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Bacterial microcompartments (BMCs) are sophisticated all-protein bionanoreactors widely spread in
bacterial phyla. BMCs facilitate diverse metabolic reactions, which assist bacterial survivability in normal
(by fixing carbon dioxide) and energy dearth conditions. The past seven decades have uncovered
numerous intrinsic features of BMCs, which have attracted researchers to tailor them for customised
applications, including synthetic nanoreactors, scaffold nano-materials for catalysis or electron
conduction, and delivery vehicles for drug molecules or RNA/DNA. In addition, BMCs provide a
competitive advantage to pathogenic bacteria and this can pave a new path for antimicrobial drug
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design. In this review, we discuss different structural and functional aspects of BMCs. We also highlight
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1. Introduction

A cell, the tiniest living unit, is a compartment of selected
biomolecules in a complex metabolic environment. In the
course of evolution, the cell itself has gradually developed
membrane-enclosed sub-compartments within it to provide
spatiotemporal regulation by assorting substrates and inter-
mediates of interconnected metabolic processes. The physical
barriers of all biological compartments are composed of either
lipid or protein. While lipid membrane-bound compartments
are present exclusively in eukaryotes, protein-based compart-
ments exist in both prokaryotes and eukaryotes.' Ferritin and
its homologs, bacterial microcompartments (BMCs), lumazine
synthase, vault complex, and encapsulin are some examples of
lipid-free proteinaceous compartments involved in various cell
functions.>” Ferritin is the first discovered protein compart-
ment and is involved in the iron storage and homeostasis of
iron.® It is present in both eukaryotic and prokaryotic cells. On
the other hand, BMCs and encapsulins are two distinct lineages
of all protein compartments present only in prokaryotes. These
compartments are reported to segregate and orchestrate meta-
bolic reactions inside them.>'® Another class of protein-based
compartments is vault complexes, which are highly conserved
among eukaryotes. These ribonucleoprotein complexes take
part in nuclear-cytoplasmic transport, drug resistance, and
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the potential employment of BMCs for novel applications in bio-material science.

various cell signalling processes inside cells."* These protein-
based compartments can serve as localized nano-reactors or
nano-containers in vivo or in vitro and hence have attracted the
attention of several researchers in the field. In past few years,
they have been utilized to fabricate novel materials with a wide
range of applications.>"*>™"” Fig. 1 chronologically summarizes
the discovery and the first attempt towards the application of
these naturally occurring protein compartments.

Among these protein compartments, bacterial microcom-
partments stand unique in terms of their shell architecture and
diverse functions. They evolved transiently and conditionally in
several bacterial and algal species to carry out certain condi-
tional metabolic reactions.'® In the 1950s, BMCs were first
reported in the cytoplasm of cyanobacteria Phormidium uncina-
tum through Transmission Electron Microscopy (TEM)."*"* In
the beginning, these polyhedral bodies were thought of as
protein inclusions and were later considered viruses due to
their morphological similarity to phages. Follow-up studies
revealed that they play an important role in enhancing CO, fixation
during photosynthesis in cyanobacteria and some chemoauto-
trophic bacteria and were accordingly termed carboxysomes. In
1973, carboxysomes were first purified from the bacterium
Halothiobacillis neapolitanus.*>** After 40 years of carboxysome
discovery, homologs of carboxysomes were found to be present in
other bacteria performing special catabolic reactions and were
termed catabolosomes (or metabolosomes).”>*® To date, BMC-
related genes are clustered in 7000 loci in 45 bacterial phyla that
can induce 68 BMC types and subtypes.>” Studies followed by the
isolation and purification of BMCs revealed that these structures
are entirely composed of protein and these protein bodies (BMCs)

This journal is © The Royal Society of Chemistry 2023
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Fig. 1 Timeline of discovery (bottom) and first attempts towards applications (top) of various protein compartments.

have an enzymatic core within a protein shell.’*° Although the
core enzyme cluster varies for different types of microcompart-
ments, the protein subunits that make up the outer shell (shell
proteins) are similar throughout several genres of BMCs.>" The
protein shell of all BMCs is made up of self-assembling protein
subunits containing the two types of BMC domains.*** These
shell proteins have similar and superimposable structures and tile
together to make up the heterogeneously self-assembled compart-
ment envelope.'"® Entrapment of the metabolic machineries
inside the small, confined semipermeable protein envelope of
BMC increases the catalytic efficiency, orchestrates multi-enzyme
pathways, and sequesters any toxic intermediates.>" Typically, the
genes that encode the BMCs are present in a single operon or
clustered together.*® These BMCs offer an open palette to design
and fabricate customized biomaterials with desirable structure and
function. Several efforts have already been employed to exploit the
BMCs to construct synthetic bioreactors. In this review, we discuss
in detail the natural and engineered properties of bacterial micro-
compartments towards the development of novel biomaterials
for various applications. This review updates our current under-
standing of bacterial microcompartment applications and provides
new insights into the future applications of these prokaryotic nano-
organelles.

