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Abstract: 

Bacterial microcompartments (BMCs) are protein-encapsulated compartments found across at 
least 23 bacterial phyla. BMCs contain a variety of metabolic processes that share the 
commonality of toxic or volatile intermediates, oxygen-sensitive enzymes and cofactors, or 
increased substrate concentration for magnified reaction rates. These compartmentalized 
reactions have been computationally modeled to explore the encapsulated dynamics, ask 
evolutionary-based questions, and develop a more systematic understanding required for the 
engineering of novel BMCs. Many crucial aspects of these systems remain unknown or 
unmeasured, such as substrate permeabilities across the protein shell, feasibility of pH 
gradients, and transport rates of associated substrates into the cell. This review explores 
existing BMC models, dominated in the literature by cyanobacterial carboxysomes, and 
highlights potentially important areas for exploration.  

Highlights: 

l Computational modeling of BMCs enlightens experimentally hard-to-measure features. 
l Significant exploration remains of catabolic BMC capabilities. 
l Oxygen sensitivity is relatively common across BMC-contained enzymes. 
l BMC shell proteins are selectively permeable to negatively charged metabolites.  

 
Introduction: 

Once thought of as simple ‘sacks of enzymes’, it is now clear that the internal 
organization of bacteria rivals that of eukaryotes. For example, photosynthetic cyanobacteria 
not only contain internal photosynthetic membranes responsible for producing the oxygen that 



has transformed Earth’s atmosphere enabling eukaryotic evolution and survival, they also 
contain carboxysomes. Carboxysomes are a class of protein-based organelles, termed 
bacterial microcompartments (BMCs), that resemble icosahedral viral capsids [1]. BMCs, 
defined by a common shell architecture, contain different suites of enzymes in their core and 
have been found across at least 23 diverse bacterial phyla [2]. They fall within two main 
categories, catabolic metabolosomes and anabolic carboxysomes (Figure 1). Both categories 
of BMCs create a chemical and physical microenvironment inside the bacterial cytoplasm. 
BMCS are optimized to perform chemical reactions which would otherwise be toxic to other 
cellular components, create volatile intermediates, or involve enzymes, coenzymes, or 
intermediates that are inactivated by the presence of oxygen. BMCs are of interest for their 
potential applications in modulating the flux and selectivity of biochemical reactions, 
containment of toxic intermediates from industrial reactions, antigen display for vaccine 
development, and creation of nanoparticles in chemotherapy targeting [3,4]. Recent reviews 
have delved into a wide variety of topics such as BMC positioning [5], BMC repurposing for 
industrial uses [6], evolutionary relationship of shell proteins across different BMCs [7], and 
BMC protein stoichiometry [8,9]. 

 

Figure 1. Diagram of the substrates, intermediates, and products of carboxysomes and the most 
studied catabolic BMCs [10–13]. The charge of each metabolite is indicated with color; positive in red, 
negative in blue, and neutral in grey. Nearly all the intermediates are nonpolar whereas substrates and 
products, which transverse the protein shell, are predominantly negatively charged or nonpolar. There is 
theorized inclusion of B12 cycling inside some catabolic BMCs as well as a common exclusion of oxygen 
[11,13]. Abbreviations: BMC, bacterial microcompartments; RuBP, ribulose-1,5-bisphosphate; Pdu, 1,2-
propanediol utilization; GRM, glycyl radical enzyme-associated microcompartments; GRM5, fuculose-
associated microcompartment; Eut, ethanolamine utilization; Cut, choline-utilization; RMM, 1-amino-2-
propanol utilization; 3-PGA, 3-phosphoglyceric acid. 

Despite this intense focus on synthesizing what is currently known about BMCs, many 
important details remain unknown about the function(s), assembly mechanisms, stability, and 



ultimate use in enhancing the biochemical reactions that they encapsulate. Due to their small 
size (40-600nm)[14,15] and sub-cellular heterogeneity (e.g. intact/functional, assembly 
intermediates, and degrading stages (Figure 2b)), the chemical environment inside BMCs 
remains challenging to experimentally measure with standard technologies. Recent work 
tracking the position and activity of individual BMCs for the first time through single-cell 
lineages addresses this heterogeneity and points towards a solution for understanding how the 
chemical environment of BMCs dictate activity and degradation [16]. 

While empirical knowledge of how BMCs function in vivo and in vitro is hard won, 
computational modelling can be used to develop hypotheses about the encapsulated 
pathways using existing knowledge of enzymatic reaction rates, metabolite concentrations, 
and transport phenomena. Models can be designed to focus on specific aspects of BMC 
function with a relatively simple framework containing the relevant components or expanded to 
include whole cell physiology. However, the uncertainty of these predictions increases along 
with the number of variables in the associated model, leading to potentially misleading 
conclusions [17–20]. Thus, one of the most challenging aspects of modeling is determining 
what should and should not be included and what assumptions are reasonable to make in 
simplifying the model.  In this review, we synthesize existing BMC models, focusing on what 
assumptions were made in their construction, and emphasizing areas for further investigation. 
We focus on models of carboxysomes due to their long history and a recent spate of new 
advances. With these models we can explore the parameter space that BMCs may functionally 
occupy, test evolutionary pressures leading to formation, and help focus the direction of future 
experimental work. Ultimately, these quantitative understandings could enable the de novo 
design and engineering of novel BMCs for diverse functions [21,22]. 

