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1  | INTRODUC TION

Bacterial microcompartments (BMCs) are proteinaceous organelles 
found within a broad range of bacteria (Axen, Erbilgin, & Kerfeld, 
2014; Bobik, Lehman, & Yeates, 2015; Kerfeld, Aussignargues, 
Zarzycki, Cai, & Sutter, 2018). They consist of an outer semiperme-
able protein shell that surrounds and sequesters a specific metabolic 
process. BMCs have a diameter of between 100 and 200 nm and can 
be broadly classified into two main groups based on whether they 

promote anabolic or catabolic processes. Anabolic BMCs are asso-
ciated with carbon fixation and house enzymes such as RuBisCO 
and carbonic anhydrase and are termed carboxysomes (Kerfeld, 
Heinhorst, & Cannon, 2010; Rae, Long, Badger, & Price, 2013; 
Yeates, Kerfeld, Heinhorst, Cannon, & Shively, 2008). Catabolic 
BMCs are associated with the breakdown of metabolites such as 
propanediol, ethanolamine, and choline, compounds often found in 
the gut mucosa (Bobik, 2006; Bobik, Havemann, Busch, Williams, & 
Aldrich, 1999; Cheng, Liu, Crowley, Yeates, & Bobik, 2008; Kerfeld 
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Abstract
Metabolosomes, catabolic bacterial microcompartments (BMCs), are proteinaceous 
organelles that are associated with the breakdown of metabolites such as propan-
ediol and ethanolamine. They are composed of an outer multicomponent protein 
shell that encases a specific metabolic pathway. Protein cargo found within BMCs 
is directed by the presence of an encapsulation peptide that appears to trigger ag-
gregation before the formation of the outer shell. We investigated the effect of three 
distinct encapsulation peptides on foreign cargo in a recombinant BMC system. Our 
data demonstrate that these peptides cause variations in enzyme activity and protein 
aggregation. We observed that the level of protein aggregation generally correlates 
with the size of metabolosomes, while in the absence of cargo BMCs self-assemble 
into smaller compartments. The results agree with a flexible model for BMC forma-
tion based around the ability of the BMC shell to associate with an aggregate formed 
due to the interaction of encapsulation peptides.
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et al., 2018). These degradative BMCs are referred to as metabo-
losomes (Brinsmade, Paldon, & Escalante-Semerena, 2005). In all 
cases studied so far, metabolosomes appear to produce an aldehyde 
intermediate that is then converted into its alcohol and acid deriva-
tives. The need to encapsulate such metabolic processes appears to 
protect the cell from potentially toxic intermediates and at the same 
time promotes metabolic flux (Jakobson, Tullman-Ercek, Slininger, & 
Mangan, 2017; Penrod & Roth, 2006; Sampson & Bobik, 2008).

BMCs are composed of several different shell proteins that 
form either homogeneous hexameric or pentameric tiles, which 
link together to form the facets and vertices of the macromolecu-
lar structure, respectively (Kerfeld et al., 2005; Tanaka et al., 2008). 
The structure of a small hollow recombinant BMC shell has recently 
been reported, providing strong evidence on the orientation of the 
tiles and how they associate to give the overall assembly (Sutter, 
Greber, Aussignargues, & Kerfeld, 2017). The shell protein tiles have 
a central pore that is thought to allow metabolites and cofactors into 
and out of the complex, possibly through a gated mechanism. Many 
of the metabolic cargo enzymes that are found within the lumen of 
the BMC are known to contain an N-terminal, or less frequently a 
C-terminal, encapsulation peptide that is around 18–20 amino acids 
in length, and which forms an amphipathic helix (Aussignargues, 
Paasch, Gonzalez-Esquer, Erbilgin, & Kerfeld, 2015; Fan & Bobik, 
2011; Fan et al., 2010; Kinney, Salmeen, Cai, & Kerfeld, 2012; 
Lawrence et al., 2014). For metabolosomes, studies have shown that 
the N-terminal 18 amino acids of PduD (D18) (Fan & Bobik, 2011) 
and PduP (P18) (Fan et al., 2010), as well as the first twenty amino 
acids of PduL (L20) (Liu, Jorda, Yeates, & Bobik, 2015), can act as 
targeting peptides that can direct foreign cargo, such as fluorescent 
proteins, to the BMC.

Research into the biogenesis of BMCs has largely focused on the 
carboxysomes, which generally form larger and more symmetrical 
icosahedral structures than the metabolosomes (Iancu et al., 2007; 
Kerfeld & Melnicki, 2016). Two types of carboxysomes are known, 
with the β-carboxysome structural proteins sharing high homology 
with catabolic BMC proteins. Imaging has shown that the protein 
shell of β-carboxysomes can form around an aggregate of protein 
cargo, with the size and shape of the BMC defined by the architec-
ture of the shell proteins (Cameron, Wilson, Bernstein, & Kerfeld, 
2013; Chen, Robinson-Mosher, Savage, Silver, & Polka, 2013). This 
core-first assembly involves the formation of an initial aggregate 
that gains its shape from the interaction of the shell proteins, which 
as it closes pinches off the excess aggregate, allowing it to form an-
other BMC. A different assembly process occurs within the α-car-
boxysome, where some key proteins help in this fabrication process, 
including CsoS2 (Cai et al., 2015). This concomitant folding involves 
the assembly of shell and core proteins together with the chaperon-
ing of core proteins. However, the mechanisms of BMC formation 
are likely not universal. Metabolosomes are much more irregu-
lar in both their size and shape in comparison with carboxysomes. 
Furthermore, through the recombinant production of BMC shell 
proteins derived from the propanediol utilization system it has been 
shown that the shell proteins can self-assemble into a smaller BMC in 

the absence of any protein cargo (Mayer et al., 2016; Parsons et al., 
2010). Thus, shell proteins can self-assemble into empty structures.

BMCs represent powerful metabolic units in the form of small 
bioreactors and as such, they have caught the attention of meta-
bolic engineers who see these organelles as a way to redesign spe-
cific aspects of cellular metabolism for the production of fine and 
commodity chemicals (Frank, Lawrence, Prentice, & Warren, 2013; 
Kim & Tullman-Ercek, 2013; Lawrence et al., 2014; Lee, Palmer, & 
Warren, 2018; Liang, Frank, Lunsdorf, Warren, & Prentice, 2017; 
Mayer et al., 2016). Key to the redesign of BMCs with alternative 
metabolic functions is the ability to encapsulate new pathways into 
the structures. Evidence that BMCs can be reengineered has come 
from a proof-of-principle study whereby a pyruvate decarboxylase 
(PDC) and an alcohol dehydrogenase were directed to an empty 
BMC through the addition of encapsulation peptides (Lawrence et 
al., 2014). The resulting BMC was found to have the ability to con-
vert pyruvate into ethanol.