This journal is © The Royal Society of Chemistry 2023

2. Innate features of BMC

2.1. Functional features of BMC

The main function of BMCs is to carry out different metabolic
reactions in an efficient way inside bacterial cells, thus helping
in their survival. According to these reactions, BMCs have two
lineages - anabolic BMCs (carboxysomes) and catabolic BMCs
(metabolosomes).

2.1.1. Fixing carbon dioxide in autotrophic bacteria -
anabolic BMC. Carboxysomes are the first and only discovered
anabolic BMCs to date. The core of carboxysomes consists of
carbonic anhydrase and ribulose-1,5-bisphosphate carboxylase
oxygenase (RuBisCO) for carbon fixation (Fig. 2). Based on the
type of RuBisCO encapsulated, carboxysomes are divided into
a-carboxysomes (Cso) and B-carboxysomes (Ccm). o-Carboxy-
somes are mainly distributed among chemoautotrophs and
a-cyanobacteria and confine 1A RuBisCO, which is arranged
layer-wise inside the shell with low-density lumen.*” B-Carboxy-
somes present in B-cyanobacteria confine 1B RuBisCO, which is
packed in a para-crystalline manner with high-density lumen.*®
Both types of carboxysomes are part of bacterial carbon dioxide
concentrating mechanisms (CCM). In the CCM pathway, bicar-
bonate (HCO® ) and inorganic CO, transporters in the bacterial cell
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Fig. 2 Schematic diagram showing the action of a (a) carboxysome and (b) metabolosome.

membranes accumulate bicarbonate (HCO®") in the bacterial
cytoplasm and from there, HCO®~ gets into the carboxysomes.**?
Inside the carboxysomes, carbonic anhydrase dehydrates bicarbo-
nate to carbon dioxide. Due to the presence of the outer protein
shell, carbon dioxide will be confined within the core, thus
increasing the local concentration of CO, for RuBisCO to act on
it, specifically eliminating the oxygenase activity.">*" Ribulose-1,5-
bisphosphate (RuBP) carboxylation is catalyzed by RuBisCO forming
2 molecules of 3-phosphoglycerate (3PGA) that move out of the
carboxysome to the cytoplasm from where some of the molecules are
used in the Calvin Benson cycle and RuBP is regenerated.*® Since
carboxysomes are mainly distributed among oceanic photoauto-
trophs, they contribute 90% of the overall oxygen in Earth’s
atmosphere. Being a natural CO, concentrating reactor, it can be
engineered for applications in the agricultural sector.

2.1.2. The utilization of various carbon sources - catabolic
BMCs. Metabolosomes or catabolic BMCs are mainly involved
in the degradation of different carbon sources by sequestration of
their toxic intermediates. These microcompartments are expressed
in bacteria under stress conditions, forcing the bacteria to survive
on certain specific carbon sources like 1,2-propanediol,
ethanolamine, ethanol, choline, fucose and rhamnose.*>™*
The metabolosomes are named according to the carbon source
utilised. Pdu BMC (1,2-propanediol-utilizing BMC) and Eut BMC
(ethanolamine-utilizing BMC) are some examples. The general
mechanism for the utilization of these carbon sources inside
these metabolosomes is shown in Fig. 3. A substrate-signature
enzyme converts the substrate into a volatile and toxic aldehyde. It
has been hypothesized that the BMCs have evolved to sequester
this toxic volatile intermediate inside the protein cage and properly
orchestrate it to downstream pathways.*® The aldehyde product is
then converted into alcohol and a cofactor derivative of carboxylic
acid by alcohol dehydrogenase (AlcDH) and cofactor-dependent
aldehyde dehydrogenase (AldDH) respectively. These cofactors are
regenerated within the BMC by phosphotransacetylase (PTAC)."”*®
Based on the cofactor requirements of the enzymes, metabolo-
somes are again classified into vitamin B;,-dependent and vitamin
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enzyme. (Adapted from Kumar et al.>?).

Bj,-independent metabolosomes. Vitamin B;,-independent meta-
bolosomes encapsulate enzymes called glycyl radical enzymes
(GRE) and such microcompartments are called glycyl radical
enzyme-containing microcompartments (GRMs).*>*® One or more
types of metabolosomes can be present in the same organism and
the most widely studied are Pdu BMC and Eut BMC.

