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Abstract
Carboxysomes are organelle-like polyhedral bodies found in cyanobacteria and many
chemoautotrophic bacteria that are thought to facilitate carbon fixation. Carboxysomes are bounded
by a proteinaceous outer shell and filled with ribulose 1,5-bisphosphate carboxylase/oxygenase
(RuBisCO), the first enzyme in the CO2 fixation pathway, but exactly how they enhance carbon
fixation is unclear. Here we report the three-dimensional structure of purified carboxysomes from
Synechococcus species strain WH8102 as revealed by electron cryotomography. We found that while
the sizes of individual carboxysomes in this organism varied from 114 to 137 nm, surprisingly, all
were approximately icosahedral. There were on average ∼250 RuBisCOs per carboxysome,
organized into 3-4 concentric layers. Some models of carboxysome function depend on specific
contacts between individual RuBisCOs and the shell, but no evidence of such contacts was found:
no systematic patterns of connecting densities or RuBisCO positions against the shell's presumed
hexagonal lattice could be discerned, and simulations showed that packing forces alone could account
for the layered organization of RuBisCOs.
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Introduction
The primary point of entry of carbon into the biosphere is the Calvin-Benson-Bassham cycle
of autotrophic organisms such as cyanobacteria, which are among the most ancient and
abundant organisms on earth and account for a large fraction of global carbon fixation. In the
first step of this pathway, the fixation of molecular CO2 is catalyzed by the enzyme ribulose
1,5-bisphosphate carboxylase/oxygenase (RuBisCO). RuBisCO is a notoriously slow and
inefficient enzyme. It has a low affinity for CO2 and also catalyzes the unproductive and
energy-requiring fixation of O2 (photorespiration)1. Thus cyanobacteria use a sophisticated
carbon concentrating mechanism2 whose main elements seem to be: i) a mechanism for the
active transport of HCO3

− and CO2 into the cytoplasm3; ii) localized carbonic anhydrase
activity to convert HCO3

− into CO2; and iii) the carboxysome, a polyhedral cellular
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compartment bounded by a proteinaceous shell that sequesters RuBisCO into a distinct
microenvironment4.

Carboxysomes are present in all known cyanobacteria and are divided into two distinct classes,
α- or cso-type and β- or ccm-type, on the basis of the form of RuBisCO (1A or 1B) that they
encapsulate5. Some chemoautotrophic proteobacteria also contain carboxysomes5 and similar
polyhedral bodies (dubbed “enterosomes”) and homologs of carboxysome genes have now
been found in enteric bacteria as well, suggesting that these structures may be of more ancient
origin and that such compartments may be used more generally in bacteria to regulate a variety
of metabolic pathways6.

Our knowledge of the structure of carboxysomes has come mainly from conventional electron
microscopy (EM) and X-ray crystallography. EM studies revealed that carboxysomes are
polyhedral bodies, proposed to be either icosahedra7 or pentagonal dodecahedra8 of variable
size containing a paracrystalline arrangement of RuBisCO. The latter study suggested that
carboxysomes are hollow compartments with a single layer of RuBisCOs attached to the inner
layer of the protein shell. The crystal structures of two β-carboxysome shell proteins, CcmK2
and CcmK4, that share significant sequence homology with the α-carboxysomal CsoS1 protein,
were recently solved9. These proteins crystallized into hexamers surrounding a central, charged
pore, suggesting the possibility that they create a specialized barrier that may regulate the flow
of metabolites into and out of the carboxysome. The crystal structure of one α-carboxysome
shell protein, CsoS3, is also available, and this protein was shown to have carbonic anhydrase
activity10, 11.

While it is clear that carboxysomes offer some metabolic advantage, the mechanism is still
unknown. One model is that they simply increase the local concentration of both RuBisCO
and CO2, while perhaps also decreasing the concentration of competing O2. It has been
hypothesized that some further special property of the carboxysome, like the structure of the
protein shell or the arrangement of the internal RuBisCOs, functions as a selectively permeable
barrier, either limiting CO2 outward diffusion, O2 inward diffusion, or both12. It has also been
suggested that perhaps the carboxysome somehow maintains its internal RuBisCOs in an active
conformation, or in a conformation that favors the carboxylation reaction over the competing
oxygenation reaction12. Observed sequence homology between the β-carboxysomal shell
protein CcmM and the RuBisCO small subunit led to the suggestion that specific contacts
might exist between the shell and RuBisCO, and that this could arrange carboxysomal
RuBisCOs in a preferred orientation or possibly assist in carboxysome biogenesis13,14.