Although a broad range of potential encapsulation peptides has 
been identified, comparative studies on their ability to direct cargo 
to BMCs have been limited. Screens to report improved changes to 
the encapsulation peptide have been reported, but these are based 
on the use of fluorescent proteins and their localization to puncta 
in cells by fluorescent microscopy (Kim & Tullman-Ercek, 2014). 
However, as encapsulation peptides promote aggregation, which can 
be visualized also as fluorescent foci, the use of fluorescent puncta 
as a means to judge localization does not differentiate between pro-
tein aggregation and BMC encapsulation (Lee, Palmer, et al., 2018).

Herein, we describe research that was undertaken to develop 
improved methods to quantitate the incorporation of cargo into 
BMCs. Initially, the ability of the Citrobacter freundii PduD, PduL, and 
PduP to direct cargo to an empty recombinant C. freundii Pdu BMC 
was investigated. Thereafter, the C. freundii D18, L20, and P18 tags 
were investigated for their effect on the activity of a range of PDCs 
to inform on the choice of the tag. The peptides were also studied 
for their ability to coaggregate different proteins in vivo. We demon-
strate that metallothionein can be used to follow aggregation and 
encapsulation as it is easily identifiable by TEM due to its increased 
electron density, which is most likely caused by its metal binding 
capacity. Finally, we present electron tomography studies of empty 
recombinant C. freundii Pdu BMCs and metallothionein targeted 
to these BMCs. Collectively, this work demonstrates a correlation 
between cargo protein aggregation, the level of assimilation into 
BMCs, and their resulting size.

2  | RESULTS

2.1 | Targeting of native enzymes into recombinant 
Pdu BMCs

To understand the relative abilities of the encapsulation peptides 
found on C. freundii PduD (Fan & Bobik, 2011), PduL (Liu et al., 2015), 
and PduP (Fan et al., 2010) to mediate cargo encapsulation into a 
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recombinant C. freundii Pdu BMC, we first sought to look at how well 
these proteins were integrated into an empty BMC. We therefore 
individually produced PduD, PduL, and PduP in the presence and 
absence of empty Pdu BMCs (PduA-U) (Parsons et al., 2010). When 
these BMC-associated enzymes were produced in the absence of 
compartments, large inclusion bodies were observed in a high pro-
portion of cells (PduD: 55.8%; PduL: 67.0%; PduP 71.7%; Figure A1 
(Appendix 1)) with no such structures present in an empty vector 
control strain (Figure 1). This observation is consistent with the pre-
diction that these proteins self-aggregate.

Coproduction of PduD or PduL with PduA-U resulted in a 
decrease in the observed aggregation (Figure 1 and Figure A1 
(Appendix 1)). The inclusions observed in these cells were pheno-
typic of misfolded BMC shell proteins (Figure A2 (Appendix 1)), 
suggesting that the majority of PduD and PduL were encapsulated. 
However, coproduction of PduP with BMCs only showed a slight de-
crease in the percentage of cells containing inclusion bodies (Figure 
A1 (Appendix 1)), although a high proportion of cells (58.1%) still 
contained inclusions, suggesting lower encapsulation efficiency 
or greater aggregation rate. Electron microscopy analysis was also 
carried out on purified BMCs from these strains (Figure 1). Areas 
of darker staining within the isolated BMCs indicate that the BMCs 
contain protein cargo and thus the number of BMCs containing 
darker staining can be used to gauge targeting to the lumen of intact 
microcompartments (Figure A3 (Appendix 1)). The darker electron 
density within the BMC is therefore indicative of protein encapsula-
tion. These BMCs were compared to BMCs produced in the absence 
of cargo. Electron-dense regions were observed in the lumen of 
BMCs isolated from the strains producing PduD, PduL, or PduP, sug-
gesting that all three proteins are incorporated into the recombinant 
BMCs. The efficiency of protein incorporation displayed a degree of 
variation with both PduP and PduD showing a higher level of assim-
ilation in comparison with PduL.

2.2 | Effect of Pdu BMC encapsulation tags on three 
different pyruvate decarboxylases

Previously, we reported the effect of encapsulation tags on the ac-
tivity of pathway enzymes associated with propanediol synthesis 
(Lee, Brown, Juodeikis, Frank, & Warren, 2016). Herein, we investi-
gated the effect of different encapsulation peptides on the activity 
of PDC, an enzyme we had previously shown could be targeted to 
a recombinant BMC (Lawrence et al., 2014), and explored whether 
the effects were identical on three homologous PDCs. The selected 
PDCs have a high level of protein sequence similarity (Figure A4 
(Appendix 1)) as this would allow us to determine whether the ad-
dition of encapsulation peptides has a reproducible effect on enzy-
matic activity.

To undertake this comparison, we looked at the effect on enzyme 
activity after fusing three different BMC encapsulation peptides 
(D18, L20 and P18) onto PDCs from Gluconacetobacter diazotrophi-
cus (GdPDC), Zymomonas mobilis (ZmPDC), and Zymobacter palmae 

(ZpPDC). The encapsulation peptides were fused to the N-terminus 
of the PDCs together with a hexahistidine linker and a thrombin 
cleavage site. The control construct contained only a PDC with a 
hexahistidine linker and a thrombin cleavage site. The activities of 
the purified tagged (D18, L20, P18) and untagged enzymes were 
followed in a linked assay. A comparison of the activities is shown 
in Figure 2.

The data show that despite a high level of sequence similarity 
between the enzymes (Figure A4 (Appendix 1)), particularly at the 
N-terminus where the encapsulation peptide is located, the different 
tags have a variable effect on activity. For instance, in comparison 
with the His-only control, the different tags did not greatly affect 
GdPDC activity, whereas the Vmax of ZpPDC was reduced by around 
50% when the protein was tagged with a D18 or P18 encapsulation 
peptide. Overall, the L20 tag was found to have the least disrup-
tive effect on the activity of the enzymes. The activity results sug-
gest that the effect of the encapsulation tags is not dependent on 
sequence similarity, making it difficult to predict the behavior of a 
tagged enzyme.