2.1.2.1. Propanediol Utilization Bacterial Microcompartment-
Pdu BMC. PduBMC is one of the most studied metabolosomes.
It is found mainly in Salmonella and other bacteria that contribute
to the gut and soil microbiota.’>>* The fermentation of fucose and
rhamnose, common carbohydrates found in plant cell walls,
bacterial capsules and glycoconjugates in eukaryotic cells, pro-
duces 1,2 propanediol. Pdu BMC catabolizes the 1,2 propanediol
using vitamin By,-dependent diol dehydratase. The reaction inter-
mediate (propanaldehyde), being toxic and volatile, is prevented
from moving out of the shell. Next, propanol dehydrogenase and
propionaldehyde dehydrogenase convert propanaldehyde into
propanol and propionyl CoA, respectively. Phosphotransacylase
converts this propionyl-CoA into the propionyl-PO, ion; this
reaction happens at the junction of the shell and cytoplasm,
releasing the final product into the cytoplasm.*®>*

This journal is © The Royal Society of Chemistry 2023
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2.1.2.2. Ethanolamine utilization bacterial microcompartment -
Eut BMC. Eut BMC is involved in the degradation of the
ethanolamine obtained from the phosphodiesterase-mediated
degradation of phosphatidylethanolamine.>® Here, the substrate-
signature enzyme, ethanolamine ammonia lyase, converts
ethanolamine into ammonia and acetaldehyde in the presence
of vitamin By, cofactor. Acetaldehyde as a volatile and lipophilic
intermediate is sequestrated inside the shell and some of these
molecules are converted into acetyl-CoA at first and then to acetyl
phosphate, which is further converted to acetate.’® Other
molecules of acetaldehyde produce ethanol to maintain NADP/
NAD" levels. Two different alcohol dehydrogenases are the key
enzymes for this process and on completion of this metabolic
circuit, one molecule of ATP is gained. A part of acetyl-CoA is
released into the cytoplasm while another part is converted to
acetal-P by phosphotransacetylase present at the border of the
shell and cytoplasm.””

2.1.2.3. Ethanol utilization bacterial microcompartment — Etu
BMC. This microcompartment was discovered in Clostridium
Kluyveri, when it was grown on ethanol and acetate.*> Before its
discovery, researchers predicted the presence of a BMC involved
in ethanol degradation from genome studies of Clostridium
Kluyveri, in which the etu operon is located near the BMC
loci.*> The etu operon is considered to have of genes for two
shell proteins, two ethanol dehydrogenases and three aldehyde
dehydrogenases. These enzymes are involved in the conversion
of ethanol generated from the fermentation of sugars or as a side
metabolic product of Eut BMC, to acetyl-CoA.>®

2.1.2.4. Glycyl radical enzyme containing microcompart-
ments — Grm BMC. Grm BMCs represent a group of vitamin B;,-
independent metabolosomes. They are involved in the degradation
of propanediol, fucose and rhamnose, choline, etc.*>*° The enzymes
are commonly called glycyl radical enzymes. GRMs are subdivided
into many groups, GRM1, GRM2, GRM3, GRM4, GRM5, GRMS,
according to the substrate they metabolize. GRM1 and GRM2 are
involved in choline metabolism. GRM3, 4 and 6 are similar to Pdu
BMC and are involved in the degradation of 1,2-propanediol. GRM5
takes fuculose as the substrate.”

2.1.2.5. Other BMCs. Genome sequencing data of different
bacteria done by many groups revealed the likelihood of the
presence of more types of BMCs in the bacterial phyla.>® Some
of these are as follows. Sugar-phosphate utilization BMC (SPU
BMC) is involved in the degradation of exogenous DNA and
RNA in bacteria to produce energy. RMM BMC (Rhodococcus
and Mycobacterium Microcompartemnt) is involved in the
metabolism of amino acetone to propionyl-CoA. PVM BMC is
involved in the metabolism of rhamnose and fucose, encapsu-
lating a class-1I aldolase enzyme.**

2.2. Structural features

Bacterial microcompartments can be viewed as polyhedral
nano-reactors having a size range of 40-200 nm.'® Although
they are involved in diverse metabolic functions, they share
some similarities in their structural features. This section

This journal is © The Royal Society of Chemistry 2023
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presents a comparative analysis of the phenotypic and genoty-
pic makeup of the different BMCs.

