SHORT COMMUNICATION

Communicative & Integrative Biology 8:3, €1039755; May/June 2015; Published with license by Taylor and Francis Group, LLC

Bacterial microcompartment assembly:
The key role of encapsulation peptides

Clément Aussignargues’, Bradley C Paasch', Raul Gonzalez-Esquer’, Onur Erbilgin?, and Cheryl A Kerfel

d1,2,3,4,*

'DOE Plant Research Laboratory; Michigan State University; East Lansing, Ml USA; >Department of Plant and Microbial Biology; University of California, Berkeley; Berkeley, CA USA;
3Physical Biosciences Division; Lawrence Berkeley National Laboratory; Berkeley, CA USA; “Berkeley Synthetic Biology Institute; Berkeley, CA USA

Keywords: bacterial microcompartments, BMC assembly, carboxysomes, encapsulation peptides, metabolosomes, protein-protein

interaction, synthetic biology

Bacterial microcompartments (BMCs) are proteinaceous organelles used by a broad range of bacteria to segregate
and optimize metabolic reactions. Their functions are diverse, and can be divided into anabolic (carboxysome) and
catabolic (metabolosomes) processes, depending on their cargo enzymes. The assembly pathway for the
B-carboxysome has been characterized, revealing that biogenesis proceeds from the inside out. The enzymes coalesce
into a procarboxysome, followed by encapsulation in a protein shell that is recruited to the procarboxysome by a short
(~17 amino acids) extension on the C-terminus of one of the encapsulated proteins. A similar extension is also found
on the N- or C-termini of a subset of metabolosome core enzymes. These encapsulation peptides (EPs) are
characterized by a primary structure predicted to form an amphipathic a-helix that interacts with shell proteins. Here,
we review the features, function and widespread occurrence of EPs among metabolosomes, and propose an expanded

role for EPs in the assembly of diverse BMCs.

Bacterial Microcompartments-Organelles
of Bacteria

Until recently, subcellular compartmentalization was the hall-
mark feature of eukaryotic cells, in which metabolic segregation
is achieved by a delimiting lipid membrane. However, over
the past decade, an increasing number of studies (reviewed in
refs.'>) have unveiled the sophisticated subcellular organization
of bacteria. One striking example of this organization is the bac-
terial microcompartment (BMC), which can be considered the
bacterial equivalent of the eukaryotic organelle.

In electron micrographs of thin-sectioned bacteria, BMCs
appear as polyhedral bodies, typically ranging between 40 and
200 nm in diameter. Unlike their eukaryotic counterparts, they
are composed entirely of protein.”> BMCs consist of a semi-per-
meable protein shell that encloses multiple proteins, typically
including several enzymes constituting a specific metabolic reac-
tion sequence. Although only a few types have been experimentally
characterized, bioinformatic analyses of the presumed contents of
diverse BMCs suggest that the shell serves to protect the cell from
toxic compounds generated by the encapsulated enzymes,® prevent
the loss of volatile intermediates,”” and/or exclude adverse com-
peting substrates or enzymes. Furthermore, because they concen-
trate enzymes with their substrates, the encapsulated reactions are
assumed to achieve higher efficiency, while confinement may

enhance protein stability and the exclusion of oxygen makes the
resident enzymes less prone to oxidative damage.®”

The functions of BMCs are defined by the enzymes they pack-
age. The most extensively characterized BMC is the carboxy-
some, which is found in cyanobacteria, chemoautotrophs and a
few purple phototrophs. The carboxysome encapsulates ribulose-
1,5-bisphosphate carboxylase/oxygenase (RuBisCO) and car-
bonic anhydrase, and plays a key role in carbon fixation
(Fig. 1)."° In addition to carboxysomes, there are catabolic
BMCs (metabolosomes) that degrade a variety of different car-
bon compounds (Fig. 1). Examples of these include the well-
characterized propanediol utilization'' (PDU) and ethanolamine
utilization'* (EUT) microcompartments and the recently charac-
terized BMCs that degrade ethanol'' and fucose/rham-
nose.'>'® BMCs are also phylogenetically diverse; a recent
bioinformatics survey found 23 distinct loci types distributed
across 23 bacterial phyla, illustrating their surprising ubiquity."”

