimeric antibody-binding protein
(ABP) (Permana et al. 2018, 2020), a-casein (Selin-
heimo et al. 2008), B-casein (Mattinen et al. 2008),
collagen (Jus et al. 2011), coactosin (Mattinen et al.
2006), and whey protein isolate (WPI) (Ma et al.
2011). Laccases are good candidates that can become
an alternative or even substitute for HRP in the
preparation of protein polymers. Laccase provides the
same site-specificity as HRP and one of their advan-
tages is that they only use molecular oxygen as the
terminal oxidant for the oxidation of phenolic com-
pounds. According to the site-specificity of laccases
against tyrosine, tyrosine-modified proteins are good
substrates for laccases.

Permana et al. (2020) presented an interesting
report on the use of laccase in the polymerization
reaction in which they polymerized a bacterial
alkaline phosphatase (BAP) from Escherichia coli
using a laccase from Trametes sp. (TL). To substitute
the use and function of phenolic mediators in the
laccase-catalyzed crosslinking reaction of proteins,
they engineered the dimeric BAP by inserting a
tyrosine-containing loop protein (Y-Loop) into the
loop domain of the BAP structure at the position
219-221 of amino acid to construct BAP-Loop-Y
(Fig. 7A) (Permana et al. 2020). Y-Loop consists of
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Fig. 6 A The schematic strategy for the HRP-catalyzed random
copolymerization of Y-CatD-KY and Y-LysM,-KY to form
CatD/LysM, copolymers, B SDS-PAGE analysis of the HRP-
catalyzed copolymerization of Y-CatD-KY and Y-LysM,-KY
with varying concentrations of Y-LysM,-KY, C HRP- and
MTG-mediated grafting of LysM,-Q onto the CatD polymer
with varying concentrations of LysM,-Q. D The enzymatic
activity of WT-ChiA, CatD/LysM, copolymers, and LysM,G/
CatD polymers against glycol chitin as a soluble substrate.

E The enzymatic activity of WT-ChiA, CatD/LysM, copoly-
mer, and LysM,G/CatD polymer against chitin powder as an
insoluble substrate. The substrate concentration was 0.5%
(Wt%). F Results of inhibition assay of WT- ChiA, CatD/
LysM, copolymer, and LysM,G/CatD polymer against T.
viride. Reproduced from Minamihata et al. (2021). Copyright
2021 with permission from the American Chemical Society
(ACS)
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Fig.7 A Strategy of BAP-Loop-Y construction; substitution of
the BAP loop domain (219-221 aa) with a 13-mer Y-Loop
(IRINRGPGYAFVT) peptide. TL recognizes and oxidizes
phenolic moieties of tyrosine residues on the Y-Loop to form
reactive free tyrosyl radicals, which then react with each other in
a nonenzymatic way to form BAP-Loop-Y polymers. B Short
and sterically hindered Y-Loop made the gap between the BAP-
Loop-Y units very close and prevented the formation of
branches. C Results of the OVA-detecting ELISA using BAP
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[BAP-Y or BAP-Loop-Y] : [pG,pA-Y]

