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As synthetic pathways built from exogenous enzymes become more complicated, the probability of

encountering undesired interactions with host organisms increases, thereby lowering product titer. An

emerging strategy to combat this problem is to spatially organize pathway enzymes into multi-protein

complexes, where high local concentrations of enzymes and metabolites may enhance flux and limit

problematic interactions with the cellular milieu. Co-localizing enzymes using synthetic scaffolds has

improved titers for multiple pathways. While lacking physical diffusion barriers, scaffolded systems

could concentrate intermediates locally through a mechanism analogous to naturally occurring

microdomains. A more direct strategy for compartmentalizing pathway components would be to

encapsulate them within protein shells. Several classes of shells have been loaded with exogenous

proteins and expressed successfully in industrial hosts. A critical challenge for achieving ideal pathway

compartmentalization with protein shells will likely be evolving pores to selectively limit intermediate

diffusion. Eventually, these tools should enhance our ability to rationally design metabolic pathways.

& 2011 Elsevier Inc. All rights reserved.
1. Introduction

Metabolic engineering holds promise as an alternative to
synthetic chemistry for cheaply and renewably producing mole-
cules of value. Although construction of novel pathways out of
enzymes from different organisms proves to be a powerful
strategy for synthesizing a variety of compounds (reviewed in
Keasling, 2010), achieving commercially viable productivity
remains challenging. Some of these challenges are attributable
to low enzymatic activities and flux imbalances, while others
often arise from unintended and difficult-to-characterize interac-
tions between synthetic pathways and the cellular environment
of host organisms. For example, pathway metabolites may be
toxic to the host organism, get diverted by endogenous reactions,
or be lost via secretion (Fig. 1A). An emerging strategy to combat
these issues is to organize enzymes of a synthetic pathway into
multi-enzyme complexes. Co-localizing pathway enzymes into
complexes with optimal enzyme stoichiometries increases the
local concentrations of pathway metabolites and enzymes, poten-
tially limiting the accumulation of pathway intermediates and
decreasing the probability of unintended interactions with other
cellular components (Fig. 1B).
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Multi-enzyme complexes are frequently seen in nature. Enzymes
catalyzing the last two steps of tryptophan synthesis form a complex
where the intermediate indole is channeled from one active site to
the other (Miles, 2001). Larger enzyme complexes are prevalent in
eukaryotes (An et al., 2008; Narayanaswamy et al., 2009; Noree et al.,
2010). An especially interesting case is the purinosome, which
assembles dynamically depending on the cellular purine level (An
et al., 2008). Bacteria encapsulate vital pathways such as carbon
fixation in polyhedral nanostructures called microcompartments
(Shively and English, 1991; Yeates et al., 2010), and eukaryotes have
multiple membrane-bound organelles, which insulate various bio-
chemical processes. While enzyme co-localization occurs in all of
these examples, naturally occurring enzyme complexes appear to
employ a variety of mechanisms by which they confer a selective
advantage. For instance, bacterial microcompartments in Salmonella

enterica trap a toxic aldehyde intermediate and limit its buildup in the
cell (Sampson and Bobik, 2008). Evolutionarily related microcompart-
ments in cyanobacteria concentrate CO2 around carbon fixation
enzymes to increase reaction rates (Dou et al., 2008; Marcus et al.,
1992). Mechanisms of other natural enzyme complexes were
reviewed recently (Conrado et al., 2008). Better understanding of
the mechanisms behind enzyme complexes will help inform and
inspire more effective engineering of multi-enzyme complexes.

As a first attempt to organize enzymes into complexes, fusions
of metabolic enzymes catalyzing successive reactions were shown
to enhance pathway flux in certain instances (reviewed in
Conrado et al., 2008). However, two notable disadvantages are
inherent to the enzyme fusion strategy: it is not readily amenable
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Fig. 1. Many problems associated with engineered metabolic pathways could be

mitigated by generating multi-enzyme complexes. Synthetic pathways are often

constructed by introducing heterologous enzymes (blue arrows) to an industrial

host organism. Host metabolism (black arrows) can have undesirable interactions

with these engineered pathways, including metabolite toxicity, intermediate loss

via secretion or side reactions, and unwanted allosteric regulation (red lines,

Fig. 1A). These problems potentially can be alleviated by organizing pathway

enzymes into multi-protein complexes (orange rectangle, Fig. 1B), where the local

metabolism within the complex is decoupled from the global metabolism of the

cell except at specific points such as substrate entry and product exit (green

circles). This strategy could be scaled up to allow for multiple non-interacting

complexes in a single cell. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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to pathways containing more than two enzymes, and it cannot be
easily used to balance enzyme stoichiometry. We therefore focus
our review on two emerging alternatives. The first is synthetic
scaffolding, a flexible method to co-localize two or more pathway
enzymes and balance their stoichiometry at the complex.
Although still under active characterization, we propose here
one possible mechanism through which scaffolded enzymes could
reduce intermediate buildup within the cell. In the second
section, we discuss the potential for the use of protein shells to
enable more advanced spatial organization of metabolic enzymes.
Shell proteins create a physical barrier to prevent intermediates
from escaping, while pores allow substrate(s) to enter and
product(s) to exit. We conclude with a discussion of the advan-
tages and associated challenges inherent to both of these
technologies.
2. Modular scaffold strategy for improving metabolic flux