BMC:s are proposed to have significant potential for the bioen-
gineering of heterologous pathways.'®'? For example, genetic loci
coding for the BMC shell and the encapsulated pathway can be
directly expressed in foreign hosts without any modification.***!
However, realizing the goal of engineering custom bacterial organ-
elles containing multiple selected enzymes is predicated on under-
standing how BMCs assemble. Recently, the first elucidation of
an assembly pathway for a BMC (the B-carboxysome) was
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Figure 1. Schematic of carboxysome and metabolosome organization. (A) The RuBisCO small subunit-like domains of CcmM interact with RuBisCO (pig-
gybacking); CcmM also associates with CcmN which interacts with shell proteins through its EP. (B) The signature and core enzymes of various metabolo-
somes contain EPs. Other proteins/subunits may interact with these proteins to be encapsulated by piggybacking. The a-helical portion of the EP is
shown as a cylinder connected to the functional core of its cognate protein via an extended, poorly conserved linker. CA, carbonic anhydrase; 3-PGA,
3-phosphoglycerate; RuBP, ribulose 1,5-bisphosphate; CBB cycle, Calvin-Benson-Bassham cycle; AldhDH, aldehyde dehydrogenase; ADH, alcohol

dehydrogenase; PTAC, phosphotransacylase; AK, acyl kinase.

reported, highlighting the key role of a short encapsulation pep-
tide (EP). The carboxysome forms from the inside out
(Fig. 1A):** first, RuBisCO forms a procarboxysome by aggregat-
ing with CemM, a protein composed of a y-carbonic anhydrase
domain and 3-5 additional domains that resemble the small sub-
unit of RuBisCO.** CemM, CemN (a protein of unknown func-
tion) and a B-carbonic anhydrase form a complex**** completing
the procarboxysome. CcmN recruits the shell to the procarboxy-
some via its EP. The EP is composed of a short (~17 amino acids)
a-helix which interacts with the major shell protein CemK2.>
B-carboxysome assembly is abolished when the EP is deleted from
CemN, highlighting the importance of this peptide.*

EPs have been predicted and characterized for both of the
EUT and PDU

BMCs.?>?® They were initially discovered in multiple sequence

extensively studied metabolosomes, the

alignments comparing encapsulated and non-metabolosome
homologs of PduP, the aldehyde dehydrogenase in the PDU
BMC. The N-terminal extension found only on encapsulated
homologs was sufficient to target foreign proteins to shells.*®
Kinney et al. experimentally identified the EP found on the C-
terminus of CemN, predicted it to be an amphipathic a-helix,
and identified peptides with similar characteristics in different
enzymes from diverse metabolosomes.”> This led to the defini-
tion of the EP as a short sequence (typically 15-20 amino acids),
predicted to form an amphipathic a-helix and separated from
the functional domain of the protein by a poorly conserved
linker. The a-helical structure of an EP was subsequently con-
firmed by NMR spectroscopy.

Here, we show that EPs are present in several of the key pro-
teins encapsulated within BMCs where they presumably play cru-
cial roles in assembly. Identifying and characterizing EPs is
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essential to both understanding the assembly of BMCs and for
engineering BMCs for new functions. We focus on the diversity
of EPs, their structural characteristics, as well as their widespread
distribution.

Definitions

The majority of the BMCs characterized bioinformatically
contain an enzyme that defines their substrate selectivity, which
is referred to as the “signature enzyme.”>'®” For example, in
the carboxysome, the signature enzyme RuBisCO carboxylates
the substrate ribulose-1,5-bisphosphate. In many types of metab-
olosomes, the signature enzyme acts on the initial and specific
substrate of the BMC (e.g. propanediol dehydratase acting on
propanediol in the PDU BMC, ethanolamine ammonia-lyase
acting on ethanolamine in the EUT BMC); the reactions of these
enzymes yield an aldehyde (Fig. 1B and Table 1). Other BMC
“core enzymes” complete the metabolic sequence of the metabo-
losome: the aldehyde is used by the core NAD™ and coenzyme
A-dependent aldehyde dehydrogenase.'” Recycling of NAD™
and coenzyme A inside the BMC is achieved by an alcohol dehy-
drogenase and a phosphotransacylase, respectively (Fig. 1B and
Table 1). This general model for metabolosome core function is
thought to apply to the majority of diverse BMC types.>'®"”

