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Dissociating the complexity of metabolic processes into modules is a shift in
focus from the single gene/gene product to functional and evolutionary
units spanning the scale of biological organization. When viewing the levels
of biological organization through this conceptual lens, modules are found
across the continuum: domains within proteins, co-regulated groups of
functionally associated genes, operons, metabolic pathways and (sub)cellular
compartments. Combining modules as components or subsystems of a larger
system typically leads to increased complexity and the emergence of new func-
tions. By virtue of their potential for ‘plug and play’ into new contexts,
modules can be viewed as units of both evolution and engineering. Through
consideration of lessons learned from recent efforts to install new metabolic
modules into cells and the emerging understanding of the structure, function
and assembly of protein-based organelles, bacterial microcompartments, a
structural bioengineering approach is described: one that builds from an archi-
tectural vocabulary of protein domains. This bioarchitectonic approach to
engineering cellular metabolism can be applied to microbial cell factories,
used in the programming of members of synthetic microbial communities or
used to attain additional levels of metabolic organization in eukaryotic cells
for increasing primary productivity and as the foundation of a green economy.

This article is part of the themed issue ‘Enhancing photosynthesis in crop
plants: targets for improvement’.

1. Modules in biology

The establishment of mitochondria and chloroplasts, dedicated compartments for
the reactions of cellular respiration and oxygenic photosynthesis, is a widely
regarded key event in the evolution of eukaryotic complexity [1]. These physical
structures not only insulate pathways to improve flux, but also serve to confine
highly reactive species. Likewise, the evolution of morphological complexity
and diversity in higher organisms such as plants and animals has been attributed
to hierarchical, modular construction using reiterated parts [2]. This characteristic
division of labour in eukaryotic organisms, whether conferred by organelles or
from supervening organizational levels of specialized cells, tissues, organs and
systems to morphological traits and beyond, can be viewed as nested or hierarch-
ical bioarchitecture; effectively, biological units are combined and organized into
progressively more complex, higher order structures. The explanatory power of
the concept of recursive modularity has been a major force in unifying the
fields of eukaryotic evolution and development into “‘Evo—Devo’ [3-5].

At the same time, it is becoming apparent that the concept of modularity links
evolution and bioengineering. Recursive modularity also extends subcellularly
and can be used to dissociate the complexity of cellular metabolism into recurring
patterns of semi-autonomous functional units: pathways, enzymes, protein
domains (figure 1). The nested forms of modularity and hierarchy exhibited by
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Figure 1. Russian nesting doll (matryoshka) analogy for recursive modularity in cellular metabolism. (a) The conceptual nesting of modules in a cell such as a
cyanobacterium which contains, for example, (b) light harvesting modules, multiple pathways and carboxysomes, which are composed of proteins, which are com-
posed of domains, the basic unit of protein fold and function. (c) Enzyme-centric view of pathways in which enzymes are visualized as nodes and the boundaries of
the pathway module are demarcated by the flow of metabolites. Rewiring metabolite flow with the addition of new enzymes and the altering of native connections

allows new pathway modules to be constructed. (Online version in colour.)

cellular metabolism have been suggested to reflect stages in the
emergence of catalytic control by living systems over macro-
molecular organic chemistry [6]. In contrast with eukaryotic
organisms which diversify in cell types and body plans, the
evolution of bacteria can be described as a history of metabolic
diversification, driven by the relatively facile (compared to
endosymbiosis) horizontal transfer of genes and gene clusters.
This has a contemporary counterpart in the ability to fabricate
DNA and transform and edit genomes, thereby creating new
opportunities for engineering modules into cells.

Understanding the multi-scale modular architecture of
cellular metabolism in eukaryotic and prokaryotic cells is a pre-
requisite to its engineering. The concept of modularity has been
particularly valuable in the merging of engineering and biology
into synthetic biology. As a conceptual framework, it simplifies
the engineering process by describing functional building
blocks according to modular properties. Each module is an end
and a means, semi-autonomous, but yet a building block that
canbe used to increase the complexity of function and adaptation
to new contexts and environments. In synthetic biology, molecu-
lar elements can be categorized as “parts’ (the lowest level of the
hierarchy) that can be used to construct devices (parts assembled
together to yield a desired function), which can in turn be further
combined into devices or modules.