2.3 | A comparative analysis of encapsulation 
efficiencies

Although mutagenesis approaches to improving the ability of encap-
sulation peptides to promote assimilation have been reported (Kim 
& Tullman-Ercek, 2014), no direct comparison has been undertaken 
to determine the relative targeting efficiencies of the various encap-
sulation peptides that have been used to direct non-natural cargo 
to recombinant BMCs. However, knowledge on the relative effec-
tiveness of the different peptides would be a key facilitator of BMC 
technology in an industrial setting.

To investigate the encapsulation efficiencies of the D18, L20, 
and P18 encapsulation peptides, we utilized a combination of con-
focal fluorescence microscopy and immuno-TEM. A yellow fluores-
cent protein (Citrine) was fused to the D18, L20, and P18 tags. The 
genetic constructs for these fusion proteins were coexpressed with 
either recombinant BMCs containing an mCherry-fused PduA (mA-
U) (Parsons et al., 2010) or an empty vector control (pLysS) and an-
alyzed (Figure 3).

Expression of either D18- or P18-tagged Citrine, in the absence 
of BMCs, resulted in the appearance of inclusion bodies, which were 
visible by both microscopy methods. In contrast, the L20-tagged 
protein appeared more soluble, but was observed to localize to 
the periphery of the cell. Analysis of a strain producing only mA-U 
revealed the presence of red puncta within the cytoplasm, an ob-
servation that has been attributed to the formation of BMCs within 
the cell (Parsons et al., 2010). When coproduced with mA-U, both 
D18- and P18-tagged Citrine localized to these red punctate regions, 
which is indicative of colocalization with BMCs.

In contrast, the L20-tagged protein did not appear to target 
specifically to the punctate regions of the cells, although there was 
a change in the observed phenotype with the signal more evenly 
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dispersed throughout the cell. Quantification of the inclusion bod-
ies present in these strains by TEM (Figure A5 (Appendix 1)) did not 
show a reduction when coproduced with BMCs as has been ob-
served previously with the full-length PduD, PduL, and PduP pro-
teins (Figure A1 (Appendix 1)). The difference may be explained by 
the modification of PduA in the mA-U construct as the addition of 
the mCherry label to PduA may alter BMC stability or result in in-
creased shell protein aggregation.

2.4 | Coaggregation of tagged proteins

It would appear that the presence of D18 and P18 on proteins aids 
in the formation of cellular inclusion bodies. Previous work had also 
shown that the expression of 4 proteins involved in a 1,2-propan-
ediol synthesis pathway tagged with encapsulation peptides results 
in the formation of a single large inclusion body, which is thought to 
contain all of the tagged components (Lee et al., 2016). To investi-
gate this aggregation phenotype more thoroughly, we coproduced 

two fluorescent proteins (mCherry and Citrine) containing the vari-
ous Pdu targeting tags to see whether the fluorescent signals lo-
calize to the same region of the cell and form puncta indicative of 
protein aggregation (Figure 4).

Coexpression of His-mCherry with His-Citrine resulted in dis-
persed fluorescence throughout the cytoplasm (Figure A6 (Appendix 
1)). However, the introduction of either a D18 or P18 tag onto the 
N-terminus of mCherry resulted in its aggregation (Figures A7 and 
A8 (Appendix 1)), while the His-Citrine fluorescent signal remained 
cytoplasmic. In contrast, the production of L20-mCherry resulted in 
mostly cytoplasmic fluorescence suggesting that this targeting pep-
tide has a lower predisposition for aggregation (Figure A9 (Appendix 
1)).

When the fluorescent proteins were tagged with either the D18 
or P18 encapsulation peptides, coaggregation was observed, demon-
strating that the tagged components are aggregated into a single 
inclusion body rather than separate bodies (Figure 4). Again, the 
L20-tagged fluorescent proteins appeared much more soluble than 
their P18 or D18 equivalents; although when the L20-fluorescent 

F I G U R E  1   Encapsulation of native proteins in recombinant Pdu BMCs. Electron micrographs of Escherichia coli cells producing PduD, 
PduL, or PduP in the absence (top panel) and presence (middle panel) of a minimal BMC shell system (PduA-U). The BMCs extracted from 
strains in the middle panel are also shown. The control sample contains an empty vector. Arrows indicate areas of protein aggregation. All 
scale bars are 200 nm
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proteins were coproduced together with a different fluorescent 
protein tagged with either a D18 or P18 tag, the fluorescent signals 
appeared to colocalize with the punctate aggregates (Figure 4 and 
Figure A9 (Appendix 1)). Thus, it would appear that while the L20 
encapsulation peptide is more soluble, it interacts with D18 and P18 
tags leading to coaggregation.

2.5 | Targeting metallothionein to recombinant 
Pdu BMCs

To study further the efficiency of targeting recombinant proteins 
into BMCs, we utilized a metal binding protein, metallothionein, due 
to its propensity to bind a variety of metal ions (Kagi & Schaffer, 
1988) making it comparatively easy to visualize within the cell by 
TEM when aggregated. The idea behind the metallothionein ap-
proach is that it should allow the opportunity to observe encapsu-
lated aggregates in whole cell sections as opposed to relying on in 
vitro data obtained from purified compartments, allowing a compari-
son of their relative size, shape, and volume. We therefore tagged 
metallothionein from Fucus vesiculosus (Morris, Nicolaus, Sampson, 
Harwood, & Kille, 1999) (fvMT) with the three different encapsu-
lation peptides as well as a His-tag control. These constructs were 
coproduced with PduA-U, and the resulting strains, as well as puri-
fied BMCs, were analyzed by TEM (Figure 5). As expected, the use of 
fvMT did indeed allow the protein aggregates to be easily identified 
by TEM due to the increased electron density. Thin sections of cells 
from strains producing only the His-fvMT, D18-fvMT, L20-fvMT, 
and P18-fvMT all showed the presence of a large aggregate in the 
absence of BMCs. When this was repeated with strains producing 
not only the tagged fvMT but also empty compartments (PduA-U), 
smaller bodies with sharp edges were observed, which is indicative 
of encapsulation into BMCs.

