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One powerful approach to engineer synthetic biology pathways
is the assembly of proteins sourced from one or more natural
organisms. However, synthetic pathways often require custom
functions or biophysical properties not displayed by natural
proteins, limitations that could be overcome through modern
protein engineering techniques. Structure-based
computational protein design is a powerful tool to engineer new
functional capabilities in proteins, and it is beginning to have a
profound impact in synthetic biology. Here, we review efforts to
increase the capabilities of synthetic biology using
computational protein design. We focus primarily on
computationally designed proteins not only validated in vitro,
but also shown to modulate different activities in living cells.
Efforts made to validate computational designs in cells can
illustrate both the challenges and opportunities in the
intersection of protein design and synthetic biology. We also
highlight protein design approaches, which although not
validated as conveyors of new cellular function in situ, may
have rapid and innovative applications in synthetic biology. We
foresee that in the near-future, computational protein design
will vastly expand the functional capabilities of synthetic cells.
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Introduction

Synthetic biologists manipulate and engineer cellular
pathways to forge new cellular functions. Important
achievements in the field to date include novel biosyn-
thetic pathways [1], cellular sensing with complex logic
[2], and even creation of cells with therapeutic applica-
tions [3]. A way to engineer these pathways is by intro-
ducing exogenous protein parss [4,5] into an existing
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cellular pathway, knocking-out existing proteins in these
pathways if necessary. Till now, most parts used in
synthetic biology are sourced from natural organisms.
Although Narure effectively constitutes a large catalog
of protein-based parts, the catalog is intrinsically limited,
and naturally sourced proteins with desired properties
and activities may not be always readily available.

Protein engineering approaches hold the potential to
create novel functional proteins, enabling the sourcing
of custom, designer parts to build biological pathways.
One fast growing protein engineering method is struc-
ture-based computational protein design (referred to as
simply protein design), where structures and atomistic
computational simulations guide the design of novel
protein sequences, structures, and functions. Protein
design has already delivered a number of hallmark
achievements which illustrate the potential of this
approach to design functional proteins with potential
applications in synthetic biology, such as computationally
designed enzymes [6-8], protein-based binders [9], vac-
cine-like immunogens [10], novel membrane transporters
[11], and large macromolecular assemblies (e.g. [12]).

The use of protein design in synthetic biology, however,
is only beginning. Although many computational protein
designs are inspired by potential future applications in
synthetic biology, the transition from 7z vitro assays to a
synthetic /# situ pathway may not always be straightfor-
ward. Studying efforts that have attempted to validate
computational designs in cells can illustrate both the
challenges and opportunities in the intersection of protein
design and synthetic biology. Thus, in this review we
cover primarily computationally designed proteins that
have not only been validated iz vitro, but have also been
shown to control and manipulate different activities in
living cells. These papers cover a broad range of synthetic
biology applications, such as biofuel production, biosen-
sors for toxic products, or chemical sensors for basic
biology applications, among others. We have attempted
to classify them into four broad categories, with corre-
sponding subsections: enzyme engineering, protein
specificity engineering, cellular pathway control, and
high-order protein assemblies. Papers that meet our pro-
tein design and iz vivo validation criterion are highlighted
in Table 1, marked of special/outstanding interest, and
the protein design methods used are described in the
references’ summary at the end of this article. We also
highlight protein design efforts which, though not vali-
dated as conveyors of new cellular function 7z situ, were
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Table 1

Main papers discussed in this review

Reference Category

Design methodology

Test cellular system

[13°] Liu et al.

[14°] Mak et al.

[20] Kapp et al.

[21°] De los Santos et al.
[23°] Mandell et al.

Enzyme engineering
Enzyme engineering
Protein specificity engineering
Protein specificity engineering
Protein specificity engineering
enzymes
[31°] Dagliyan et al.
[32°] Dagliyan et al.
[33°] Tinberg et al.
[34] Feng et al.
[35°] Bick et al.