2.2.1. A family of self-assembling proteins with specific
domains make up BMC-Shell/envelope proteins. The outer
protein envelope, which makes up the polyhedral shell of the
BMCs, is structurally composed of three types of self-assembling
shell proteins, namely, hexamer (BMC-H), pseudo-hexamer/
trimer (BMC-T) and pentamer (BMC-P).*>***° BMC-H consists
of a single domain, pfam00936 (called the BMC domain), and
monomeric protein subunits, six of which assemble to form a
hexamer structure. In the case of BMC-T, two pfam00936
domains form a tandem fusion and such subunits with two
domains trimerize to form the overall hexagonal structure which
structurally resembles BMC-H (hexamer). Hence, these trimeric
proteins are also called ‘pseudohexamers’."*> During BMC-T
assembly, they can interact side by side to form a single trimer
(BMC-T®) and/or they can interact face to face to form a double
trimer (BMC-T"). Both kinds of trimers are involved in the
overall architecture of the bacterial microcompartment. Five
monomers of the pfam03319 domain-containing subunits
combine to form the BMC-P. While hexagonal BMC-T (e.g.,
PduB, PduT EutL, Cso1D, CcmP) and BMC-H (e.g., PduA, Pdu],
PduU EutS, EutM, CcmK2, CcmO) form the facets of the
polyhedra, pentagonal BMC-Ps (e.g;, PduN, EutN, CcmlL)
occupy the vertices and are twelve in number. Although
pentamers are fewer in number, they are crucial for forming a
closed compartment.*®® The deletion of a pentamer from the
Pdu BMC resulted in the formation of tubular BMC, which was
functional but less efficient, thus showing that the least abundant
pentamer protein is important for maintaining a complete
structural and functional bacterial microcompartment.®®

The central axes of BMC-H and BMC-T form pores having
average size ranges of 4 A-7 A and 12 A-14 A, respectively.®* The
size and the charge around the pore and its conformation
decide the selectivity for the passage of the substrates, cofactors
and products in and out of the BMCs.®* For example, EutL
(pseudohexamer) of Eut BMC has an average negative charge
and is reported to open upon exposure to zinc ions.*>*® More-
over, in the double trimer (BMC-T®) one trimer faces the lumen
and the other faces the cytoplasm. The pore of the cytoplasm-
facing trimer is open and the other is obstructed by pore-
surrounding amino acids, thus forming gated pores that open
and close according to the substrate and amino acid
interaction.®>®” Thus, this semipermeable shell sequestrates
the toxic intermediates of the reaction inside the compartment
and protects the cell. Further, these pores can be engineered to
tune their selectivity either by increasing or decreasing their
size and altering the charge of amino acids around the pores.
The permeability of different substances is gated based on the
size and charges around each pore, which differs from bacteria
to bacteria.

The shell proteins thus function as a semi-permeable phy-
sical barrier between the cytoplasm and the catalytic core. Some
reports suggest that the shell proteins can protect the catalysts
from thermal and pH stress. A recent study by Kumar et al.
(Fig. 3) showed that the major shell protein of Pdu BMC shows
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chaperone-like activity by conserving the structure and activity
of its signature enzyme under thermal stress.”*

2.2.2. Catalytic machineries inside the protein envelope -
enzymatic core. The outer shell protein structures are similar in
all types of BMCs but the constituents of the enzymatic core
depend on their functions. Usually, enzymes that are
compromised in the cytoplasmic environment and those that
result in the formation of any toxic and volatile products are
sequestrated within the BMC. For example, carboxysome-
encompassing RuBisCO, which was evolved in the primitive
environment when the amount of oxygen in the atmosphere
started to increase. Oxygen, being a competitive inhibitor of
CO, for RuBisCO, decreases its efficiency to bind to CO,. When
entrapped inside the compartment, RuBisCO is isolated from
the cytoplasm environment containing oxygen, thus increasing
its efficiency in binding to CO,.°® Metabolosomes like Pdu BMC
and Eut BMC enclose aldehyde dehydrogenases, resulting in
the production of toxic aldehydes, and are encapsulated along
with an alcohol dehydrogenase and a phosphotransacetylase
for conversion of the toxic intermediate to non-toxic products.*®
The compartment also provides a dedicated cofactor recycling
system within it for the activity of encapsulated enzymes.®’