Carboxysomes: 

Found in cyanobacteria [23] and chemoautotrophic bacteria [24], carboxysomes are the 
only known anabolic BMC and contain the enzymatic machinery to fix carbon dioxide (CO2) 
from the atmosphere into organic compounds needed to generate biomass (Figure 2A). 
Carboxysomes are notable for their role in the cyanobacterial CO2-concentration mechanism 
(CCM) which allows  cyanobacteria to contribute nearly 25% of fixed carbon globally [25]. The 
intact carboxysome shell is thought to be largely impermeable to CO2 [26–29] and oxygen (O2) 
[28,29] but permeable to bicarbonate (HCO3

-) (Figure 2). Therefore, an increased local 
concentration of carboxysomal CO2 sourced from HCO3

- can be created around Ribulose-1,5-
bisphosphate carboxylase/oxygenase (RuBisCO), the rate-limiting enzymatic step of CO2-
fixation, alongside a simultaneous exclusion of O2, a competitive inhibitor. The RuBisCO 
oxygenation reaction produces 2-phosphoglycolate, a competitive inhibitor of triose-phosphate 
isomerase [30], and requires metabolization through an energetically expensive pathway called 
photorespiration to recover invested CO2 and nitrogen while regenerating ribulose-1,5-
bisphosphate (RuBP). While not aiding directly in sugar production, photorespiration may play 
an important role in preventing reactive oxygen species production, production of serine and 
cysteine, and assimilation of sulfur and nitrogen [31–33]. Recent experimental work identified 



three separate cellular pools of RuBisCO in the same cell as a result of the dynamic assembly 
and degradation pathways that are hypothesized to exhibit distinct metabolic activities (Figure 
2B) [16**]. 

 

Figure 2. Schematic representations of the CO2 concentrating mechanism (CCM) and light reactions of 
oxygenic photosynthesis in beta-cyanobacteria. Included are the active carbon uptake complexes, 
NDH-I3 and NDH-I4, bicarbonate transporters, BCT1, BicA, and SbtA, and carboxysome enzymes, 
carbonic anhydrase (CA) and Ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). (A) 
Inorganic carbon, in the form of bicarbonate (HCO3

-), is actively transported via transporters (BCT1, 
BicA, SbtA) into the cell. Carbon dioxide (CO2) enters the cell via passive diffusion and is then converted 
to HCO3

- by thylakoid membrane-localized NDH-I3 and NDH-I4 to increase cytoplasmic HCO3
- 

concentration. Unlike CO2 and oxygen (O2), HCO3- diffuses across the proteinaceous shell into the 
carboxysome, where it is brought into equilibrium with CO2 by CA in a fully reversible reaction. CO2 is 



then fixed by RuBisCO using ribulose-1,5-bisphosphate (RuBP) as an acceptor molecule, resulting in the 
production of substrates that are converted into carbohydrates through the Calvin-Benson Cycle (CB 
Cycle). The CB Cycle is powered with ATP and NADPH produced from the photosynthetic light 
reactions. RuBisCO may require inorganic phosphate (Pi) for activation. RuBisCO can also undergo a 
side reaction with O2 leading to an energetically expensive carbon recovery pathway called 
photorespiration, but this reaction may mainly occur in broken carboxysomes (dotted shell line) due the 
impermeability of O2 to the carboxysome. (B) Three co-existing pools of RuBisCO in the same cell during 
the carboxysome life cycle [16] can exhibit distinct metabolic activities because of encapsulation and CA 
activation/inactivation based on redox environment [34] that modulates substrate accessibility and 
concentration. Abbreviations: CA, carbonic anhydrase; RuBisCO, Ribulose-1,5-bisphosphate 
carboxylase/oxygenase; RuBP, ribulose-1,5-bisphosphate; CB Cycle, Calvin-Benson Cycle. 

Carboxysome Models: As the first identified and prototypical BMC, most computational 
modeling work has been conducted on the carboxysome with the initial models published in 
the 1980s [35–39]. Even the most recent models have roots in these early versions, with more 
information being incorporated on the composition, structure, and activity of the carboxysome-
encapsulated reactions as a result of scientific advancements over the last three decades.  

Table 1. Comparison of parameters used in the CCM Models. Dashes indicate values not 
reported, NA indicates values not applicable to the set-up of the model, and double slashes 
indicate two different modeled values.  

Parameters 

Hopkinson 
et al. 2014 

[40] 

Clark et 
al. 2014 

[41] 

Mangan & 
Brenner 2014 

[42] 

Mangan et 
al. 2016 

[43] 

Boatman et 
al. 2018 

[44] 

Long et 
al. 2021 

[45] 

Environmental Species Concentrations 

HCO3- (µM) 0 - 2000 1955 14 [46] 100 100 
10 – 25000 
** [47–49] 

CO2 (µM) Varies 45 0.14 [46] 15 15 0.01 – 25 ** 

O2 (µM) - 400 [50–52] 260 300 300 
250 – 360 ** 

[53,54] 

Permeability and Transport Rates: 

Cell membrane permeability 
to CO2 (cm/s) 0.65 ** [55] no barrier [56] 0.3 [56,57] 0.3 [56] 0.3 [56] NA 

Cell membrane permeability 
to HCO3- (cm/s) complete barrier 

complete 
barrier 3.00E-04 [56,57] 2.00E-07 [56] 2.00E-07 [56] NA 

Carboxysome permeability 
to CO2 (cm/s) 2.37E-05 ** ‡ 

complete 
barrier [46] 1.00E-03 1.00E-04 [39] 3.00E-05 1.00E-04 ** 

Carboxysome permeability 
to HCO3- (cm/s) 0.71 ** [55] no barrier [56] 1.00E-05 1.00E-04 [39] 3.00E-05 1.00E-04 ** 

HCO3- active transport rate 
(molecules/s) 1.51E+04 ** 

1.11E+06 ** 
[58] 1.59E+08 ** ‡ 1.14E+09 ** ‡ 1.63E+04 ** ‡ NA 

Compartment sizes and pH: 

Carboxysome radius (cm) 8.19E-06** 1.00E-05 [59] 5.00E-06  5.00E-06 1.50E-05 
1E-04 // 5E-

06 **  



Cell/system radius (cm) 3.50E-05** 
1.00E-04 
[60,61] 5.00E-05 5.00E-05 3.00E-04 62 ** 

Number of Carboxysomes 6 [62] 1-4 [50–52] 1 1 1 1 

Carboxysome pH 7.35 8 NA 7 7 <8 

Cytoplasm pH 7.35 8 NA 8 8 8 

Extracellular pH 8 8.2 NA 7 8.3 8 

Enzyme parameters: 

RuBisCO active sites 3975 ** ‡ 3351 [50–52] 2160 [63–65] 2000 [65,66] 54000 

2.52E+07 // 
3011 ** 
[48,67] 

