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Abstract
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Carboxysomes are polyhedral inclusion bodies that play a key role in autotrophic metabolism in
many bacteria. Using electron cryotomography, we examined carboxysomes in their native states
within intact cells of three chemolithoautotrophic bacteria. We found that carboxysomes generally
cluster into distinct groups within the cytoplasm, often in the immediate vicinity of polyphosphate
granules, and a regular lattice of density frequently connects granules to nearby carboxysomes. Small
granular bodies were also seen within carboxysomes. These observations suggest a functional
relationship between carboxysomes and polyphosphate granules. Carboxysomes exhibited greater
size, shape, and compositional variability in cells than in purified preparations. Finally, we observed
carboxysomes in various stages of assembly, as well as filamentous structures that we attribute to
misassembled shell protein. Surprisingly, no more than one partial carboxysome was ever observed
per cell. Based on these observations, we propose a model for carboxysome assembly in which the
shell and the internal RuBisCO lattice form simultaneously, likely guided by specific interactions
between shell proteins and RuBisCOs.

Keywords
H. neapolitanus; bacterial microcompartment; carboxysome; cryo-EM; electron tomography

NIH-PA Author Manuscript

Introduction
Bacterial microcompartments are proteinaceous, polyhedral bodies that sequester particular
enzymes within a thin protein shell.1 By concentrating enzymes and substrates in the same
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space, microcompartments may enhance enzymatic activity, sequester volatile intermediates,
and/or isolate enzymes from competitive inhibitors. The best characterized
microcompartments are the carboxysomes found in all cyanobacteria and many
chemoautotrophs.2 The chemoautotrophic sulfur-oxidizing gammaproteobacterium
Halothiobacillus neapolitanus has served as the model system for many investigations of αcarboxysomes, which are distinguished from β-carboxysomes by genetic architecture, shell
composition, and the form of enzyme they encapsulate.3
The α-carboxysomes of H. neapolitanus self-assemble from ten polypeptides, eight of which
are associated with the shell. The interior of the carboxysome is filled with the CO2-fixing
enzyme ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO), an inefficient enzyme
that is vital to autotrophic metabolism.4 A carboxysome shell-associated carbonic
anhydrase5 provides the carboxysome-encapsulated RuBisCO with its substrate, CO2 and, in
combination with the partial impermeability of the carboxysome shell to CO2,6; 7 contributes
to the catalytic advantage RuBisCO derives from being sequestered within the
microcompartment. Most, if not all carboxysome gene mutants that form organelles
compromised in structure and/or function are unable to grow efficiently at ambient CO2 levels
or do not survive at all unless cultured in CO2-supplemented air. 6; 7; 8; 9; (reviewed in 10)
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The crystal structures of CsoS1A, one of the three main α-carboxysome shell polypeptides,
and of the minor shell constituent CsoS4A (formerly OrfA), have suggested an initial model
of the carboxysome shell.11; 12 A monolayer of tightly apposed CsoS1 hexamers is believed
to form the facets of the icosahedral carboxysomes while pentamers of CsoS4A are thought to
occupy the vertices. The structure of the α-carboxysomal carbonic anhydrase CsoSCA has also
been solved.13 The exact location of this protein within the carboxysome is unknown, but
biochemical evidence suggests that the enzyme is tightly associated with the interior of the
carboxysome shell.7
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Carboxysomes have been the subject of much electron microscopy.(e.g. 14; 15; 16; 17) More
recently, purified α-carboxysomes from H. neapolitanus18 and from the cyanobacterium
Synechococcus WH810219 were examined by high-resolution electron cryotomography
(ECT). These studies confirmed that carboxysomes are regular icosahedra, but unlike typical
icosahedral viruses, exhibit a range of sizes. Schmid and colleagues speculated that differences
in carboxysome sizes could be due to differing arrangements of shell proteins; Iancu et al.