Implicit bioengineering is the idea
that biological systems are composed of functional modules
that can be individually swapped or inserted into other sys-
tems, leading to a change in the overall characteristics of
the system. This ability to affect the system is predicated on
the ability to integrate the new module with the extant
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metabolism. As in the ancient symbiosis leading to the chlor-
oplast, connecting the module to the host system to enable its
function is critical. At the same time, the module will fail if it
causes too extreme perturbation of the native metabolism; the
means for interfacing of a newly introduced module with the
host metabolism is a key design requirement, comparable in
importance to the design of the module itself.

Recently, there have been several advances in engineer-
ing bacterial cells with metabolic modules in the form of
pathways. The studies referred to here focus on improving
CO, fixation (only a few examples are chosen; this is not
intended to be a review of the literature). They underscore the
challenges associated with introducing a module that must sim-
ultaneously interface with, and be insulated from, portions of
the host metabolism. Physical compartmentalization, as in
eukaryotic organelles, is useful to gain control over this balance.

Unlike eukaryotic organelles, which rely on lipid-based
membranes, bacterial microcompartments (BMCs) such as car-
boxysomes offer a design template for building multi-enzyme-
containing organelles that can be encoded by a DNA blueprint
[7]. The selectively permeable ‘membranes’ of BMCs are com-
posed of proteins that self-assemble with the constituent
enzymes. Recent progress in the structural biology of BMCs
has provided the requisite physical description of the building
blocks, which, combined with a knowledge of their functions
and their interactions in BMC assembly, makes the goal of
designing and building dedicated protein-based compart-
ments attainable [7-10]. Such a bioarchitectonic approach
coupled with advances in DNA fabrication, genome editing
and ancestral sequence reconstruction [11] to resurrect rela-
tively promiscious enzymatic activities [12,13], coupled with
laboratory evolution, provides unprecedented opportunities
to endow cells with new modules to increase their complexity,
and concomitantly their programmable control.

2. Modular engineering of metabolic pathways

and cycles

Although the organelles of eukaryotic cells as structurally
defined metabolic spaces are arguably the most recognizable
metabolic modules, a subcellular module does not have to be
a single physical entity defined in time and space but may be
conceptualized as a pathway or a process [14]. This is apparent
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if one visualizes pathways with an enzyme-centric view, ren-
dering the enzymes as the nodes connected by the successive
substrates and products (figure 1c). From this perspective,
the movement of metabolites within the pathway abstractly
demarcates the module boundaries. At the same time, pathway
modules are linked to one another by metabolites, invoking a
basic requirement of modular engineering: design and con-
struction of semi-autonomous functional units must include
the means for inter-module connections.

Installed, heterologous pathways need the requisite sub-
strates for their function, typically by draining metabolites
from native host pathways. But with the increased demand for
metabolites in an engineered cell, the supply may be insulffi-
cient, causing the perturbation of the function of native
pathways, or simply resulting in too little input for the installed
pathway to function. This was evident in our recent attempt to
improve photorespiration in cyanobacteria [15]. Given the
intractability of improving Rubisco, the underlying motivation
was to build a synthetic pathway with several advantages
over naturally occurring salvage pathways. In comparison
with natural photorespiratory pathways, the synthetic bypass
would not only prevent the loss of NH; but also result in a net
gain in carbon fixation rather than a net loss. The designed path-
way used oxygen-tolerant enzymes that are components of the
3-hydroxypropionate bi-cycle, an alternative autotrophic CO,
fixation pathway found in the green, non-sulfur thermophile
Chloroflexus aurantiacus [16]. One turn of the designed cyclic
photorespiratory bypass consumes glyoxylate, fixes bicarbonate
and ultimately leads to the production of pyruvate which can be
used directly for biosynthesis or to replenish the Calvin-
Benson-Bassham (CBB) cycle.

To build the synthetic salvage module to reassimilate the
photorespiratory by-product glyoxylate, six genes, encoded in
assembled DNA constructs spanning more than 16 kb, were
required [15]. All of the enzymes were shown to be active
in cyanobacterial extracts. However, there was no resulting
phenotype, even under conditions known to exacerbate photo-
respiration. The bottleneck was traced by examining reactions
rates of enzymes that produce metabolites to feed the installed
module [15]. For example, the measured activity level for native
acetyl-CoA carboxylase, which feeds substrate into the syn-
thetic bypass, was close to or below the detection limit of the
assay, suggesting that manipulating this enzyme to increase
its product levels would be needed for it to support both
native metabolism and the installed module.