2.2.3. Overall conserved sequence of the BMC operon -
BMC loci. Since different bacterial microcompartments share
similar structural attributes, the BMC operon contains some
conserved regions that are homologous throughout different
BMC in different bacterial phyla. All the proteins that make up
a BMC are coded in a single operon called BMC loci.>® On
careful examination, it was observed that the operon had genes
of shell proteins and the cargo enzymes positioned in a
particular fashion. In a typical orientation, the operon starts
with a promoter gene, followed by a regulator gene, which in
most cases shows positive regulation of the operon. Next to the
regulator, the shell/envelope protein genes are arranged so that
the genes for the cargo enzyme are between two sets of shell
protein genes. On induction of the respective operons with the
corresponding substrates, transcription is initiated, followed by
translation. The translated proteins then self-assemble to form the
complete compartment. Two theories explain the self-assembly of
bacterial microcompartments: the core-first assembly pathway and
the concomitant assembly pathway. In the core-first assembly
pathway, the enzymatic core is initially assembled and is then
covered by shell proteins to form the complete BMC. This type of
assembly is observed in B-carboxysomes. In B-carboxysomes, the
cargo assembles first, forming a procarboxysome, onto which the
shell proteins assemble and pinch off excess cargo to form mature
carboxysomes. In the case of the concomitant assembly pathway,
some shell proteins and some enzymes interact and form small
self-assembled entities that finally self-assemble to form a complete
BMC. This type of assembly is observed in o-carboxysomes and
metabolosomes.*®

2.2.4. A target sequence on cargo directs it to the BMC
core - encapsulation peptide. All the enzymes that get
entrapped inside microcompartments interact with the shell
proteins for encapsulation and stabilization within the
compartment.”’® This interaction is considered to be mediated

4846 | J Mater. Chem. B, 2023, 11, 4842-4854
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by hydrophobic patches on the shell protein. The interaction
between shell protein and core enzymes remained unknown
for a very long time. Earlier comparative studies on diol
dehydratase (the signature enzyme of PduBMC) and glycerol
dehydratase (not associated with any BMC) revealed that one of
the subunits of diol dehydratase has an N-terminal extension.”*
In 2005, it was demonstrated by Tobimartsu et al. that the
N-terminal of the diol dehydratase is responsible for its lower
solubility and the absence of the N terminal did not affect its
catalytic activity. This led to further studies on the N-terminal
sequence of different enzymes of Pdu BMC by different groups.
In 2010, Fan et al for the first time demonstrated that the
N-terminal of PduP (aldehyde dehydrogenase) mediated its
interaction with the PduA shell protein of Pdu BMC.”>”* The
same group demonstrated that deletion of the N-terminals of
35 amino acids of PduD reduced the encapsulation of
PduCDE.”* Further studies by Chowdhury et al. on Eut BMC
revealed that the N-terminal sequence of EutC acts as an
encapsulation peptide (EP). Later, several groups confirmed
the involvement of the N-terminal or C-terminal targeting
sequence in the encapsulation of enzymes inside BMCs.””

2.3. BMC provides competitive advantages to pathogenic bacteria

BMC enables bacteria to use alternative carbon sources other
than glucose. Such alternative carbon sources like ethanolamine
and 1,2-propanediol are constantly produced in the human gut
through the metabolism of different food constitutents.>””®
Enteric bacteria living in the animal gut can express different
types of catabolic BMCs that utilize these substrates, thus
providing a nutritional advantage over those bacteria that cannot
express BMC.”””® Enterohaemorrhagic E. coli, for example, has a
nutritional advantage over commensal E. coli because of etha-
nolamine metabolism when grown in bovine intestinal
contents.”® From these observations, researchers speculated that
there was a connection between BMC and pathogenicity. It has
been shown that the invading pathogen (Salmonella enterica)
splits into two life cycle patterns; one directly attacks the gut
epithelium causing inflammation, leading to anaerobic condi-
tions and thus helping the other bacteria to colonize within the
gut by functional BMC induction.?® Studies on S. typhimurium
suggest the upregulation of the Eut and Pdu operons during
colonization of the bacteria in the chicken caecum.*” Another
study shows that deletion of the regulatory unit of Pdu and Eut
operons reduces the proliferation of S. typhimurium in an animal
model.?? Although a direct connection between BMC and patho-
genicity is yet to be found, it is evident that BMC provides growth
advantages to bacteria irrespective of pathogenicity. Following
these directions, drug molecules that can inhibit the assembly of
BMC can be designed to restrict the growth of bacteria.