thought this unlikely and attributed size heterogeneity to potentially different T numbers
(differences in the total number of shell proteins). Within the carboxysomes, RuBisCOs were
found to be arranged in several concentric layers, with an estimated half located in the layer
immediately adjacent to the shell, but no evidence for contacts between RuBisCOs and the
shell proteins was found.19
While these studies elucidated the structure of purified carboxysomes, because the function of
carboxysomes seems to be to sequester and organize certain reactions within the cell,
understanding their position within and interactions with the rest of the cell is central. Recently,
α-carboxysomes within intact cells of the cyanobacterium Prochlorococcus were visualized
by ECT.20 Here we used ECT to characterize α-carboxysomes within intact cells of H.
neapolitanus as well as two other chemolithoautotrophic proteobacteria, Thiomonas
intermedia and Thiomicrospira crunogena. We observed features relating to the organization,
structure, and assembly of carboxysomes common to all three organisms. The most salient of
these findings were novel structural associations linking carboxysomes and polyphosphate
(polyP) granules, suggesting a functional relationship between these two ultrastructures.
Within cells we observed carboxysomes in various stages of assembly. These observations
suggest a model for carboxysome assembly in which the shell and the RuBisCO lattice form
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simultaneously, potentially guided by specific interactions between shell proteins and
RuBisCOs.
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Results and Discussion
One hundred fifty-three tomograms were recorded of intact H. neapolitanus cells, which were
typically rod-shaped, 0.5 μm wide, and approximately 1.5 μm long (though cell lengths varied
as would be expected from unsynchronized cells, Fig. 1a). Many interesting structures were
seen, including physical associations between carboxysomes and polyP granules, oddly shaped
and irregular carboxysomes, partial carboxysomes, and cytoplasmic filaments. In order to
determine whether these features were specific to H. neapolitanus, we also examined 20 and
14 cells (respectively) of two other chemoautotrophic sulfur-oxidizing proteobacteria, T.
intermedia and T. crunogena. Cells of T. intermedia appeared ovoid to rod-shaped and similar
in length to cells of H. neapolitanus, though slightly wider (Fig. 1b). Cells of T. crunogena
were distinguished by their unique helical shapes (Fig. 1c). Because similar structures were
also observed in these organisms, they are likely general features of chemolithoautotrophic
sulfur oxidizers.
Organization of carboxysomes
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In chemostat-grown H. neapolitanus, the number of carboxysomes per cell varied from 4 to
18, with an average of 10 per cell. The number of carboxysomes per cell in T. intermedia was
higher (17), likely because these cells were imaged soon after transfer from heterotrophic to
autotrophic growth conditions, which is known to rapidly induce carboxysome formation.21
Cells of chemostat-grown T. crunogena exhibited a much greater variance in the number of
carboxysomes per cell than the other two organisms, ranging from 5 to 80 or more. The number
of carboxysomes per cell directly correlated with cell cycle and cell size. That is, elongated
cells approaching division possessed greater numbers of carboxysomes than smaller cells.
Furthermore, dividing cells contained strikingly similar numbers of carboxysomes within each
nascent daughter cell (Fig. S1). In 17 out of 19 dividing cells, carboxysomes were as evenly
segregated as possible, suggesting that some active mechanism might partition them.
In 98% of H. neapolitanus cells, carboxysomes were clustered together in groups of three or
more, either by themselves (Fig. 2a) or around dark, electron-dense bodies (Fig. 2b). In only
three cells were carboxysomes found dispersed throughout the cells with no apparent clustering
(Fig. 2c). Carboxysome clustering appeared most pronounced in cells of T. intermedia (Fig.
1b), although this might simply be due to the larger numbers of carboxysomes present in these
cells. In T. crunogena cells containing large numbers of carboxysomes, grouping was also
readily apparent (Fig. S5a).
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Grouping of β-carboxysomes was noted previously in the cyanobacterium Anabaena PCC