RuBisCO kcat (s-1) 10.6 [68] 
11.4 ** [50–

52] 26 [63–65] 11.6 [68–70] 1.92 14.4 [48,67] 

RuBisCO K1/2 (µM) 263 185 [50–52] 270 [63–65] 340 [68–70] 145 [71] 172 [48,67] 

RuBisCO specificity (Sc/o) - - - 43 [68–70] 45 [71] 40 [48,67] 

CA active sites NA NA 80 [63–65] 100 [65] 900 NA 

CA hydration kcat (s-1) 1000 ^ 
1.14E+05 ^ 

[71,72] 8.00E+04 [63–65] 8.00E+04 [65] NA 0.05 ^ 

CA hydration K1/2 (µM) NA NA 3.20E+03 [63–65] 3.20E+03 [65] 104.7 ^ NA 

CA dehydration kcat (s-1) NA NA 4.60E+04 [63–65] 4.60E+04 [65] NA 100 ^ 

CA dehydration K1/2 (µM) NA NA 9.30E+03 [63–65] 9.20E+03 [65] NA NA 

** Values converted to the presented unit for comparison across models 
^ Values based on establishing equilibrium between CO2 and HCO3

- in the carboxysome 
‡ Values fitted within the model to match experimental values 

 

Two different forms of BMCs with independent evolutionary origins are found within 
cyanobacterial species, alpha- and beta-carboxysomes. While structurally and functionally 
similar, including the presence of homologous shell proteins, the molecular scaffolds used in 
the assembly are distinct. Beta-carboxysomes form inside-out beginning with the aggregation 
and polar localization of CA and RuBisCO prior to encapsulation via shell proteins [73]. The 
dynamic assembly pathway and hierarchy of protein-protein interactions during alpha-
carboxysome formation in vivo remains to be fully elucidated. Although historically, models 
were based on CCMs in beta-cyanobacteria, Hopkinson et al. explored an alpha-
carboxysome-based model founded on experimental data from Prochlorococcus sp. They 
concluded that the CCM mechanism of alpha-carboxysomes functions very similarly to the 
more studied beta-carboxysomes [40]. The knowledge gap in carboxysome shell permeability 
was overcome by fitting the model to their experimental data to estimate parameter values, but 
this methodology ultimately limited the applicability of this model to other organisms (Table 1). 
The impact of O2 on carbon fixation was not addressed in this paper despite the relevance of 
O2/CO2 competition with RuBisCO.  



The study published by Clark et al., took a more inclusive modeling approach inspired 
by chemical engineering to systematically investigate how different beta-carboxysome counts 
(down to zero in a CCM-lacking mutant), size, and cellular position impacts CO2-fixation rates 
[41]. They found that a consistent number of RuBisCO units within the cell was the most 
important parameter impacting CO2 fixation (Table 1) [41]. An analysis using dimensionless 
Dahmköhler numbers was also used to identify controlling phenomena in the CCM based on 
transport and reaction rate considerations. Additionally, this study found that a carboxysome-
lacking mutant begins to mimic a potential pre-carboxysome form of ancestral cyanobacteria, 
the physiology of which can be replicated with CCM knockout cell lines. Notwithstanding this 
insight, this paper does not explore the evolutionary implications of cells without a CCM. This 
model also assumes zero permeability of the carboxysome to O2 and CO2, although more 
recent evidence indicates that the transport properties of various substrates across the shell 
could change over the life cycle of the BMC as a result of assembly, breakage, and 
degradation (Figure 2B). 

The most recent models have focused specifically on the pH dynamics of beta-
cyanobacterial CCMs. Mangan et al.’s study explored how the CCM handled different species 
of inorganic carbon with a “pH-aware” model and found a lower carboxysome pH relative to 
the cytosol was favorable for increased carbon fixation activity [42,43]. Boatman et al. applied 
this model to an experimental study of Trichodesmium erythraeum, a filamentous diazotrophic 
cyanobacteria, with notable increases in their cell and carboxysome size parameters to match 
Trichodesmium (Table 1)[44]. They determined the importance of HCO3

- and pH on CO2 
fixation rate and that elevated pH impacted CO2 fixation through processes outside of the 
CCM [44]. Most recently, Long et al. modeled the inclusion of ‘proton transport’ in and out of 
the carboxysome via RuBP and PGA, the substrate and product of RuBisCO’s carboxylase 
activity respectively [45]. This paper placed the carboxysome in a m3 cytosolic solution and 
excluded the HCO3

- transport aspect of the CCM (Table 1). This study included the generation 
of protons from CO2-fixation and concluded that this creates a locally lowered pH in the 
carboxysome which, in turn, drives CA’s equilibrium reaction towards CO2 production [45]. 

These most recent models used equivalent permeabilities of the carboxysome shell to 
HCO3

- and CO2 (Table 1). Given the potential favorability of the pores to negatively charged 
ions by three orders of magnitude, equal transport of these molecules seems unlikely [29]. For 
example, if CO2 is allowed to pass freely across the shell, then it would be released from the 
cell and collapse the functionality of the CCM similar to what was seen in classic experiments 
demonstrating a high-CO2-requiring mutant by expressing CA outside the carboxysome [47]. 
Additionally, similar questions remain on the biological feasibility of maintaining a proton 
gradient across the shell within the bacterial cytoplasm.  

Catabolic BMCs: 

Of the catabolic BMCs, also termed ‘metabolosomes’ [74], the most well studied are 
1,2-propanediol utilization (Pdu) and the ethanolamine utilization (Eut), which are found in 
Salmonella and E. coli. Less studied metabolosomes include 1-amino-2-propanol utilization 



(RMM), glycyl radical enzyme-associated microcompartments (GRM), choline utilization 
(GRM2), and fucose and rhamnose utilization (GRM5 and PVM) BMCs [8,75]. Research remains 
sparse on the genes, pathways, and enzymatic reactions involved in catabolic BMCs. These 
pathways may also be more complex than ones in carboxysomes, being dependent on redox 
balancing, disproportionation, and the presence of several metals and other cofactors. One 
commonality in metabolosomes is the presence of oxygen sensitive metal co-factor containing 
enzymes, such as B12 cycling enzymes and glycyl-radical enzymes, with the BMC possibly 
acting as an O2 exclusion mechanism [11,13].  