and pG,pA-Y copolymers prepared at various molar ratios. The
concentration of OVA that coated the wells was 1 pg/mL in
TBS (pH 7.4). ND: not detected. The boxes with different
outline color presented the atomic force microscopy (AFM)
results of the copolymers; BAP-pG,pA-Y polymers (grey),
BAP-Y/pG,pA-Y copolymers (orange), and BAP-Loop-Y/
PGopA-Y copolymers (blue). Reproduced from Permana et al.
(2020). Copyright 2020 with permission from the American
Chemical Society (ACS)
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13 amino acids, IRINRGPGYAFVT, and the tyrosine
residue can be recognized by laccase in the poly-
merization reaction. The phenolic moiety of the
tyrosine residue of BAP-Loop-Y is recognized by TL
to form free tyrosyl radicals that initiate the
polymerization reaction of BAP-Loop-Y. This strat-
egy is different from other reports by Kamiya
Groups, where they usually used a long flexible
tyrosine-containing peptide tag (Y-tags) at the N-
and/or C-terminus to perform HRP- or laccase-
catalyzed crosslinking reactions (Permana et al.
2018, 2019). This is because long Y-tags usually
form branched and globular structures of protein
polymers, which are not preferable for use as protein
probes in diagnostic applications. The globular
polymeric proteins might be saturated and cause
lower activity in diagnostic applications, such as
enzyme-linked immunosorbent assay (ELISA). Thus,
their new BAP polymerization strategy by engineer-
ing BAP using Y-Loop is expected to create a linear
BAP polymer. The short and rigid structure of
Y-Loop inhibited the formation of branches due to
the steric hindrance between BAP units to form
linear BAP-Loop-Y polymers (Fig. 7B). Moreover,
TL-catalyzed copolymerization of BAP-Loop-Y with
Y-tagged chimeric antibody binding proteins
(ABPs), consisting of two molecules, protein G
(pG) and one molecule protein A (pA), pG,pA-Y,
also resulted in the formation of linear BAP-Loop-Y/
pG2pA-Y copolymers (blue box), which have differ-
ent structures than BAP-Y/pG,pA-Y copolymers
(orange box) and BAP-pG,pA-Y polymers (geneti-
cally fused BAP and pG,pA-Y) (gray box) (Fig. 7C).
Interestingly, different morphologies of copolymers
resulted in differences in the enzymatic activity in
the OVA-detecting ELISA. The linear BAP-Loop-Y/
pG2pA-Y copolymers (blue bar) showed the highest
absorbance in the OV A-detecting ELISA, suggesting
that the structure of copolymers could be the most
important factor in improving the activity and
functionality of protein polymers. This strategy is
promising and can contribute to the development of
highly active protein polymers for diagnostic
applications.

Sortase A (SrtA)

A common hydrolase used for protein crosslinking
experiments is sortase, a calcium-dependent enzyme

which catalyzes the crosslinking reaction of proteins
that signal a specific sequence, LPXTG. Sortase A
(SrtA) (EC 3.4.22.70) is the best example of a sortase
isolated from Staphylococcus aureus and has been
widely used by researchers to modify proteins (Spirig
et al. 2011; Heck et al. 2013, 2014; Garg et al. 2018).
However, SrtA is more appropriately defined as a
transpeptidase. The cysteine residues on the active site
of SrtA cleave the amide bond of Thr-Gly of LPXTG
of the target protein to form an intermediate called
protein-enzyme-thioester. Next, the amine as a nucle-
ophile attacks the intermediate of the enzyme-acyl-
protein to form a peptide bond at T with G, which
eventually restores -LPXTGGGG- (SrtA recognition
sequence). The amine group of the oligoglycine then
catalyzes the discharge of the protein from SrtA. This
mechanism, called sortagging and involving polyg-
lycine, inspired researchers to design accurate sub-
strates for SrtA-catalyzed crosslinking reactions.