Quantification indicated that the presence of either the D18 or 
L20 peptides on the fvMT resulted in efficient encapsulation (99.3% 
and 96.1%, respectively; Figure A10 (Appendix 1)), in that the vast 
majority fvMT was found associated with BMCs rather than an in-
clusion body. By way of contrast, the P18-tagged fvMT shows only 
roughly half that level (54.0%) with an even distribution between 
aggregates and BMCs. The presence of an encapsulation peptide re-
sulted in an overall decrease in the presence of nonencapsulated ag-
gregation with the D18 tag proving to be the most effective (Figure 
A11 (Appendix 1)). We also observed a high proportion of empty 
BMCs present in the cells (Figure 5, third row), suggesting that the 
ratio of cargo to shell production in a recombinant system requires 
further optimization. Significantly, the BMCs observed with the 
tagged fvMT all appear much larger than the BMCs isolated from 
the untagged fvMT. To demonstrate that the angular electron-dense 
bodies are BMCs, the thin sections of the various strains were an-
alyzed by immuno-TEM using an anti-PduA antibody (Figure A12 
(Appendix 1)). If the angular structures are BMCs, then we would 
expect them to cross-react with the anti-PduA antibody, which was 
observed and is consistent with these aggregates being surrounded 
by a BMC shell.

The purified compartments produced in these various strains 
were also analyzed by TEM (Figure 5 and Figure A12 (Appendix 1)). 
Significantly, the BMCs coproduced with His-fvMT did not appear to 
have any cargo present after purification. The BMCs isolated from 
strains with the fvMT tagged with the encapsulation peptides had 
various observed incorporation efficiencies (D18 – 24.7%; L20 – 
16.5%; P18 – 30.5%). The purified BMCs coproduced with P18-fvMT 
also contained what appeared to be large inclusion bodies (Figure 
A13 (Appendix 1)). We suggest that these are large P18-fvMT inclu-
sions that copurify nonspecifically with the compartments. Inclusion 
bodies like these are likely to pull down during BMC purification due 
to their large size, highlighting the importance of using TEM for this 

F I G U R E  2   Comparison of the kinetic 
values of modified PDCs. Encapsulation 
peptides (D18, L20, and P18) were fused 
to three distinct PDCs. After recombinant 
production and purification, the kinetic 
parameters of the various encapsulation-
fused PDCs were measured in terms of 
Vmax (left scale bar) and Km (right scale 
bar) and expressed as a percentage of 
the activity of the PDC without the 
encapsulation tag. Light gray bar—Vmax; 
dark gray bar—KM. Assays were carried out 
in triplicate; error bars equal one standard 
deviation
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analysis in addition to standard Western blot analysis to define en-
capsulation of proteins into BMCs.

The fvMT-producing strains were further analyzed by electron 
tomography to gain better visualization of the three-dimensional to-
pography of these structures (Figure 5 and Video S1 at https​://doi.
org/10.5281/zenodo.3611413). This approach revealed the structures 
formed by fvMT and BMC shell proteins are remarkably varied in size, 

shape, and volume. Furthermore, AMIRA software was used to gather 
quantitative data analyzing enclosed structures in these tomograms 
(Weber et al., 2012). This approach allowed us to gain further insight 
into the 3D structure (Figure 6) of empty recombinant BMCs (Video 
S2 at https​://doi.org/10.5281/zenodo.3611413) and recombinant 
BMCs containing L20-fvMT (Video S3 at https​://doi.org/10.5281/
zenodo.3611413) allowing us to quantitate the volume (empty: 

F I G U R E  3   Targeting of fluorescent proteins to recombinant Pdu BMCs. Transmission electron micrographs (left two columns) and 
confocal microscopy (right two columns) images of cells expressing differentially tagged Citrine in the presence and absence of mCherry-
tagged BMCs (mA-U). Cells containing the empty pLysS vector are unable to produce BMCs, while those containing mA-U within the pLysS 
vector produce BMCs with an mCherry tag as evidenced by red puncta within the cytoplasm. The production of Citrine is visualized by the 
presence of yellow. Superimposition of red and yellow is indicative of colocalization. Scale bars in TEM micrographs show 0.2 µm and in 
confocal images 2 µm

https://doi.org/10.5281/zenodo.3611413
https://doi.org/10.5281/zenodo.3611413
https://doi.org/10.5281/zenodo.3611413
https://doi.org/10.5281/zenodo.3611413
https://doi.org/10.5281/zenodo.3611413
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54,900  ±  11,013  nm3 (n  =  29); L20-fvMT: 336,411  ±  177,722  nm3 
(n = 60)) and the largest diameter (empty: 61.77 ± 15.38 nm (n = 29); 
L20-fvMT: 127.51 ± 60.97 nm (n = 60)) of these structures. These data 
suggest an average volumetric expansion of around 6 times to accom-
modate L20 tagged fvMT. Modeling suggests that strong cargo–cargo 
interactions lead to an increase in compartment size, while strong 
shell–shell interactions lead to smaller, better defined structures 
(Mohajerani & Hagan, 2018; Perlmutter, Mohajerani, & Hagan, 2016). 
Our observations therefore are indicative of an assembly mechanism 

dominated by strong cargo–cargo interactions. These findings could 
also explain the previously observed variability in BMC size and shape 
(Mayer et al., 2016).

3  | DISCUSSION

It had previously been observed that the removal of the N-terminal 
extension found on some of the diol dehydratases linked with 

F I G U R E  4   Colocalization of fluorescent proteins tagged with encapsulation peptides. Confocal microscopy was performed on 
encapsulation peptide-fused fluorescent proteins to determine whether the encapsulation peptides interact with themselves or each other 
to coaggregate. Citrine (yellow) and mCherry (red) fluorescent proteins tagged with or without the various encapsulation peptides (D18, L20, 
or P18) were coproduced and imaged as shown. All scale bars are 2 µm
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BMC-catabolic processes improved their solubility, allowing for their 
structure determination (Fan et al., 2010). Studies on the structure of 
the P18 peptide revealed that it forms an amphipathic helix that en-
courages self-association through a coiled-coil interaction (Lawrence 
et al., 2014). In this way, the encapsulation peptides promote protein 
aggregation. The protein aggregate must then be able to interact 
with the luminal side of the BMC shell. Indeed, the identification 
of P18 as an encapsulation peptide also led to suggestions that the 
peptide may interact with one particular component of the shell, 
PduA. Specifically, modeling studies suggested that the P18 peptide 

could interact with a helical region of PduA (Fan, Cheng, Sinha, & 
Bobik, 2012). However, this region of PduA is on the concave side 
of the PduA hexamer. If the recent structure determination of a re-
combinant BMC from Haliangium ochraceum (Sutter et al., 2017) is 
an accurate representation of a wild-type compartment, and all the 
shell proteins have their concave side facing into the cytoplasm, then 
this encapsulation model will need to be modified to explain how the 
cargo protein becomes localized within the lumen.