Methods

To expand the available data on EPs, we surveyed the signa-
ture and core gene products of carboxysomes and functionally
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Table 1. List of the proteins analyzed in this study. The presence and the position of the EP are shown on its cognate protein as an amphipathic helix

PduC  Propanediol dehydratase, large subunit Signature enzyme of the PDU BMC
PduD  Propanediol dehydratase, medium subunit
PduE  Propanediol dehydratase, small subunit
EutB  Ethanolamine ammonia-lyase, large subunit  Signature enzyme of the EUT BMC
EutC  Ethanolamine ammonia-lyase, small subunit
Class Il aldolase Signature enzyme of PVM, PVM-like
and GRM5 BMCs
CcmN Carboxysome assembly protein
Aldehyde dehydrogenase Core enzyme of metabolosomes

Alcohol dehydrogenase

Phosphotransacylase

Core enzyme of metabolosomes

Core enzyme of metabolosomes

byl

defined metabolosomes. These include CemN orthologs, CcaA
(the carboxysomal B-carbonic anhydrase), the propanediol dehy-
dratase from the PDU BMC, the ethanolamine ammonia-lyase
from the EUT BMC and a class II aldolase, as well as the core
enzymes of diverse bioinformatically characterized metabolo-
somes:'” the aldehyde and the alcohol dehydrogenases, and the
phosphotransacylase (Table 1). To our knowledge, no other
BMC encapsulated proteins contain EPs.

CcaA and CcmN orthologs were extracted from the Inte-
grated Microbial Genomes (IMG) database (https://img.jgi.doe.
gov/) by BLAST search. For the metabolosomes, sequences were
extracted from the Dataset S1 from a recently constructed taxon-
omy of all BMCs."” Multiple sequence alignments were per-
formed using MUSCLE™ and visualized with Jalview.’!

Secondary structure was predicted using the JPred server.””
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The EP in B-carboxysomes

From our analysis of carboxysome-encapsulated proteins, only
CemN contains a clearly identifiable EP. CcmN is an essential
[B-carboxysome assembly protein composed of a N-terminal
domain constituted of multiple bacterial hexapeptide repeat
domains (Pfam00132), separated from the C-terminal domain
(containing the EP) by a linker of variable sequence and length.*’
In the alignment of the 151 CcmN orthologs, the length of the
linkers ranged from 23 to 277 amino acids; there is no discernible
sequence homology among linkers and even the amino acid com-
position is variable (Fig. S1; Table 2). This wide range of linker
length is unique to CcmN and we were unable to correlate linker
length with any other sequence feature. In the majority of the
CcmN sequences analyzed, a short (typically 5 to 15 residues)
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terminal peptide fragment follows the EP (Fig. S1). We exam-
ined this terminal fragment as well as the linker and the EP of
CcemN to determine the proportion of amino acids with similar
physicochemical characteristics. While the EP is enriched in
hydrophobic residues, the linker and the terminal fragment are
predominantly and consistently hydrophilic (Table 2). Notably,
in the 3 cases lacking the terminal fragment (strains PCC 6301,
PCC 7942 and PCC 7429), the EP is enriched in hydrophilic
residues, compared to the other CcmN EP sequences (Table 2).
Opverall, this suggests that the hydrophilic character of both the
linker and the terminal fragment may be important for the cor-
rect assembly of the B-carboxysome, whether by aiding in the sol-
ubility of the EP or providing a specific binding face for

interaction with shell proteins.

The EPs of Metabolosome Signature Enzymes

Ethanolamine ammonia-lyase, the signature enzyme of the
EUT BMC, is composed of 2 different subunits - EutB and
EutC - which assemble into a trimer of (af) dimers.”® A previ-
ously reported sequence alignment identified a N-terminal exten-
sion on the BMC-encapsulated EutC from Escherichia coli K-
12.%¢ This was later experimentally confirmed to be an EP when
the first 19 residues of EutC targeted GFP to the EUT shells.*®