3. Engineering BMC for biomaterial
applications

The confinement of enzymatic machinery inside the small
volume of a protein shell commendably increases the catalytic

This journal is © The Royal Society of Chemistry 2023
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efficiency. Further, the protein shell also protects the encapsu-
lated enzymatic cargo with high thermal and pH stability.”
Another important property of bacterial microcompartments is
that they can self-assemble heterogeneously, and each shell
protein can self-assemble, homogenously forming different
nanostructures based on the concentration in both in vivo
and in vitro environments. All these features of BMCs, the high
catalytic efficiency, multifunctionality, semi-permeability and
self-assembling nature of the protein shell make BMCs superior
to other protein compartments for exploitation as biosynthetic
nano-reactors. Enticed by these special features, scientists have
tailored BMCs for different bio-material applications.

The engineering of bacterial microcompartments was initi-
ally considered for use in expressing heterologous enzymes
inside the shell to increase their catalytic efficiency. Later,
inorganic catalysts like nanoparticles, and organic polymers
like DNA were incorporated within or on the shell for industrial
and biological applications. The self-assembly of the shell
proteins has been used to attach desired reactive moieties
nearby for electron conduction, charge transfer, etc. and the
core with diverse functionality.

Any engineered BMCs or their components need to be
supported by in vitro physical and biochemical characterization,
following the expression and purification of these structures as a
whole or as components. Further purification will be needed for
the covalent attachment of any moieties to these proteins. To
date, four different types of BMCs have been purified from
different organisms by three main methods: cell lysis, followed
by ultracentrifugation, sucrose gradient separation and affinity
chromatography.®* Purification of BMCs can be carried out from
host organisms as well as heterologous expression systems.**

3.1. The fate of heterologous expressions of BMC and its
components

An initial step in engineering bacterial microcompartments is
the expression of BMC proteins in non-native hosts. This step is
important as native BMC proteins will be expressed along with
the engineered ones otherwise. For the first time, Parson et al.
demonstrated the heterologous expression of Pdu BMC of
Citrobacter freundii in E. coli, which was a fully functional
and complete recombinant metabolosome.®* Similarly, the o-
carboxysome of Halothiobacillus neapolitanus was also successfully
expressed in E. coli, which was observed to be fully intact and
operative.®® In 2018, B-carboxysomes of Syncechococcus elongates
were expressed in E. coli, which was also functional.®* These are
some examples of the first few successful attempts at the hetero-
logous expression of different bacterial microcompartments. Since
the BMC operon can be expressed heterologously, engineering the
same for synthetic compartments and structures was considered.
Although the BMC operon codes for many proteins, all proteins are
not important in forming the complete polyhedral structure of
BMC. This was identified in the year 2010 when Parsons et al
expressed all the shell proteins® of the Pdu operon heterologously
in E. coli and later deleted individual shell proteins to study the
interaction and importance of different shell proteins for forming
Pdu BMC. Following this, they were successful in expressing an

This journal is © The Royal Society of Chemistry 2023
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empty minimal microcompartment in vivo. While conducting these
experiments by deleting certain shell protein genes, researchers
observed that with certain combinations of shell proteins, novel
architectures that were different from those of the polyhedral
organelles were formed. A combination of PduA and PduB formed
axial filaments that showed motility when tagged with PduV
(enzyme).*”” Cheng et al. showed that PduA, PduBB’, Pduj and
PduN are only required to form a complete functional Pdu BMC.
PduJ and PduN deletion resulted in the formation of an elongated
BMC, while the deletion of PduA resulted in an enlarged BMC.*®
Choudhary et al. showed that the EutS shell protein alone can form
a compartmentlike structure by heterologously expressing the
recombinant EutS of Salmonella enterica in E. coli.*® In 2018, Hagen
et al. formed an in vitro minimal microcompartment using a
physical mixture of Haliangium ochraceum BMC-H, BMC-T and
BMC-P in a ratio of 60:20:12, respectively. Another example of
in vivo nanoarchitecture formation is the tubular Pdu BMC
observed as a result of PduN deletion from the Pdu operon.** A
recent report suggests the formation of pleiotropic structures
including nanotubes and nanocones when six shell proteins of a
GRM from Rhodopseudomonas palustris were expressed in E. coli.”°
The self-assembly of shell proteins into such diverse types of
structures disclosed the wide plasticity of BMC in bio-material
applications.