In an effort to shed further light on the structure and function of carboxysomes, we produced
3-D reconstructions of purified carboxysomes from the α-cyanobacterium, Synechococcus
species strain WH8102. We chose this organism because of its importance in the global carbon
cycle and to complement other ongoing efforts that use it as a model system15-17. Because
carboxysomes vary in size, techniques that rely on averaging signals from identical objects (X-
ray and electron crystallography, nuclear magnetic resonance spectroscopy and single particle
electron microscopy) are unsuitable. Instead we used electron cryotomography (ECT), the
highest resolution technique available today for the study of such heterogeneous samples18.
In ECT, specimens are preserved in a near-native, “frozen-hydrated” state and their 3-D
structure is reconstructed to a few nm resolution from a series of EM images recorded while
the specimen is tilted incrementally around one or two orthogonal axes19. Measurements and
observations of the size, shape, and internal organization of S. species strain WH8102
carboxysomes are reported, along with analyses that look for evidence of potential interactions
between the shell and individual RuBisCOs. While this paper was in the final stages of
preparation, a complementary electron cryotomographic study of carboxysomes from a
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different species, Halothiobacillus neapolitanus, appeared20. The important similarities and
differences are considered in the Discussion.

Results
Sample preparation and data collection

Carboxysomes were purified from S. species strain WH8102 as described previously17 and
plunge-frozen in thin films across EM grids (see Materials and Methods). Three single- and
eight dual-tilt image series were collected. Each series had in the field of view one to five intact
carboxysomes surrounded by what appeared to be dissassembled fragments. As a result, the
embedding ice was often thicker than the diameter of carboxysomes. Fig. 1 shows one of the
images from a single-tilt series and a slice from the corresponding reconstruction. Supp. Movie
1 shows an entire dual-tilt image series, the corresponding reconstruction and the major results
in 3-D.

Icosahedral shape
From the reconstructed tomograms, 26 carboxysomes were extracted, denoised, and
segmented, revealing in every case a polyhedron with 20 triangular faces (an icosahedron).
Initially, in some cases it was unclear whether the observed icosahedra were regular because
the top and bottom surfaces were poorly resolved due to the missing “wedge” or “pyramid” of
data inherent in ECT (the tilt ranges were at best +/− 66°). In this respect, when all other
experimental parameters such as total dose and defocus were held equal, reconstructed
carboxysomes from dual-tilt series were better resolved as expected, and appeared more exactly
icosahedral (see also 19). To more carefully assess the architecture of the carboxysomes, in
each case the regions of the shell that were clearly resolved were fit and compared to complete,
regular icosahedra (Fig. 2). They matched very well in all cases, though the vertices and edges
of the protein shells were more rounded than the geometrically perfect fitted icosahedra. The
thickness of the protein shells was ∼4 nm, in good agreement with reported values for α-
carboxysomes21 and the determined crystal structures of protein shell homologs9, but thinner
than that reported for β-carboxysomes from S. species strain PCC 7942 (5-6 nm, as visualized
by EM in frozen-hydrated intact cells, but by the Hilbert Differential Contrast method22).

Size distribution
The diameters of the 26 carboxysomes (defined here as the longest dimension of each
geometrically perfect fitted icosahedron, or 1.9 times the edge length) varied from 114 nm to
137 nm, with an average of 123 ± 5 nm. Interestingly, the Synechocystis shell proteins CcmK2
and CcmK4 crystallized as hexamers, which are the basic building blocks of icosahedra9.
Icosahedra of different sizes can be built from hexagonal and pentagonal units in a way
described by the so-called T number23. Prompted by the sequence similarities between these
proteins and the S. species strain WH8201 major shell protein CsoS1 (32% and 49% identity
with CcmK4 and CcmK2, respectively), and the fact that the carboxysomes we observed were
indeed icosahedral, we calculated the range of T-numbers that would correspond to our
observed shells, assuming they were in fact assemblies of hexamers with the same dimensions
as those seen in the crystals (4 nm edge length). The carboxysomes we imaged spanned a range
of hypothetical T numbers from 73 to 103 (see Fig. 3 – where the sizes corresponding to
particular T numbers are indicated by vertical arrows), and 855 hexamers would be required
to form the complete protein shell of the average-sized carboxysome (123 nm diameter).