Recently the utilization of synthetic scaffold proteins to organize
enzymes into complexes was shown to considerably increase titers of
the mevalonate and glucaric acid biosynthetic pathways (Dueber
et al., 2009; Moon et al., 2010). In both cases, a scaffold protein
carrying multiple protein–protein interaction domains was used to
co-localize sequential pathway enzymes that had been tagged with
peptide ligands specific for the domains on the scaffold (Fig. 2A). By
varying the number of domains on the synthetic scaffold, the relative
ratio of recruited enzymes was controlled. A major drawback to
enzyme�enzyme fusions is that they often result in decreased
enzymatic activity for one or both enzymes. This modular scaffolding
strategy results in less severe perturbation to enzymes of interest
since it only requires the addition of a short peptide to each pathway
enzyme. It also provides control over stoichiometry to balance
reaction fluxes, a parameter we found to be a critical determinant
of scaffold effectiveness.

2.1. Use of modular protein interaction domains to spatially

organize enzymes

Many signaling proteins, adapters, and scaffolds contain mod-
ular protein–protein interaction domains. When isolated, these
domains independently fold with N- and C-terminus that are
surface-exposed, close together, and removed from the binding
pocket allowing them to maintain binding function when recom-
bined as an internal fusion or to the N- or C-terminus of another
protein (Pawson and Nash, 2000). They specifically bind other
domains or short peptides on target proteins with intermediate
affinity (Kd in the 0.1–10 mM range) (Posern et al., 1998; Tonikian
et al., 2008). It was previously shown that these modular domains
can be recombined in order to predictably engineer new combi-
nations of protein–protein interactions (Dueber et al., 2004;
Peisajovich et al., 2010; Remenyi et al., 2006). Similar control
can be gained for DNA–protein interactions by the use of zinc
finger domains that have been engineered to bind specific DNA
sequences (Maeder et al., 2008). Both protein–protein and DNA–
protein interactions have been used to co-localize metabolic
enzymes to improve pathway flux as discussed below.

2.2. Demonstration of feasibility

As a first testbed for utilizing modular protein�protein interac-
tion domains to form mutli-enzyme complexes, the mevalonate
biosynthetic pathway consisting of acetoacetyl-CoA transferase
(atoB), hydroxy-methylglutaryl-CoA synthase (HMGS), and hydroxy-
methylglutaryl-CoA reductase (HMGR) was used by our laboratory in
collaboration with Dr. Jay Keasling. This pathway, which produces
mevalonate from acetyl-CoA, suffers from a flux imbalance between
HMGS and HMGR that results in the accumulation of the intermedi-
ate HMG-CoA (Pitera et al., 2007). HMG-CoA has been demonstrated
to be highly cytotoxic to the production host, Escherichia coli (Kizer
et al., 2008; Pitera et al., 2007). We began with an engineered direct
co-recruitment between HMG-CoA producing and consuming
enzymes (HMGS and HMGR, respectively). A varying number of
SH3 ligands were fused to the C-terminus of HMGS and an N-term-
inal SH3 domain was tethered to HMGR. A 10-fold improvement in
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Fig. 2. Schematic of a synthetic scaffolding strategy. (A) A synthetic scaffold was constructed with three modular protein�protein interaction domains (GBD, SH3, and

PDZ) to recruit three mevalonate biosynthetic enzymes (atoB, HMGS, and HMGR) C-terminally tagged with peptide ligands specific for these interaction domains. The

number of interaction domain repeats in the scaffold can be varied as depicted by x, y, and z. (B) Enzymes with oligomeric structures could potentially bind multiple

scaffolds, resulting in large complexes.
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mevalonate production was observed with an optimal number
(between 3 and 6) of SH3 ligands.

Use of a separate scaffold molecule enabled the addition of the
first enzyme of this pathway, atoB, to the synthetic complex
(Fig. 2A). When scaffolded, this pathway produced a 77-fold
higher titer of mevalonate than it did when enzymes were not
co-localized. Moreover, the scaffold with optimal architecture
under low enzyme expression levels showed considerably faster
growth and higher mevalonate titers than it did without scaffold
under high induction of the pathway. The improvement was
highly dependent on the scaffold architecture (i.e. number of
interaction domain repeats and arrangement of these domains).
However, the relationship between scaffold architecture and titer
was not readily predictable. Our laboratory is currently investi-
gating the specific mechanisms through which this pathway
benefits from scaffolding (see Section 2.4).

The same strategy was applied to the three-enzyme glucaric
acid pathway engineered by the Prather laboratory at MIT
(Dueber et al., 2009; Moon et al., 2010). This pathway, which
produces glucaric acid from glucose, presented an interesting
challenge where the bottleneck enzyme, myo-inositol oxgenase
(MIOX), appears to be activated by its substrate myo-inositol
(Moon et al., 2009). Glucaric acid titer was improved five-fold by
scaffolding, despite starting at a relatively high titer (�0.5 g/L). As
was the case for the mevalonate pathway, scaffold architecture
proved to be a critical parameter for optimizing pathway flux.
Interestingly, there was a positive correlation between product
titer and the number of interaction domains targeting the
upstream enzyme, inositol-3-phosphate synthase (Ino1). This
effect could be saturated at high numbers of targeting domains.
In contrast, glucaric acid titer was not dependent on the number
of interaction domains targeting the downstream enzyme, MIOX.
Thus, in this case, the synthetic scaffold appears to improve
glucaric acid titers by increasing the local concentration of myo-
inositol around the substrate-activated enzyme, MIOX.