7119.17 A recent ECT study of strains of another cyanobacterium, Prochlorococcus, found
that the α-carboxysomes of those cells also cluster into groups within the cytoplasm.20 This
observation led the authors to suggest that such clustering might facilitate carbon fixation by
allowing CO2 leaked out of any carboxysome to be fixed by another in the group.20
Carboxysomes may cluster simply because their components are synthesized in a single
location within the cell, or some other mechanism may be involved such as the entropic effects
of macromolecular crowding.22
Association of carboxysomes with polyP granules
On average, cells of H. neapolitanus contained two dark, electron-dense bodies within the
cytoplasm. These dark bodies were also observed in cells of T. intermedia and T. crunogena.
We used electron energy loss spectroscopy (EELS) to show that these bodies were enriched in
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phosphorous relative to the surrounding cytoplasm (Figs. 3 and S3). Recently, Borgnia and
colleagues used similar techniques to assign as polyP granules the dark bodies observed in
cells of Bdellovibrio bacteriovorus.23 Additionally, H. neapolitanus cells grown under
phosphate limitation demonstrated either a significant reduction in the volume of these granular
bodies or their complete disappearance. For these reasons, we propose that the dark bodies
observed in H. neapolitanus cells are indeed polyP granules. In further support of this
assignment, the H. neapolitanus genome (NC_013422.1) contains genes encoding enzymes
responsible for polyP synthesis and hydrolysis. While similar EELS experiments were not
performed on cells of T. intermedia or T. crunogena, given the structural and metabolic
similarities between these bacteria and H. neapolitanus, it is likely that the electron-dense
bodies present in these cells are polyP granules as well. In support of this conclusion, we note
that the genomes of T. crunogena24 and T. intermedia (unpublished) both also possess the key
necessary genes.
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In all three organisms, the association of carboxysomes with polyP granules was clear and
consistent. In 96% of H. neapolitanus cells containing these granules, clusters of carboxysomes
were found surrounding them, with an average of 2.5 carboxysomes (40% of the total in these
cells) directly abutting each granule (Fig. 4). The polyP granules were typically spherical; in
H. neapolitanus, they ranged in diameter from 40-200 nm, although smaller granules were
sometimes also observed. Intriguingly, the polyP granules often exhibited indentations (Fig.
4b) or sharp and distinct facets (Fig. 4c) along their interfaces with carboxysomes.
Interesting patterns of density were often observed in the regions between the polyP granules
and the adjacent carboxysomes. Figure 5 highlights two such patterns, which appear to be novel
structural features physically linking carboxysomes to polyP granules. Thirty-seven percent of
cells containing polyP granules presented ordered lattices. Ninety-four percent of these
structures connected granules with neighboring carboxysomes, although in three cells we
observed lattices emanating from granules with no carboxysomes nearby. The surfaces of the
polyP granules often appeared faceted in the regions connected to the lattices (Fig. 5a), but
lattices protruding out of spherical granules were also observed (Fig. 5b). The periodicity of
the lattice was approximately 6.3 nm.
Strings of density linking polyP granules to nearby carboxysomes were seen in 24% of the
cells containing polyP granules (Fig. 5c). Gaps in the carboxysome shell were sometimes
observed near these strings (Fig. 5d). While it is unclear what constitutes the lattices and strings,
an intriguing possibility is that they are oligomers of polyphosphate kinase, which forms
filaments in the presence of ATP.25 Regardless, these physical connections between
carboxysomes and polyP granules suggest a significant functional relationship.
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Internal granules
In addition to the physical connections between polyP granules and carboxysomes, evidence
that there may be a functional relationship between the two ultrastructures came from the
observation of dark granular structures within many carboxysomes (Figs. 6 and S6). In H.