Cellular pathway control
Cellular pathway control
Cellular pathway control

Cellular pathway control

Redesign of existing enzyme
Redesign of existing enzyme
Redesign of existing PPI
Redesign of a ligand binding site
Redesign of the core of essential

Linker design/MD simulations
Linker design

Scaffold identification, redesign to
completely new activity

Scaffold identification, redesign to

Mammalian cells
E coli
Mammalian cells
E coli
E coli

Mammalian cells/Zebrafish tissue
Mammalian cells

Yeast, mammalian cells, in vivo plant system

Plant cells, in vivo plant cells

completely new activity

[36°] Rose et al.
Hsia et al. [38]
[39°] Votteler et al.

Cellular pathway control
High-order protein assembly
trimers

Linker design with flexible backbone
De novo design, starting from known

Multiple types of mammalian cells
Mammalian cells

inspired by and may have emerging applications in syn-
thetic biology (Figure 1).

Engineering enzymes

One of the most promising applications of synthetic
biology is the development of new biocatalysts, such as
cells that produce biofuel, manufacture expensive che-
micals, or biodegrade toxic waste. Protein design can be
a powerful tool to engineer enzymes for reactions
that may not occur in nature or where the natural counter-
parts may not have the desired characteristic. Three
landmark papers have shown that the current computa-
tional methods are powerful enough for &e #ovo design of
enzymes [6-8], though they have not yet been tested for
cellular applications.

Instead, most efforts to design enzymes iz situ have
redesigned existing protein-ligand interactions for new
substrate specificities, leveraging the existing catalytic
machinery but changing the substrate recognized by the
enzyme. Liu ez al. [13°] repurposed a lipoic acid ligase
(Ipal) into a resorufin (a red fluorophore) ligase and tested
its activity in living cells. The ultimate goal was to
develop a method that would allow # vive labelling of
any protein containing a specific 13-amino acid tag. The
authors computationally redesigned lpal, increasing the
volume of the enzyme binding pocket to be able to
recognize the resorufin substrates. The designed
enzymes were validated 7z vitro, and then used to label
tagged proteins /7 vivo, proving that the computationally
designed enzyme could indeed perform the desired
activity and enabling a number of microscopy approaches
for protein visualization in living cells.

Mak er al. [14°] computationally redesigned the enzyme
KIVD for specificity towards the substrate 2-ketooctano-
ate. The ultimate goal was to modify a synthetic alcohol-
producing pathway to produce longer-chained alcohols,

such as 1-octanol. Longer-chained alcohols are desirable
because have a higher energy density, which may be
important for biofuel production. The authors used
RosettaDesign [15] to compute hydrophobic mutations
in ten residues of the KIVD active site, leading to a library
of 400 mutants. Single mutations that increased the
specificity for 2-ketooctanoate were combined, resulting
in a triple-point mutant with a 600-fold specificity switch.
The designed enzyme was tested in Escherichia coli cells
and showed an increase in the production of 1-heptanol
and 1-hexanol. Although the synthetic cells increased the
production of longer chained alcohols, they showed an
overall lower rate of alcohol production compared with
the native pathway. This decrease in alcohol production
was attributed to the toxicity of longer-chained alcohols.

Other efforts in enzyme redesign are worth noting even if
they were not directly tested 7z situ for a synthetic biology
application. Siegel e al. [16] tackled the challenge of
building enzyme products consisting of multiple carbons,
from a one-carbon substrate. They computationally
designed a novel enzyme, formalase, that transforms a
molecule with a single carbon into one containing three.
The enzyme was placed iz vitro into an enzyme pathway
where formate is converted into dihydroxyacetone phos-
phate. The authors also showed that the pathway could
potentially function in cells by expressing it in . co/i and
then testing cell lysates for activity. Chen et al. [17] used
an ensemble-based scoring method in the OSPREY pro-
tein design program [18] to switch the specificity of an
enzyme in the pathway of a nonribosomal synthetase that
produces a natural antibiotic. After computationally
designing distant stabilizing mutations the top enzyme
showed ~20% of the wildtype enzyme’s activity. Reeve
et al. [19] also used OSPREY to mutate an enzyme
towards resistance to an antibiotic, while maintaining
catalytic activity. The computationally predicted mutants
appeared in resistance selection experiments [19] with a
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Landscape of computational design approaches and potential applications in synthetic biology. Some examples include enzyme redesign,
enveloped protein nanocages, orthogonal synthetic pathways and cellular sensors for small molecule ligands. We predict that as computational
protein design methods advance towards more reliable de novo methods, this will open up new possibilities in all areas of synthetic biology.

compensating mutation and minimal fitness loss, showing
that computational methods can help in predict enzyme
mutations that are fit iz situ.