2.3. DNA-based scaffolds

DNA molecules have been investigated as another potential
platform for organizing enzymes because DNA�DNA binding or
DNA�protein specificity can be reliably accomplished with DNA
hybridization or zinc-finger DNA binding domains, respectively.
In one study, the enzymes glucose oxidase and horse radish
peroxidase were covalently linked via a lysine residue to short
DNA oligonucleotides that specifically hybridize onto polyhexa-
gonal DNA nanostructures (Wilner et al., 2009). Although not the
subject of their study, a slight but statistically significant increase
in product formation was observed when the enzyme spacing was
shortened from four hexagons (�33 nm apart) to two hexagons
(�13 nm apart), suggesting that bringing pathway enzymes
closer to one another does improve product formation. Unfortu-
nately, the requirements to conjugate oligonucleotides onto
enzymes and assemble DNA nanostructures make it impractical
to implement this strategy in vivo. In a second example, the 2010
Slovenian international Genetically Engineered Machines (iGEM)
team employed a plasmid scaffold to co-assemble the violacein
biosynthetic enzymes (VioA-E) that were tethered to zinc finger
DNA binding domains. When the pathway was scaffolded, they
reported an approximately 6-fold increase in violacein production
while the levels of deoxychromoviridans, the product of an
undesirable side reaction, were significantly reduced (Dr. Roman
Jerala, 2010 iGEM jamboree presentation). Plasmid scaffolds have
the advantage of accommodating many interaction motifs and
variable length linkers without solubility issues. A disadvantage
of this strategy is that enzymes must be significantly modified
with multiple zinc finger domains (usually 3–4 domains with a
total addition of 90�120 amino acids, Collins et al., 2003).
Additionally, the maximal concentration of DNA scaffolds in cell
is limited by the maximal plasmid copy number (�500 per cell).

2.4. Mechanisms of synthetic scaffolds

While each of the pathways discussed above benefited sig-
nificantly from enzyme scaffolding, the specific mechanisms
contributing to product titer improvements have not been
demonstrated conclusively. At this early stage, preliminary data
is consistent with the possibility of a particularly interesting
mechanism whereby scaffolding reduces the buildup of inter-
mediates outside of scaffold complexes. This could occur if
intermediates produced within the complex are quickly con-
verted into product before a large portion of them escape the
complex, similar to the naturally occurring ‘‘metabolite micro-
domains’’ (Baillie, 2009; Laude and Simpson, 2009; Selivanov
et al., 2007). Thus far, indirect evidence appears consistent with
this hypothesis. In the glucaric acid pathway, the positive correla-
tion between titer and the number of Ino1 binding sites suggests
that scaffolding increases the local intermediate concentration
around the substrate activated enzyme, MIOX (Moon et al., 2010).
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Scaffolding of the violacein pathway resulted in a decrease in side
product formation, potentially due to reduced buildup of cross-
reactive intermediates outside of the multi-enzyme complexes. In
the mevalonate pathway, scaffolding enabled faster growth rates,
likely by minimizing the cellular accumulation of the toxic
intermediate HMG-CoA (Dueber et al., 2009). In the following
section, we further explore the metabolite microdomain hypoth-
esis, including a discussion of experiments to test it.

Metabolite microdomains are defined as regions with locally
elevated concentrations of metabolites that are stable and persis-
tent at steady state. Natural examples of such metabolite domains
include Ca2þ microdomains (Laude and Simpson, 2009), cAMP
microdomains (Baillie, 2009), and ATP microdomains (Selivanov
et al., 2007). All of these phenomena are created by the co-
localization of metabolite producers (‘‘sources’’) and consumers
(‘‘sinks’’) such that the sinks consume free metabolites before the
metabolites can diffuse an appreciable distance away from their
sources (Fig. 3). For example, Ca2þ microdomains (Fig. 3A) are
generated by localized Ca2þ ion channels (Ca2þ sources) sur-
rounded by high concentrations of Ca2þ buffers (Ca2þ sinks).
cAMP microdomains (Fig. 3B) form when adenyl cyclases (cAMP
sources) and phosphodiesterases (cAMP sinks) are clustered by
scaffolds. The presence of these microdomains has been directly
visualized by fluorescent Ca2þ dyes or biosensors utilizing fluor-
escence resonance energy transfer (Zaccolo and Pozzan, 2002;
Zenisek et al., 2003). Strikingly, the high [cAMP] can only be
detected when the cAMP biosensors are targeted within the
microdomains, but not when the biosensors are evenly distrib-
uted in the cytosol, demonstrating the steep cAMP gradient
(Zaccolo and Pozzan, 2002). Other microdomains have also been
observed. For example, ATP microdomains in heart muscles are
established between creatine kinases (ATP sources) and myosin
Ad
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ATPase (ATP sinks) located adjacent to each other in myocytes
(Selivanov et al., 2007). Scaffolded metabolic pathways are
analogous to these natural systems in that enzymes catalyzing
successive reactions are clustered and function as sources and
sinks for intermediate metabolites (Fig. 3C).