neapolitanus cells, 26% of all carboxysomes presented these internal high-density granules;
in three extreme cells, 90% of carboxysomes contained these granules. Carboxysomes
possessing internal granules were observed in 77% of all H. neapolitanus cells, and were
present in all three bacteria examined. Within the carboxysomes of T. crunogena, in addition
to granules, in 3 out of 14 cells we observed high-density fibers that spanned the entire diameter
of the carboxysome (Fig. 6, panels 11-12).
The internal granules varied in size, shape, and position within the carboxysome. The higher
electron scattering of these granules as compared to neighboring RuBisCOs suggests they are
not composed of protein. More likely they are aggregations of small molecules. Visually, these
J Mol Biol. Author manuscript; available in PMC 2010 August 12.
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internal granules appear to have a similar density to the cytoplasmic polyP granules described
above. We attempted to use the EELS technique to analyze these granules, but their small size
prevented us from making reliable determinations. A slight correlation (r = 0.76) was observed
between the volume of a cell's polyP granules and the percent of the cell's carboxysomes that
contained internal granules, hinting that there may be some relationship between the two.
Furthermore, cells limited for phosphate or thiosulfate had a significantly lower number of
carboxysomes with internal granules (5% and 8% of total carboxysomes, respectively) than
cells not limited for these nutrients (31% of total carboxysomes).
While the composition of these internal granules remains unclear, we propose that they are
polyP. In support of this interpretation, Tang and colleagues used energy dispersive X-ray
spectroscopy to show that carboxysomes of the cyanobacterium Synechococcus leopoliensis
contain granules composed of inorganic phosphate and calcium.26 This composition is similar
to that of cytoplasmic polyP granules.27 An alternative explanation for the presence of the
internal granules is that they are aggregates of the phosphorylated substrates and/or products
of the RuBisCO reaction.
Size, shape, and compositional variability of cellular carboxysomes
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The size, shape, and composition of cellular carboxysomes varied, especially in T.
crunogena. Besides the canonical icosahedral shape, we found carboxysomes that were
irregular or elongated (Fig. 7, a-d) (as observed previously14). Additionally, carboxysomes of
significantly different sizes were often found to co-exist within the same cells (Fig. 7e).
Extremely elongated carboxysomes were observed in cells of both T. intermedia (Fig. S4b)
and T. crunogena (Fig. 1c), sometimes spanning the entire cell. While most carboxysomes
contained densely packed RuBisCOs, two intact H. neapolitanus carboxysomes contained
large gaps within their internal lattices of RuBisCOs (Fig. S2, panel 1). Similar electrontranslucent gaps within β-carboxysomes were reported in previous analyses of cyanobacteria.
17; 28 The presence of carboxysomes containing loosely packed RuBisCOs is intriguing, given
that such loose packing would likely reduce the rate of carbon fixation that these carboxysomes
could achieve.29 It seems likely that loose packing arises from rapid formation of
carboxysomes, as RuBisCOs within the carboxysomes of cells of T. intermedia switched to
autotrophic growth media were more often loosely packed (Fig. S2, panels 2-6).
Comparable uniformity of in vitro carboxysomes
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Along with the cellular carboxysomes, we recorded 26 tilt-series of carboxysomes purified
from H. neapolitanus containing a total of 203 intact carboxysomes. In contrast to
carboxysomes observed within cells, which varied widely in size and shape, and as observed
previously,18; 19 purified carboxysomes were mostly regular icosahedra and none contained
internal granules (Fig. 8) (though three carboxysomes contained internal structures larger than
RuBisCO, but of similar density, most likely corresponding to aggregated protein). Purification
therefore likely enriches for well-formed, structurally robust carboxysomes, while selecting
against internal granules. Eighty-two carboxysomes were manually segmented in 3-D to allow
accurate measurement. These varied in diameter from 116 to 169 nm, with an average of 134