We extracted 125 EutC sequences from the LoClass Data set
S1'7 and aligned them with 22 EutC sequences from organisms
that do not encode any BMC shell protein genes (Fig. S2). All
but 2 (from strains of Shigella boydii, perhaps indicating that this
BMC is no longer functional, or that the encapsulation is
achieved by another process) of the EutC orthologs encoded in
BMC loci contain an N-terminal extension. Secondary structure
prediction and amino acid composition indicate that this N-ter-
minal extension may form an amphipathic a-helix, meeting the
criteria for an EP defined by Kinney et al.>® The EP is joined to
the enzymatic domain of EutC by a linker (36-91 amino acids)
of poorly conserved primary structure and composition (Table 2;
Fig. S2). We similarly analyzed EutB, but no peptide extension
was detected in any part of the protein, suggesting that EutC is
the only subunit of ethanolamine ammonia-lyase to have an EP.
Because the native form of this signature enzyme is a complex
formed by the 2 subunits, one EP is presumably sufficient to
encapsulate the holoenzyme within the BMC, with EutB inter-
nalized through its interaction with EutC (“piggybacking”).

The other well-characterized metabolosome, the PDU BMC,
contains B12-dependent propanediol dehydratase as its signature
enzyme. This is formed by PduC, PduD and PduE in an o357y,
comple>(.34’35 We did not detect an EP on PduC, consistent with
the experimental observation that it cannot be encapsulated in
the absence of other PDU core proteins.”” However, in another
study,”® GFP-fused to full-length PduC was successfully targeted
to empty, recombinant PDU shells, suggesting that for some
encapsulated proteins other determinants besides the EP play a
role in encapsulation.

An EP was previously predicted for the N-terminus of
PduD.?>?® Experimental data showed that the PduD EP is
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sufficient to package the PduCDE holoenzyme into the BMC.>’
Fusion of PduD EP to GFP associates it with empty PDU
shells.?® We aligned 84 PduD sequences with 6 control (non
BMC-associated) PduD sequences: 82 of the orthologs contain
the characteristic N-terminal extension (the 2 exceptions are Lac-
tobacillus brevis sequences) (Fig. S4). The PduD EP is followed
by a linker ranging from 22 to 58 amino acids of variable compo-
sition (Table 2).

The alignment of 103 PduE sequences with 6 control PduE
sequences from the genomes of organisms that do not encode
BMCs shows the presence of a N-terminal extension in the
BMC-associated PduE orthologs (except for 2 Thermoanaerobac-
terium and 4 Mycobacterium species; Fig. S3). These extensions
have the typical characteristics of the EPs: about 18 residues pre-
dicted to form an amphipathic a-helix followed by a linker
region that connects the EP to the core of the protein.”
Again, the composition of the linker region is poorly conserved,
however, its length is relatively more consistent, ranging from
26 to 39 amino acids (Table 2). Despite the predicted EP
on PduE, the protein cannot be encapsulated in empty shells.””
Presumably it is packaged through its interaction with PduC/
PduD.

Collectively, these data for assembly of metabolosome signa-
ture enzymes suggest that inter-protein interactions are not only
essential for formation of the holoenzyme but likewise provide a
means to pack multiple proteins in the core of the metabolosome.
The signature enzyme subunits EutB and PduC lack EPs and are
probably encapsulated through association with the other
enzyme(s) of the complex. A major difference between PduCDE
and EutBC, however, is that EutBC contains only one N-termi-
nal EP, while 2 N-terminal EPs are present in PduCDE, even
though, presumably, only one would be enough for encapsula-
tion. Notably, the amino acid sequences of the EPs of PduD and
PduE are quite different which may reflect interactions with dif-
ferent shell protein binding sites, or suggest that the EP on PduE
has a distinct function, such as aggregating lumenal enzymes
(Fig. 4).

A class II aldolase (Pfam00596) is predicted to serve as a
signature enzyme for 2 distinct types of BMCs; it cleaves
fucose and rhamnose to dihydroxyacetone phosphate or pyru-
vate (depending on whether the sugar is phosphorylated), and
lactaldehyde, which is then processed by the BMC-encapsu-
lated enzymes. In the Planctomycetes and Verrucomicrobia-
Type (PVM)'® and likely the PVM-like'” BMCs, lactaldehyde
is directly processed by the BMC core enzymes.'® For a bioin-
formatically described BMC (GRMS5), which presumably
encapsulates a Glycyl Radical Enzyme,'>'” lactaldehyde is
reduced to propanediol.'”” Twentythree BMC-associated and
12 non-BMC associated class II aldolase sequences were
aligned. An ~17 amino acid peptide extension that contains
the EP characteristics defined by Kinney et al.*® is found at
the C-terminus of 21 sequences (Anaerobaculum mobile and
Ruminococcus torques do not have the extension) (Fig. S5) sep-
arated from the functional domain of the protein by a linker
ranging from 23 to 81 residues without amino acid composi-
tion or sequence conservation.