Designing a new catalytic pathway and placing it in a
cellular context has two main challenges. The first chal-
lenge is designing a protein with the catalytic rate
required by a specific application. This is particularly
difficult in de novo enzyme design, where the catalytic
machinery must be placed in a new scaffold protein, and
must be stable in the optimal transition states of the
enzyme. As the work of Mak ¢ a/. shows [14°], placing
a designed enzyme in an endogenous pathway may result
in cellular toxicity associated with the product of the
reaction. Thus, the second challenge is actually placing
the designed enzyme(s) in living cells, ensuring a correct
interplay with the host cell environment and other
enzymes in the pathway.

Engineering protein specificity

Redesigning naturally occurring proteins provides ample
opportunities to manipulate cellular pathways. Typically
this involves repurposing and modulating existing
protein—protein interactions (PPI) or protein-ligand
interactions in terms of affinity or specificity. Kapp
et al. [20] were the first to use computational design
methods to fine-tune a protein—protein interface relevant
for a signaling pathway, and tested its effect 7z situ. Their
work repurposed an endogenous activator-effector
pair centered on the PPI between a GTPase (Cdc42)
and its activator (Intersectin), and created an orthogonal
(orthoCdc42-ortholntersectin)  pair  that successfully
interacted with itself and avoided interactions with the
native counterparts. Iz ovitro characterization of the
designed proteins confirmed the 77 si/ico specificity switch
prediction: the designed orthoCdc42-ortholntersectin

pair showed a 478 nM affinity, while no detectable affin-
ity was measured for the natural counterparts. Structural
characterization confirmed the presence of the hydrogen
bond, even if some non-predicted structural distortions
occurred in second-shell residues. NIH 3T3 cells were
transfected with combinations of the native and designed
components, and it was confirmed that the orthogonally
designed components were functional iz situ [20].

De los Santos ez al. [21°] redesigned an existing protein—
ligand interaction to develop a vanillin sensor. The ulti-
mate aim was to design a feedback loop responsive to
vanillin that could react according to changing conditions.
Their starting point was the qacR protein, a transcription
factor that can be inhibited allosterically by multiple
ligands. The design objective was to alter the specificity
of the effector and essentially make a vanillin-responsive
qacR. Twenty-seven different computationally designed
proteins were tested 7z vitro in a cell-free system (TX-
TL) [22] where the activity of the designed qacR was
tested and showed vanillin-dependent activity. Two
gacR variants were also tested iz situ in E. coli cells,
where one of the variants was responsive to vanillin.
However, this E. co/i variant showed a diminished dou-
bling time, which the authors hypothesized may be
related to gacR toxicity.

Mandell ¢z /. [23°] used protein design to select residues
in essential enzymes from bacteria that could be rede-
signed to contain the non-natural amino acid (nnAA) L-
4,4'-biphenylalanine (bipA) as part of their amino acid
sequence. This effort had the final aim of creating bio-
contained auxotrophic bacteria dependent on external
supplementation of bipA, which could be used to prevent
genetically modified organisms from escaping to nature.
The design strategy was to identify essential K. coli

www.sciencedirect.com

Current Opinion in Biotechnology 2018, 52:145-152



148 Tissue, cell and pathway engineering

enzymes where core residues could be mutated to bipA,
while mutating the surrounding residues to accommodate
bipA. Six essential genes were designed to contain bipA,
two of which yielded bipA dependent bacterial strains.
The designed enzymes replaced the wildtype counter-
parts in bacterial cells, and the authors showed that the
biocontainment system was resilient against both escape
mutations and horizontal gene transfer.

In addition to the aforementioned work, other recent
methods in the design and manipulation of specificity
have shown promise for synthetic biology, even if they
were not directly tested in a cellular setting. Boyken ¢z a/.
[24] designed protein homo-oligomers using hydrogen-
bond networks in PPIs, and their method holds potential
for the design of protein-binding specificity in engineered
cells. Mills ez a/. computationally designed a metallopro-
tein by integrating a non-natural metal-binding amino
acid into the core of a scaffold protein [25]. In a later work,
these authors designed homotrimers nucleated by the
same non-natural metal-binding amino acid [26].