Since the key for metabolite microdomain formation is to
quickly consume intermediates before they escape from the
complex, the higher the intermediate consumption rate (k) and/
or the lower the intermediate diffusion coefficient (D), the easier
it is to confine intermediates to small volumes. Models (W. Chen
et al., 2008a, b; Neher, 1998) and experimental studies (Naraghi,
1997) of natural metabolite microdomains have shown that
microdomain size is on the order of the square root of the
metabolite diffusion coefficient over its consumption rate con-
stant (

ffiffiffiffiffiffiffiffiffi
D=k

p
). For both Ca2þ and cAMP microdomains, where the

metabolite diffusion coefficients are approximately 100 mm2/s
and the consumption rates are around 104–105 s�1, this model
predicts a microdomain size of 100 nm, consistent with experi-
mental findings (Meinrenken et al., 2002). In order for micro-
domains to be formed by scaffolding, the size of the scaffold
complex must be greater than or equal to the predicted micro-
domain size. For the intermediate HMG-CoA and the moderately
fast downstream enzyme HMGR,

D� 100mm2=s,
kcat

KM
� 106 M�1 s�1

k¼
Vmax

KM
¼

kcat

KM
E½ � ðwhere E½ � is the enzyme concentrationÞ

Based on these constants, we can estimate
ffiffiffiffiffiffiffiffiffi
D=k

p
¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

100=½E�
p
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equivalent to an enzyme concentration of 10�2 M. For these
parameter estimates, we would predict that a complex
Z100 nm in size would generate an HMG-CoA microdomain.
Although many of these parameters could differ significantly
in vivo, unless the estimated D/k ratio is off by more than two
orders of magnitude, the scaffolded protein complexes need to be
bigger than a single scaffold�enzyme assembly to form metabo-
lite microdomains.

Since many metabolic enzymes, including those in the meva-
lonate and glucaric acid pathways, are oligomeric, each enzyme
oligomer likely brings together several scaffolds. At the same
time, each scaffold binds multiple enzymes. Correspondingly, we
predict that for functional scaffold architectures these binding
events could induce the formation of large complexes, consisting
of many enzymes and scaffolds (Fig. 2B). This kind of multi-
merization of proteins is not unprecedented. The formation of
large protein complexes through scaffolding has been observed in
nature. In the example of cAMP microdomains mentioned above,
evidence exists that adenyl cyclases, phosphodiesterases, and the
scaffold A-kinase anchoring proteins (AKAPs) form oligomers
(Cooper and Crossthwaite, 2006; Gao et al., 2011; Richter and
Conti, 2002), suggesting the possibility of multimeric protein
complex formation. Another well-studied example is the post-
synaptic density (PSD) in neurons, where scaffolds multimerize to
create a high-order complex that clusters an extremely high
density of adhesion proteins, neurotransmitter receptors, and
signaling proteins (reviewed in Sheng and Hoogenraad, 2007).
These protein clusters are particularly prominent in electron
micrographs, appearing as a band of electron dense material
around 300 nm in diameter and 25–50 nm in thickness. The
estimated molecular weight of a PSD is about 1 GDa, thus
containing on the order of 104 proteins (Chen et al., 2005). While
we don’t know the size of our synthetic scaffold complexes,
reaching a comparable size to PSD’s (hundreds of nanometers)
is an intriguing possibility as this would be on the order of the
size of Ca2þ and cAMP microdomains.

It should be noted that this model for intermediate micro-
domains breaks down if an intermediate’s downstream enzyme is
not in a diffusion-limited regime (and is instead fully saturated by
intermediates). In this case, we predict that intermediates would
leak out of the complex at high rates and prevent the formation of
microdomains. Thus, this potential scaffolding mechanism is most
likely only applicable to pathways with efficient downstream
enzymes.

Whether this hypothesis represents a true mechanism by which
scaffolds improve product titers in previously reported systems
remains to be shown. Intermediate microdomains can be investigated
with various kinetic approaches traditionally used to investigate
substrate channeling. Electron microscopy and super-resolution light-
microscopy (Toomre and Bewersdorf, 2010) may enable direct
visualization of hundred-nanometer scale enzyme�scaffold com-
plexes. Development of fluorescent dyes or biosensors specific to an
intermediate of interest could allow in vivo imaging of microdomains,
in the same way that Ca2þ microdomains are observed by fluorescent
Ca2þ dyes (Zenisek et al., 2003) and cAMP microdomains by cAMP
biosensors (Zaccolo and Pozzan, 2002).