€1039755-5
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Figure 2. Alignment of the 1065 EPs identified from the different BMC-encapsulated proteins. Left: Protein
and terminus on which the EP is found. Positions are colored as hydrophobic (red) and hydrophilic (blue).

The EPs of the
Metabolosome Core
Enzymes, Aldehyde and
Alcohol Dehydrogenases
and Phosphotransacylase

Aldehyde dehydrogenase is the
most ubiquitous core enzyme found
among metabolosomes.!”  Several
studies have focused on the EP
on the N-terminus of this
f:nzyme,26’29’3 37 and, in one case, a
solution structure was solved, con-
firming the prediction®” that the EP
forms an amphipathic helix.”

A multiple sequence alignment
of 362 aldehyde dehydrogenase
sequences shows that the encapsula-
tion extension (EP and poorly con-
served linker region) can be on
either the N- or the C-terminus of
the enzyme (Fig. S6), in contrast to
the signature enzymes of metabolo-
somes (PduD, PduE, EutC and class
II aldolase) and CcmN, where the
extension is consistently observed
only on one terminus of the protein.
The location of the EP correlates
with the BMC subfamily (for a
review of the different families and
subfamilies, see reference !7). For
example, the EP is found on the N-
terminus of the EUTI-associated
aldehyde dehydrogenase, and on the
C-terminus of the other EUT
BMCs (EUT2A, B, C, D, EUT3
and EUT-other). In contrast, all
aldehyde dehydrogenase orthologs
in the PDU subfamilies contain a
N-terminal EP. In our alignment,
only a few aldehyde dehydrogenase
sequences do not appear to have an
EP. Upon closer inspection, these
were identified as paralogs, present
in the loci in addition to an aldehyde
dehydrogenase gene that contains an
EP. For example, the GRM1 locus
found in 5 Streptococcus strains enco-
des 2 copies of an aldehyde dehydro-
genase: one is predicted t be

Collectively, these data show that all of the signature enzymes ~ inactive due to a mutation of a catalytic residue;'” this paralog
of experimentally characterized metabolosomes contain at lacks an EP while the other one is presumably active (based on
least one EP, either N-terminal (PduD, PduE and Eut C) of C- residues conserved in the active site) and contains an EP on its
terminal (class II aldolase) (Table 1). These EPs from different ~ C-terminus. However, the GRM1 locus of other organisms (Desul-
signature enzymes do not share a conserved sequence, but they  fovibrio, Desulfitobacterium, Clostridium) also possesses 2 copies of
do share sequence properties (Fig. 2). the aldehyde dehydrogenase, one active and the other one inactive,
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both with an EP on the C-terminus. It is tempting to posit that
the presumably inactive forms serve as a scaffold for protein inter-
action and aggregation in the lumen of the BMC (see below).

We also examined the next enzyme in the metabolosome core
metabolic sequence (Fig. 1B), the alcohol dehydrogenase.
Despite the prediction of an N-terminal EP for EutG (EUT-
associated alcohol dehydrogenase) from Escherichia coli based on
a sequence alignment,”® experimental data showed that the first
19 amino acids of EutG from Salmonella enterica do not target
fused GFP to the shells.*® Our analysis did not identify an obvi-
ous EP (Fig. S7). However, all but one of the alcohol dehydroge-
nase orthologs from a specific EUT BMC subtype (EUT1), have
a short additional peptide (about 20 amino acids) directly pre-
ceding the conserved N-terminus; it is predicted to fold as a
a-helix, but does not otherwise fit the definition of an EP (no
apparent amphipathicity of the helix, and no linker). It has been
shown that alcohol and aldehyde dehydrogenase form a com-
plex,3 8 thus protein-protein interactions (piggy-backing), as pro-
posed for PduCDE and EutBC (above), may be the means for
encapsulation of the alcohol dehydrogenase (Fig. 1).