In addition to engineering photorespiration, other efforts to
enhance CO; fixation have sought to circumvent the involve-
ment of Rubisco altogether. Various synthetic carbon fixation
pathways have been designed computationally by mining
parts from enzyme databases and building pathways in silico
[17]. Another recently reported approach to engineering auto-
trophy involved repurposing enzymes already available in
the host organism [18]. Using computational approaches,
Antonovsky et al. inventoried Escherichia coli for ‘parts’ that
could be used to construct the CBB cycle for CO, fixation.
Indeed, most of the reactions of the CBB cycle take place in
the context of glycolysis and the pentose phosphate pathway,
albeit in the reverse direction relative to their role in the CBB
cycle. Only the carboxylation of RuBP by Rubisco to form
3-phosphoglycerate is unique to the CBB cycle. In the design,
the enzymes of gluconeogenesis were dissociated from their
native pathways by severing connections among the native
E. coli pathways (metabolic modules). The disconnected

enzymes could then be constellated into a new functional [ 3 |

module (figure 1c), with the addition of the enzymes not
native to E. coli (phosphoribulokinase and Rubisco). However,
similar to the attempt to install the synthetic photorespiratory
bypass, the CO, fixation module was tolerated, but not able
to render the E. coli capable of growth on CO; alone. Laboratory
evolution was subsequently imposed to force the engineered
E. coli to rely on the CO, fixation module. Interestingly, by
sequencing the genomes of the evolved strains, it was found
that the mutations were in genes for enzymes that controlled
flux points from the module, not in the parts of the module
itself. The results underscore the importance of metabolites in
‘structuring’ module boundaries and inter-module connec-
tions; unwanted cross-talk accounts for a significant challenge
in the design and construction of synthetic pathway modules.

3. Physically insulated metabolic modules in
bacteria: bacterial microcompartments

As these examples illustrate, metabolites must achieve an
exquisite balance between demarcating module boundaries,
and providing inter-module communication. Structuring
and enclosing metabolic space with a selectively permeable
membrane offers a solution for achieving this balance. In orga-
nelles, a physical barrier such as a lipid bilayer establishes the
module boundary and by tuning the permeability of this barrier
metabolites can then be selectively partitioned into a pool
confined to the module and those that establish connections
among modules in the cytosol.

The presence of organelles has long been considered a key
distinction between prokaryotic and eukaryotic cells. However,
already more than 50 years ago, there were hints of higher
order organization in bacterial metabolism with the discovery,
by electron microscopy, of carboxysomes in cyanobacteria [19]
(figure 2). These large (approx. 100-600 nm diameter [21])
polyhedral bodies sequester carbonic anhydrase and Rubisco
within a protein shell, thereby concentrating substrates and pro-
tecting Rubisco from oxygen generated by the light reactions
(figure 3a). Two distinct types of carboxysomes are known, o
and B, encapsulating Form 1A and Form 1B Rubisco, respect-
ively [22].

The carboxysome was long thought to be a peculiarity con-
fined to cyanobacteria. It is now known, by the detection of
homologues to carboxysome shell protein genes in sequenced
bacterial genomes, that such BMCs are widespread among
the bacteria. Common to all BMCs is a shell composed of hom-
ologous proteins that form hexamers (BMC-H proteins), trimers
that form pseudohexamers (BMC-T proteins) and pentamers
(BMC-P proteins) (figure 2c). A comprehensive identification
and taxonomy of BMCs, based on their component parts
which were defined as protein domains, was compiled in
2014, revealing an array of different functional types, found
across 23 bacterial phyla [23]. With the increasing emphasis
on sequencing of diverse microbial genomes, new candidate
phyla and microbial dark matter have undoubtedly added to
the number and the diversity of BMCs to be found in databases.

BMCs colocalize enzymes constituting segments of meta-
bolic pathways to enhance flux (figure 3). The majority of
BMCs are not involved in CO, fixation but are involved in
catabolic reactions. Many of the latter, also referred to as
metabolosomes, share a metabolic core (figure 3b) compo-
sed of an acylating aldehyde dehydrogenase, an alcohol
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Figure 2. BMC architectures. (a) Electron micrograph of the cyanobacterium Synechococcus PC(7942 containing numerous carboxysomes (arrows).