+/− 8 nm. These results are roughly consistent with those reported previously by Schmid et al.
(average diameter of ~100 nm),18 considering Schmid et al. measured radial density
distributions of spherically averaged carboxysomes (corresponding approximately to inscribed
spheres), while we measured the lengths of carboxysome edges directly (corresponding to
circumscribed spheres, which for regular icosahedra are 26% larger). The relative standard
deviation of icosahedral edges observed here varied from 5.5 to 17.2%.
In addition to intact carboxysomes, several broken carboxysomes were also observed. Because
rows of RuBisCOs were seen packed against broken carboxysome shells, there must be some
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interaction that links them. Menon et al. recently suggested that such interactions might explain
why α-carboxysomes fail to compartmentalize non-carboxysomal RuBisCO.9
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Partial carboxysomes
Many cells contained partial carboxysomes (54% in H. neapolitanus), but there was never more
than one partial carboxysome per cell. As ECT provides only static information, we cannot be
sure whether these partial carboxysomes were in the process of assembly or degradation at the
time of freezing. Nevertheless because many were observed in cells grown under conditions
known to induce carboxysome formation,30 and because all the cultures were actively growing,
we believe the majority of partial carboxysomes were assembling. Partial carboxysomes
spanning the range of likely assembly intermediates were observed (Figs. 9 and S7). Multiple
layers of RuBisCOs aligned along the inner surface of some of the shells (e.g. Fig. 9, panels 5
and 10), suggesting that RuBisCOs are attracted to both the shell and each other. While this
would predict that RuBisCOs should also aggregate away from carboxysome shells, we did
not see any such aggregates. RuBisCO aggregates have been observed, however, in electron
micrographs of high concentrations of purified RuBisCOs.28
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The geometries of nascent carboxysome shells were strikingly variable: some had sharp and
distinct vertices (e.g. Fig. 9, panels 1, 6 and 12) while others were smooth and gently curved
(e.g. Fig. 9, panels 7, 9, and especially 10). How interactions between the carboxysome shell
proteins might give rise to both rounded and faceted carboxysomes remains unclear, but the
presence of isolated vertices and facets show they can form independently of any interactions
with RuBisCOs. Indeed, empty carboxysome shells were recently seen in an H. neapolitanus
mutant lacking RuBisCO.9 No empty shells were observed in the wild-type cells examined
here.
These results argue against models of carboxysome assembly where the shell forms first and
then RuBisCOs are transported inside.31 Another early model proposed that RuBisCOs selfassemble into an icosahedral core that provides a template for later shell assembly.28 Our
observation of carboxysomes with loosely packed RuBisCOs and gaps within the internal
RuBisCO lattice, as well as the absence of RuBisCO aggregates, make this mechanism seem
unlikely. This model is also discounted by the fact that in purified carboxysomes, the innermost
layers of RuBisCOs are less well-ordered than the outermost.19
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Instead our observations suggest that RuBisCOs pack within carboxysomes as the shell
assembles. As shell facets grow and vertices form, specific interactions between shell proteins
and RuBisCOs likely cause the latter to pack along the inner surface of the nascent shell. Indeed
complexes of RuBisCO with shell proteins of β-carboxysomes were recently identified, lending
support to this idea.32; 33 The ordering of RuBisCOs into multiple layers prior to complete
encapsulation suggests that further interactions exist between RuBisCOs. Because we never
observed more than one partial carboxysome per cell, shell nucleation must be rate-limiting.
Filamentous structures
Parallel and twisted bundles of filaments were observed in 39% and 3% of H. neapolitanus
cells, respectively. While 3 out of 5 of the twisted filaments were observed in close proximity
to carboxysomes (Fig. 10a), the parallel bundles were, without exception, located close to the
cell membrane (Fig. 10b-e). The periodicity of some of these parallel bundles was detectable,
