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Biological processes often depend on the harmonious interplay
of multiple macromolecules. Biotechnology has had great
success in applying and modifying individual components, but
the building of multi-component teams is at an early stage.
Cells are intelligent in sensing their environment, so
manipulating just one signal can limit potency and promote
side-effects for therapeutics. Here we critically assess the
latest advances in irreversibly connecting individual protein
units, through different spontaneous or catalysed reactions.
Then we outline efforts to go beyond bipartite assembly,
towards multimeric or sequence-programmed architectures.
These early steps will be put in context of the enormous
opportunities for synthetic protein nanomachines, focusing on
catalysis and the control of cell signalling for cancer and the
immune system.

Address
Department of Biochemistry, University of Oxford, South Parks Road,
Oxford OX1 3QU, UK

Corresponding author: Howarth, Mark (mark.howarth@bioch.ox.ac.uk)

Current Opinion in Biotechnology 2017, 51:16-23
This review comes from a themed issue on Nanobiotechnology

Edited by Alfonso Jaramillo and Mark Howarth

https://doi.org/10.1016/j.copbio.2017.10.006

0958-1669/© 2017 The Authors. Published by Elsevier Ltd. This is an
open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).

Introduction

It was once said of a Hollywood star that her acting ran the
gamut of emotions from A to B. A to B is the linkage that
most protein engineers have focused upon, connecting
one protein unit to a second protein unit. In this review
we will explore linkage of A to B to C to D, among others,
linking multiple protein units to permit new opportu-
nities for control of living systems (Figure 1). We will
describe the state-of-the-art based on advances in the
last 2 years and provide a critical perspective. Bipartite
assembly has enabled great successes [1]. However, more
complex multi-protein assemblies, approaching the
sophistication of cellular machines, would bring many
further benefits (Figure 1).
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Why synthesise protein teams?

It is straightforward to link multiple DNA elements into a
single open reading frame. However, ribosomal synthesis
of polypeptide units > 100 kDa is frequently defeated by
translation errors and misfolding. Modular coupling per-
mits each unit to be independently expressed (including
in different hosts), validated (for folding, size and func-
tion) and chemically modified. In addition, modular
assembly allows diverse coupling orientations and tem-
poral control of coupling. We will focus on covalent
assembly of protein units, because non-covalent interac-
tions limit robustness. Here we will not cover nucleic acid
nanotechnology [2]. Natural protein ‘orchestras’ provide
extraordinary examples of catalytic speed and fidelity (in
cellular DNA replication) or sensitive integration of mul-
tiple positive and negative inputs (at Natural Killer cell
immune synapses) (Figure 1). The lack of comparable
synthetic protein orchestras emphasises the motivation to
enhance protein-directed assembly.

Tools for protein ligation for multi-protein
assembly

We will introduce methods to join one protein covalently
to another protein, focusing on those applied for multi-
protein assembly (Figure 2). We emphasise coupling of
genetically-encoded building blocks, operative under
mild conditions (4-37 °C, pH 6-8, <5% organic solvent),
consistent with the majority of proteins retaining their
fold and activity and applicable for living cells. Other
reviews nicely describe protein reaction with non-protein
ligands [3] or chemical synthesis of proteins [4].

Split inteins interact spontaneously and through a series
of reactions splice themselves out, to achieve traceless
peptide bond linkage between two protein units
(Figure 2a). Some split inteins depend on Cys reactivity,
which complicates their use on disulfide-containing pro-
teins. Also, there are multiple steps of reaction so side-
products are often seen. Split inteins show good specific-
ity in the cellular environment; after consensus design
and mutagenesis, the latest generation react fast and have
improved temperature-tolerance [5]. Simultaneous use of
two orthogonal split intein pairs allowed multi-part
assembly, although limitations were identified in solubil-
ity for SspDnaB reactive precursors [6].

SpyTag is a 13 amino acid peptide that reacts spontane-
ously to form an isopeptide bond with the protein module
SpyCatcher (Figure 2b) [7]. This pair was engineered
from a Streprococcus pyogenes adhesin domain. SpyTag and
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Concept of nanoteamwork in synthetic protein assembly. Outstanding protein units have been harnessed from natural diversity. These units
sometimes work well in isolation (solo). However, by improving our ability to combine protein units (protein duet, ensemble, orchestra), new

important properties may be achieved.