By studying the production of PduD, PduL, and PduP in the pres-
ence and absence of BMCs, we have shown that, individually, PduD, 

F I G U R E  5   Production of metallothionein fused to various encapsulation peptides in the presence and absence of BMCs. TEM analysis 
of cells producing metallothionein tagged with the D18, L20, and P18 encapsulation peptides in the absence (top row) and presence (second 
row) of PduA-U BMCs. TEM of isolated BMCs from the strains in row 2 is shown in row 3. The bottom row shows TEM tomography of 
sections cells from row 2—see Video S1 at https​://doi.org/10.5281/zenodo.3611413 for full tomography data. All scale bars are 200 nm

https://doi.org/10.5281/zenodo.3611413
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PduL, and PduP all form aggregates in the cell. However, in the presence 
of BMCs the majority of PduD and PduL become incorporated into the 
BMCs, as viewed by higher electron density within isolated BMCs and 
the reduction in the observable intracellular aggregation. High levels of 
intracellular aggregation were still observed for PduP, although target-
ing was confirmed within BMCs. Using TEM for investigation of higher 
density within the BMCs represents an important technique to help in 
the validation that protein cargo is being localized within the BMC. This 
can be used to help support the evaluation of localization with fluo-
rescent proteins and the presence of fluorescence puncta within cells.

It was interesting to observe the effect of the addition of en-
capsulation peptides to a range of PDCs from different organisms. 
We thought that there may be some common effects of these en-
capsulation peptides on the activities of the homologous enzymes. 
For instance, we would have predicted that L20 would have less of 
an effect on activity than the other tags. We could not observe any 
specific trend with the peptide. The tags had little to no effect on the 
activity of the PDC from G. diazotrophicus, whereas the P18 and D18 
tags had a clear effect on the Z. palmae PDC. This means that pre-
dicting the effect of the addition of a targeting peptide to an enzyme 
is likely to be very challenging.

Attachment of the encapsulation peptides to fluorescent pro-
teins allowed for a study of their colocalization in the absence of 
BMCs. The work shows that fluorescent proteins containing target-
ing tags can coaggregate together prior to encapsulation. These re-
sults suggest a possible assembly mechanism where cargo proteins 
coaggregate together prior to encapsulation.

To gauge the effect of targeting to BMCs, one really needs to be 
able to see whether protein has been internalized within the structure 
and also to be able to measure the size and shape of the compartment. 
We were able to achieve this through the use of metallothionein where 
aggregated protein is easily identifiable within the cell due to its extra 
density caused by the acquisition of metal ions. Using fvMT, we were 
able to demonstrate that all the encapsulation tags, when attached to 
the protein, cause encapsulation within recombinant BMCs. These stud-
ies are all consistent with a model for BMC formation whereby shell pro-
teins interact with an initial aggregate. If the aggregate forms too quickly, 
then the BMC cannot keep pace with the aggregate and the BMC does 

not encapsulate the cargo which results in the formation of a large in-
clusion within the cell as seen with P18-fvMT (Figure 5 and Figure A10 
(Appendix 1)). However, if enough shell protein is available, the shell is 
able to form around the aggregate with high flexibility. The extent of 
fvMT aggregation was differentially influenced by the various tags. L20-
encapsulated fvMT aggregates were smallest, followed by D18, while 
P18 fvMT produced the largest structures, which was often observed 
to form unencapsulated inclusions. The extent of aggregation caused 
by the tags seems to be conserved for all experiments, suggesting that 
P18 tag causes the largest amount of aggregation, followed by the D18 
tag, while L20 tag does not cause large amounts of aggregation, but can 
still effectively target to compartments whether the protein is able to 
aggregate by itself, as apparent in the fvMT experiments.

In the absence of any cargo, the shell proteins are able to asso-
ciate together and generate comparatively small structures. Overall, 
the size and shape of BMCs appear to be primarily dictated by 
cargo–cargo and shell–cargo interactions, explaining why catabolic 
BMCs have such a varied topology as predicted by computational 
and theoretical modeling (Mohajerani & Hagan, 2018).

4  | E XPERIMENTAL PROCEDURES

4.1 | Molecular biology and bacterial strains

DNA encoding PduL20 was synthesized and cloned into the BglII and 
NdeI sites of pET14b (Sequence A1 (Appendix 3)). Genomic DNA used 
for PCRs was supplied by DSMZ (Table A1 (Appendix 2)). Primers 
(Table A2 (Appendix 2)), plasmids (Table A3 (Appendix 2)), and bacte-
rial strains (Table A4 (Appendix 2)) used are available in the appen-
dix. Molecular biology was carried out in E. coli JM109 strain, while all 
other experiments were carried out in E. coli BL21 Star (DE3) strain.

4.2 | Growth of strains

BL21 Star (DE3) competent cells were transformed with appro-
priate plasmids. LB supplemented with ampicillin (100  mg/L) and 

F I G U R E  6   3D reconstructions of Pdu 
microcompartments. Traced tomograms 
of PduA-U (left) and L20H-fMT PduA-U 
(right). All scale bars are 200 nm
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chloramphenicol (34 mg/L) in baffled flasks was inoculated from an 
overnight starter culture. Cells were grown at 37°C with shaking to 
an OD600 ∼0.4, and protein production was induced by addition of 
IPTG to a final concentration of 400 μM. Cultures were incubated for 
4 hr (confocal) or overnight at 19°C with shaking.