which we measured to be 6.9 nm (Fig. 10d). This value is close to the 6.7 nm spacing between
adjacent hexamers in the crystal structure of the CsoS1A shell protein.11 In some cases, the
parallel bundles formed tubes, and were flanked by rows of densities similar in size and shape
to RuBisCOs (Fig. 10e).
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Cytoplasmic filaments have been identified in many diverse bacteria,34 but the composition
and function of the majority of these filaments remains unknown. Carboxysome-associated
tubular filaments were reported previously in cells of the cyanobacterium Anabaena.35 Tubular
filaments were previously described in electron microscopy of thin sections of Salmonella
enterica when a homolog of the carboxysome shell proteins, PduA, was overproduced.36
Tubular filaments were also observed in a strain of E. coli engineered to possess the propanediol
microcompartment from Citrobacter freundii when PduA was overexpressed.37 Furthermore,
Kerfeld and colleagues found that the hexamers of β-carboxysome shell proteins crystallized
into tightly packed sheets and strips, with inter-hexamer spacings of ~7 nm.38 Thus while it is
not certain, at least some of the parallel bundles we observed here are likely misassembled
shell protein, sometimes holding rows of RuBisCOs.
Speculations on the functional relevance of carboxysome/polyP associations
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As described above, in all three organisms, carboxysomes were generally found clustered into
groups within the cytoplasm, most often associated with polyP granules. These associations
included indentations and facets on the surfaces of the granules directly abutting neighboring
carboxysomes, lattices and strings physically linking carboxysomes and granules, and (likely)
phosphate-rich granules within carboxysomes. We conclude that there must be an important
functional relationship between carboxysomes and polyP granules, but what it might be is
unclear. PolyP granules have been proposed to serve in bacterial cells as storage reserves for
elemental phosphorous or divalent cations such as Mg2+ and Ca2+, transient and spatiallylocalized sources of energy, buffers against alkalinity, and mediators of stress responses.27;
39; 40; 41
It is unknown in what form polyP is stored within these granules. Chains of polyP range from
tens to hundreds of phosphate residues long and have no inherent tertiary structure.42 PolyP
is formed by the transfer of a phosphate group from ATP to the growing polyP chain, and under
conditions of ATP limitation, polyP can be used to synthesize ATP from ADP or AMP.27 PolyP
may also substitute for ATP as the phosphate donor in some enzyme-catalyzed phosphorylation
reactions, either directly or via the action of an exopolyphosphatase (Ppx).40 Intriguingly, in
the genome of H. neapolitanus (NC_013422.1), the gene encoding Ppx precedes a cluster of
genes encoding three enzymes of the Calvin cycle, including two that immediately follow the
RuBisCO reaction, phosphoglycerate kinase (pgk) and glyceraldehyde-3- phosphate
dehydrogenase (gpd). As the Pgk reaction requires a phosphate donor, the polyP granules may
be supplying either phosphate or energy to Pgk or one of the many other phosphorylation
reactions within the Calvin cycle that are likely occurring in the vicinity.
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The proposed role of polyP granules in pH buffering suggests an alternative explanation.27
While carbonic anhydrase releases a hydroxide ion for each molecule of CO2 produced, the
RuBisCO carboxylation reaction releases a corresponding proton. Although direct
measurements of the pH inside carboxysomes have not been made, if the carbonic anhydrase
produces saturating concentrations of CO2, there should always be a net excess of hydroxide
ions compared to protons. Under such alkaline conditions, hydrolysis of the polyP chain (which
releases protons) could restore a neutral pH in the region.
If the internal granules are in fact composed of polyP, they might similarly help buffer the pH
within the carboxysome. Alternatively, they might promote RuBisCO activation. It has been
shown that RuBisCO of the cyanobacterium Synechocystis PCC6803 is activated by inorganic
phosphate in a manner similar to the action of the RuBisCO activase of higher plants.43; 44;
45 The internal polyP granules might provide a ready source of inorganic phosphate within the