An impressive study of the use of SrtA for
preparing protein polymers or polyproteins was
reported by the Rakshit Group. They developed an
interesting method to create polyproteins on a specific
surface by stapling one unit of POI at a time through
covalent peptide bonds catalyzed by SrtA. To imitate
the sortagging protocol through an in vitro reaction,
they modified the POI recombinantly (Fig. 8A) by
adding three Gly (3G) from N-terminal to C-terminal
followed by SrtA recognition sequence (LPXTG) for
“enzymatic stapling” (ES). Moreover, to inhibit the
reactive nucleophile (3G at the N-terminal), the author
added a detachable cap. Furthermore, a protease, TEV
protease (TP), will recognize a heptameric peptide
sequence (EXXYXQG) to perform “enzymatic cut”
(EC) reaction resulting in the formation of QG site
which leaves another G to be succeeded by the 3G’s at
the N-terminal of POI. At the final step of SrtA-
catalyzed sortagging trans-peptidation, the 4G’s in the
sequence accommodate the rate of nucleophilic attack.
Figure 8B presents a schematic of the preparation of
the polyprotein based on the strategy mentioned
above. This strategy is interesting because it involves
successive ES and EC, which can be used to create
chimeric polyprotein constructs and can be applied to
many recombinant POIs with minimal modifications
at either the N- or C-terminal.(Garg et al. 2018).
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Fig. 8 Schematics of the enzymes-catalyzed synthesis of
polyprotein on a solid surface. A Protein of interest (POI)
which is designed in this study. The N-terminal has 6xHis-tag,
three gycines (3G’s), and TEV protease cut site; C-terminal has
LPETGSS (SrtA recognition site). B Firstly, POI and SrtA are
reacted for 30 min to form the thioester intermediate. This step

Polymerization of protein through site-specific
incorporation of non-natural amino acids
(NNAAs)

Most protein polymers utilize natural amino acids to
connect the protein units of the polymer backbone.
This is more convenient because of the wide range of
catalyst options used. However, to improve site-
specificity, some researchers have also applied
NNAAs as targets for the crosslinking reaction. The
protein polymerization reaction through site-specific
incorporation of NNAAs offers site-specificity
because NNAAs are only recognized by specific
catalysts. The protein units were connected through
covalent coupling between NNAAs (Albayrak and
Swartz 2014; DeGruyter et al. 2017; Bartels et al.
2019). There are two existing strategies for NNAAs
incorporation into proteins: first, the replacement of
the aliphatic amino acids (menthionines, leucines, or
isoleucines) with its NNAAs analog using special
E. coli strains that can produce NNAAs and, second,
NNAAs are introduced to amber stop codons using
orthogonal tRNA (o-tRNA) and aminoacyl-tRNA
synthetase (aaRS) (Albayrak and Swartz 2014).
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is called enzymatic stapling (ES). Secondly, surface is incubated
with TEV protease (TP) for enzymatic cut (EC) for 2 h resulted
in the polyglycine-exposed surface which ready to react with
another thioester intermediates to meditate the next ES.
Reproduced from Garg et al. (2018). Copyright 2018 with
permission from the American Chemical Society (ACS)

An interesting study on the direct polymerization
of proteins using two NNAS and copper-catalyzed
azido-alkyne cycloaddition reaction (CuAAC) or
click chemistry was reported by Albayrak and
Swartz (2014) who modified superfolder green
fluorescent protein (sfGFP) with two NNAAs: (1)
p-azido-L-phenylalanine (pAzF) and (2) p-propargy-
loxy-L-phenylalanine (pPaF) (Fig. 9A) (Albayrak and
Swartz 2014). pAzF and pPaF were introduced at
several positions of amino acid positions 23, 39, and
15 by cell-free protein synthesis (CFPS). The poly-
merization of stGFP23,39,151pAzF and
sfGFP23,39,151pPaF was triggered by the presence
of copper (I) ions (Cu™) (Fig. 9B). As a result, sftGFP
containing two or three NNAAs was connected
through CuAAC to form linear (two NNAAs at 23
and 39 positions) or branched (three NNAAs at 23,
39, and 151 positions) protein polymers. The results
of SDS-PAGE analysis also showed that sfGFP
polymers were stuck in the stacking gel because of
their very large size (Fig. 9C). Interestingly, even
though the polymers could not be separated by
single-step  size-exclusion chromatography, the
monomers were successfully separated from the
sfGFP polymer mixture (Fig. 9D). The SDS-PAGE
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(Fig. 9E) and autoradiography (Fig. 9F) analysis
results suggested that ~ 40% of the sSfGFP monomer
was polymerized, ~ 40% formed dimers, ~ 15%
remained intact, and ~ 5% was degraded. This
strategy offers high site-specificity and versatility
of coupling reactions that can be applied not only for
the preparation of protein polymers but also for the
formation of protein conjugates, biomaterials, and
other protein-based products. However, the introduc-
tion of NNAAs requires careful consideration
because of the activity changes that may occur in
the NNAA-modified protein. For example, the
activity of sfGFP23,39pPaF was only 83% of the
specific activity of native stGFP. Polymerized sfGFP
retained approximately 78% of its specific activity
compared to native sfGFP (Albayrak and Swartz
2014). In addition, the introduction of NNAAs may
affect protein expression. A special strain of
Escherichia coli is required for protein expression.
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matogram of size-exclusion chromatography (SEC) of sfGFP
polymers. E SDS-PAGE analysis of the SEC fractions from (D).
F Autoradiography of the SEC fractions from (D). Reproduced
from Albayrak and Swartz (2014). Copyright 2018 with
permission from the American Chemical Society (ACS)