4.3 | TEM analysis

Cells were harvested by centrifugation at 3,000 g for 10 min. The cell 
pellet was resuspended in 2 ml 2.5% (w/v) glutaraldehyde in 100 mM 
sodium cacodylate buffer, pH 7.2, (CAB) and fixed for 2 hr with gen-
tle rotating (20 rpm). Cells were pelleted by centrifugation at 6,000 g 
for 2 min and were washed twice for 10 min with 100 mM CAB. Cells 
were postfixed with 1% (w/v) osmium tetroxide in 100 mM CAB for 
2 hr and subsequently washed twice with ddH2O. Cells were dehy-
drated by incubation in an ethanol gradient, 50% EtOH for 10 min, 
70% EtOH overnight, and 90% EtOH for 10 min followed by three 
10-min washes in 100% dry EtOH. Cells were then washed twice 
with propylene oxide for 15 min. Cell pellets were embedded by re-
suspension in 1 ml of a 1:1 mix of propylene oxide and Agar LV Resin 
and incubated for 30 min with rotation. Cell pellets were infiltrated 
twice in 100% Agar LV resin. The cell pellet was resuspended in fresh 
resin and transferred to a 1-mL BEEM embedding capsule, centri-
fuged for 5 min at 3,000 g to concentrate the cells to the tip of the 
mold, and incubated for 20 hr at 60°C to polymerize.

Samples were ultrathin-sectioned on an RMC MT-XL ultrami-
crotome with a diamond knife (DiATOME 45°). Sections (60–70 nm) 
were collected on uncoated 300-mesh copper grids. Grids were 
stained by incubation in 4.5% (w/v) uranyl acetate in 1% (v/v) acetic 
acid solution for 45 min followed by washing in a stream of ddH2O. 
Grids were then stained with Reynolds lead citrate for 7 min fol-
lowed by washing in a stream of ddH2O.

Electron microscopy was performed using a JEOL-1230 trans-
mission electron microscope equipped with a Gatan multiscan digital 
camera operated at an accelerating voltage of 80 kV.

4.4 | Purification of BMCs

Cells were harvested by centrifugation at 2,683 g. A 1 g wet cell 
pellet was resuspended in 20 ml Yeast Protein Extraction Reagent 
(Thermo Scientific) supplemented with Protease Inhibitor Cocktail 
Tablets, EDTA-Free (Sigma-Aldrich) and 500 Units Benzonase® 
Nuclease (Merck) and incubated for 3  hr at room temperature 
with gentle shaking. Cell lysate was pelleted by centrifugation 
for 5 min at 11,300 g, and the pellet was resuspended in 2 ml of 
20 mM Tris-HCl, pH 8.0, 20 mM NaCl. The suspension was centri-
fuged at 4°C for 5 min at 11,000 g, and the supernatant was col-
lected. The NaCl concentration was increased to 80 mM with 5 M 
NaCl, and this was then centrifuged at 4°C for 5 min at 11,000 g. 
The pellet was resuspended in 1 ml of 20 mM Tris-HCl, pH 8.0, 
and was clarified by centrifugation at 4°C for 5 min at 11,000 g. 

The supernatant contains microcompartments was collected for 
analysis.

4.5 | Pyruvate decarboxylase activity assay

Protein purification was carried out as described previously (Lee, 
Mantell, et al., 2018). Purified protein was buffer exchanged using 
a PD10 column (GE Healthcare) into 50 mM Na-phosphate pH 7.0, 
5  mM MgSO4, 0.1  mM thiamine pyrophosphate buffer. Enzyme 
concentration was estimated using absorbance at 280  nm and di-
luted to a stock concentration of 0.1  mg/ml. PDC activity was 
measured using an alcohol dehydrogenase coupled assay (Gounaris, 
Turkenkopf, Buckwald, & Young, 1971). Briefly, pyruvate is decar-
boxylated by PDC leading to the production of acetaldehyde which 
is subsequently reduced by alcohol dehydrogenase (ADH) using 
NADH. The oxidation of NADH is measured at 340  nm, and the 
rate of the reaction is calculated using the Michaelis–Menten equa-
tion. Reactions contained 0.15 mM NADH, 20U ADH (ADH from S. 
cerevisiae; Sigma), 1 µg PDC, 50 µM–10 mM Pyruvate, which was 
added last. All measurements were carried out at 25°C in 50 mM 
Na-phosphate buffer, pH 7.0, containing 5 mM MgSO4 and 0.1 mM 
thiamine pyrophosphate.

4.6 | Confocal imaging

Following growth and induction of protein expression, 1 ml of cells 
were harvested by centrifugation at 3,000 g. The resulting cell pellet 
was washed 3 times in PBS before incubation for 15 min in 2% (w/v) 
formaldehyde in PBS, and cells were then washed a further 3 times 
in PBS. Cells (10 μl) were pipetted onto a 1.5 thickness coverslip be-
fore being inverted onto a drop of ProLong Gold Antifade Mountant 
(Life Technologies) on a glass slide. Slides were incubated at room 
temperature in the dark for 24 hr to cure.

Images were acquired on a Zeiss LSM 880 with Airyscan system. 
Excitation light (514 nm for mCitrine or 561 nm for mCherry) was 
provided by an argon lamp (514 nm) or HeNe laser (561 nm). Images 
were acquired using a 100× 1.46 NA oil immersion objective lens.

4.7 | Immuno-TEM

Strains were cultured as described previously; cells were harvested 
by centrifugation for 10 min at 3,000 g. The cell pellet was resus-
pended in 2% formaldehyde and 0.5% glutaraldehyde in 100 mM so-
dium cacodylate, pH 7.2, and incubated for 2 hr with gentle rotating. 
Cells were pelleted by centrifugation at 6,000 g for 2 min and were 
washed twice for 10 min with 100 mM sodium cacodylate, pH 7.2. 
This was followed by dehydration of the samples in an ethanol gra-
dient, 50% EtOH for 10 min, 70% EtOH for 10 min, and 90% EtOH 
for 10  min, followed by three 15-min washes in 100% EtOH. Cell 
pellets were then resuspended in 2 ml LR white resin and incubated 
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overnight with rotation at room temperature after which the resin 
was changed and incubated for a further 6 hr. Cell pellets were re-
suspended in fresh resin and transferred to 1-mL gelatine capsules 
and centrifuged at 4,000 g to pellet the cells at the tip. Samples were 
polymerized at 60°C for 24  hr. Samples were ultrathin-sectioned 
on an RMC MT-XL ultramicrotome with a diamond knife (DiATOME 
45°), and sections (60–70  nm thick) were collected on 300-mesh 
gold grids.