In summary, synthetic scaffolds offer a modular tool for
rationally clustering enzymes with stoichiometric control. Scaf-
folding has improved product titers in multiple cases, although
the mechanism of action has yet to be elucidated experimentally.
One mechanism of particular interest is the formation of inter-
mediate microdomains, where enzyme�scaffold complexes
reduce intermediate buildup by limiting the amount of inter-
mediate that can escape the complex. Such a mechanism is
appealing because it suggests that scaffolding could significantly
benefit pathways with toxic intermediates (e.g. HMG-CoA),
substrate activated enzymes (e.g. MIOX), or intermediates prone
to be lost to undesirable side reactions or secreted from the cell.
Our model for intermediate microdomains predicts that they
could only exist if scaffolding generated large enzyme�scaffold
complexes that were extremely enzyme dense. The formation of
such complexes seems plausible based on our limited under-
standing, but other mechanisms should certainly be considered
and tested. Among other potential mechanisms, scaffolds may
prevent enzyme aggregation, increase enzymatic activity, or
sterically block uncharacterized protein interactions (e.g. regula-
tory protein binding or protein degradation). Our laboratory and
others are currently working to differentiate between these
mechanisms.
3. Physical compartments for pathway sequestration

Regardless of the mechanisms at work in scaffolded systems, a
more direct approach for limiting cross-talk between engineered
pathways and the cellular milieu is to physically encapsulate
pathway enzymes into distinct compartments. As discussed pre-
viously, compartmentalization is observed at the molecular level
in substrate-channeling enzymes all the way up to organelles in
eukaryotic cells. Compartmentalized pathways benefit from phy-
sical barriers that prevent metabolite exchange and protect
heterologous enzymes from undesirable interactions with the
host cell. Naturally occurring protein shells are a particularly
attractive system for generating such compartments, as they have
been shown to self-assemble in heterologous organisms and can
be loaded with heterologous cargo. Additionally, pores on shell
proteins could act as check points to selectively regulate meta-
bolite entry and exit. An impressive list of protein shell structures
has been discovered in nature: bacterial microcompartments
(Yeates et al., 2008, 2010), smaller protein shells such as the
lumazine synthase complex (Bacher et al., 1980) encapsulins
(Sutter et al., 2008), and finally the eukaryotic ribonucleoprotein
particle vault (Kedersha and Rome, 1986) (Fig. 4). Below, we
briefly describe these shell proteins and discuss their potential as
a tool for compartmentalizing engineered pathways.

3.1. Prokaryotic protein-based compartments

It is becoming increasingly appreciated that even though bacteria
lack membrane-bound organelles, their interiors can contain various
protein-based compartments. Many of these protein compartments
are not well characterized; however, three classes of prokaryotic
protein shells have received significant attention in the literature. The
larger of the three is bacterial microcompartments (BMCs), a family of
80–200 nm proteinaceous polyhedra that typically encapsulate two
or more sequential pathway enzymes at high copy numbers (102–103

per shell). While the enzymes encapsulated by BMCs differ greatly
among bacterial species, all BMCs are composed of multiple evolu-
tionarily related proteins that co-assemble to form their thin protein
shells. Multiple examples of smaller protein shells, such as lumazine
synthase and encapsulins, have also been fairly well characterized in
prokaryotes. While forming similar polyhedral structures to BMCs,
encapsulins and lumazine synthase complexes are only one-third the
size (in diameter), spanning less than 30 nm, and are composed of
60–180 subunits of a single protein. In their natural contexts, these
smaller compartments contain only a single type of enzyme at low
copy numbers (�10 per shell).

Enzymes residing in both BMCs and smaller protein shells are
thought to be incorporated into the complex during assembly of
shell proteins, meaning that no additional enzymes can be
imported after the compartments are formed. Metabolites can
still traverse these compartments through �0.5 nm pores found



Fig. 4. Comparison of naturally occurring multi-enzyme complexes. (Top) The
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adapted from Tanaka et al., 2008. Copyright (2008) American Association for the

Advancement of Science. Used with permission.) are part of the bacterial micro-

compartment (BMC) family of polyhedral protein complexes around 100 nm in

diameter. Vaults (middle, adapted from Tanaka et al., 2009. Copyright (2009)

American Association for the Advancement of Science. Used with permission.) are

a ribonucleoprotein particle found in eukaryotes that measure 70 nm in height

and 40 nm in width. Encapsulin (right, adapted from Sutter et al., 2008. Copyright

(2008) Nature Publishing Group. Used with permission.) and the similarly sized
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open and close by binding and unbinding at the waist. Vaults can carry tens of
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point of reference.
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on the shells. Some of these pores have been shown to be
selective and are hypothesized to function as gates that regulate
metabolite entry and exit. Pore selectivity makes protein-based
prokaryotic compartments suitable candidates for spatially seg-
regating metabolic pathways since enzymes can be sequestered
into a region where metabolite access can be regulated. Specific
strategies for engineering such systems are discussed below.
3.1.1. Protein sequestration into BMCs

