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ABSTRACT The elaborate spatial organization of cells enhances, restricts, and regulates pro-
tein–protein interactions. However, the biological significance of this organization has been 
difficult to study without ways of directly perturbing it. We highlight synthetic biology tools 
for engineering novel cellular organization, describing how they have been, and can be, used 
to advance cell biology.

INTRODUCTION
Synthetic biology seeks to use cellular modularity to predictably 
build living systems that do useful things. Historically, many of the 
fruits of the field have been genetic circuits—elements that can re-
member, report on stimuli, and perform simple computational tasks. 
Other engineered products include synthetic genomes, as well as 
proteins endowed by design with novel functions.

Synthetic biology’s engineering principles can also be ap-
plied to interrogate and perturb natural cellular function. In fact, 
nearly every article published in Molecular Biology of the Cell 
already makes use of engineered proteins through fluorescent or 
affinity tags that long ago entered into the standard cell biologi-
cal toolkit. Although these methods have permitted the observa-
tion of cellular organization at a fine scale, our tools for perturb-
ing that organization are somewhat blunt. Drugs, mutagenesis, 
and tunable chemical and physical environments may have im-
precise or incomplete effects. The growing field of synthetic bi-
ology, however, offers new approaches for modifying cellular 
organization at a molecular level.

In this Perspective, we first present prevailing views on the im-
portance of mechanisms for generating cellular order. Next we high-
light examples of how the engineering of molecular interactions has 
enabled researchers to understand principles of cellular organiza-
tion. Finally, we discuss how new developments in synthetic biology 
will advance our knowledge of cellular function, which, in turn, will 
enable us to design more complex living systems.

Why ORgANIze?
Specifying molecular localization provides a powerful way of 
selecting for and against biological interactions resulting in 
tunable mechanisms for regulation (Figure 1). Thus, confining 
free diffusion, either by reducing its dimensionality or by corral-
ling it in a physical compartment, not only can protect proteins 
from off-target effects, but also can enhance desirable interac-
tions. For example, the reduction of diffusion dimensionality can 
reduce the search time for finding an on-target interaction. 
The classic case study is DNA-binding proteins, which appear 
to find their targets two orders of magnitude faster than 
would be predicted by free diffusion (Riggs et al., 1970; Elf et al., 
2007). This effect is also seen in the confinement of membrane 
components to two-dimensional spaces (Saffman and Delbrück, 
1975).

The establishment of a physical compartment offers several 
additional benefits over colocalization, namely 1) creating unique 
microenvironments, 2) protecting contents from side reactions, 
and 3) isolating toxicity from the rest of the cell. These microenvi-
ronments, such as specialized pH or redox states, can specifically 
enable cargo function within the compartment. Classically, the 
proton gradient of mitochondria is essential for function of the 
electron transport chain, and in the lysozome, acid hydrolases are 
pH regulated, such that they are active only within their compart-
ment. This protects cellular contents from off-target degradation. 
The isolation works both ways, however, as compartmentalization 
insulates contents from inefficient side reactions. For example, 
one model suggests that the shell of the carboxysome, a pro-
teinaceous carbon-fixing compartment in cyanobacteria, is selec-
tively impermeable to O2, a high-affinity, but unproductive, sub-
strate for ribulose-1,5-bisphosphate carboxylase oxygenase 
(Kinney et al., 2012). These cases highlight the incentive to build 
synthetic compartments to optimize redesigned biological 
functions.
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We can now also consider creating unique environments with 
engineered compartments. For example, vesicles can be formed in 
bacteria expressing eukaryotic calveolin (Walser et al., 2012). 
Because this approach causes vesicles to be pinched from the 
cell membrane, the contents and chemical environment inside the 
vesicles are identical to the periplasm. However, targeting other 
proteins such as transporters to these vesicles may facilitate modu-
lation of the internal microenvironment. Protein-based microcom-
partments such as carboxysomes could prove to be an even more 
tractable solution, as they can be heterologously expressed, with 
cargoes targeted to their lumens by fusion to their endogenous car-
goes (Bonacci et al., 2012) or, for certain compartments, short pep-
tide-targeting sequences (Fan et al., 2010).

Approaching extreme forms of synthetic intracellular complexity, 
we can engineer endosymbiotic relationships that may mimic early 
evolutionary events such as creation of the chloroplast. Recently 
cyanobacteria have been shown to survive and divide for limited 
periods inside human cells and those of growing zebrafish (Agapakis 
et al., 2011). To create a truly mutualistic relationship, the bacteria 
must be able to export significant quantities of beneficial products. 
We engineered cyanobacteria to export sucrose (Ducat et al., 2012), 
but not in a manner compatible with intracellular life. Briefly, an 
Escherichia coli sucrose symporter was cloned into Synechococcus 
elongatus. Because the cyanobacteria basify their media, the sym-
porter runs in the opposite direction in these cells, pumping sucrose 
out instead of in. Sucrose is naturally produced by cyanobacteria to 
balance osmotic pressure; therefore adding salt to the symporter 
strain causes accumulation of >10 mM sucrose in the media. How-
ever, the cyanobacterial proliferative capability is likely to be limit-
ing in providing a significant benefit to the host.