Organization of RuBisCOs
The interiors of 14 of the 26 reconstructed carboxysomes were densely packed with distinct
protein-like densities. Because (i) the vast majority of these had the same approximate size as
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RuBisCO, (ii) proteomic analysis of purified carboxysomes such as these had demonstrated
that 62% of the total protein is RuBisCO24, and (iii) RuBisCO is known to be packed inside
the carboxysome25, 26, we assumed that these densities were in fact RuBisCOs. It was clear
from simple visual inspection that the RuBisCOs were arranged in three and sometimes four
concentric layers. The other 12 carboxysomes had fewer RuBisCOs and less internal order.
These were probably just damaged by the purification and grid freezing procedures17 (which
clearly disrupted many shells, as evidenced by the plentiful proteinaceous debris on the grids),
but we cannot be sure because the missing wedge of data always makes certain faces of the
shell appear to be missing. An alternative is that these were assembly intermediates or even
mature carboxysomes with a different organization. Future studies of intact cells should clarify
this point.

Radial density profiles were calculated for the 14 carboxysomes whose interiors were ordered.
The origin of each carboxysome was taken as the center of the fit icosahedron. Radial densities
were calculated within both spherical shells and nested icosahedral shells, but the results were
essentially indistinguishable. Each radial profile had 4 to 5 peaks. The outermost peak
corresponded to the shell and was the highest in every case. Three and sometimes four smaller
internal peaks appeared, corresponding to ordered layers of RuBisCO. As carboxysome sizes
were variable and the spacing between the layers were presumed to scale accordingly, in order
to compare profiles, the relative density as a function of percent radius was normalized, plotted
and averaged (Fig. 4). The internal peaks appeared at 81, 60, and 38% of the radius. In an
average-sized carboxysome with radius 62 nm, this would correspond to peaks at 50, 37, and
24 nm from the center.

Number of RuBisCOs per carboxysome
The number of RuBisCOs contained within each carboxysome was estimated by “template
matching”27; i.e. the (undenoised) volumes of the carboxysomes were searched for densities
that correlated well with the known, low-pass filtered crystal structure of RuBisCO28. Because
there were no abrupt discontinuities in the spectrum of cross-correlation coefficients reported,
no clear threshold value that would distinguish true RuBisCOs from surrounding material was
apparent. Further, among the set of higher coefficients, many were too close together to be
separate RuBisCOs and many were false positives clustered on the shell. We therefore
discarded peaks on the shell and systematically selected peaks one by one from the highest
coefficient to the lowest, each time discarding all other peaks within 11 nm (the approximate
diameter of RuBisCO) until there were no more spaces large enough for a RuBisCO left. As
a control, peak-to-peak minimum distances of 10 or 12 nm were also tried, but by visual
inspection these values clearly produced too many false positives or negatives, respectively.
As seen in Fig. 5, this strategy located most of the densities that were consistent with the known
size of RuBisCO.

The average number of RuBisCOs found per carboxysome was 232 ± 18, with values ranging
from 207 to 269. Overall, the number of RuBisCOs per carboxysome increased with the size
of the carboxysome (Fig. 6). Treating each RuBisCO as a sphere of diameter 11 nm and dividing
by the volume of the average fitted regular icosahedron, about a quarter (27%) of the
carboxysome volume was occupied by RuBisCOs.

Relationship of RuBisCO layers to carboxysome shell
Several considerations suggested that specific interactions between the shell and individual
RuBisCOs might exist. First, the RuBisCOs were found to be organized in concentric layers
just inside the shell. Second, some models for the function of carboxysomes posit that RuBisCO
is held in an activated conformation or in a specific arrangement within the carboxysome
shell29-31. Third, one carboxysomal protein (CcmM) was found to have sequence homology
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to the small subunit of RuBisCO, and could therefore conceivably domain swap with or
otherwise bind the other subunits of RuBisCO13, 14.