3.2. Repurposing BMC as a nanoreactor

Researchers have so far explored both anabolic and catabolic
bacterial microcompartments for various biotechnology appli-
cations. BMC as a nanoreactor is prominent among all the
other applications. Being such a well-orchestrated system,
BMCs can carry out complex engineered pathways in the most
efficient manner resulting in enhanced yield. The encapsulation
of non-native cargo with encapsulation peptide (EP: described in
the previous section) inside the BMC shell was the first step
taken to fabricate the nanoreactor. Green Fluorescent Protein
(GFP) fused with either aldehyde dehydrogenase or the first 34
amino acids from the N-terminal of the enzyme was targeted to
the compartment. Although the efficiency of targeting was not
high, this study demonstrated how cargo could be targeted to
BMC.*? In the same year, pyruvate decarboxylase and alcohol
dehydrogenase fused with EP were targeted to Pdu BMC to
produce a BMC that was efficient in producing ethanol from
pyruvate® (Fig. 4). Wagner et al. showed that 3 different non-
native enzymes, beta-galactosidase, esterase Est 5 and glycerol
dehydrogenase, with 19 amino acids from PduP can be targeted
to BMC without altering the enzyme efficiency.”> When the
BMC operon from Citrobacter freundii is co-expressed with poly-
phosphate kinase (PPK 1) fused with EP, the enzyme became
encapsulated in BMC. PPK 1 loaded in BMC was able to
sequester inorganic phosphate (Pi), a common water pollutant
with more efficiency than free PPK 1. BMC can thus be repur-
posed to fabricate a reactor that can be utilized in wastewater
treatment.’” In another attempt, a hydrogen-producing nanor-
eactor was created using shell proteins of a-carboxysomes and
directing hydrogen-producing machineries, [Fe-Fe] hydroge-
nase, ferredoxin (Fd) and ferredoxin:NADP' oxidoreductase
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Fig. 4 Schematic illustration of an ethanol bioreactor, repurposing Pdu
BMC. (Adapted from Wagner et al.%?).

(FNR), into the protein shell. The developed reactor was not only
producing hydrogen more efficiently than the free hydrogenase
enzyme but also protecting the hydrogenase from oxygen.’® To
enhance CO, fixation by Rubisco in carboxysomes, the compo-
nents of Rubisco activase (CbbO and CbbQ) were installed inside
the carboxysome shell.”* Prentice et al invented recombinant
bacteria expressing BMC with heterologous enzymes that were
used for the accumulation of metabolites. In this case, lower
molecular weight substrates were converted to polymeric or
higher molecular weight products by the encapsulated enzymes.
These polymeric metabolites were stored within the synthetic
BMC.” In the context of developing nanoreactors by engineering
BMC, these are some versatile paradigms for using EP to target
non-native cargo into the BMC lumen. Just like EP, a hetero-
dimeric coiled-coil system can also be used to target cargo in
the BMC lumen, as described by Lee et al.°® It was also reported
that the SpyTag/SpyCatcher system was utilized to incorporate
various fluorescent cargo inside the compartment.®” Using this
method, recent reports proclaimed the development of a syn-
thetic formate utilizing microcompartments (sFUT).°**° This
recombinant microcompartment was loaded with pyruvate for-
mate lyase (PFL) and phosphate acetyl transferase and thus it
was able to utilize formate and acetyl-phosphate to produce
pyruvate. Zhang et al. covalently attached the SpyTag/SpyCatcher
system to EutM, the hexameric sheet-forming shell protein of
Eut BMC, for conducting augmented cascade reactions.'® These
studies revealed the calibre of BMC for developing a bio-reactor
for various applications.

3.3. Delivery vehicle derived from BMC

One of the challenges addressed by many researchers is to
develop a vehicle for delivering cargo molecules like drugs,
DNA, RNA, metal nanoparticles, peptides or proteins inside
cells. These cargo-loaded systems could have potential applica-
tions in cancer diagnosis and therapy.'®"'°® In this context,
very few attempts have been made with BMC. The possibility of
using BMC as a cargo carrier was reported elsewhere.'®® The
shell protein of BMC could be engineered to have cysteine at

4848 | J Mater. Chem. B, 2023, 11, 4842-4854
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the desired position and with that, a drug molecule of specific
function can be attached.’®® Recently, a protein shell (PS) was
fabricated from a sheet-forming shell protein of Pdu BMC
(Fig. 5). Here, anticancer drugs like doxorubicin and curcumin
were loaded in the lumen of the protein shell and their release
was checked.'®* Moreover, the non-native enzyme, Cyt C, was
also able to be encapsulated inside the protein shell and this
enzyme-loaded protein shell successfully converted pyrogallol
to phloroglucinol.’® In a recent report, DNA was targeted to the
lumen of BMC for the first time. In this work, a DNA segment
with the Lac repressor binding site was used and the Lac
repressor was fused with an enhanced green fluorescent protein
and Pdu BMC targeting peptide to target the DNA assembled
inside the BMC lumen."® The use of BMCs has been also
proposed in the field of phytonanotechnology using the nanos-
tructures derived from the BMC shells for the controlled uptake
and release of fertilizers, pesticides, or other agrochemicals that
can interact directly to benefit the plant.'°® An advantage of
BMCs as drug delivery vehicles is that they can shelter the cargo
from thermal and pH stress.>"'®” However, the biocompatibility
of BMC needs to be explored.