SpyCatcher have now found diverse applications [8]. Key
features are efficient reaction at low micromolar concen-
tration of each partner and robust reaction with SpyTag or
SpyCatcher at any protein location, as long as the units are
sterically accessible [7]. The simple reaction mechanism
allows high coupling yield [9°]. Various other Tag/
Catcher modules have been published (e.g. isopeptag,
SdyTag) [10-13], with SnoopTag/SnoopCatcher showing
complete orthogonality to SpyTag/SpyCatcher and high
yield (Figure 2b) [9°]. A notable advance in bipartite
assembly was in-field manufacture of protein pairs. Add-
ing water led to 7z vitro transcription and translation, so
that combinations of recognition-modules (DARPin or
nanobody) covalently joined with the output module
(fluorophore, enzyme, toxin), via spontancous SpyTag/
SpyCatcher reaction [14°°].

Sortase has become a popular tool for protein ligation,
principally Staphylococcus aureus sortase A, which links C-
terminal LPXTG to N-terminal oligoglycine (Figure 2c).
An orthogonal sortase has been applied from §. pyogenes
[15]. A challenge for sortase applications is the high
micromolar K, of natural and engineered sortases, which
is problematic for many protein substrates. Furthermore,
competing thioester hydrolysis or back-reaction may limit

product yield. To ligate substrates at low concentration,
Ni**-chelating lipids helped bring together His-tagged
sortase and His-tagged target proteins at the surface of
liposomes [16]. Alternatively, the recognition site —
LPXTG was linked to SpyTag, while sortase was linked
to SpyCatcher; SpyTag/SpyCatcher is then cleaved off as
the final product is generated [17°].

Unnatural amino acid (UAA) incorporation is an elegant
strategy for protein modification. Through codon reassign-
ment, one amino acid in a protein can be replaced with an
amino acid with bio-orthogonal reactivity. Improvements
in click chemistry have enabled incorporation of fast react-
ing functional groups, that is, conformationally-strained
trans-cyclooctene reacts with a tetrazine at >10° M~ 57!
(Figure 2d) [18]. Complication of the suppressor codon
being read as a stop codon has been reduced in Esdherichia
coli by removing 314 amber stop codons from the genome
[19], or in mammalian cells by engineering eukaryotic
Release Factor 1 [20]. The focus of UAA-incorporation
has been linking proteins to small molecules (for imaging or
cross-linking), more than linking to other proteins. Incor-
porating multiple distinct UAAs was advanced by iz vitro
translation with purified components and pre-charged
tRNAs recognising three redundant codons [21°°].
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Tools for covalently linking one protein to another protein. (a) Split intein ligation, (b) spontaneous isopeptide bond formation by SpyTag and
SnoopTag, (c) sortase, (d) unnatural amino acid incorporation, (e) omniligase, and (f) butelase.

Proteases can be prompted to work in reverse, such as
subtiligase and more recently trypsiligase, peptiligase and
omniligase (Figure 2e). Proteolysis is usually thermody-
namically favourable, so ligation is driven with ester
substrates [22°°]. Generating protein—ester substrates
raises its own challenges, but the small recognition motifs
present great opportunities for linking proteins to modi-
fied peptides.

Enzymes from cyclotide-producing plants also allow effi-
cient protein—protein ligation. Butelase-1 ligates proteins
with a C-terminal D/N-H-V motif to those with an N-
terminal X-I/L/V/C motf (Figure 2f). Butelase-1 has

been limited by the need to purify enzyme from butterfly
peas and the moderate reaction-yield, because of reversal
by the cleaved HV dipeptide [23]. OaAEP1 is a ligase
with the asparaginyl endopeptidase fold, reacting through
a thioester intermediate, which can be expressed success-
fully in E. co/i. OaAEP1 showed good activity in ligating
Ubiquitin with C-terminal -N-G-L to targets with G-L-
at their N-terminus [24].

Distinct ligation technologies may be combined: Halo-
Tag, SpyTag and streptavidin-binding peptide permitted
simultaneous organisation of different enzymes on bac-
terial outer membranes [25].