We therefore looked for evidence of specific contacts between the shell and individual
RuBisCOs. Many RuBisCOs were in fact either touching or very near the shell and many weak
densities were visible between RuBisCOs and the shell, but neither phenomenon was
systematic, strong, or clearly resolved enough to be conclusive. Two additional analyses were
performed to check for evidence of specific contacts: RuBisCOs were mapped onto the
presumed hexagonal lattice of the underlying shell, and simulations were run to test whether
simple packing forces alone could have caused the RuBisCO layering.

i. Mapping RuBisCOs onto the presumed shell lattice—If shell proteins contacted
RuBisCOs specifically, the positions of the RuBisCOs might reflect the underlying shell lattice.
An in-house program was therefore developed to project the density within the outermost
RuBisCO layer onto the shell (Fig. 7). Individual RuBisCOs were clearly recognizable as dense
patches (about 7 per face), but when the presumed hexagonal lattice of the shell was
superimposed (about 40 hexagons per face for the T=81 icosahedron shown), no relationship
between the two patterns was discerned. Nevertheless, this picture did highlight how many
more pores probably exist in the shell than RuBisCOs. Based on the total number of RuBisCOs
per carboxysome (232) and presumed hexagons in the shell 855, there would be on average 3
to 4 shell pores per RuBisCO.

This projection procedure also provided a second way to roughly estimate the number of
RuBisCOs per carboxysome and per layer. Because of the missing pyramid (or wedge) of data,
the boundaries of the RuBisCOs were not isotropically resolved, and thus their projections
onto certain faces of the carboxysome were clearer than others. By estimating the average
number of RuBisCOs per face where they were most clearly resolved, and assuming that all
regions would be equally packed, we calculated the total number of RuBisCOs in the three
layers to be 149 ± 13, 85 ± 8, and 37 ± 4, respectively, for a total of 271 ± 25 per carboxysome
(standard errors arose from considering all 14 well-ordered carboxysomes). Thus the number
of RuBisCOs in each layer diminished by approximately a factor of 2. These estimates were
uniformly ∼20% higher than those obtained through template matching, but it is unclear which
method was more nearly correct.

ii. Emergence of layers through random packing—The second way we checked for
evidence of specific contacts between the shell and RuBisCOs was to test whether packing
forces alone could have given rise to the observed layers. We ran a series of simulations in
which RuBisCOs were modeled as semi-hard spheres with diameters spanning the range of
dimensions present in RuBisCO (from 11 to 13.3 nm), moving freely within an icosahedral
container 123 nm in diameter. For each sphere diameter, the total number of spheres was varied
from 124 to 344 in steps of 20 to more than span the range of experimentally determined
RuBisCOs per carboxysome. In order to compare the results with the experimentally
reconstructed carboxysomes, the simulation was repeated 14 times for each set of parameters
and the average radial density was plotted (Fig. 8).

For each diameter tested, peaks in the average radial density plot developed in the same general
pattern. When the number of diffusing spheres was low (124-144), a single peak was observed
next to the icosahedral boundary. As the number of spheres was increased (164-184), the
density within this outer layer grew and another peak began to emerge as well. Higher numbers
of spheres caused 1-2 additional peaks to appear at even smaller radii (Fig. 8b and Supp. Movie
2). As the number of spheres and layers increased, their spacing also decreased slightly, and
the outermost layer shifted closer to the boundary. The best match of the peaks to the
experimental curves was obtained using 304 spheres with diameters of 12.3 nm (Fig. 8c).
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Discussion
This study established the 3-D structure of a cyanobacterial carboxysome and the number and
organization of RuBisCOs within it. This was accomplished with ECT, a technique that allowed
the carboxysomes to be visualized in a nearly-native, “frozen-hydrated” state, thus avoiding
the artifacts associated with conventional EM. In confirmation of previous analyses of
Nitrobacter winogradskyi carboxysomes7, we found that S. species carboxysomes were
icosahedral, and their observed dimensions (114 to 137 nm) were similar to those reported in
H. neapolitanus8 and N. winogradskyi7. It remains to be established whether all carboxysomes
and the related enterosomes (such as those associated with ethanolamine breakdown in
Salmonella typhimurium32 and Escherichia coli33 and propanediol utilization in Salmonella
typhimurium6, 34) are similarly icosahedral. Such consistency would not be surprising, since
the two Synechocystis shell proteins that have been crystallized multimerize into hexagons, the
structural building blocks of icosahedra, and sequence alignments of all the major shell proteins
show strict conservation of the residues at the protein-protein interfaces9. Nevertheless, the
smooth and broad distribution of sizes observed here was unusual for biological icosahedra.
While it is known that a single protein can assemble into icosahedra with different T-
numbers35, these shells must also be quite flexible.