 Catabolic BMC Models: There is an overall dearth of mathematical models for the catabolic 
BMCs with only a pair published models [22,76] of a non-carboxysome BMC systems in recent 
years. Considering the special interest from industry in BMCs that could shield the cytoplasm 
from toxic intermediates, increase metabolic flux, or modulate reaction selectivity and product 
inhibition, it is valuable to explore catabolic BMC capabilities systematically [77].  

 A notable difference between the dynamics of the carboxysome and other BMCs, such 
as the Pdu BMC, is that the internal reactions of the carboxysome begins with a reversible 
reaction while the propanediol pathway starts with an irreversible reaction potentially trapping 
the substrate within the shell once it has been produced. Jakobson et al.’s study (2017) on Pdu 
found that selective permeability of the BMC shell can increase the overall BMC function and 
highlighted the important role BMCs play in metabolite flux enhancement [76]. This model was 
adapted by Jakobson et al. (2018) to be generalizable to different cellular organizational 
strategies and metabolic pathways in order to guide industrial design of BMCs [22]. They did 
not include O2 or the B12 cycling pathway, which is sensitive to O2, in their models. Given the 
diversity of shell proteins and mysteries regarding their selectivity and dynamics, it is possible 
that additional mechanisms may allow escape or entrance of specific metabolites, co-factors, 
electrons, or proteins across the shell. 

Conclusions: 

With only a handful of BMC models proposed in the last decade [22,40–45,76], there remains a 
great many unanswered questions and research potential within this domain.  

Many critical parameters of BMCs formation, function and regulation remain unknown. 
These parameters include the internal pH compared to the cytosol and the composition and 
stoichiometry of encapsulated proteins and co-factors. In particular, the permeabilities of 
substrates and products across the shell into the protein core remains largely unmeasured and 
speculative. The pores of the major structural shell proteins studied to date with 
crystallographic methods display overall positive charge, which allows for negatively charged 
compounds to readily pass through (Figure 1) [29]. However, the molecular mechanism and 
level of exclusion of positively charged ions, like H+, or nonpolar substrates, like CO2 and O2, 
has yet to be determined experimentally [29]. There is debate on the internal pH, redox 
environment, and the creation and relevance of a pH gradient across the BMC shell [29,45,78]. 
Additionally, systematic errors and biases in our understanding of these mechanisms plague all 



BMC models, with many of the featured parameters across all these models being based on 
previous measurements that may need to be revisited (Table 1). Therefore, it is important to 
combine theory with experimental data in an iterative approach to provide robust agreement 
between these methods. 

 Several mathematical models of cyanobacterial physiology not focused on BMCs take 
a full-cell approach, including not only carbon fixation but also photosynthetic reactions, 
protein production, and gene regulation [79,80]. However, these models lack the fine details of 
the CCM previously described in BMC models. A robust exploration, meeting in the middle of 
these two approaches, could yield useful insights on how the CCM is dynamically controlled in 
response to changes in cellular physiological conditions. In particular, several transporters 
relevant to the CCM are sensitive to inorganic carbon concentrations and regulated 
allosterically [81], potentially influencing how the CCM reacts to changing environmental 
conditions. 

Evolutionary considerations were touched upon briefly in a few of the carboxysome 
modeling studies. These models could be combined with recent computational approaches in 
metabolic evolution [82]. This approach could allow systematic investigation on how 
evolutionary intermediates in CCM evolution may have responded to environmental changes 
during proposed times of carboxysome origination such as the Great Oxidation Event (GOE) 
approximately 2.3-2.5 billion years ago [83]. A dramatic increase in atmospheric O2 
concentrations across the GOE relative to slowly declining CO2 concentrations led to an ~100 
million fold increase in O2:CO2 ratios, which could have provided a selective pressure driving 
the encapsulation of oxygen-sensitive enzymes, such as RuBisCO. Recent explorations of 
similar questions featured a limited range of oxygen concentrations, and, as a result, may be 
missing important dynamics of carboxysome evolution driven by the need for oxygen exclusion 
[45]. Furthermore, there are undeniable structural and functional similarities between catabolic 
BMCs and carboxysomes, which offers an underexplored opportunity for comparative 
evolutionary studies. One such example is the combination of homologous shell proteins 
between carboxysomes and other BMCs and the frequency of highly-oxygen-sensitive 
coenzyme B12 regeneration pathways and glycyl radical enzymes being sequestered in BMCs 
for use in the contained reactions [11,13]. This suggests that the O2 exclusion property of 
carboxysomes may be a more general property of BMCs than previously considered.  

Through computational modeling of BMCs, we can relate results to experimental data, 
probe theoretical evolutionary pressures, and gain deeper understanding of these systems 
[21,77]. Given the rapidly advancing power of computation and AI in addition to new 
experimental techniques, we anticipate many new breakthroughs in the coming decades 
harnessing the capabilities of BMCs that could have major benefits for society and the 
environment. 

Declaration of Interests: J.C.C. has equity and is co-founder and Chief Science Advisor for 
Prometheus Materials Inc. All other authors declare no competing interests. 



Funding: This work was supported in part by the Interdisciplinary Quantitative Biology PhD 
Program (IQ Biology) and the NRT Integrated Data Science Program (NSF grant number 
2022138) at the BioFrontiers Institute, University of Colorado-Boulder and by the National 
Science Foundation under Grant No. 2054085. 

 
References: 
[1] Krupovic M, Koonin EV:Cellular origin of the viral capsid-like bacterial 

microcompartments. Biol Direct 2017;12:25. https://doi.org/10.1186/s13062-017-0197-
y. 

[2] Axen SD, Erbilgin O, Kerfeld CA:A Taxonomy of Bacterial Microcompartment Loci 
Constructed by a Novel Scoring Method. PLOS Comput Biol 2014;10:e1003898. 
https://doi.org/10.1371/journal.pcbi.1003898. 

[3] Zhang X, Konarev PV, Petoukhov MV, Svergun DI, Xing L, Cheng RH, et al.:Multiple 
Assembly States of Lumazine Synthase: A Model Relating Catalytic Function and 
Molecular Assembly. J Mol Biol 2006;362:753–70. 
https://doi.org/10.1016/j.jmb.2006.07.037. 