Controlling cellular pathways

The ability to control protein activity using external
stimuli (e.g. light or small molecules) has many important
applications in both fundamental and synthetic biology,
due to the need to control the precise timing and/or
localization of particular protein activities in cells.
Designed proteins can act as controllers or switches by
conjugating them to other proteins that carry out a specific
activity.

Protein engineering techniques have been successfully
used to create light-controlled protein switches [27-30],
but structure-based computational methods have had
minor roles. In contrast, in small molecule-controlled
activities, protein design has been shown to hold a greater
potential. One strategy to create small molecule-con-
trolled proteins fuses small molecule-responsive domains
to the target effector proteins. In one such example,
Dagliyan ez a/. [31°] used computational tools to perform
structure-guided design of a small molecule-responsive
protein, uniRapR, a synthetic regulatory domain respon-
sive to rapamycin. UnirapR was fused to several kinases
and was shown 7z vitro to yield constructs with rapamycin-
dependent activity. Src kinase fused to uniRapR was then
tested in Hela cells, where the presence of rapamycin
triggered a polarized spreading of the cells following Src
activation. After demonstrating that the uniRapR was
active 7z situ, the authors sought to test it 7z vivo, showing
that in the presence of rapamycin, Src-uniRapR induced
drastic alterations in the morphology of epidermal cells in
zebra-fish embryos.

In later work, Dagliyan ez a/. [32°] devised a structure-
based strategy to engineer allosteric control into signaling
proteins. The approach was tested with three different

signaling proteins: kinases, guanosine triphosphatases,
and guanine exchange factors. Remarkably, the method-
ology was used to fuse both light-sensitive (LOV2) and
drug-responsive domains (uniRapR) into the signaling
proteins. The experimentally tested proteins were active
and responsive to the external stimuli both 7z vifro and in
vivo, showing major effects in cell motility.

Tinberg er al. [33°] computationally designed protein
binders of the small molecule digoxigenin. Seventeen
designed proteins were experimentally characterized and
two were shown to bind. The top design, DIG.10, was
further optimized by library selection using yeast surface
display, with the designed proteins achieving sub-nano-
molar affinity. In a follow-up study, Feng ez a/. [34] used
these designs as proofs-of-concept in a general strategy to
design biosensors from computationally designed ligand
binders. Their strategy consisted of redesigning the
ligand-binding proteins (DIG.10, and a related proges-
terone-binding protein) for instability in the apo state,
and simultaneously, for stability in the ligand-bound
state. These conditionally stable proteins should be tar-
geted for degradation in cellular systems in the apo state.
Feng ¢z al. conjugated the protein sequence to transcrip-
tion factors and fluorescent proteins, and validated this
method in yeast cells, mammalian cells and a plant-based
sensor eukaryotic system. A similar study was later per-
formed by Bick ¢z a/. [35°] where the authors developed a
new method to bind non-polar small molecules based on
shape complementarity to scaffold proteins. Their
method was used to design a plant sensor for the highly
potent opioid fentanyl [35°].

Rose er al. [36°] used the BCL-XI/BIMBH3 protein—
protein interaction and its existing inhibitors to create an
intramolecularly regulated protein sensor. Specifically,
they created a chemically induced activator of the RAS
protein (CIAR). The core of this small molecule-regu-
lated sensor includes the domain architecture adopted for
its construction and the ability to inhibit the effector
domain by steric occlusion of its active site. The BiImBH3
peptide motif was fused onto the N-terminus of the
effector domain and the BCL-XL motif onto the C-
terminus. In a first validation 7z vitro, the CIARs showed
a dose-dependent response to the small molecule. In a
next stage, a construct with optimized linker lengths was
tested in cells, and the authors then focused on using
these molecules to interrogate key aspects of the RAS
signaling pathway.