Cell-free protein synthesis is a good method for
expressing NNAA-containing recombinant proteins,
as reported in this study. Therefore, the use of
NNAAs in the polymerization reaction of proteins is
a good approach for preparing protein polymers with
desired structures and functions.

Polymerization of protein through irreversible
protein-peptide (SpyTag/SpyCatcher) interaction

Advances in molecular biology and protein engineer-
ing have made it possible to modify proteins with
peptide tags for further reaction with enzymes or
chemicals. Peptide tags are powerful tools for site-
specific protein modification; however, their interac-
tions in the crosslinking reaction require a catalyst. The
peptide tag interactions in the self-assembly reaction
are typically weak and reversible. As an alternative,
researchers discovered the CnaB2 domain, which is a
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«Fig. 10 A Schematic reaction of spontaneous isopeptide bond
formation of Lys and Asp in the presence of Glu. B The original
CnaB2 was separated into three molecules: SpyTag (containing
Asp residue), KTag (Lys residue), and SpyLigase (Glu residue).
C Schematic reaction of the polymerization of affibody through
isopeptide bond formation between SpyTag and KTag. D SDS-
PAGE analysis of the polymerization reaction of polymerized
K-tag-AffiEGFR-SpyTag after 24 h. E SDS-PAGE analysis of
the polymerization reaction of polymerized K-tag-AffiHER2-
SpyTag after 48 h. Reproduced from Fierer et al. (2014).
Copyright 2014 with permission from the National Academy of
Sciences (NAS)

position 77 of the amino acid (Fig. 10A). The CnaB2
domain can be separated into two parts: a protein
domain called SpyCatcher and a peptide tag called
SpyTag. Other active domains have also been devel-
oped by them; a SpyLigase, which contains Glu,
SpyTag with Asp, and a K-tag with Lys residue
(Fig. 10B). They engineered two kinds of K-tag-
Affibody-SpyTag monomers: K-tag-AffiEGFR-Spy-
Tag and K-tag-AffiHER2-SpyTag to confirm the
functionality and activity of the newly proposed
SpyLigase and K-tag in the polymerization reaction
of affibody (Fig. 10C) (Fierer et al. 2014). The K-tag
binds to SpyTag to form affibody polymers in the
presence of SpyLigase. The reactivity of K-tag-
AffiEGFR-SpyTag (Fig. 10D) and K-tag-AffiHER2-
SpyTag (Fig. 10E) against SpyLigase was the same. It
takes 24 and 48 h to polymerize K-tag-AffiEGFR-
SpyTag and K-tag-AffiHER2-SpyTag, respectively,
because of the spontaneous reaction of K-tag/SpyTag/
SpyLigase and the formation of isopeptide bonds.
However, their reactivity against SpyLigase (mutation
of Glu”” to Gln) was also same, they remained intact.
The mutation on SpyLigase affected its activity in
catalyzing the coupling of the K-tag and Spy-Tag. The
polymerization of proteins through SpyTag/Spy-
Catcher or K-tag/SpyTag/SpyLigase is an impressive
and interesting strategy that offers high site-specificity,
spontaneity, and compatibility for a wide range of
protein models. In some cases, the SpyTag/SpyCatcher
interaction takes more time to polymerize the protein,
as in this study. However, SpyTag/SpyCatcher is still a
promising strategy for preparing protein polymers.