At �100 nm in diameter, BMCs are the largest known protein
shells, capable of housing hundreds to thousands of enzymes
(Yeates et al., 2008, 2010). For example, carboxysomes are
estimated to contain 270 ribulose-1,5-bisphosphate carboxylase
oxygenase (RuBisCO), a total of 4,320 subunits (Iancu et al., 2007;
Shively and English, 1991). While the carboxysome is the most
studied of all the BMCs, its expression in industrial hosts has yet
to be achieved. Empty carboxysome shells without RuBisCO have
been constructed, but the only protein sequestered thus far is
heterologous RuBisCO (Menon et al., 2008). In contrast, Pdu shells
can be generated in E. coli by expressing just six shell proteins
(Parsons et al., 2010), and an 18 amino-acid N-terminal peptide
is sufficient for sequestering green fluorescent proteins (GFP)
or glutathione S-transferase (GST) into Pdu (Fan et al., 2010).
Immunoprecipitation or pull-down assays showed that the
encapsulated GFP or GST are not accessible to corresponding
antibodies or glutathione beads, respectively. These advances
may make Pdu a more immediate target for metabolic engineer-
ing. Additional studies of natural Pdu enzymes may yield a larger
set of targeting sequences for encapsulating multiple enzymes.
Sequestration of heterologous enzymes could be quickly assayed
in vivo by monitoring the degree of protection from protein
degradation after adding an N- or C-terminal degron to an
enzyme of interest (Flynn et al., 2003; Sauer et al., 2004).

3.1.2. Protein sequestration into lumazine synthase and encapsulins

Lumazine synthase complexes (Bacher et al., 1980) and
encapsulins (Sutter et al., 2008) are smaller polyhedral protein
complexes with an interior diameter of 10–25 nm and a 2.5 nm
thick shell. Each complex consists of either 60 or 180 shell protein
subunits encoded by a single gene. In the case of lumazine
synthase, both the 60-subunit and 180-subunit compositions
are possible depending on the cellular environment. Regardless
of the subunit composition, these smaller shells can only hold
few copies of enzymes: a single lumazine synthase complex
(60-subunit version) contains three riboflavin synthases (Bacher
et al., 1980); Brevibacterium linens encapsulin houses a single
peroxidase hexamer (DyP); Thermotoga maritima encapsulin can
store twelve of the smaller Flp (ferritin-like proteins) decamers
(Sutter et al., 2008). As was the case for BMCs, natural cargo is not
necessary for shell assembly (Schott et al., 1990; Sutter et al.,
2008). Cargo targeting has been studied for both encapsulins and
lumazine synthase. A conserved sequence near the C-terminus of
endogenous enzymes is required for protein sequestration into
encapsulins (Sutter et al., 2008). While it remains to be deter-
mined whether this sequence is sufficient for targeting hetero-
logous proteins, it is hypothesized that the protein targeting
signal can be deduced from the sequence of endogenous enzymes
and insights gained from the crystal structure (Sutter et al., 2008).
The natural targeting signal for lumazine synthase has yet to be
found. However, four negatively charged residues inserted into
the loops of each lumazine synthase subunit are sufficient to
recruit GFP (Seebeck et al., 2006) and HIV protease (Wörsdörfer
et al., 2011) tagged with ten positively charged amino acids. As
expected, the loading capacity was low: �3.5 GFP’s and �1
protease per lumazine synthase (180-subunit version). Worsdor-
fer et al. utilized the toxicity of HIV protease to increase the
loading capacity of lumazine synthase 5–10 fold through directed
evolution (Wörsdörfer et al., 2011). Improvements were found to
be the result of increases in negatively charged residues or
neutralization of positively charged residues in the interior of
lumazine synthase, most likely due to an increased binding
affinity to the positively charged tag on HIV protease. Even after
optimization, the low enzyme capacity of these smaller protein
shells should be taken into consideration, especially for applica-
tions requiring the sequestration of multiple pathway enzymes.
Regardless, these advances demonstrate that these shells are
somewhat plastic and can be tailored for cargo of interest.

3.1.3. Metabolite transport into prokaryotic protein-based

compartments

Prokaryotic protein-based compartments are known to regulate
metabolite access to the interior of the microcompartments. Carboxy-
somes are thought to impede CO2 and O2 diffusion such that CO2 is
concentrated around the relatively inefficient RuBisCO, while the
import of O2, a competitive substrate for RuBisCO, is limited (Dou
et al., 2008; Marcus et al., 1992). Pdu traps toxic aldehyde
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intermediates inside its shell (Sampson and Bobik, 2008). Lumazine
synthase channels its intermediate, 6,7-dimethyl-8-ribityllumazine,
between the shell and the sequestered native enzymes. While
intermediates and inhibitors are prevented from diffusing across the
shell, native substrates and products appear to easily enter and exit
the compartments. Structural data indicates that canonical BMC shell
proteins form hexamers with a 0.4–0.6 nm pore located at the center,
which may provide selective entry to the microcompartments
(Crowley et al., 2008; Kerfeld et al., 2005; Tsai et al., 2007). Similar
sized pores are also found on encapsulins (Sutter et al., 2008). The
sizes of the pores are big enough to allow most small molecules to
pass, so it is unclear how intermediates are blocked. It has been
proposed that positive charges around the pores of carboxysomes
attract negatively charged substrate, (bicarbonate, HCO3