Current Opinion in Biotechnology 2018, 51:16-23
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Multi-protein assembly

There are a few different strategies for covalent multi-protein
assembly. In the ideal situation, one would have simulta-
neous coupling: a one-pot reaction. Since reactions never go
to 100% conversion and there are limited different coupling
reactivities, sequential reaction is more common for assem-
bly of >3 components. Sequential reaction is facilitated by
solid-phase attachment, avoiding purification at each stage,
while excess reagent drives reaction towards completion.
However, solid-phase attachment makes it harder to scale
up and effort is needed to produce the excess reactant.

For chain synthesis by isopeptide bond formation, exten-
sion was performed by sequential SpyTag/SpyCatcher

19

reaction  and  SnoopTag/SnoopCatcher  reaction
(Figure 3a) [9°]. The growing ‘polyproteam’ chain was
anchored to amylose resin by a tandemly-repeated malt-
ose binding protein, so elution occurred under mild
conditions (addition of maltose). Although the Tag/
Catcher modules increased the overall size of the con-
jugates, up to 10-unit protein teams were assembled with
good yield, validated by SDS-PAGE, mass spectrometry
and size-exclusion chromatography [9°].

Step-wise sortase reaction employed a single sortase
and, after coupling, unveiled N-terminal oligoglycine
for the next reaction step using enterokinase cleavage
(Figure 3b) [26].
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Nanoteam assembly strategies. (a) Iterative isopeptide bond formation. (b) Iterative sortase coupling. (c) Cohesin/dockerin interaction for one-pot
multi-module assembly. Type | complex (PDB 10HZ) and Type Il complex (PDB 5K39).

Source: Adapted from Refs. [9°,26].
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Multi-protein assembly can also be achieved by adapting
the modules organising enzymes in the cellulosome.
Even though dockerin:cohesin interactions are non-cova-
lent (Figure 3c), they are worth describing here because
dissociation constants are often picomolar, they have
strong mechanical stability, and there are numerous
orthogonal pairs [27]. However, the calcium-dependence
of dockerin (Figure 3c) may be an issue for intracellular
application [28].

Specific applications of nanoteamwork
Enzyme organisation for catalysis

An area of enormous interest is re-engineering pathways
to enhance production of fine chemicals or biofuels. In a
cell, organisation of adjacent enzymes in a pathway can
occur through: (i) specific enzyme:enzyme interfaces; (ii)
binding to a protein scaffold or protein microcompart-
ment; or (iii) tethering to the cytoskeleton or a membrane
[29]. Enzyme organisation may facilitate flux down a
particular pathway (vs a competing branch), maintain
cofactor pools or redox balance, and avoid accumulation
of toxic intermediates (often electrophiles, like alde-
hydes). Classic examples are assembly-line enzymes like
fatty acid synthase or polyketide synthase, ‘catalytic
cathedrals’. When pathways are re-engineered, there
may be mix-and-match of enzymes from different spe-
cies. Therefore, natural spatial relationships between
enzymes may not apply and should be engineered. Tan-
dem fusion of enzymes is often damaging to folding and
catalysis. Note that the simple act of immobilising
enzymes can sometimes change Kinetic parameters and
enhance stability [29].

Dockerin:cohesin modules have been applied for engi-
neering the difficult task of cellulose digestion. In Clos-
tridium thermocellum, the primary scaffoldin uses the car-
bohydrate-binding module to anchor to cellulose fibres
and then type I cohesin:dockerin interactions to anchor
various enzymes. The anchoring scaffoldin links to the
surface of the bacterium via an S layer homology module
and type II cohesin:dockerin interactions to the primary
scaffoldin [30°]. Designer cellulosomes have focused on
primary scaffoldin engineering, but a scaffoldin contain-
ing >6 cohesins became difficult to express. However,
making different adaptor scaffoldins has enhanced deg-
radation by assembly with 8 enzymes (Figure 4a) [30°].

For catalytic microcompartments, phage MS2 coat could
be fused with SpyTag on an internal loop and co-assem-
bled with two enzymes from the indigo biosynthetic
pathway; resultant nanoparticles were catalytically active
and the enzyme retained higher activity than free enzyme
one week later [31]. Enzyme positioning can also be
valuable in sensing. Ultra-sensitive detectors of Prostate
Specific Antigen were assembled covalently, achieving
amplification via 4 functional units (nanobody, SH3

domain, SH3-binding peptide and TVMV protease)
and three separate proteolytic activities [32].