(b) Empty 8

carboxysome shells produced in and purified from £. coli, stained with ammonium molybdate and visualized on an electron microscopy grid (see [20] for details).
(c) Schematic of the structural elements of bacterial microcompartment shells. Electron micrographs courtesy of Dr Fei Cai. (Online version in colour.)

(@)

RuBP
RuBP
®
’

CA CO,
HCO}\ /

anabolic (carboxysome)

(©)

BMC-H BMC-T BMC-P
shell

(b)

*
-‘
2>< 3-PGA

RuBisCO

core enzyme(s) signature enzyme

signature N
enzyme

ancillary
(e. g. positioning)

transporter(s) regulation

Figure 3. BMCs are metabolic modules encoded by genetic modules. Schematics of (a) carboxysome and (b) metabolosome function. (c) Genes for the structural
components of the BMC well as gene products providing supporting functions (e.g. transporters for bringing substrates into the cell; cytoskeletal elements for
positioning the organelle) are typically encoded together in a genetic module. (Online version in colour.)

dehydrogenase and a phosphotransacylase [7,23]. These
three enzymes work in concert to metabolize a substrate
generated by a signature enzyme, for example, ethanolamine
ammonia lyase or propanediol dehydratase. BMCs share the
hallmark attributes of membrane-bound organelles, confin-
ing toxic metabolites, functioning to insulate reactions from
competing pathways, and protecting labile enzymes, cofac-
tors and damage-prone metabolites by establishing a
controlled environment within a selectively permeable
protein shell. However, there is a fundamental difference
between the permeability properties of membrane-bound
organelles and the shells of BMCs; they have inverse selectiv-
ity. BMCs are permeable to small charged and polar
substrates (the pores in shell proteins range from 4 to 14 A
[24,25]) and are relatively impermeable to non-polar mol-
ecules, such as CO, [26,27].

BMCs are typically encoded in loci that contain genes not
only for the shell and the component enzymes, but also for
membrane proteins presumed to be important for cellular
uptake of the substrate(s) for the organelle. Putative cyto-
skeletal elements for positioning the organelle (figure 3c)

are frequently also found in these loci, suggesting that, as
for chloroplasts, the subcellular location/distribution of
BMCs is important to function. The obvious rampant hori-
zontal gene transfer of BMC loci [23] may be reflective of
the adaptive value of compactly organizing the structural
and ancillary genes for BMC function, enabling their incor-
poration into host metabolism. Indeed, prokaryotic gene
clusters such as those encoding BMCs have been proposed
to constitute ready-made genetic modules for plug and play
applications in synthetic biology [28]. The carboxysome, for
example, has attracted extensive attention for its potential to
confer or enhance the capacity for CO, fixation by Rubisco.
Early efforts by researchers to transfer BMCs across species
focused on structural components of the organelles, achieving
some success. The core locus of the a carboxysome has been
expressed in E. coli and the associated Rubisco was shown to
be active [29]; likewise the propanediol utilization microcom-
partment was fully functional when genes for its assembly
were transferred from the native host (Citrobacter) to E. coli
[30]. In the first demonstration of heterologous expression of
BMC proteins across kingdoms, shell protein genes as well as
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core components of the 3 carboxysome, including cyanobacter-
ial Rubisco, have been expressed in chloroplasts [31,32].

4. Assembly and engineering of the
carboxysome

In addition to using naturally occurring BMCs such as carboxy-
somes for metabolic engineering, BMCs provide a design
template for building protein-based organelles that could be
used to insulate heterologous pathways to prevent cross-talk,
to establish private cofactor pools or to spatially colocalize
enzymes to improve flux [7-9]. Understanding how BMCs
self-assemble is fundamental to efforts to take advantage of
this architecture in bioengineering. Do they assemble like
eukaryotic organelles, in which component proteins are targeted
to a pre-formed compartment? Or does the core assemble first,
followed by encapsulation within a shell? Interestingly, there
appear to be two different modes of BMC biogenesis, one invol-
ving co-assembly of shell and core enzymes, exemplified by the
o carboxysome [33,34]. The second type, demonstrated for the 8
carboxysome, in which the catalytic core assembles first fol-
lowed by encapsulation, is proposed to also apply to the
majority of metabolosomes [7,35-37].