carboxysome to maintain an activated RuBisCO population. PolyP is also known to bind and
store divalent cations such as Mg2+.27 As Mg2+ is a necessary cofactor for the RuBisCO
carboxylation reaction, it is possible that internal polyP granules function as localized stores
J Mol Biol. Author manuscript; available in PMC 2010 August 12.
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of this important ion. It is important to note, however, that internal granules were present in
only about a quarter of all carboxysomes.
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Conclusion
In order to fully understand carboxysomes, we must understand their relationship to the rest
of the cell. By imaging carboxysomes in 3-D within intact cells in a near-native state, we found
that cellular carboxysomes exhibited greater variability than purified carboxysomes in terms
of internal organization, size, and shape. Reconstructions of assembly intermediates in vivo
revealed that RuBisCOs pack into carboxysomes as their shells are forming. Finally,
carboxysomes in vivo were often physically associated with polyP granules and contained
smaller granules, raising important questions about the functional relationship between these
two structures.

Materials and Methods
Bacterial strains and culture conditions
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Halothiobacillus neapolitanus C2 ATCC 23641 and Thiomicrospira crunogena XCL-2 were
grown in a chemostat at a dilution rate of 0.08 h−1 in air supplemented with 5% CO2 as described
previously.46; 47 H. neapolitanus cells were grown under different CO2 (5%, 0.04%, or 0.01%),
thiosulfate, or phosphate concentrations. In the phosphate limitation experiment, the potassium
phosphate in the medium was replaced with 50 mM HEPES. Thiomonas intermedia K12 was
maintained as a batch culture in heterotrophic or mixotrophic medium.21 For the carbon
downshift experiment, the bacteria were pelleted by centrifugation and resuspended in
autotrophic medium.
H. neapolitanus carboxysome purification
Carboxysomes were purified according to So et al.5 and brought to a final concentration of 1
mg/ml in 10 mM Tris pH 8.0.
Cryo-sample preparation
Bacterial cells—Pellet from 5-10 ml cell culture centrifuged at 3000 g for 7 minutes was
resuspended in 50 μl cell culture and combined with the pellet of 450 μl of BSA-treated 10nm colloidal gold.48 Three microliters of the mixture was applied to each grid (Quantifoil
Micro Tools, Jena, Germany) before plunge freezing into ethane:propane,49 using either a
Vitrobot (FEI Company, Hillsboro, OR; manual application, blot time 1-2 s, blot offset −1 or
−2 mm) or a gravity plunger.
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Purified H. neapolitanus carboxysomes—Ten microliters of sample (1 mg/ml in 10
mM Tris pH 8.0) were combined with the pellet of 50 μl of 10-nm colloidal gold, previously
centrifuged for 5 mins at 18000 g on a microfuge. The mixture was applied on holey carbon
grids (Quantifoil Micro Tools, Jena, Germany) under 95% or higher humidity, using a Vitrobot
and the following parameters: manual application of 3 μl/ grid, 2s blot time and −2 mm blot
offset.
Electron Microscopy
Standard EM tilt-series were collected on a 300 kV FEG “G2 Polara” TEM electron
cryomicroscope, equipped with a 2 × 2 k Gatan Ultrascan CCD camera or a lens-coupled 4 ×
4 k Ultracam (Gatan, Pleasanton, CA). Energy-filtered (20 eV slit width) image series were
acquired with the UCSF tomography package.50 Cellular tomograms were collected from −60
to + 60°, with an angular step of 1°, total dose ranging from 120 to 190 e/Å2, defocus values
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of 12 μm, at pixel sizes on the specimen of 1.259 or 0.961 nm. Tilt series for the purified
carboxysomes were collected from −69 or 70 to + 69 or 70°, with angular steps of 1, 1.5 or 2°,
total doses of 110, 120, 140, or 150 e/Å2 defocus values ranging from 4 to 12 μm, at pixel sizes
of 0.46, 0.56, or 0.67 nm. A total of 153, 20, 14, and 26 tilt series were collected for H.
neapolitanus, T. intermedia, T. crunogena cells, and purified H. neapolitanus carboxysomes,
respectively.
Cryo-electron spectroscopic imaging
Data collection for phosphorus elemental map for H. neapolitanus cells was done as described
previously51 with the following modifications. For 15 target cells, data collection strategy
involved: acquisition of a tit series (+/− 60° tilt range, 1° step size, 12 μm defocus, 70 e/Å2
total dose) first acquired, followed by recording of post-edge, first and second pre-edge images
(each of 20-35 e/Å2) with the 20 eV energy filter slit positioned at 142, 117, and 97 eV,
respectively. Data collection for eleven additional cells excluded the initial tilt series.
Background on-edge modeling was done as previously described.51 Background subtraction
and three-window elemental map computation were produced with custom-made programs,
after initial relative alignment of images using Bsoft.52
Data processing and analysis