[4] Dalmau M, Lim S, Chen HC, Ruiz C, Wang S-W:Thermostability and molecular 
encapsulation within an engineered caged protein scaffold. Biotechnol Bioeng 
2008;101:654–64. https://doi.org/10.1002/bit.21988. 

[5] MacCready JS, Vecchiarelli AG:Positioning the Model Bacterial Organelle, the 
Carboxysome | mBio 2021. 

[6] Kennedy NW, Mills CE, Nichols TM, Abrahamson CH, Tullman-Ercek D:Bacterial 
microcompartments: tiny organelles with big potential. Curr Opin Microbiol 
2021;63:36–42. https://doi.org/10.1016/j.mib.2021.05.010. 

[7] Melnicki MR, Sutter M, Kerfeld CA:Evolutionary relationships among shell proteins of 
carboxysomes and metabolosomes. Curr Opin Microbiol 2021;63:1–9. 
https://doi.org/10.1016/j.mib.2021.05.011. 

[8] Liu L-N:Bacterial metabolosomes: new insights into their structure and 
bioengineering. Microb Biotechnol 2021;14:88–93. https://doi.org/10.1111/1751-
7915.13740. 

[9] Liu L-N, Yang M, Sun Y, Yang J:Protein stoichiometry, structural plasticity and 
regulation of bacterial microcompartments. Curr Opin Microbiol 2021;63:133–41. 
https://doi.org/10.1016/j.mib.2021.07.006. 

[10] Stewart KL, Stewart AM, Bobik TA:Prokaryotic Organelles: Bacterial 
Microcompartments in E. coli and Salmonella. EcoSal Plus 2020;9. 
https://doi.org/10.1128/ecosalplus.ESP-0025-2019. 

[11] Ferlez B, Sutter M, Kerfeld CA:Glycyl Radical Enzyme-Associated 
Microcompartments: Redox-Replete Bacterial Organelles. MBio 2019;10:e02327-18. 
https://doi.org/10.1128/mBio.02327-18. 

[12] Mallette E, Kimber MS:Structural and kinetic characterization of (S)-1-amino-2-
propanol kinase from the aminoacetone utilization microcompartment of 
Mycobacterium smegmatis. J Biol Chem 2018;293:19909–18. 
https://doi.org/10.1074/jbc.RA118.005485. 

[13] Zarzycki J, Erbilgin O, Kerfeld CA:Bioinformatic Characterization of Glycyl Radical 
Enzyme-Associated Bacterial Microcompartments. Appl Environ Microbiol 
2015;81:8315–29. https://doi.org/10.1128/AEM.02587-15. 



[14] Kennedy NW, Hershewe JM, Nichols TM, Roth EW, Wilke CD, Mills CE, et al.:Apparent 
size and morphology of bacterial microcompartments varies with technique. PLOS 
ONE 2020;15:e0226395. https://doi.org/10.1371/journal.pone.0226395. 

*This paper examined different preparation techniques and provides recommendations 
for accurate measurements of BMC size distributions, which is an important 
consideration when investigating composition and function. 

 
[15] Liberton M, Austin JR II, Berg RH, Pakrasi HB:Unique Thylakoid Membrane 

Architecture of a Unicellular N2-Fixing Cyanobacterium Revealed by Electron 
Tomography. Plant Physiol 2011;155:1656–66. https://doi.org/10.1104/pp.110.165332. 

[16] Hill NC, Tay JW, Altus S, Bortz DM, Cameron JC:Life cycle of a cyanobacterial 
carboxysome. Sci Adv 2020;6:eaba1269. https://doi.org/10.1126/sciadv.aba1269. 

**Utilizes single-cell tracking to observe the lifecycle of a carboxysome. This method 
provides a way to bypass innate BMC heterogeneity in a cell and access activity levels 
of a single BMC over its lifespan as well as mechanisms for signaling degradation.  

 
[17] Brown KS, Sethna JP:Statistical mechanical approaches to models with many poorly 

known parameters. Phys Rev E 2003;68:021904. 
https://doi.org/10.1103/PhysRevE.68.021904. 

[18] Chis O-T, Banga JR, Balsa-Canto E:Structural Identifiability of Systems Biology 
Models: A Critical Comparison of Methods. PLOS ONE 2011;6:e27755. 
https://doi.org/10.1371/journal.pone.0027755. 

[19] Transtrum MK, Machta BB, Brown KS, Daniels BC, Myers CR, Sethna JP:Perspective: 
Sloppiness and emergent theories in physics, biology, and beyond. J Chem Phys 
2015;143:010901. https://doi.org/10.1063/1.4923066. 

[20] Roosa K, Chowell G:Assessing parameter identifiability in compartmental dynamic 
models using a computational approach: application to infectious disease 
transmission models. Theor Biol Med Model 2019;16:1. https://doi.org/10.1186/s12976-
018-0097-6. 

[21] Metcalf KJ, Slininger Lee MF, Jakobson CM, Tullman-Ercek D:An estimate is worth 
about a thousand experiments: using order-of-magnitude estimates to identify 
cellular engineering targets. Microb Cell Factories 2018;17:135. 
https://doi.org/10.1186/s12934-018-0979-7. 

[22] Jakobson CM, Tullman-Ercek D, Mangan NM:Spatially organizing biochemistry: 
choosing a strategy to translate synthetic biology to the factory. Sci Rep 
2018;8:8196. https://doi.org/10.1038/s41598-018-26399-0. 

[23] Gantt E, Conti SF:Ultrastructure of Blue-Green Algae. J Bacteriol 1969;97:1486–93. 
https://doi.org/10.1128/jb.97.3.1486-1493.1969. 

[24] Shively JM, Ball FL, Kline BW:Electron Microscopy of the Carboxysomes (Polyhedral 
Bodies) of Thiobacillus neapolitanus. J Bacteriol 1973;116:1405–11. 