�) but not CO2

or O2 (Kerfeld et al., 2005). Open and closed pore structures have
been solved for some shell proteins (Klein et al., 2009; Sagermann
et al., 2009; Tanaka et al., 2010), suggesting that the pores may
dynamically control metabolite selectivity. Further biochemical
studies of pore function will aid in engineering shells with new
metabolite selectivity.
3.1.4. Screening for desired transport selectivity in prokaryotic

protein-based compartments

Since shell selectivity is likely to be directly linked to amino
acid composition at the pore, random mutations of the pore
residues coupled with an effective screening or selection strategy
should generate specificity based on metabolite size and/or
charge. The development of methods to monitor the concentra-
tion of pathway metabolites is critical for such a screen to
succeed. Transcriptional biosensors for desired metabolites, simi-
lar to the mevalonate responsive regulator protein engineered
from AraC (Tang and Cirino, 2010), could be used to select for or
against the presence of that metabolite. Bacteria have a large
number of effector-binding transcriptional regulators that are
specific for a wide range of metabolites. Mutagenesis and DNA
shuffling have been used to engineer new effector specificities
(Galv~ao and de Lorenzo, 2006). By coupling transcriptional
regulators to the expression of an antibiotic resistance gene or a
cytotoxic protein, positive or negative selections can be carried
out for metabolites of interest. When the enzyme producing the
metabolite of interest is sequestered into a protein shell, a
negative selection for the metabolite would result in pores
blocking the metabolite, while a positive selection would result
in the opposite. Alternatively, FRET sensors could be engineered
for pathway metabolites as was done for maltose and pentoses
(Fehr et al., 2002; Kaper et al., 2008; Lager et al., 2003). When
sequestered inside protein compartments, these sensors would
allow direct measurement of metabolite permeability. It should
be noted that since the shells of BMCs are encoded by multiple
genes which all contribute to pore formation, it may be consider-
ably harder to generate BMCs that block intermediates than it
would be for lumazine synthase or encapsulins, whose shells are
encoded by a single gene.

3.2. Eukaryotic protein-based compartment: vaults

A large ribonucleoprotein particle named ‘‘vault’’ has been
isolated from rat liver as well as many other mammalian cell lines
(Kedersha and Rome, 1986). Vaults are measured to be approxi-
mately 70�40�40 nm3 and have the capacity to accommodate
tens of proteins. Each vault consists of two symmetric halves (half
vaults) connected at the middle (waist) (Fig. 4). Natural vaults
contain three proteins and a small stretch of RNA, although only a
single protein, major vault protein (MVP), is required for shell
formation (Anderson et al., 2007). It is estimated that each vault
carries �2 copies of the 290 kDa telomerase associated protein 1
(TEP1) and �11 copies of the 193 kDa vault poly(ADP-ribose)
polymerase (VPARP) (Kong et al., 2000). A minimal interaction
domain (mINT) for targeting cargo to vaults was identified in
VPARP and used successfully to sequester GFP, mCherry, lucifer-
ase (Kickhoefer et al., 2005), Major Outer Membrane Protein
(Champion et al., 2009), and adenovirus protein VI (Lai et al.,
2009). Similar to the number of VPARPs in vaults, it was
estimated that 49 copies of GFP-mINT can be sequestered into
each vault (Goldsmith et al., 2009). Evidence suggests that vaults
form a diffusion barrier against small molecules, especially those
that are charged (Kickhoefer et al., 2005), potentially by restrict-
ing metabolite diffusion through the relatively large 2.9 nm
opening located at the cap of each half vault (Anderson et al.,
2007). Half vaults are known to rapidly dissociate and associate at
the waist, which may temporarily expose the vault interior (Yang
et al., 2010). Due to their large pore size and dynamic dissociation,
vaults are predicted to provide higher levels of mixing with the
cellular environment than would bacterial protein shells. This
property may prove advantageous for systems limited by sub-
strate availability within the complex.

In summary, the first steps of engineering on protein-based
compartments for metabolic engineering applications have been
achieved. Empty protein shells have been generated and targeted
with heterologous cargo in the case of Pdu, lumazine synthase,
and vaults. Shells differ in size and the ease with which they can
be expressed in industrial hosts. The main challenge ahead will be
to create pores that are selective so substrates and products can
get through but intermediates cannot. While engineering small
molecule selectivity is likely to be a challenging endeavor,
selectivity seen in natural pores suggests this should be feasible.
Positive and negative selections could be performed using engi-
neered effector-binding transcription regulators. In addition,
fluorescent sensors for metabolites may be used as a read-out
for high throughput screening.
4. Conclusions

In this review, we’ve discussed two emerging strategies for
spatially organizing metabolic pathways into multi-enzyme com-
plexes: enzyme scaffolding and protein shells. Both have their
potential advantages and associated challenges (Table 1). The
modular nature of protein interaction domains allows relatively
easy construction of synthetic scaffolds. Scaffolding has been used
to improve product titer in multiple engineered pathways, and in
each case, scaffold architecture proved to be a critical determi-
nant of success. Although the specific mechanisms through which
scaffolding increases product titers have not been demonstrated
experimentally, one particularly interesting hypothesis is the
formation of intermediate microdomains, which would arise if
multi-enzyme complexes limited the accumulation of intermedi-
ates in the cellular milieu. Theoretical models of naturally
occurring metabolite microdomains predict that scaffolding must
form large complexes that are extremely enzyme-dense in order
to generate such an effect. Natural scaffold proteins in the post-
synaptic density create protein-rich complexes up to a few
hundred nanometers wide. Similar complexes could exist in
scaffolded systems due to the oligomeric nature of metabolic
enzymes where each individual subunit has a scaffold-recruiting
ligand such that multiple scaffolded complexes can co-assemble
given suitable scaffold architectures. We predict that microdo-
mains could only form for intermediates with a diffusion limited
downstream enzyme, making this mechanism applicable only to a
subset of metabolic pathways. Our laboratory and others are



Table 1
Comparison of the different strategies for organizing pathway enzymes into multi-protein complexes discussed in this review.