Signalling teams

Signal transduction is sometimes by simple receptor
dimerisation (e.g. Epidermal Growth Factor Receptor),
but sometimes by interplay of multiple inputs with
defined spatial relationships, (e.g. T cell activation at
immune synapses). Biotechnology is adept at mimicking
the first type of signalling but amateur at the second.
Isopeptide-linked polyproteam assembly allowed combi-
natorial clustering of different ligands to modulate apo-
ptosis signalling (Figure 4b). Death Receptor signalling is
sensitised on cancer cells, but no therapeutic has had the
combination of potency and specificity to gain clinical
approval. Linking a nanobody to Death Receptor 5 and
affibodies to different growth factor receptors identified a
combination with unexpected potency in cell death
induction (Figure 4b) [9°].

Modular vaccine assembly

An important aspect of signalling is manipulating the
immune system, notably for vaccines or the revolution
in cancer treatment via immunotherapy [33]. Ligand
clustering is a major stimulant to the immune response,
resembling viral or bacterial surfaces. Ligation methods
enable monomeric proteins from pathogens to be assem-
bled on multimeric scaffolds, so that they resemble
viruses and stimulate strong antibody responses against
that antigen. SpyCatcher linked to the coat protein of the
phage AP205 can couple with a range of SpyTag-fused
disease-associated proteins (malaria, tuberculosis, cancer,
allergy) (Figure 4c¢) and induced potent antibody
responses [34,35]. The precision of isopeptide-mediated
coupling versus chemical coupling (from Lys to Cys)
enhanced potency for blocking transmission of malaria
to mosquitoes [36]. Modular VLP coupling was also
achieved with sortase on phage P22 particles [37], Cow-
pea Chlorotic Mottle Virus [38], or split Hepatitis B Virus
core [39].

Highly focused immune responses may be susceptible to
immune evasion or pathogen diversity. Therefore precise
coupling of >1 type of pathogenic protein per particle is
valuable, as shown with two malaria antigens via Spy and
Snoop reaction [40].

Synthetic biomaterials

Spider silk has long been an object of fascination, but
recombinant expression of silk proteins has been chal-
lenging. However, modules from a large silk protein were
expressed in K. co/i, refolded, and connected by split
inteins to improve mechanical properties [41]. Split
intein-containing silk proteins were also expressed in
tobacco seeds, where a 37 kDa monomer multimerised
to >500 kDa and was stable for >1 year [42].

Current Opinion in Biotechnology 2018, 51:16-23
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Functional examples of multi-protein teamwork. (a) Catalysis, illustrated by a designer cellulosome, (b) Signalling, illustrated by a polyproteam for
inducing cancer cell-death. (c) Vaccination, with modular VLP decoration against diverse pathogens. (d) Biomaterials, with nanobubble decoration.

Source: Adapted from Refs. [9°,30°,34,46].

Amyloids play a role in many diseases but also provide
synthetic biology opportunities. E. co/i can secrete CsgA,
which spontaneously assembles into amyloid nanofibres.
Although assembly is non-covalent, CsgA-SpyCatcher
amyloid resisted washes with 8 M guanidinium hydro-
chloride and 5% sodium dodecyl sulfate and then could
still be functionalised with SpyTagged partners, with
potential for filtration matrices [43].

Synthetic hydrogels can mimic the extracellular matrix,
facilitating growth of stem cells or tissue patterning. Mild
chemistries which do not react with encapsulated cells are
a major benefit, as is regulated assembly/disassembly.
CarH¢ domains were expressed with SpyTag or Spy-
Catcher at each end. Mixing these units quickly caused
linear chain formation. Adenosylcobalamin triggers
CarH¢ to tetramerise (so the chains gel), while green
or white light cleaves the C-Co bond and subunits
monomerise. Therefore, entrapped human stem cells
could be tunably released from the hydrogels [44°].

Decorating oil-in-water microcapsules, SpyTag-hydro-
phobin proteins bound to the oil/water interface, so
particles remained monodisperse for weeks and could
be covalently decorated [45]. Gas-containing nanobub-
bles can also be maintained by 2 nm-thick cyanobacterial
protein shells. The shells can be stripped of native GvpC
and redecorated with recombinant GvpC, bearing RGD
for cell-targeting or SpyTag for simultaneous acoustic and
fluorescent imaging (Figure 4d) [46].