[25] Behrenfeld MJ, Randerson JT, McClain CR, Feldman GC, Los SO, Tucker CJ, et 
al.:Biospheric Primary Production During an ENSO Transition. Science 
2001;291:2594–7. https://doi.org/10.1126/science.1055071. 

[26] Dou Z, Heinhorst S, Williams EB, Murin CD, Shively JM, Cannon GC:CO2 Fixation 
Kinetics of Halothiobacillus neapolitanus Mutant Carboxysomes Lacking Carbonic 
Anhydrase Suggest the Shell Acts as a Diffusional Barrier for CO2. J Biol Chem 
2008;283:10377–84. https://doi.org/10.1074/jbc.M709285200. 



[27] Cai F, Menon BB, Cannon GC, Curry KJ, Shively JM, Heinhorst S:The Pentameric Vertex 
Proteins Are Necessary for the Icosahedral Carboxysome Shell to Function as a 
CO2 Leakage Barrier. PLOS ONE 2009;4:e7521. 
https://doi.org/10.1371/journal.pone.0007521. 

[28] Kinney JN, Axen SD, Kerfeld CA:Comparative analysis of carboxysome shell proteins. 
Photosynth Res 2011;109:21–32. https://doi.org/10.1007/s11120-011-9624-6. 

[29] Faulkner M, Szabó I, Weetman SL, Sicard F, Huber RG, Bond PJ, et al.:Molecular 
simulations unravel the molecular principles that mediate selective permeability of 
carboxysome shell protein. Sci Rep 2020;10:17501. https://doi.org/10.1038/s41598-
020-74536-5. 

**This paper modeled the free energy of metabolites crossing through the CcmK2 shell 
protein pore. Notably, O2 and CO2 had the same free energy and HCO3

- and 3-PGA was 
favored by 3 orders of magnitude. This study makes an important step towards 
addressing the selective permeability of BMC shell proteins.  

 
[30] González-Mondragón E, Zubillaga RA, Hernández-Arana A:Effect of a specific inhibitor 

on the unfolding and refolding kinetics of dimeric triosephosphate isomerase: 
establishing the dimeric and similarly structured nature of the main transition states 
on the forward and backward reactions. Biophys Chem 2007;125:172–8. 
https://doi.org/10.1016/j.bpc.2006.07.007. 

[31] Shi X, Bloom A:Photorespiration: The Futile Cycle?. Plants 2021;10:908. 
https://doi.org/10.3390/plants10050908. 

[32] Bauwe H, Hagemann M, Kern R, Timm S:Photorespiration has a dual origin and 
manifold links to central metabolism. Curr Opin Plant Biol 2012;15:269–75. 
https://doi.org/10.1016/j.pbi.2012.01.008. 

[33] Broddrick JT, Rubin BE, Welkie DG, Du N, Mih N, Diamond S, et al.:Unique attributes of 
cyanobacterial metabolism revealed by improved genome-scale metabolic modeling 
and essential gene analysis. Proc Natl Acad Sci 2016;113:E8344–53. 
https://doi.org/10.1073/pnas.1613446113. 

[34] Peña KL, Castel SE, de Araujo C, Espie GS, Kimber MS:Structural basis of the oxidative 
activation of the carboxysomal γ-carbonic anhydrase, CcmM. Proc Natl Acad Sci U S 
A 2010;107:2455–60. https://doi.org/10.1073/pnas.0910866107. 

[35] Badger MR, Bassett M, Comins HN:A Model for HCO3− Accumulation and 
Photosynthesis in the Cyanobacterium Synechococcus sp. Plant Physiol 
1985;77:465–71. 

[36] Reinhold L, Zviman M, Kaplan A:Inorganic Carbon Fluxes and Photosynthesis in 
Cyanobacteria — A Quantitative Model. In: Biggins J, editor. Prog. Photosynth. Res. Vol. 
4 Proc. VIIth Int. Congr. Photosynth. Provid. R. I. USA August 10–15 1986, Dordrecht: 
Springer Netherlands; 1987, p. 289–96. https://doi.org/10.1007/978-94-017-0519-6_62. 

[37] Reinhold L, Zviman M, Kaplan A:A quantitative model for inorganic carbon fluxes and 
photosynthesis in cyanobacteria. Plant Physiol Biochem 1989;27:945–54. 

[38] Reinhold L, Kosloff R, Kaplan A:A Model for Inorganic Carbon Fluxes and 
Photosynthesis in Cyanobacterial Carboxysomes. Can J Physiol 1991;69:984–8. 
https://doi.org/10.1139/b91-126. 

[39] Fridlyand L, Kaplan A, Reinhold L:Quantitative evaluation of the role of a putative CO2-
scavenging entity in the cyanobacterial CO2-concentrating mechanism. Biosystems 
1996;37:229–38. https://doi.org/10.1016/0303-2647(95)01561-2. 



[40] Hopkinson BM, Young JN, Tansik AL, Binder BJ:The Minimal CO2-Concentrating 
Mechanism of Prochlorococcus spp. MED4 Is Effective and Efficient. Plant Physiol 
2014;166:2205–17. https://doi.org/10.1104/pp.114.247049. 

[41] Clark RL, Cameron JC, Root TW, Pfleger BF:Insights into the industrial growth of 
cyanobacteria from a model of the carbon-concentrating mechanism. AIChE J 
2014;60:1269–77. https://doi.org/10.1002/aic.14310. 

[42] Mangan NM, Brenner MP:Systems analysis of the CO2 concentrating mechanism in 
cyanobacteria. ELife 2014;3:e02043. https://doi.org/10.7554/eLife.02043. 

[43] Mangan NM, Flamholz A, Hood RD, Milo R, Savage DF:pH determines the energetic 
efficiency of the cyanobacterial CO2 concentrating mechanism. Proc Natl Acad Sci 
2016;113:E5354. https://doi.org/10.1073/pnas.1525145113. 

[44] Boatman TG, Mangan NM, Lawson T, Geider RJ:Inorganic carbon and pH dependency 
of photosynthetic rates in Trichodesmium. J Exp Bot 2018;69:3651–60. 
https://doi.org/10.1093/jxb/ery141. 