Grids were equilibrated in one drop of TBST (20  mM Tris-HCl 
buffer, pH 7.2, containing 500 mM NaCl, 0.05% Tween 20 and 0.1% 
BSA) before being transferred into a drop of 2% BSA in TBST and 
incubated at room temperature for 30 min. Grids were then immedi-
ately transferred into a 20 μl drop of relevant primary antibody (rab-
bit anti-PduA (Parsons et al., 2010) or mouse anti-GFP, for detecting 
Citrine; Sigma-Aldrich) and incubated for 1 hr. Grids were washed 
in a fresh drop of TBST followed by washing for 10  s in a stream 
of TBST. Grids were equilibrated in a drop of relevant secondary 
antibody (goat anti-rabbit IgG 10 nm or goat anti-mouse IgG 10 nm 
gold (Agar Scientific)) and then incubated for 30 min in a fresh drop. 
Excess antibody was removed by washing in two drops of TBST be-
fore washing in a stream of ddH2O and dried.

Grids were stained for 15 min in 4.5% uranyl acetate in 1% acetic 
acid solution followed by 2 washes in dH2O. Grids were then stained 
with Reynolds lead citrate for 3 min followed by a wash in ddH2O. 
Electron microscopy was performed using a JEOL-1230 transmission 
electron microscope equipped with a Gatan multiscan digital camera 
at an accelerating voltage of 80 kV.

4.8 | Tomography

Sections (250  nm) were cut from the existing blocks as described 
above. Gold fiducials (15 nm, Aurion, TomoSol solution) were applied 
to both surfaces of the sections. The sections were imaged at 200 kV 
in a Tecnai 20 TEM (FEI, the Netherlands), and double-tilt series im-
ages acquired between −67° to +69.5° (first axis) and −66° to +64.5° 
(second axis) with 1.5° (above 45°) and 2° increments (below 45°). 
The pixel size on the 4k by 4k FEI Eagle camera was 0.74 nm. The 
resulting tomograms were reconstructed and combined using IMOD 
software (Kremer, Mastronarde, & McIntosh, 1996). The isolated 
microcompartments were segmented manually using the AMIRA 
software suite, as shown in Video S2 at https​://doi.org/10.5281/ze-
nodo.3611413. Only structures fully covered by the tomogram sec-
tion were analyzed. AMIRA software animations were further used 
for visualizing and analyzing the data.
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F I G U R E  A 1   Percentage of cells expressing the relevant 
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aggregates. Black bars indicate no compartment control, white 
bars—coproduced with PduA-U. Error bars equal one standard 
deviation between three separate counts of a single biological 
repeat (n ≥ 330)

F I G U R E  A 2   Electron micrograph of PduD coexpressed with 
recombinant BMCs (PduA-U). Arrow showing aggregation which is 
phenotypic for misfolded BMCs. Scale bar is 0.2 µm
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F I G U R E  A 3   Percentage of purified intact BMCs coproduced 
with the relevant proteins showing electron density within the 
lumen of the compartment indicative of successful targeting. Error 
bars equal one standard deviation between three separate counts 
of a single biological repeat (n ≥ 440)

F I G U R E  A 5   Quantification of aggregates observed in cells 
producing Citrine targeted to BMCs (n = 150). Black bars indicate 
no compartment control, while white bars indicate coproduction 
with mA-U. Only one count was carried out

F I G U R E  A 4   Protein sequence alignment of the analyzed pyruvate decarboxylases from Gluconacetobacter diazotrophicus (Gd.PDC), 
Zymobacter palmae (Zp.PDC), and Zymomonas mobilis (Zm.PDC). Generated using the MultAlin tool (Corpet, 1988)
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F I G U R E  A 6   Coexpression of His-
tagged mCherry with Citrine tagged with 
different BMC targeting peptides. Scale 
bars are 2 µm
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F I G U R E  A 7   Coexpression of D18-
tagged mCherry with Citrine tagged with 
different BMC targeting peptides. Scale 
bars are 2 µm
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F I G U R E  A 8   Coexpression of P18-
tagged mCherry with Citrine tagged with 
different BMC targeting peptides. Scale 
bars are 2 µm
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F I G U R E  A 9   Coexpression of L20-
tagged mCherry with Citrine tagged with 
different BMC targeting peptides. Scale 
bars are 2 µm

F I G U R E  A 1 0   Quantification of aggregates containing facets 
observed in cells producing fvMT targeted to BMCs. Black bars 
indicate no compartment control, white bars—coproduced with 
PduA-U. Error bars equal one standard deviation between three 
separate counts of a single biological repeat (n ≥ 220)

F I G U R E  A 11   Quantification of overall aggregation observed 
in cells producing fvMT targeted to BMCs. Black bars indicate no 
compartment control, white bars—coproduced with PduA-U. Error 
bars equal one standard deviation between three separate counts 
of a single biological repeat (n ≥ 435)
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F I G U R E  A 1 2   Immuno-TEM of targeted fMT constructs produced with or without compartments showing the localization of PduA. First 
row—cells with no PduA-U; second row—cells with protein coproduced with PduA-U. All scale bars are 200 nm

F I G U R E  A 1 3   Large aggregates observed in microcompartment 
purification. Scale bar is 0.2 µm
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APPENDIX 2

TA B L E  A 1  Genomic DNA used in this study

Organism DSMZ Number

Gluconacetobacter diazotrophicus DSM-5601

Zymobacter palmae DSM-10491

Zymomonas mobilis DSM-424

Primer Name Sequence

FWGdPDCNde GTACATATGACCTATACCGTTGGACGCTATCTC

RVGdPDCSpeSac GATACTAGTTCAGAGCTCGCCCGCGCGCGGCTGGCGGGCGTTG

FWZmPDCNde GTACATATGAGTTATACTGTCGGTACCTATTTAGCGGAG

RVZmPDCSpeSac GTTACTAGTCTAGAGCTCGAGGAGCTTGTTAACAGGCTTACGGCTG

FWZpPDCNde GATCATATGTATACCGTTGGTATGTACTTGGCAGAAC

RVZpPDCSpeSac GTTACTAGTTTAGAGCTCCGCTTGTGGTTTGCGAGAGTTGGTAGCTG

Fv.fMT.FW.2 GTACATATGGCGGGCACTGGCTGCAAGATCTGGGAAGAC

Fv.fMT.RV CATACTAGTCACTTGCCGCAGCCGCAGCAGTC

TA B L E  A 2   Primers used in this study

TA B L E  A 3   Plasmids used in this study

Plasmid name Description Source

pET14b Overexpression vector containing N-terminal hexahistidine tag, modified to include an 
SpeI site 5′ of BamHI