Conclusions and future perspectives

Protein multimerization and polymerization reactions
are interesting and impressive strategies for protein

functionalization with both having some advantages
and disadvantages in the preparation of multimeric
and polymeric proteins. Multimerization of proteins
through tandem fusion is the most convenient because
the designed multimeric proteins can be expressed in
one expression cassette, without involving the forma-
tion of non-covalent and covalent bonds, and no
catalyst is required. However, problems in protein
expression and folding could be major problems in
implementing this strategy for the preparation of
multimeric proteins. Moreover, there are a limited
number of proteins that can be fused into one
expression cassette. Self-assembly is a better strategy
for the preparation of multimeric proteins (Luo et al.
2014). Although it only offers a non-covalent bond to
connect to the protein units, the multimerization
reaction can be controlled and directed using specially
designed protein monomers.

Protein polymerization is another strategy for the
preparation of artificial protein polymers. The protein
polymerization reaction commonly involves covalent
bond formation to connect protein units of protein
polymers. It is an interesting and promising approach
to improve the functionality and activity of proteins in
bioprocesses. Researchers can design the desired
structures and characteristics of protein polymers for
their designated reactions; this will be useful for the
preparation of protein-based advanced materials. The
protein polymerization reaction also facilitates the
further development of artificial proteins and
enzymes. The synergetic activity of the polymer
protein units can improve the substrate conversion
and product formation which will be beneficial in a
bioprocess or specific enzymatic reaction on a small
scale or even on a larger scale. Protein polymerization
is a remarkable strategy for preparing effective
antigens for vaccine development. Although there
are no sufficient reports regarding the response of the
immune system against polymeric antigens, this
strategy is worth pursuing. Advances in the research
and development of antibody—drug conjugates
(ADCs) require enzymes to connect antibodies and
drugs. Polymeric ADCs can be a novel approach for
the development of ADCs (Sonzini et al. 2020). Some
enzymes used in protein polymerization reactions are
also good candidates for the preparation of ADCs.
Therefore, the study of protein polymerization reac-
tions using laccases reported in this review will

@ Springer



362

Biotechnol Lett (2022) 44:341-365

contribute to the further development of protein
polymers in the future.

Another useful application of multimeric or poly-
meric proteins is their functionality as probes in
diagnostic applications (Permana et al. 2021). The
activity of enzymes in the catalysis of substrate
conversion has become a major feature of enzymes
as probes in diagnostic applications such as enzyme
immunoassays (EIA) and enzyme-based biosensors.
The use of enzymes as probes in EIA includes two
common examples of EIA: enzyme-linked
immunosorbent assay (ELISA) and enzyme-multi-
plied immunoassay test (EMIT). The enzymes that are
commonly used as probes or reporter enzymes in
ELISA are alkaline phosphatases (AP), B-galactosi-
dases, and peroxidases (Raja et al. 2011). Malate
dehydrogenase is commonly used as a probe and is
assayed for the detection of thyroxine; however, other
proteins are also applicable as probes for bioimaging
applications. Currently, researchers are trying to
improve the functionality and activity of protein
probes by conjugating enzymes with a binding or
docking protein or fusing a unit of enzymes to prepare
a multimeric or polymeric enzyme. Conjugation of
some units of protein into the polymeric form could be
a strategy to improve the functionality and activity of
protein probes. Substrate conversion can become
faster when protein polymers are used as probes
(Permana et al. 2018, 2019, 2020).
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