NIH-PA Author Manuscript

Three-dimensional reconstructions were generated with IMOD.53 Segmentation of the outer
shells of purified H. neapolitanus carboxysomes was done with Amira (Mercury Computer
Systems), after initial extraction of carboxysomes from tomograms using Bsoft.52 For each
carboxysome, the icosahedral edges were measured to estimate the size of carboxysomes and
the deviation from regular icosahedra.19

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Overview of the three organisms examined: a) H. neapolitanus; b) T. intermedia; c) T.
crunogena. A wealth of structural features can be seen including high-density granules (P),
carboxysomes (C), internal granules and fibers (G), and filamentous structures (F). Also visible
are the inner (IM) and outer membranes (OM). All images representing cells here and
throughout are tomographic slices (usually 12-nm thick). Scale bar is 500 nm.
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Figure 2.
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Organization of carboxysomes in H. neapolitanus cells: a) group of carboxysomes clustered
together near the center of a cell; b) carboxysomes packed around an electron-dense granule;
c) carboxysomes dispersed throughout the cell. Scale bar is 500 nm.
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Figure 3.

Elemental analysis of dense granules. The figure shows three images of the same H.
neapolitanus cell: a) zero-loss 2-D projection image; b) 2-D projection electron energy loss
spectrographic image focused on phosphorous; c) slice through the corresponding tomogram.
The black arrows in a) and c) highlight dense granules; the black arrows in b) highlight regions
rich in phosphorous. The white arrow in c) highlights an internal granule too small to be
detected by the elemental map. Scale bars are 500 nm.
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Figure 4.

Associations of carboxysomes with polyP granules: a) H. neapolitanus cell, showing close
association between carboxysomes and granules (note the string of density between the topmost
granule and the adjacent carboxysomes, as well as the densities within the carboxysomes,
which resemble the densities of the polyP granules); b) H. neapolitanus cell, showing
indentation of the polyP granule surface where it abuts a carboxysome (note the line of density
between the indented face of the granule and the adjacent carboxysome); c) H. neapolitanus
cell, showing faceted granule abutting carboxysome (note the lattice emanating from this facet).
Scale bars are 200 nm.
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Figure 5.

NIH-PA Author Manuscript

Lattices and strings: a) lattice protruding from a polyP granule and toward a neighboring
carboxysome in an H. neapolitanus cell; b) lattice emanating out of the curved surface of a
polyP granule and toward two adjacent carboxysomes in a T. intermedia cell; c) string between
an indented polyP granule and the neighboring carboxysome; d) string connecting a polyP
granule to an adjacent carboxysome (note the indentation in the polyP granule and the apparent
gap in the carboxysome surface where the string is attached). Scale bar is 100 nm.
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Figure 6.
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Dense granules and fibers within carboxysomes. Panels 1-4 show increasing sizes of internal
granules in H. neapolitanus carboxysomes. Panels 5-8 show T. intermedia carboxysomes and
panels 9-12 show T. crunogena carboxysomes. Panels 11 and 12 illustrate the dense fibers
observed inside carboxysomes of T. crunogena. Scale bar is 50 nm.
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Figure 7.

Size and shape variability of cellular carboxysomes: a)-d) irregular carboxysomes; e) two
adjacent icosahedral carboxysomes of different sizes. Panels a), b), c), and e) are from cells of
H. neapolitanus. Panel d) is from a cell of T. intermedia. Scale bar is 50 nm.
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Figure 8.

Carboxysomes purified from H. neapolitanus: a) zero tilt image; b) 4.6 nm slice through
tomographic reconstruction. Black arrows indicate different sizes of carboxysomes. Scale bar
is 200 nm.
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Figure 9.

Partial carboxysomes. The figure is organized such that more complete carboxysomes are at
the bottom. Note the variability of partial carboxysome shapes, ranging from sharp vertices
(e.g. panels 2, 3, 6, 12) to smooth, rounded surfaces (e.g. panels 4, 7, 9, 10), and that putative
RuBisCOs pack within the interior as the shell forms. Scale bar is 50 nm.
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Figure 10.

Filament-like structures: a) H. neapolitanus cell showing a twisted filament associated with
carboxysomes; b) parallel bundle in H. neapolitanus; c) parallel bundle in T. intermedia; d)
parallel bundle in H. neapolitanus (inset shows periodicity measurement); e) parallel bundle
in H. neapolitanus near the inner membrane. Note the linear arrangement of possible RuBisCOs
between the bundle and the membrane. Scale bar is 200 nm.
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