Type Interior

diameter (nm)

Minimal no. of

subunits to form

No. of natural

cargo proteins

No. of exogenous

cargo proteins

Access to enzymes Mechanism to limit

intermediate buildup

Scaffold 300a 1b 103–104c Not determined Free diffusion By quickly turning over

intermediates

BMC 70–130 5d ,6e
� 103f Not determined Pores Protein shellþselective

pores

Vault 60�30�30 1 � 11g
� 9h Cap pores and dynamic

half-vault exchange

Protein shellþcap pores

Lumazine synthase

and encapsulin

10–25 1 3I, 6j, 120k 3 l, 7m Pores Protein shellþselective

pores

a Based on the post-synaptic density (Sheng and Hoogenraad, 2007).
b Theoretically, only one synthetic scaffold binding to multiple oligomeric enzymes is required to form a large complex.
c Based on the post-synaptic density (Chen et al., 2005).
d Carboxysome (Menon et al., 2008).
e Pdu (Parsons et al., 2010).
f Carboxysome can hold 270 RuBisCO enzymes (4320 total subunits) (Iancu et al., 2007; Shively and English, 1991).
g Each vault is estimated to hold �11 VPARP (Kong et al., 2000).
h Each vault can hold 49 GFP�mINT fusion proteins (Goldsmith et al., 2009).
i Lumazine synthase complexes hold 3 riboflavin synthases (Bacher et al., 1980).
j B. linens encapsulin holds one DyP hexamer (Sutter et al., 2008).
k T. maritima encapulin holds twelve Flp decamers (Sutter et al., 2008).
l Engineered lumazine synthase on averge can hold three GFPs (Seebeck et al., 2006).
m Engineered lumazine synthase can hold 7 HIV proteases after optimization (Wörsdörfer et al., 2011).
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actively studying mechanisms such as this one in order to more
fully characterize a set of design rules for enzyme scaffolding.

Protein shells provide the opportunity to encapsulate both
pathway enzymes and intermediates with physical barriers. Many
examples of protein-based compartments exist in nature that can
be adapted for metabolic engineering, although it appears that
tradeoffs must be made between shell complexity and cargo
capacity. Bacterial microcompartments can accommodate many
enzymes (102–103 per shell), but require the balanced expression
of 5–6 different proteins for proper assembly. Smaller protein
shells like encapsulin are formed by a single gene but have
limited cargo capacity (1–10 enzymes per shell). Vaults combine
the simple shell composition of encapsulin with a slightly larger
cargo capacity (�10 200 kDa proteins per shell), but are likely to
suffer from poor metabolite selectivity. Specific targeting
sequences have been discovered for many of these compartments,
but additional targeting sequences and/or scaffold targeting will
be necessary to gain stoichiometric control over compartmenta-
lized pathways. In order to maximize the benefit of compartmen-
talization, engineering pores to selectively control metabolite
diffusion is critical but will likely be challenging. Eventually, we
envision modular compartments that can accommodate entire
synthetic pathways and serve to minimize unwanted cross-talk
between the synthetic pathways and the industrial host’s meta-
bolism. Confining pathways to compartments should mitigate
problems such as metabolite toxicity, uncharacterized allosteric
regulation, and intermediate loss to side products or cell secre-
tion. For pathways with diffusion-limited enzymes, flux should
also increase due to higher local substrate concentrations.
Together, these effects should significantly improve our ability
to predictably engineer heterologous pathways to produce eco-
nomically viable titers of renewable chemicals.
Update

While this article was under review, a new report (Delebecque
et al., 2011) from Pamela Silver’s laboratory demonstrated that
RNA-based scaffold can be utilized in vivo to co-localize
hydrogenases and ferrodoxins, which increases H2 production
by �48-fold compared to non-scaffolded proteins. In this design,
sequence-symmetric RNA building blocks were constructed to
allow polymerization into one- or two-dimensional scaffolds
isothermally. A PP7 and a MS2 aptamer domain were included
in each RNA building block to bind PP7 and MS2 fusion proteins,
respectively. Remarkably, the two-dimensional RNA scaffolds
formed stable �100 nm sphere-like structures in cells, and
allowed fusion proteins to cluster in close proximity as demon-
strated by fluorescence complementation experiments. It is
important to point out that in this hydrogen production pathway,
electrons are transferred from reduced ferrodoxins to protons
resulting in hydrogen formation. Hence, ferrodoxin is a substrate
of hydrogenase and no intermediate metabolites are produced.
Thus, the increase of hydrogen yield may be explained by an
increase of collision frequency between ferrodoxins and hydro-
genases when they are clustered by the RNA scaffolds.
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