Conclusions

We hope that this review will convey some of the exciting
work in this field so far, the great potential for nanoteam
engineering, and the challenges as synthetic biology
improves its scope in complex assembly synthesis. Apart
from advances in ligation, other research areas are impor-
tant for nanoteamwork. Characterising your nanoteams is
often as difficult as their synthesis. Therefore, the recent
revolution in atomic-resolution cryoelectron microscopy
should advance the field [47]. Solubility will change,
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when units are ligated into nanoteams. Therefore, expe-
rience from building diverse nanoteams will help to
generate predictive power, as well as illuminating how
natures giant assemblies evolved high solubility. De #ovo
design has landmark successes in designing individual
protein units. It has also engineered specific interfaces for
2D (surfaces) [48] and 3D (icosahedral) assemblies [49].
As important is the design of linkers with defined spacing,
curvature and rotation [50]. Beyond engineering arbitrary
spatial relationships, the subsequent challenge will be
nanoteam regulation, following advances on switching
protein units by light or small molecules.

Conflict of interest

MH is an inventor on patents filed regarding isopeptide
bond-forming peptides (European patent EP2534484 and
United Kingdom Patent and Trademark Office
1509782.7, 1705750.6, and 1706430.4) and a founder of
SpyBiotech.

Acknowledgements

AB and MH were funded by the European Research Council (ERC-2013-
CoG 615945-PeptidePadlock).

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:

e of special interest
ee Of outstanding interest

1. Agarwal P, Bertozzi CR: Site-specific antibody-drug
conjugates: the nexus of bioorthogonal chemistry, protein
engineering, and drug development. Bioconjug Chem 2015,
26:176-192.

2. Hong F, Zhang F, Liu Y, Yan H: DNA origami: scaffolds for
creating higher order structures. Chem Rev 2017, 117:12584-
12640.

3. Schneider AF, Hackenberger CP: Fluorescent labelling in living
cells. Curr Opin Biotechnol 2017, 48:61-68.

4. Bondalapati S, Jbara M, Brik A: Expanding the chemical toolbox
for the synthesis of large and uniquely modified proteins. Nat
Chem 2016, 8:407-418.

5. Stevens AJ, Brown ZZ, Shah NH, Sekar G, Cowburn D, Muir TW:
Design of a split intein with exceptional protein splicing
activity. J Am Chem Soc 2016, 138:2162-2165.

6. Demonte D, Li N, Park S: Postsynthetic domain assembly with
NpuDnaE and SspDnaB split inteins. App/ Biochem Biotechnol
2015, 177:1137-1151.

7. Zakeri B, Fierer JO, Celik E, Chittock EC, Schwarz-Linek U,
Moy VT, Howarth M: Peptide tag forming a rapid covalent bond
to a protein, through engineering a bacterial adhesin. Proc Nat/
Acad Sci U S A 2012, 109:E690-E697.

8. Reddington SC, Howarth M: Secrets of a covalent interaction
for biomaterials and biotechnology: SpyTag and SpyCatcher.
Curr Opin Chem Biol 2015, 29:94-99.

9. Veggiani G, Nakamura T, Brenner MD, Gayet RV, Yan J,
Robinson CV, Howarth M: Programmable polyproteams built
using twin peptide superglues. Proc Natl Acad Sci U S A 2016,
113:1202-1207.

Here the SnoopTag/SnoopCatcher coupling approach is developed,
enabling the synthesis of ‘polyproteams’ by orthogonal covalent reac-
tions between designer modules. These assemblies were used for deli-
neating the role of simultaneous binding of growth factor receptors in
combination with Death Receptors for cancer signalling.

10. Tan LL, Hoon SS, Wong FT: Kinetic controlled tag-catcher
interactions for directed covalent protein assembly. PLoS One
2016, 11:e0165074.

11. Zakeri B, Howarth M: Spontaneous intermolecular amide bond
formation between side chains for irreversible peptide
targeting. J Am Chem Soc 2010, 132:4526-4527.

12. Proschel M, Kraner ME, Horn AHC, Schafer L, Sonnewald U,
Sticht H: Probing the potential of CnaB-type domains for the
design of tag/catcher systems. PLoS One 2017, 12:e0179740.