[45] Long BM, Förster B, Pulsford SB, Price GD, Badger MR:Rubisco proton production can 
drive the elevation of CO2 within condensates and carboxysomes. Proc Natl Acad Sci 
2021;118. https://doi.org/10.1073/pnas.2014406118. 

[46] Price GD, Badger MR, Woodger FJ, Long BM:Advances in understanding the 
cyanobacterial CO2-concentrating-mechanism (CCM): functional components, Ci 
transporters, diversity, genetic regulation and prospects for engineering into plants. 
J Exp Bot 2008;59:1441–61. https://doi.org/10.1093/jxb/erm112. 

[47] Price GD, Badger MR:Expression of Human Carbonic Anhydrase in the 
Cyanobacterium Synechococcus PCC7942 Creates a High CO2-Requiring 
Phenotype. Plant Physiol 1989;91:505–13. 

[48] Whitehead L, Long BM, Price GD, Badger MR:Comparing the in Vivo Function of α-
Carboxysomes and β-Carboxysomes in Two Model Cyanobacteria. Plant Physiol 
2014;165:398–411. https://doi.org/10.1104/pp.114.237941. 

[49] Badger MR, Kaplan A, Berry JA:Internal Inorganic Carbon Pool of Chlamydomonas 
reinhardtii: Evidence for a Carbon Dioxide-Concentrating Mechanism. Plant Physiol 
1980;66:407–13. https://doi.org/10.1104/pp.66.3.407. 

[50] Price GD, Sültemeyer D, Klughammer B, Ludwig M, Badger MR:The functioning of the 
CO2 concentrating mechanism in several cyanobacterial strains: a review of general 
physiological characteristics, genes, proteins, and recent advances. Can J Bot 
1998;76:973–1002. https://doi.org/10.1139/b98-081. 

[51] Long BM, Badger MR, Whitney SM, Price GD:Analysis of carboxysomes from 
Synechococcus PCC7942 reveals multiple Rubisco complexes with carboxysomal 
proteins CcmM and CcaA. J Biol Chem 2007;282:29323–35. 
https://doi.org/10.1074/jbc.M703896200. 

**Introduces tracking protons produced by RuBisCO carboxylation and brought in to 
the carboxysome by RuBP3- and PGA2- to help drive the conversion of HCO3

- to CO2 and 
lower pH within the carboxysome. The authors focused on how lowered pH may have 
driven evolution of the carboxysome from a condensate.  

 
[52] Savage DF, Afonso B, Chen AH, Silver PA:Spatially ordered dynamics of the bacterial 

carbon fixation machinery. Science 2010;327:1258–61. 
https://doi.org/10.1126/science.1186090. 



[53] Flamholz A, Shih PM:Cell biology of photosynthesis over geologic time. Curr Biol CB 
2020;30:R490–4. https://doi.org/10.1016/j.cub.2020.01.076. 

[54] Badger MR, Price GD:CO2 concentrating mechanisms in cyanobacteria: molecular 
components, their diversity and evolution. J Exp Bot 2003;54:609–22. 
https://doi.org/10.1093/jxb/erg076. 

[55] Pasciak W, Gavis J:Transport limitation of nutrient uptake in phytoplankton1 1974. 
https://doi.org/10.4319/LO.1974.19.6.0881. 

[56] Gutknecht J, Bisson MA, Tosteson FC:Diffusion of carbon dioxide through lipid bilayer 
membranes: effects of carbonic anhydrase, bicarbonate, and unstirred layers. J Gen 
Physiol 1977;69:779–94. https://doi.org/10.1085/jgp.69.6.779. 

[57] Missner A, Kügler P, Saparov SM, Sommer K, Mathai JC, Zeidel ML, et al.:Carbon 
Dioxide Transport through Membranes. J Biol Chem 2008;283:25340–7. 
https://doi.org/10.1074/jbc.M800096200. 

[58] Price GD, Woodger FJ, Badger MR, Howitt SM, Tucker L:Identification of a SulP-type 
bicarbonate transporter in marine cyanobacteria. Proc Natl Acad Sci U S A 
2004;101:18228–33. https://doi.org/10.1073/pnas.0405211101. 

[59] Rae BD, Long BM, Badger MR, Price GD:Structural Determinants of the Outer Shell of 
β-Carboxysomes in Synechococcus elongatus PCC 7942: Roles for CcmK2, K3-K4, 
CcmO, and CcmL. PLOS ONE 2012;7:e43871. 
https://doi.org/10.1371/journal.pone.0043871. 

[60] Moronta-Barrios F, Espinosa J, Contreras A:Negative control of cell size in the 
cyanobacterium Synechococcus elongatus PCC 7942 by the essential response 
regulator RpaB. FEBS Lett 2013;587:504–9. 
https://doi.org/10.1016/j.febslet.2013.01.023. 

[61] Xu Y, Guerra LT, Li Z, Ludwig M, Dismukes G, Bryant D:Altered carbohydrate 
metabolism in glycogen synthase mutants of Synechococcus sp. strain PCC 7002: 
Cell factories for soluble sugars. Metab Eng 2012;16. 
https://doi.org/10.1016/j.ymben.2012.12.002. 

[62] Ting CS, Hsieh C, Sundararaman S, Mannella C, Marko M:Cryo-Electron Tomography 
Reveals the Comparative Three-Dimensional Architecture of Prochlorococcus, a 
Globally Important Marine Cyanobacterium. J Bacteriol 2007;189:4485–93. 
https://doi.org/10.1128/JB.01948-06. 

[63] Woodger FJ, Badger MR, Price GD:Sensing of Inorganic Carbon Limitation in 
Synechococcus PCC7942 Is Correlated with the Size of the Internal Inorganic 
Carbon Pool and Involves Oxygen. Plant Physiol 2005;139:1959–69. 
https://doi.org/10.1104/pp.105.069146. 

[64] Sültemeyer D, Price GD, Yu J-W, Badger MR:Characterisation of carbon dioxide and 
bicarbonate transport during steady-state photosynthesis in the marine 
cyanobacterium Synechococcus strain PCC7002. Planta 1995;197:597–607. 
https://doi.org/10.1007/BF00191566. 