Despite the importance of the core enzymes for either mode
of assembly, empty BMC shells can self-assemble when the con-
stituent proteins are expressed in E. coli [20,38,39]. These tend to
be smaller than their packed counterparts (figure 2b). Such
empty shells could serve as three-dimensional, polyvalent scaf-
folds for enzymes, achieved by fusion of enzymes to the
constituent shell proteins. This will perhaps require a mixture
of native BMC-H proteins as well as their fusion counterparts;
this was, for example, necessary when shell proteins were modi-
fied with GFP [35]. It seems likely that this is required because
steric hindrance by the fluorophore precludes formation of a hex-
amer or the assembly of hexamers into a facet.

While it is possible to target proteins to BMC shells using
encapsulation peptides which are thought to mediate inter-
action between the enzymatic cargo and the shell [37,40,41],
designs that compartmentalize multiple enzymes take full
advantage of the potential of BMCs. As proof-of-principle of
the potential for designing BMC catalytic cores based on knowl-
edge of the structure and interactions of protein domains, we
undertook a re-design to simplify the B carboxysome core; the
re-engineering also provided a test of our understanding of
the principles of assembly for the § carboxysome. Using knowl-
edge of the sequence of protein domain interactions in the
course of carboxysome biogenesis, a synthetic gene for a chi-
meric protein was designed that functionally replaces four
different gene products in carboxysome assembly [42]. Only a
subset of the native complement of protein domains in the car-
boxysome core was selected, and their coding sequences fused
together in a specific order anticipated to preserve critical
interactions in carboxysome assembly. The resulting chimeric
protein combined domains for Rubisco nucleation, and carbonic
anhydrase activity followed by an encapsulation peptide
for interaction with the shell [36,37]. Notably, the design of the
synthetic core protein rendered some of the native protein
domains dispensable, thereby reducing the amount of DNA
needed and reducing the number of genes necessary to form a
carboxysome core with Rubisco from four to one. The resulting
streamlined carboxysomes were shown to support photo-
synthesis in cyanobacteria. Because there is a clear read-out

for both structure (visible in micrographs) and function “

(photoautotrophic growth in air, without additional CO, sup-
plementation), the B carboxysome provided an ideal model
system for demonstrating the potential for domain-based
re-engineering of BMC cores.

5. Bacterial microcompartment architectonics:
engineering metabolic modules based on
domain folds and functions

Several lines of evidence (summarized in [7]) suggest that the
majority of BMCs assemble as a series of interacting protein
domains that coalesce and are subsequently surrounded by
the shell. Given that protein domains are the structural, func-
tional and evolutionary units of proteins, (re-)engineering
BMCs and other large multi-protein macromolecular assem-
blies may be tractable by focusing on domain structures and
interactions, leveraging the inherent modularity of proteins
for building new subcellular architectures. In this approach,
protein domains constitute the architectural vocabulary for
constructing new kinds of metabolic compartments. In prac-
tice, such a structure-based bioarchitectonic strategy involves
surveying encapsulated protein folds in known BMCs to
serve as the set of building blocks for engineering catalytic
activities. In general, the functions supported by fold families
are typically broad; diverse catalytic activities are frequently
supported by the same structural scaffold [43-45]. The TIM
barrel fold found in several types of BMCs [23], for example,
carries out hundreds of different kinds of catalytic reactions
in nature [43]. The diverse protein fold families that assemble
into BMCs can accordingly be viewed as a set of generic build-
ing blocks that can be customized for function.

A fold-based construction of new kinds of BMC cores using
naturally encapsulated folds can be approached in two distinct
ways; either conversion of a natively encapsulated enzyme into
a member of the same fold family with the desired activity
(i.e. active site conversion), or, by contrast, taking a cytosolic
enzyme and endowing it with the attributes of an encapsulated
member of the same superfamily. For example, several different
types of BMCs encapsulate glycyl radical enzymes (GREs) with
diverse functions [46]. Bioinformatic analysis in conjunction
with structural modelling could be used to identify features
of an encapsulated Bl2-independent diol dehydratase [47]
(a member of the GRE family of enzymes) likely to be important
for encapsulation by comparison with its non-BMC-associated
counterparts. The identified encapsulation peptides and
surface features for domain interactions could be engineered
into pyruvate formate lyase (PFL), a cytosolic enzyme that is a
member of the GRE family, to endow it with the necessary
structural attributes (e.g. an encapsulation peptide) to promote
packaging into a BMC. This could be useful, for example, in
promoting formatrophic growth of E. coli [48,49].