Novagen

pET14b-D18 Overexpression vector containing an N-terminal D18 targeting tag followed by a short 
amino acid linker (AMGSS) then a hexahistidine tag

Lee et al. (2016)

pET14b-L20 Overexpression vector containing an N-terminal L20 targeting tag (first 20 amino 
acids of PduL from Citrobacter freundii) followed by a short amino acid linker 
(AMGSS) then a hexahistidine tag Synthesised DNA sequence shown in Sequence A1 
(Appendix 3). BglII/NdeI ligated into BglII/NdeI site of pET14b vector

This study

pET14b-P18 Overexpression vector containing an N-terminal P18 targeting tag followed by a short 
amino acid linker (PMGSS) then a hexahistidine tag

Lee et al. (2016)

pLysS Basal expression suppressor Novagen

pLysS-PduABJKNU pLysS containing genes required for the formation of empty BMCs Parsons et al. (2010)

pET3a-pduD pET3a vector containing pduD from Citrobacter freundii ligated into NdeI/SpeI site Parsons et al. (2010)

pET3a-pduL pET3a vector containing pduL from Citrobacter freundii ligated into NdeI/SpeI site This study

pET3a-pduP pET3a vector containing pduP from Citrobacter freundii ligated into NdeI/SpeI site This study

pET3a-
mCherryPduABB’JKNU

pET3a vector containing genes required for the formation of empty BMCs tagged with 
mCherry fluorescent protein

Parsons et al. (2010)

pET14b.GdPDC PCR product of GdPDC ligated into NdeI/SpeI sites of pET14b This study

pET.D18-GdPDC NdeI/SpeI fragment from pET14b.GdPDC ligated into NdeI/SpeI site of pET14b-D18 This study

pET.L20-GdPDC NdeI/SpeI fragment from pET14b.GdPDC ligated into NdeI/SpeI site of pET14b-L20 This study

pET.P18-GdPDC NdeI/SpeI fragment from pET14b.GdPDC ligated into NdeI/SpeI site of pET14b-P18 This study

pET14b.ZmPDC PCR product of ZmPDC ligated into NdeI/SpeI sites of pET14b This study

pET.D18-ZmPDC NdeI/SpeI fragment from pET14b.ZmPDC ligated into NdeI/SpeI site of pET14b-D18 This study

(Continues)
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APPENDIX 3
Sequence A1. Synthetic sequence used to construct pET14b-L20>L20HA 
GATCTCGATCCCGCGA A ATTA ATACGACTCACTATAGGGAGACC 
A C A A C G G T T T C C C T C T A G A A A T A A T T T T G T T T A A C T T 
T A A G A A G G A G A T A T C A T G G A T A A A C A G C A A C T 
G G A G A C A A C G G T C A C C A A A G T T C T G G A T G A A A T G C 
G T G A G C G C G C C A T G G G C A G C A G C C A T C A T C A T C 
ATCATCACAGCAGCGGCCTGGTGCCGCGCGGCAGCCATATG

Plasmid name Description Source

pET.L20-ZmPDC NdeI/SpeI fragment from pET14b.ZmPDC ligated into NdeI/SpeI site of pET14b-L20 This study

pET.P18-ZmPDC NdeI/SpeI fragment from pET14b.ZmPDC ligated into NdeI/SpeI site of pET14b-P18 This study

pET14b.ZpPDC PCR product of ZpPDC ligated into NdeI/SpeI sites of pET14b This study

pET.D18-ZpPDC NdeI/SpeI fragment from pET14b.ZpPDC ligated into NdeI/SpeI site of pET14b-D18 This study

pET.L20-ZpPDC NdeI/SpeI fragment from pET14b.ZpPDC ligated into NdeI/SpeI site of pET14b-L20 This study

pET.P18-ZpPDC NdeI/SpeI fragment from pET14b.ZpPDC ligated into NdeI/SpeI site of pET14b-P18 This study

pET_CC_Di_A_Citrine Plasmid containing citrine gene in the NdeI/SpeI site Lee, Mantell, et al. 
(2018)

pET14b.Citrine NdeI/SpeI fragment from pET_CC_Di_A_Citrine ligated into NdeI/SpeI site of pET14b This study

pET.D18-Citrine NdeI/SpeI fragment from pET14b.Citrine ligated into NdeI/SpeI site of pET14b-D18 This study

pET.L20-Citrine NdeI/SpeI fragment from pET14b.Citrine ligated into NdeI/SpeI site of pET14b-L20 This study

pET.P18-Citrine NdeI/SpeI fragment from pET14b.Citrine ligated into NdeI/SpeI site of pET14b-P18 This study

pET_CC_Di_A_mCherry Plasmid containing mCherry gene in the NdeI/SpeI site Lee, Mantell, et al. 
(2018)

pET14b.mCheery NdeI/SpeI fragment from pET_CC_Di_A_mCherry ligated into NdeI/SpeI site of pET14b This study

pET.D18-mCheery NdeI/SpeI fragment from pET14b.mCheery ligated into NdeI/SpeI site of pET14b-D18 This study

pET.L20-mCheery NdeI/SpeI fragment from pET14b.mCheery ligated into NdeI/SpeI site of pET14b-L20 This study

pET.P18-mCheery NdeI/SpeI fragment from pET14b.mCheery ligated into NdeI/SpeI site of pET14b-P18 This study

pET14b.fvMT PCR of the coding sequence of fvMT ligated into NdeI/SpeI site of pET14b This study

pET.D18-fvMT NdeI/SpeI fragment from pET14b.fvMT ligated into NdeI/SpeI site of pET14b-D18 This study

pET.L20-fvMT NdeI/SpeI fragment from pET14b.fvMT ligated into NdeI/SpeI site of pET14b-L20 This study

pET.P18-fvMT NdeI/SpeI fragment from pET14b.fvMT ligated into NdeI/SpeI site of pET14b-P18 This study

TA B L E  A 3   (Continued)

Strain Genotype Source

JM109 endA1, recA1, gyrA96, thi, hsdR17 (rk−, mk+), relA1, 
supE44, Δ(lac-proAB), [F′, traD36, proAB, laqIqZΔM15]

Promega

BL21 Star (DE3) F− ompT hsdSB (rB− mB−) gal dcm (DE3) Novagen

TA B L E  A 4   Strains used in this study