3.4. Developing protein-based hybrid materials

The symbiotic combination of biomolecules with inorganic
nanoparticles or organic molecules produces hybrid materials,
which are known to have better functionality and elaborate
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Fig. 5 (a) Confocal images of alexa 488-labelled cytochrome C loaded in
a constructed protein shell. (b) Enzymatic conversion of pyrogallol to
phloroglucinol by Cyt C inside the protein shell. (Adapted from Bari
et al).*0*
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applications. To fabricate such materials, proteins or peptides
have been used widely since their shape and size can be
precisely controlled through genetic engineering. Whole Pdu
BMC was used to reduce auric chloride to gold nanoparticles
and after reduction, the gold nanoparticles were found to be
present on the outer protein shell of BMC.'® The developed
hybrid system was able to perform standard gold nanoparticle-
catalyzed reactions without losing the internal enzyme cascade
activity of the BMC core. Another work from the same group
demonstrated how the quaternary structure of the protein can
affect the morphology and catalytic efficiency of nanocatalysts.
In this work, they used a globular, non-self-assembling protein
i.e., BSA and a self-assembling and sheet-forming shell protein
of Pdu BMC, ie., Pdu BB/, to develop a hybrid copper nano-
flower (Cu NF). The Cu NF developed with BMC protein was
found to have a different morphology and higher catalytic
activity in comparison to BSA Cu NF.'” In another study,
Cem (Cytochrome ¢ maturation) system 1 (Ccm 1) was used
to covalently attach heme with BMC-H to develop a long-
distance electron transport system."'® After the attachment of
the heme moiety, shell proteins retained their property of self-
assembling into hexameric structures (Fig. 6). As a proof of
concept, the pore of a BMC shell protein was functionalized to
bind inorganic redox counterparts such as copper or Fe-S
clusters. The redox potential of these hybrid shell proteins
was checked against the Standard Hydrogen Electrode (SHE).
Inorganic counterparts bound to the concave side of the shell
protein were found to have more positive formal potential in
comparison to those variants having the same counterpart at
the convex face."'® Kaur et al. showed that a 2D sheet-forming
shell protein, PduA (from Pdu BMC), when mutated to PduA
[K26A] formed a 3D scaffold. Then, both 2D and 3D structures
were used to synthesize a protein-gold nanoparticle hybrid
material. In the case of a 3D scaffold, the size of the gold
nanoparticle was found to be lower as this scaffold has a
higher surface area that provides more nucleation sites for
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nanoparticle formation. Moreover, gold nanoparticles synthe-
sized in the presence of a 3D scaffold have greater efficiency in
reducing para-nitrophenol.™* These attempts at combining
BMC shell proteins with organic or inorganic counterparts
open many future directions to have novel hybrid material with
diverse applications.

4. Conclusions and future outlook

The bacterial microcompartments are unique paradigms of
biomolecular compartmentalization that can be exploited for
myriads of applications in biology and biomaterial sciences
(Fig. 7). To date, the literature has ample resources on the
techniques that can be used for the genetic engineering of
these nano-architectures leading to reactors with different
shapes and properties. Further studies have also delineated
the properties of the individual components. However, certain
innate aspects of microcompartments still need to be explored
and studied. The most relevant question is concerned with
what determines the size and shape of these nano-organelles.
The answer to this question will aid in the bio-synthetic
production of microcompartment-like engineered nanoreac-
tors. The next issue that needs attention is the mechanism of
biogenesis of such a complex system. Although recent studies
show that the biogenesis of different BMC paradigms occurs via
liquid-liquid phase separation, more studies in vivo and in vitro
need to be performed for conclusive outcomes.'*> Another
aspect that remains to be deciphered is the role of BMCs in
the pathogenesis of the micro-organism it is associated with.
Such studies will help in the identification of alternative targets
for microbial management.

Further, the components of BMCs can be exploited in
permutations and combinations to form different protein
architectures in 2- and 3-dimensions. These scaffolds will have
high thermal and pH stability as indicated earlier and can
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be used in catalysis, Raman spectroscopic probes, etc. The
3-dimensional structures such as protein vesicles derived from
BMC components can be employed to carry bioactive molecules
such as anticancer drugs, nucleic acids or peptides. This area
needs the attention of researchers since self-assembling BMC
shell proteins have remarkable potential for use as delivery
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