Finally, we examined the last enzyme of the metabolosome
core metabolic reaction, the phosphotransacylase. The alignment
of 227 sequences of BMC-associated phosphotransacylases with
20 control (non-BMC associated) sequences shows the presence
of a characteristic EP in the N-terminus of the enzyme (Fig. S8).
The linker connecting the EP to the core of the enzyme is shorter
than what is typically observed. In most cases, the linker is
approximately 5 amino acids (Table 2), suggesting reduced flexi-
bility relative to other linkers.

General Features of EPs

signature enzymes), as shown for core components of the 3-car-
boxysome, likely occurs in the assembly of diverse BMCs. Some
BMC-specific differences emerge upon close inspection. For
example, the CemN (B-carboxysome) EP contains aromatic
amino acids, whereas they are rarely found in metabolosome
EPs. Furthermore, using a script based on a published formu-
lae,”®% (available at *') we calculated the hydrophobic moment
of all the EPs surveyed here; metabolosome EPs have a consis-

tently higher amphipathicity score (Fig. S9).

Future Directions and Questions

Two studies conducted on the PduP (aldehyde dehydrogenase
of the PDU microcompartment) EP from Salmonella enterica
have probed the residues important for encapsulation. Mutagene-
sis of the PduP EP with encapsulation assayed by fluorescence
microscopy, demonstrated the importance of the hydrophobic
residues L6, L9, 110, 113 and L14.%* Likewise alanine scanning
mutagenesis followed by BMC purification and enzyme assays
identified E7, 110 and L14 (corresponding to one face of the
helix) as key residues for encapsulation.®® These residues were
proposed to interact with the hydrophobic residues on the short
C-terminal helix of the hexameric shell proteins PduA and Pdu]
(Fig. 3A). Collectively, these results suggest that (at least for the
PDU BMC) the hydrophobic surface of the EP is most likely
responsible for the binding to the shell proteins (and so, for the
encapsulation), while its solvent-exposed hydrophilic side provide
either solubility or a surface to interact with other encapsulated
enzymes.

From our comparison of 1065 EPs
from different encapsulated proteins in
diverse BMCs, we can identify a charac-
teristic pattern of alternation of hydro-
phobic and hydrophilic residues despite
a lack of sequence conservation (Fig. 2).
Secondary structure prediction indicates
that they most probably form a short
amphipathic a-helix (about 18 amino
acids) present on either the N-terminus
(EutC, PduD, PduE, PTAC) or the C-
terminus (CcmN, class II aldolase) of
the protein (Table 1). Interestingly, in
the case of the aldehyde dehydrogenase,
the EP can be on either side of the func-
tional domain. For all of the proteins,
the EP is separated from the core of the

enzyme by a poorly conserved linker

typically enriched in hydrophilic and
small amino acids (Table 2). Finally,
our data suggest that piggybacking by
proteins lacking an EP (e.g., alcohol

some subunits of

Figure 3. Model of EPs interacting with shell proteins. (A) Proposed 1:1 model®® in which EPs (orange)
interact with the C-terminal a-helices of a hexameric shell protein (blue). (B) Alternative model in
which EPs interact with the epitope formed by the hexamer-hexamer interfaces. Distinct epitopes
(denoted as 1 and 2) are formed by the interactions of different combinations of shell protein paral-
ogs (denoted by different shades of blue).

dehydrogenase,
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Figure 4. Aggregation model for the metabolosome assembly. For clar-
ity, the model is represented by only 3 proteins. EPs interact together to
form a cluster (prometabolosome) as the first step of the metabolosome
assembly. Through interaction network (piggybacking) and oligomeriza-
tion, some EPs are free to recruit the shell proteins to enclose the cluster
as the second step.

This model for EP association with the shell results in a 1:1
interaction between EP and each monomer of a hexamer, which
seems difficult to accommodate sterically (Fig. 3A) Alternatively,
considering that the basic building blocks of the shells (hexamers,
pseudo-hexamers and pentamers) associate with each other into
layers or strips in the absence of core BMC proteins, %4347
binding sites for EPs may form at the interface between 2 or
more hexamers (Fig. 3B). This model also suggests how specific
lumen proteins can be associated with specific shell proteins.
Currently there are no data to explain how the stoichiometry and
organization of the multiple shell paralogs of any BMC shell is
achieved. Thus, having several EPs (each specific to different hex-
amer-hexamer interfaces) would be a way to organize the compo-
sition of the shell by selectively recruiting the different shell
proteins. If this model is correct, the EP interaction with the shell
would both encapsulate enzymes and spatially organize the differ-
ent shell proteins in the facets.