13. Cao, Liu D, Zhang WB: Supercharging SpyCatcher toward an
intrinsically disordered protein with stimuli-responsive
chemical reactivity. Chem Commun 2017, 53:8830-8833.

14. Pardee K, Slomovic S, Nguyen PQ, Lee JW, Donghia N, Burrill D,
ee Ferrante T, McSorley FR, Furuta Y, Vernet A et al.: Portable, on-
demand biomolecular manufacturing. Cell 2016, 167 248-259
e212.
The authors describe a portable cell-free transcription/translation system,
stable at room temperature until needed. Adding water and plasmid, this
system could produce sensors, antimicrobial peptides (AMPs), and
antigen for immunisation, so expanding the scope of abiotic bioengi-
neered systems.

15. Theile CS, Witte MD, Blom AE, Kundrat L, Ploegh HL,
Guimaraes CP: Site-specific N-terminal labeling of proteins
using sortase-mediated reactions. Nat Protoc 2013, 8:1800-
1807.

16. Silvius JR, Leventis R: A Novel “prebinding” strategy
dramatically enhances sortase-mediated coupling of proteins
to liposomes. Bioconjug Chem 2017, 28:1271-1282.

17. Wang HH, Altun B, Nwe K, Tsourkas A: Proximity-based sortase-

e mediated ligation. Angew Chem Int Ed Engl 2017, 56:5349-5352.
Here the authors have enhanced protein ligation by overcoming the
moderate binding affinity of Sortase A for its target motif. This proxi-
mity-based Sortase Ligation (PBSL) method improved protein ligation
efficiency 2.5x and kinetics more than 100x.

18. Darko A, Wallace S, Dmitrenko O, Machovina MM, Mehl RA,
Chin JW, Fox JM: Conformationally strained trans-cyclooctene
with improved stability and excellent reactivity in tetrazine
ligation. Chem Sci 2014, 5:3770-3776.

19. lIsaacs FJ, Carr PA, Wang HH, Lajoie MJ, Sterling B, Kraal L,
Tolonen AC, Gianoulis TA, Goodman DB, Reppas NB et al.:
Precise manipulation of chromosomes in vivo enables
genome-wide codon replacement. Science 2011, 333:348-353.

20. Schmied WH, Elsasser SJ, Uttamapinant C, Chin JW: Efficient
multisite unnatural amino acid incorporation in mammalian
cells via optimized pyrrolysyl tRNA synthetase/tRNA
expression and engineered eRF1. J Am Chem Soc 2014,
136:15577-15583.

21. lIwane Y, Hitomi A, Murakami H, Katoh T, Goto Y, Suga H:

ee Expanding the amino acid repertoire of ribosomal polypeptide
synthesis via the artificial division of codon boxes. Nat Chem
2016, 8:317-325.

This works achieves genetic code expansion by a flexible in vitro transla-

tion system. They replaced redundant tRNA synthetases with corre-

sponding tRNAs charged with UAA. Codon-reassignment to UAA gen-

erated an artificial and tunable system to incorporate up to four UAAs,

demonstrated in short peptides and having potential as a new drug

platform.

22. Nuijens T, Toplak A, Quaedflieg PJLM, Drenth J, Wu B,
ee Janssen DB: Engineering a diverse ligase toolbox for peptide
segment condensation. Adv Synth Catal 2016, 358:4041-4048.
The authors use structure-inspired protein engineering to map substrate-
specificity of all six recognition sites of peptiligase. They subsequently
broaden the substrate profile to engineer a ligase of wide applicability.
Using this engineered variant, they synthesised Exenatide, a therapeutic
peptide for Type Il diabetes.

23. Nguyen GK, Kam A, Loo S, Jansson AE, Pan LX, Tam JP: Butelase
1: aversatile ligase for peptide and protein macrocyclization. J
Am Chem Soc 2015, 137:15398-15401.

24. Yang R, Wong YH, Nguyen GKT, Tam JP, Lescar J, Wu B:
Engineering a catalytically efficient recombinant protein
ligase. J Am Chem Soc 2017, 139:5351-5358.