"T'o enable the control of a wider range of protein activities
using more diverse small molecules, it is critical to accu-
rately design novel protein-small molecule binding pairs.
T'o this end, several important contributions have been
made during the last few years in the design of ligand-
binding proteins (e.g. [33°,34]). Furthermore, as protein
design techniques advance, it may become possible to
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design light-sensitive proteins ¢ #0vo, enabling the exter-
nal control of cells through distinct light spectra, poten-
tially avoiding the toxicity of the blue light intensities
required in some of today’s systems [37]. We can envision
that in the future, synthetic biologists will be able to
control cellular activities with designer-made proteins
that are switched ON or OFF through safe amounts of
light or well-tolerated small molecule drugs.

High-order protein assemblies

High-order protein assemblies are one of the most excit-
ing areas in protein design with many potential applica-
tions in synthetic biology. This is particularly relevant in
light of the many important roles that macromolecular
machines play in central biological processes. Hsia e7 a/.
[38] designed a 60-subunit icosahedron particle. Their
computational approach used known protein trimers as
building blocks, which were then assembled into an
icosahedron and the interfaces designed using Rosetta.
Experimental characterization demonstrated that the par-
ticles were extremely stable, and structures determined
through cryo-electron microscopy showed that the
computational models very closely resembled the
designed molecules. In a subsequent study, Votteler
et al. [39°] engineered the icosahedron particles into
nanocages capable of inducing the formation and releas-
ing of extracellular vesicles. The authors refer to these
biomaterials as enveloped protein nanocages (EPNs).
The nanocages were designed and validated i situ to
accomplish three distinct functionalities: membrane
binding, self-assembly, and recruitment of the endosomal
sorting complexes to promote release from the cell.

Using proteins as building blocks for larger assemblies has
recently resulted in a number of important achievements
relevant to protein design and with potential applications
for synthetic biology. Tezcan and co-workers [40] ratio-
nally designed a tetrameric protein complex from mono-
meric redox enzymes. The tetramer displayed B-lacta-
mase activity and was shown 7z situ to confer antibiotic
resistance. Thomson ez a/. [41] developed and validated iz
vitro a structure-based method to design channel-contain-
ing soluble coiled-coils. King ez /. developed a computa-
tional method to design nanocage-like particles with
homo-oligomer subunits [42] and hetero-oligomer sub-
units consisting of two different proteins [12]. This
methodology was later extended to megadalton 120-sub-
unit proteins [43]. Fallas ez @/. [44] developed a method to
design homo-oligomers with cyclic symmetry and vali-
dated it using dimers, trimers, tetramers and pentamers.

Outlook for synergies between protein design
and synthetic biology

One of the major hurdles between protein engineers and
synthetic biologists lies on the timespan that it takes to
design an optimal functional protein to perform a specific
purpose in the cell. Technical improvements in DNA

synthesis and sequencing, high throughput screening,
computational power, and computational protein design
methodologies will expand our capability to quickly
design and characterize novel protein sequences
[45,46]. These advances will in turn significantly diminish
the time requirement necessary to develop new, custom-
built parts for synthetic pathway construction.

On the other hand, in a synthetic biology setting the
complexity of the design objective is often incompletely
defined. While we can clearly define the main function
that a protein should have (e.g. binding, catalysis, assem-
bly, efc.), generally we will not be able to anticipate all the
possible events that may occur when a designed protein is
placed in a cellular context, such as toxicity [14°] or
interaction with endogenous proteins. These factors tre-
mendously complicate the evaluation of the design out-
come; if failure occurs, it may be difficult to uncover the
exact reason for a poor outcome. However, technical
advances such as high-end microscopy [47] proteomics
and genomics can help us to profile cellular phenotypes at
high resolution and thus illuminate potential pitfalls of
the designed proteins.

There are a number of problems where structure-based
design is likely to make an impact in synthetic biology
applications. Beyond those highlighted in this review,
there are other topics worth mentioning, for instance: the
capability to design improved and/or controllable genome
editing tools; optogenetics and the control of different
proteins with light; and the design of membrane proteins
for the generation of signaling pathways, which although
in its infancy, recently saw development of the first de
novo membrane channel [11].

Finally, technical advances in protein design, specifically
flexible backbone approaches and ¢ novo design
approaches, will open new avenues for the design of
functional proteins which can be used as building blocks
for synthetic biology componentry. Efforts in these
research directions have started to emerge and we antici-
pate that in the near future, we will see many more
advances using structure-based strategies with applica-
tions that will profoundly impact synthetic biology.
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