Sucrose is only one of the many commodities being produced by 
engineered cells; so are alkanes (Howard et al., 2013) and a precur-
sor to the antimalarial drug artemisinin (Paddon et al., 2013). One of 
the benefits of synthetic biology is that these products or proteins 
need not be natural; for example, E. coli has been engineered to 
respond to Pseudomonas aeruginosa quorum-sensing molecules 

STRATegIeS fOR eNgINeeRINg SUBCellUlAR 
ORgANIzATION
How can cell biologists probe, perturb, and build upon the spatial 
organization of the cell? For directing interactions between pro-
teins, many tools are entering into common use. For example, 
there are a variety of dimerization tags that can be used to induce 
colocalization, such as leucine zippers, LIM domains, and glutathi-
one S-transferase. The most popular family is arguably that of the 
inducible heterodimerizing or homodimerizing FKBP domains 
(Rivera et al., 1996; Rollins et al., 2000), which create interactions 
that can be modulated by the addition of small molecules. For 
more complicated signaling needs, scaffolding proteins can also 
be engineered to control and rewire signaling cascades (reviewed 
in Good et al., 2011).

Engineering protein interactions on other types of scaffolds and 
surfaces, such as membranes or nucleic acids, are less explored. 
RNA scaffolds, originally designed as a modular and scalable way to 
engineer reactions, could present a way to study diffusion on a sur-
face (Delebecque et al., 2012). Diverse classes of biomolecules can 
be localized to RNA scaffolds, and their spacing, orientation, and 
stoichiometry can all be controlled. DNA origami offers similar op-
portunities for specific molecular localization in vitro; this technol-
ogy was recently used to observe the motile behavior of dynein and 
kinesin (Derr et al., 2012). RNA scaffolds may permit experiments 
like these to be carried out inside cells.

The tools of synthetic biology have also been effectively used to 
study how compartments interact with one another. Kornmann et al. 
(2009) constructed a synthetic tether between mitochondria and the 
endoplasmic reticulum (ER), enabling its use as a “crutch” in a screen 
for proteins responsible for ER–mitochondrial contacts. Flux through 
the Golgi apparatus has been investigated with the expression of 
procollagen, which forms an aggregate too large to fit into transport 
vesicles (Bonfanti et al., 1998). Recently FKBP repeats were used to 
create inducible “staples” in the lumen of the Golgi, enabling re-
searchers to study whether cisternae move through the stack (Lavieu 
et al., 2013; Rizzo et al., 2013).

fIgURe 1: Natural and synthetic cellular organization. (A) In a bacterial cell, protein–protein interactions may be 
facilitated by tandem domains or shared affinity for a certain intracellular region or surface (such as the nucleoid). 
Furthermore, proteins may be encapsulated in compartments comprising either membranes (i.e., the periplasm) or 
proteins (microcompartments). (B) Engineered localization tools can be as simple as fusion to dimerizing domains. 
Scaffolds, whether protein or RNA based, can also organize interactions. Finally, cargoes can be corralled in 
membranous vesicles and proteinaceous compartments.
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with the production of a chimeric bacteriocidal agent that specifi-
cally inhibits the growth of the pathogens (Gupta et al., 2013). In the 
future, the introduction of alternative biosynthetic pathways will 
enable the engineering of stable endosymbiosis.

NeW TOOlS fOR UNANSWeReD qUeSTIONS
Much of cell biology relies on three major techniques to modify pro-
teins: 1) removing them with a knockout or knockdown, 2) locking 
them into a given state, as with phospho-mimetic and phospho-null 
mutants, and 3) labeling them with synthetic fusions to reporters like 
green fluorescent protein. Synthetic biology aims to expand the 
biological toolkit to control localization and compartmentalization, 
allowing us to address new, unanswered questions. For example, 
what is the role of diffusion in biochemical reactions, and what are 
the thermodynamic and kinetic benefits of localization at different 
scales? Whereas theoretical models may inform our understanding 
of interactions between proteins in solution, the complex viscoelas-
tic properties of the cytoplasm (Weber et al., 2010) are difficult to 
specifically recreate in a test tube, as are affinities for scaffolds and 
confinement within compartments. Thus, engineering localization 
and compartmentalization may offer a way to study interactions in 
their native chemical context, offering the additional benefit of 
allowing understanding of the interplay of confinement to scaffolds 
and insoluble phases in facilitating intermolecular interactions.

Furthermore, as synthetic biology advances toward its engi-
neering goals, the artificial test cases created uncover basic bio-
logical questions. For example, although engineering a true symbi-
otic relationship is left to the future, the finding that Gram-negative 
cyanobacteria do not kill human and zebrafish cells after injection, 
as E. coli does, raises questions about how and why specificity in 
cellular response to invasion evolved. Expanding our knowledge of 
cellular function will, in turn, enable us to engineer living systems in 
ways we cannot yet imagine.
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