Current Opinion in Biotechnology 2018, 51:16-23

www.sciencedirect.com


http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0255
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0255
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0255
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0255
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0260
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0260
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0260
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0265
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0265
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0270
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0270
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0270
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0275
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0275
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0275
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0280
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0280
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0280
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0285
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0285
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0285
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0285
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0290
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0290
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0290
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0295
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0295
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0295
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0295
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0300
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0300
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0300
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0305
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0305
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0305
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0310
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0310
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0310
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0315
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0315
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0315
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0320
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0320
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0320
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0320
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0325
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0325
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0325
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0325
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0330
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0330
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0330
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0335
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0335
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0340
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0345
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0350
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0355
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0360
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0365
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0370
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0370
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0370

Nanoteamwork through covalent protein assembly Banerjee and Howarth 23

25. Peschke T, Rabe KS, Niemeyer CM: Orthogonal surface tags for
whole-cell biocatalysis. Angew Chem Int Ed Engl 2017, 56:2183-
2186.

26. Raeeszadeh-Sarmazdeh M, Parthasarathy R, Boder ET: Fine-
tuning sortase-mediated immobilization of protein layers on
surfaces using sequential deprotection and coupling.
Biotechnol Prog 2017, 33:824-831.

27. Stahl SW, Nash MA, Fried DB, Slutzki M, Barak Y, Bayer EA,
Gaub HE: Single-molecule dissection of the high-affinity
cohesin-dockerin complex. Proc Nat/ Acad Sci U S A 2012,
109:20431-20436.

28. Karpol A, Kantorovich L, Demishtein A, Barak Y, Morag E,
Lamed R, Bayer EA: Engineering a reversible, high-affinity
system for efficient protein purification based on the cohesin-
dockerin interaction. J Mol Recognit 2009, 22:91-98.

29. Schmidt-Dannert C, Lopez-Gallego F: A roadmap for
biocatalysis — functional and spatial orchestration of enzyme
cascades. Microb Biotechnol 2016, 9:601-609.

30. Stern J, Morais S, Lamed R, Bayer EA: Adaptor scaffoldins: an
e original strategy for extended designer cellulosomes, inspired
from nature. MBio 2016, 7:e00083.

The authors demonstrate the realisation of synthetic cellulosomes: a
template-based cocktail of up to 8 potent enzymes that can be used
for degradation of lignocellulose, with applications in production of plant-
derived biofuels. This scaffold was particularly interesting not only for the
absolute number of enzymes that could be integrated, but also for the
efficient degradation.

31. Giessen TW, Silver PA: A catalytic nanoreactor based on in vivo
encapsulation of multiple enzymes in an engineered protein
nanocompartment. Chembiochem 2016, 17:1931-1935.

32. Stein V, Nabi M, Alexandrov K: Ultrasensitive scaffold-
dependent protease sensors with large dynamic range. ACS
Synth Biol 2017, 6:1337-1342.

33. Sharma P: Immune checkpoint therapy and the search for
predictive biomarkers. Cancer J 2016, 22:68-72.

34. Brune KD, Leneghan DB, Brian IJ, Ishizuka AS, Bachmann MF,
Draper SJ, Biswas S, Howarth M: Plug-and-display: decoration
of virus-like particles via isopeptide bonds for modular
immunization. Sci Rep 2016, 6:19234.

35. Thrane S, Janitzek CM, Matondo S, Resende M, Gustavsson T, de
Jongh WA, Clemmensen S, Roeffen W, van de Vegte-Bolmer M,
van Gemert GJ et al.: Bacterial superglue enables easy
development of efficient virus-like particle based vaccines. J
Nanobiotechnol 2016, 14:30.

36. Leneghan DB, Miura K, Taylor IJ, Li Y, Jin J, Brune KD,
Bachmann MF, Howarth M, Long CA, Biswas S: Nanoassembly
routes stimulate conflicting antibody quantity and quality for
transmission-blocking malaria vaccines. Sci Rep 2017, 7:3811.

37. Patterson D, Schwarz B, Avera J, Western B, Hicks M, Krugler P,
Terra M, Uchida M, McCoy K, Douglas T: Sortase-mediated
ligation as a modular approach for the covalent attachment of
proteins to the exterior of the bacteriophage P22 virus-like
particle. Bioconjug Chem 2017, 28:2114-2124.

38.

39.

40.

41.

42.

43.

44.

Schoonen L, Pille J, Borrmann A, Nolte RJ, van Hest JC: Sortase
A-mediated N-terminal modification of cowpea chlorotic
mottle virus for highly efficient cargo loading. Bioconjug Chem
2015, 26:2429-2434.