Combining this model with the proposed piggybacking of
core metabolosome proteins leads to a model for a prometa-
bolosome-first assembly of BMCs, in a manner analogous to
B-carboxysome assembly.”> For example, given the number
of cargo proteins (up to 9 in the case of the PDU BMC,
some of them forming a complex, e.g. PduCDE) and the
interaction network established among them, it is likely that
a pro-PDU metabolosome forms followed by encapsulation
by the shell. Consistent with this model is a role for at least
a subset of EPs in nucleating a prometabolosome core (e.g.,
the EP on PduE); heterologous expression of proteins con-
taining an EP from metabolosomes leads to their aggregation,
whereas the removal of the EP renders them soluble.>*%4°
This aggregation could be due to the amphipathicity of the
helix (hydrophobic interactions between several EPs strongly
favored in aqueous environment). Accordingly, EPs may have
2 roles in the metabolosomes: clustering of the different
enzymes (analogous to the role played by CcmM in the
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carboxysome), and the recruitment of the shell proteins to
enclose the resulting prometabolosome in a shell (Fig. 4).

However there are anomalies yet to be reconciled with this
model. For example, the first 42 amino acids of PduV (a protein
of unknown function with weak GTPase activity and lacking an
EP) target GFP to the PDU BMC, and thus presumably interacts
with the shell.”” PduV is associated to the exterior of the shell,
potentially playing a role in the spatial localization of the
BMC,* suggesting that a mechanism independent from EPs
exists to associate proteins with the shell. Also, as noted above,
full-length PduC (lacking an EP) can target GFP to empty,
recombinant shells.*” Thus, this subunit likely contains a yet-
unrecognized determinant for binding to the shell.

Our results demonstrate that EPs can be located on either the
N- or C-terminus of cargo proteins (Fig. 2 and Table 1). An
interesting question is: Does location matter? In other words,
what would happen if a N-terminal EP for example is transferred
to the C-terminus of the same protein? The presence of the
poorly conserved linker, which “isolates” the EP from the core of
the protein, suggests that an EP is an independent module that
would be expected to successfully encapsulate the protein irre-
spective of its location. Likewise, it is possible that the strict
positioning of the EP on one end of a metabolosome enzyme is
required so that the remainder of the protein is unobstructed in
forming an interaction with a second core protein, such as the
case of the interaction between the N-terminal domains of
CemM and CemN in carboxysome formation.”** Such a
hypothesis about the importance of the EP location would be
interesting to investigate experimentally.

Understanding the interaction between EPs with shell pro-
teins is important for the bioengineering of BMCs. The simplest
strategy currently undertaken consists in fusing different EPs to
enzymes of interest to create new encapsulated pathways. For
example, a PDU BMC was engineered into an ethanol reactor
when pyruvate decarboxylase and alcohol dehydrogenase where
fused to the EPs of PduD and PduP.” Promising results for
improving plant carbon fixation were obtained when Cyan Fluo-
rescent Protein fused to the EP of CcmN compartmentalized
into engineered protein shells resembling B-carboxysomes in
tobacco chloroplasts.”® This study shows that EP-shell interac-
tions can be maintained across kingdoms, thus paving the way
for BMC biotechnology applications in higher organisms.

However many enzymatic pathways of biotechnological inter-
est require a large number of enzymes and supporting proteins.
The limitation on the number of EPs per BMC can be overcome
by considering protein domains as modular building blocks that
could be engineered to associate via piggybacking.” For example,
by designing fusion proteins composed of one EP and several
protein domains that interact to form a metabolosome core.’’
These different modules may require separation by flexible link-
ers based on the ones that connect the EP to the functional
domain in the native proteins. Likewise, if the EP indeed plays a
role in organizing the composition of the shell, regulating the rel-
ative abundance of the different EPs in a system could permit
control of the stoichiometry of the shell proteins, and therefore
fine-tuning of the selective permeability of the shell. Finally,
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using the knowledge of EP characteristics, synthetic EPs with dif-

ferent features (e.g., more robust interaction with shell proteins
or with other encapsulated enzymes) can be designed. By com-
bining these different strategies, it will be possible to assemble
and control new pathways in BMCs that are of direct relevance
for biotechnologies, in both bacteria and plants.

—_
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