A second strategy involves converting the active site of a
naturally encapsulated GRE into that of a PFL. While making
systematic point mutations to convert the active site of
an encapsulated GRE into that of PFL sounds simple, in prac-
tice such active site transformations have proven challenging,
with the reasons for failure often not readily apparent. An
alternative approach would be to use ancestral sequence recon-
struction methods to resurrect a primordial encapsulated GRE
sequence followed by laboratory evolution to canalize the
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specificity of its reaction [44]. The cyanobacterial carboxysome,
with its sensitive read-out for form and function, again provides
anideal model system to test this general strategy. A recent report
described how resurrected, ancestral Rubisco large subunits
could be packaged into cyanobacterial carboxysome shells [50],
demonstrating how ancestral sequence reconstruction can
potentially be combined with BMC engineering.

In conjunction with constructing catalytic cores from
protein domains, designing physically compartmentalized
metabolic modules also requires tailoring the permeability
properties of the protein shell to support the encapsulated
reactions. Shell protein hexamers and pseudohexamers are
typically perforated by pores that allow diffusion of metab-
olites into the BMC (figure 2c). Several studies have probed
the underlying determinants of this selectivity [51,52].
Manipulation of both the size and the charge of the residues
surrounding the pores can be used to gain control over their
selective permeability. Recently, advances have been made in
endowing the shell with a function beyond serving as a selec-
tively permeable barrier. In a step towards building synthetic
BMCs for redox reactions, shell proteins have been engin-
eered to bind iron-sulfur clusters [53]. The conversion of a
passive barrier into a redox active membrane represents a
major advance in the construction of tailor-made nanoreac-
tors for biotechnological applications that can be connected
via electron reactions with the rest of cellular metabolism.

The ability to transfer electrons and other high-energy
intermediates between BMCs and the cytosol expands the
range of nanoreactors that could conceivably be designed.
Would it be possible to build a BMC for nitrogen fixation—a
nitrogenosome? Given the observation that ATP-dependent
enzymes are associated with BMCs [7,46,54], it seems that
ATP can cross the shell in some as yet uncharacterized way.
For a nitrogenosome core, the carboxysome assembly pathway
provides a model for how nitrogenase could be assembled first,
followed by encapsulation within a shell. Cofactors would be
brought into the lumen via their cognate proteins, as was
recently shown for the metabolosome-associated phospho-
transacylase [55]. Domain fusions could be used to tether
proteins together, as demonstrated for the chimeric carboxy-
some core protein [42]. Nitrogenase presents an interesting
additional design challenge, the need to accommodate large
domain motions during catalysis; this could be addressed by
domain fission, separating the domains of nitrogenase into dis-
crete proteins that would, nevertheless, remain in close spatial
proximity due to confinement within the shell. Recently, it was
shown that it is possible to split the domains of an encapsulated
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GRE into separate polypeptides and still retain full catalytic
activity [47]. In all of these examples, protein domains provide
the structural and functional foundation of a bioarchitectonic
approach to engineering BMCs.

6. Conclusion and prospects

Looking forward, engineering designed metabolic modules
could be used to metabolically programme members of syn-
thetic microbial consortia. Such modules could be used to
help divide the ‘labour’” among the members of a designed
multi-cellular community composed of different types of bac-
teria [56]. Likewise, in the context of microbial cell factories,
synthetic BMCs could be used to insulate non-native pathways,
including those constructed from partitioned building blocks
of native metabolism, as in the hemi-autotrophic E. coli [18].
For eukaryotic organisms, in addition to efforts focused on
installing carboxysomes in chloroplasts [31,32], compart-
mentalization of other pathways within mitochondria or
chloroplasts could provide protection from local side reactions
caused by highly reactive intermediates, which cause enzy-
matic mistakes that generate wasteful and toxic side-products
[57]. Given that the permeability of the protein shell is the
inverse of that of a lipid membrane, encapsulation in BMC
shells could be used to further organize reactions within
eukaryotic organelles to prevent cross-talk among native
and introduced pathways. The ability to build compartments
within compartments such as the chloroplast provides an
opportunity to further refine the hierarchical construction
of metabolism. Such engineered bioarchitecture, in which
modules are both ends and means, recapitulates a hallmark
attribute of biological systems. Indeed, conceptually, it
underlies the genesis of the terms organism and organization
in the context of living systems [58]. Modular engineering of
biology provides an opportunity to gain a new degree of con-
trol over metabolism to address grand challenges of our time,
such as food and fuel security, and provide the foundation
for a bioeconomy.
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