[65] Heinhorst S, Williams EB, Cai F, Murin CD, Shively JM, Cannon GC:Characterization of 
the Carboxysomal Carbonic Anhydrase CsoSCA from Halothiobacillus neapolitanus. 
J Bacteriol 2006;188:8087–94. https://doi.org/10.1128/JB.00990-06. 

[66] Iancu CV, Ding HJ, Morris DM, Dias DP, Gonzales AD, Martino A, et al.:The Structure of 
Isolated Synechococcus Strain WH8102 Carboxysomes as Revealed by Electron 
Cryotomography. J Mol Biol 2007;372:764–73. 
https://doi.org/10.1016/j.jmb.2007.06.059. 



[67] Occhialini A, Lin MT, Andralojc PJ, Hanson MR, Parry MAJ:Transgenic tobacco plants 
with improved cyanobacterial Rubisco expression but no extra assembly factors 
grow at near wild-type rates if provided with elevated CO2. Plant J Cell Mol Biol 
2016;85:148–60. https://doi.org/10.1111/tpj.13098. 

[68] Tcherkez GGB, Farquhar GD, Andrews TJ:Despite slow catalysis and confused 
substrate specificity, all ribulose bisphosphate carboxylases may be nearly perfectly 
optimized. Proc Natl Acad Sci U S A 2006;103:7246–51. 
https://doi.org/10.1073/pnas.0600605103. 

[69] Savir Y, Noor E, Milo R, Tlusty T:Cross-species analysis traces adaptation of Rubisco 
toward optimality in a low-dimensional landscape. Proc Natl Acad Sci 2010;107:3475–
80. https://doi.org/10.1073/pnas.0911663107. 

[70] Morell MK, Paul K, O’Shea NJ, Kane HJ, Andrews TJ:Mutations of an active site 
threonyl residue promote beta elimination and other side reactions of the enediol 
intermediate of the ribulosebisphosphate carboxylase reaction. J Biol Chem 
1994;269:8091–8. 

[71] Badger M, Andrews T, Whitney S, Ludwig M, Yellowlees D, Leggat W, et al.:The diversity 
and coevolution of Rubisco, plastids, pyrenoids, and chloroplast-based CO2-
concentrating mechanisms in algae. Can J Bot-Rev Can Bot - CAN J BOT 
1998;76:1052–71. https://doi.org/10.1139/cjb-76-6-1052. 

[72] Shingles R, Moroney JV:Measurement of carbonic anhydrase activity using a 
sensitive fluorometric assay. Anal Biochem 1997;252:190–7. 
https://doi.org/10.1006/abio.1997.2305. 

[73] Cameron JC, Wilson SC, Bernstein SL, Kerfeld CA:Biogenesis of a Bacterial Organelle: 
The Carboxysome Assembly Pathway. Cell 2013;155:1131–40. 
https://doi.org/10.1016/j.cell.2013.10.044. 

[74] Brinsmade SR, Paldon T, Escalante-Semerena JC:Minimal functions and physiological 
conditions required for growth of salmonella enterica on ethanolamine in the 
absence of the metabolosome. J Bacteriol 2005;187:8039–46. 
https://doi.org/10.1128/JB.187.23.8039-8046.2005. 

[75] Stewart AM, Stewart KL, Yeates TO, Bobik TA:Advances in the World of Bacterial 
Microcompartments. Trends Biochem Sci 2021;46:406–16. 
https://doi.org/10.1016/j.tibs.2020.12.002. 

[76] Jakobson CM, Tullman-Ercek D, Slininger MF, Mangan NM:A systems-level model 
reveals that 1,2-Propanediol utilization microcompartments enhance pathway flux 
through intermediate sequestration. PLOS Comput Biol 2017;13:e1005525. 
https://doi.org/10.1371/journal.pcbi.1005525. 

[77] Hinzpeter F, Gerland U, Tostevin F:Optimal Compartmentalization Strategies for 
Metabolic Microcompartments. Biophys J 2017;112:767–79. 
https://doi.org/10.1016/j.bpj.2016.11.3194. 

[78] Menon BB, Heinhorst S, Shively JM, Cannon GC:The Carboxysome Shell Is Permeable 
to Protons. J Bacteriol 2010;192:5881–6. https://doi.org/10.1128/JB.00903-10. 

[79] Faizi M, Zavřel T, Loureiro C, Červený J, Steuer R:A model of optimal protein allocation 
during phototrophic growth. Biosystems 2018;166:26–36. 
https://doi.org/10.1016/j.biosystems.2018.02.004. 

[80] Westermark S, Steuer R:Toward Multiscale Models of Cyanobacterial Growth: A 
Modular Approach. Front Bioeng Biotechnol 2016;4. 
https://doi.org/10.3389/fbioe.2016.00095. 



[81] Fang S, Huang X, Zhang X, Zhang M, Hao Y, Guo H, et al.:Molecular mechanism 
underlying transport and allosteric inhibition of bicarbonate transporter SbtA. Proc 
Natl Acad Sci 2021;118. https://doi.org/10.1073/pnas.2101632118. 

*Structural studies of the cyanobacterial inorganic carbon (Ci) transporter SbtA 
complexed with the allosteric regulatory protein SbtB in the presence of HCO3

- and 
adenyl nucleotides provides mechanistic insight into the signals that regulate the CCM 
in cyanobacteria. This study also raises additional questions about the role of cAMP in 
regulating carbon flux under varying Ci availabilities. 

 
[82] Wheeler LC, Smith SD:Computational Modeling of Anthocyanin Pathway Evolution: 

Biases, Hotspots, and Trade-offs. Integr Comp Biol 2019;59:585–98. 
https://doi.org/10.1093/icb/icz049. 

[83] Hurley SJ, Wing BA, Jasper CE, Hill NC, Cameron JC:Carbon isotope evidence for the 
global physiology of Proterozoic cyanobacteria. Sci Adv 2021;7:eabc8998. 
https://doi.org/10.1126/sciadv.abc8998. 

*Measurements of carbon isotope fractionation in wild-type cyanobacteria and 
ancestral analogs lacking a CCM indicate that carboxysomes evolved in response to 
rising levels of molecular oxygen, rather than decreasing CO2.  

 