Tang S, Xuan B, Ye X, Huang Z, Qian Z: A modular vaccine
development platform based on sortase-mediated site-
specific tagging of antigens onto virus-like particles. Sci Rep
2016, 6:25741.

Brune KD, Buldun CM, Li Y, Taylor IJ, Brod F, Biswas S,
Howarth M: Dual plug-and-display synthetic assembly using
orthogonal reactive proteins for twin antigen immunization.
Bioconjug Chem 2017, 28:1544-1551.

Lin S, Chen G, Liu X, Meng Q: Chimeric spider silk proteins
mediated by intein result in artificial hybrid silks. Biopolymers
2016, 105:385-392.

Weichert N, Hauptmann V, Helmold C, Conrad U: Seed-specific
expression of spider silk protein multimers causes long-term
stability. Front Plant Sci 2016, 7:6.

Courchesne NMD, Duraj-Thatte A, Tay PKR, Nguyen PQ,
Joshi NS: Scalable production of genetically engineered
nanofibrous macroscopic materials via filtration. ACS
Biomater Sci Eng 2017, 3:733-741.

Wang R, Yang Z, Luo J, Hsing IM, Sun F: B12-dependent
photoresponsive protein hydrogels for controlled stem cell/
protein release. Proc Nat/ Acad Sci U S A 2017, 114:5912-5917.

This paper describes a photo-responsive hydrogel that can undergo gel-
sol transition within minutes, using isopeptide-mediated polymerisation
of protein units and innovative development of chemical and light-trig-
gered protein:protein interaction.

45.

46.

47.

48.

49.

50.

Schloss AC, Liu W, Williams DM, Kaufman G, Hendrickson HP,
Rudshteyn B, Fu L, Wang H, Batista VS, Osuiji C et al.: Fabrication
of modularly functionalizable microcapsules using protein-
based technologies. ACS Biomater Sci Eng 2016, 2:1856-1861.

Lakshmanan A, Farhadi A, Nety SP, Lee-Gosselin A,

Bourdeau RW, Maresca D, Shapiro MG: Molecular engineering
of acoustic protein nanostructures. ACS Nano 2016, 10:7314-
7322.

Fernandez-Leiro R, Scheres SH: Unravelling biological
macromolecules with cryo-electron microscopy. Nature 2016,
537:339-346.

Gonen S, DiMaio F, Gonen T, Baker D: Design of ordered two-
dimensional arrays mediated by noncovalent protein—-protein
interfaces. Science 2015, 348:1365-1368.

Bale JB, Gonen S, Liu Y, Sheffler W, Ellis D, Thomas C, Cascio D,
Yeates TO, Gonen T, King NP et al.: Accurate design of
megadalton-scale two-component icosahedral protein
complexes. Science 2016, 353:389-394.

Brunette TJ, Parmeggiani F, Huang PS, Bhabha G, Ekiert DC,
Tsutakawa SE, Hura GL, Tainer JA, Baker D: Exploring the repeat
protein universe through computational protein design. Nature
2015, 528:580-584.

www.sciencedirect.com

Current Opinion in Biotechnology 2018, 51:16-23


http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0375
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0380
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0385
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0390
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0395
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0400
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0400
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0400
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0405
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0410
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0410
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0410
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0415
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0415
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0420
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0425
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0430
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0435
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0440
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0445
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0450
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0450
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0450
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0450
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0455
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0455
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0455
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0460
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0460
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0460
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0465
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0465
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0465
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0465
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0470
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0470
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0470
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0475
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0475
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0475
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0475
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0480
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0480
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0480
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0480
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0485
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0485
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0485
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0490
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0490
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0490
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0495
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0495
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0495
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0495
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0500
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0500
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0500
http://refhub.elsevier.com/S0958-1669(17)30140-4/sbref0500

	Nanoteamwork: covalent protein assembly beyond duets towards protein ensembles and orchestras
	Introduction
	Why synthesise protein teams?
	Tools for protein ligation for multi-protein assembly
	Multi-protein assembly
	Specific applications of nanoteamwork
	Enzyme organisation for catalysis
	Signalling teams
	Modular vaccine assembly
	Synthetic biomaterials

	Conclusions
	Conflict of interest
	References and recommended reading
	Acknowledgements


