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General scaffolding concepts 

To follow nature’s paradigm of spatial proximity of enzymatic cascades several scaffolding concepts have 
been proposed and realized. In the following we provide a short overview of several scaffolding approaches, 
which do not rely on the interaction between peptide motifs and adaptor domains. 

I. Immobilization  

From a historical point of view, the first approach for colocalization of different enzymes was immobilizing 
enzymes on a matrix via chemical cross-linking. In 1970, Mosbach and Mattiasson constructed a two-enzyme-
system from hexokinase and glucose-6-phosphate dehydrogenase that yielded an increase in product formation 
of up to 140% compared to the free enzyme system (Mosbach and Mattiasson, 1970). This method was later 
successfully extended to other two- and three-enzyme systems with varying improvement factors (Srere et al., 
1973;Koch-Schmidt et al., 1977;Mansson et al., 1983). While this approach presents a proof of principle for 
the general concept for spatial proximity of sequential pathway enzymes, modern techniques strive for 
organizing such pathways in a more biological environment, at best in living cells, to account for an easier 
manipulation and scale-up (Conrado et al., 2008). 

II. Compartmentalization 

Another structural approach derived from nature is the formation of microcompartments, in which cargo 
proteins are enclosed. A three-dimensional compartimentalization can be achieved by virus capsid protein 
building blocks. Such capsid proteins self-assemble into uniform nm-scale structures. Minten et al. linked 
enzymes via a coiled-coil interaction to the capsid protein of Cowpea Chlorotic Mottle virus (CCMV), which 
forms icosahedral structures in a pH-dependent way and created a reactive compartment (Minten et al., 2011). 

In a similar approach, the coat protein from bacteriophage Q was used to construct a virus-like particle with 
enzyme cargo load. The authors reported successful RNA-directed encapsidation of three different enzymes 
(Fiedler et al., 2010).  

III. DNA/RNA based scaffolding 

For a more controlled spatial proximity, nucleic acid based scaffolding techniques were developed. These 
allow the creation of nanoscaffolds for the organization of multi-enzyme complexes (Pinheiro et al., 2011). 
Müller and Niemeyer conjugated glucose oxidase and horseradish peroxidase to different DNA 
oligonucleotide sequences, which arranged on a complementary DNA scaffolding strand. The resulting 
structure presented a sequential two-enzyme system working on microplates (Müller and Niemeyer, 2008). 
The same enzyme pair was coupled to hinges of two-dimensional DNA scaffolds, which self-organize from 
DNA strips in different hexagonal structures (Wilner et al., 2009). Conrado et al. used plasmid DNA as 
scaffold for arranging biosynthetic enzymes in the cytoplasm of E. coli. Individual enzymes were transformed 
into custom DNA-binding proteins via genetic fusion to zinc-finger domains that recognize unique DNA 
sequences. When expressed in cells, the scaffold architecture caused an increase of various metabolic products 
(Conrado et al., 2012). 

For in vivo applications, RNA assemblies provide a versatile material. An engineered RNA module folded 
into a duplex with PP7 and MS2 aptamer domains and were arranged further into one and two-dimensional 
scaffolds. PP7 andMS2 fusion proteins from hydrogenase and ferredoxin bound to this scaffold exhibited up to 
48-fold increase of hydrogen production compared to the unscaffolded proteins (Delebecque et al., 2011). 
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IV. Protein-based scaffolding concepts 

In this section, we shortly present scaffolding concepts, which although based on proteins are not the main 
topic of this review, but are listed here for the sake of completeness. Such concepts include a direct covalent 
linkage as fusion proteins (see IV.1) or different types of adaptors for noncovalent linkage (IV.2 to IV.4). 

IV.1 Fusion proteins 

An established method for the creation of artificial multifunctional enzymes is the integration of two or more 
different catalytic protein domains into one molecule by covalently linking them together (Yu et al., 2015). 
Fusion proteins have successfully been used for protein purification (Terpe, 2003) and imaging (Yuste, 2005), 
as well as biopharmaceuticals (Chen et al., 2012). A remarkable application was the engineering of plant-
derived cytochrome P450 enzymes into E. coli that allowed the robust production of plant estrogen 
pharmaceuticals (Leonard and Koffas, 2007). Despite its wide applicability this approach only works well for 
enzyme pairs whereas the fusion of more components is challenging and frequently results in aggregating or 
catalytically inactive enzymes (Chen et al., 2014). 

IV.2 Protein-protein recognition 

The high-affinity interaction between two globular proteins was also utilized for the creation of scaffolding 
systems. The best-documented system is derived from plant cellulosomes that degrade cellulose and cell walls. 
The macromolecular assembly consists of two parts, a protein scaffold, which is formed by different dockerin 
proteins, and enzymatic moieties each fused to a cohesin protein as distinct interaction partner for the 
respective dockerin within the scaffold. The resulting cellulosome chimeras exhibited enhanced synergistic 
action on crystalline cellulose (Fierobe et al., 2001;Mingardon et al., 2007a;Mingardon et al., 2007b). You and 
Zhang used three different cohesins and three dockerin-containing enzymes to assemble a complex containing 
triosephosphate isomerase, aldolase, and fructose-1,6-biphosphatase. This enzyme complex exhibited one 
order of magnitude higher initial reaction rates than a mixture of the three unscaffolded enzymes (You and 
Zhang, 2014). 

IV.3 Coiled-coil pairs 

A relatively simple protein interaction motifs is the versatile coiled-coil structure, in which peptides of ca. 20 – 
50 residues adopt a helical fold and oligomerize into helix bundles of homo- or heteromers. This property has 
for example been used for the enzyme linkage to the CCMV capsid protein (Minten et al., 2011) described in 
section II. The coiled-coil toolkit has recently been expanded systematically via the SYNZIP database of 
heterospecific synthetic coiled-coil peptides. It includes 27 pairs of interacting peptides that prefer a specific 
heteroassociation (Reinke et al., 2010;Thompson et al., 2012). 

IV.4 Protein lego 

A relatively new concept for engineered protein proximity is the use of amyloids assemblies. Peptides, which 
are prone to amyloidogenic aggregation, are fused to the proteins of interest and then assemble into large 
scaffold structures (Giraldo, 2010). 
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