The internal RuBisCOs were clearly organized into concentric layers. Their total number was
estimated in two ways: template matching and projection onto icosahedral shells, yielding 232
± 18 and 271 ± 25, respectively. It is unclear which method is more nearly correct: template
matching followed by our peak selection algorithm clearly introduced some false positives and
neglected some false negatives; but the projection method depended on visual estimates of the
number of RuBisCOs per icosahedral face, the assumption that all the faces would be similar,
and that all the major densities were in fact RuBisCOs. We conclude that there were on average
very roughly 250 RuBisCOs per carboxysome.

Several considerations, including (i) the layered organization of RuBisCOs and their spacing,
(ii) proposals in the literature that a preferential organization of RuBisCOs is mediated by
interactions with the protein shell13, 14, 29, and (iii) models of carboxysomes that suggest
such interactions, prompted us to look for evidence of specific contacts between the shell and
RuBisCOs. None was found: no systematic connecting densities appeared in the
reconstructions, the pattern of RuBisCO positions did not appear to be related to the presumed
hexagonal lattice of the shell, and simulations showed that concentric layers like those observed
arise spontaneously when volume-excluding objects are packed into icosahedral containers.
The spontaneous emergence of layers agreed with what would have been predicted by related
packing studies36.

As the work presented here was in the final stages of preparation for publication, a
complementary study by Schmid et al. appeared reporting ECT analysis of the related
carboxysomes from H. neapolitanus20. H. neapolitanus carboxysomes were also found to be
icosahedral, occupy a range of sizes, and contain concentric layers of RuBisCOs. Concerned
with potential T-numbers and underlying hexagonal shell lattices, we measured diameters as
the largest distance across fit regular icosahedra, from which edge lengths can be derived.
Schmid et al. measured diameters as the position of the outermost peak in 1-D (spherically
averaged) radial density profiles. When for the purposes of comparison, we followed the
Schmid et al. procedure, the S. species carboxysomes we imaged here were just slightly larger
(101 ± 3 nm) than those in H. neapolitanus (average ∼96 nm), but the degree of heterogeneity
(spanning ∼20 nm) was quite similar. These differences are, however, within the few percent
magnification uncertainty present in electron microscopy without embedded calibration
standards.
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In addition to technical differences between the two studies (voltage, energy filtering, dual-
axis tilting, use of gold fiducials for alignment, etc.), the most important difference in the
approaches taken was that Schmid et al. grouped carboxysomes into classes based on size and
then averaged them, producing maps with subtly different patterns of density and holes in the
shell faces. This led them to interpret their different size classes as carboxysomes with different
subunit arrangements and to speculate that the holes they saw in their averages were
authentically variable pore patterns. We think it highly unlikely that the shell proteins arrange
themselves in a fundamentally different pattern in the variably sized carboxysomes and suggest
that the pore patterns in their averages were artifactual (noise). While we agree that the size
variation is probably due in part to different T numbers, we would further speculate that the
continuous size distribution also indicates flexibility in the shell contacts. If so, class averages
would be hard to interpret. Schmid et al. also assert that the five-fold symmetric apexes of the
carboxysomes are thicker than the faces and suggest that the shell-associated carbonic
anhydrases may bind there; however we did not observe any such thickening.

These results contribute information relevant to several models. First, it is significant that over
half of the RuBisCOs are found packed immediately adjacent to the shell, where a carbonic
anhydrase is now known to exist10. Thus the local concentrations of RuBisCO and CO2 would
indeed be expected to be very high just inside the shell. Second, we found no evidence for
specific contacts between the shell and RuBisCOs that might activate or order them12, 29.
Third, concerning transport of substrates, it has been proposed that the charged pores of the
shell proteins regulate the passage of metabolites9. Recent studies suggest that enterosomes
may play a similar role, preventing the leakage of gaseous metabolites such as
acetaldehyde37. Here we report that on average each RuBisCO is served by about 3 to 4 shell
pores, but that the protein-protein contacts in the shell are likely quite flexible, and may
themselves also allow passage of metabolites. Fourth, we observed that the inner layers of
RuBisCOs were broader and less organized than the layers closer to the protein shell. This does
not support the model of carboxysome biogenesis in which RuBisCOs assemble into a
polyhedral structure before the protein shell is added38. Finally, our observation that
RuBisCOs filled the entire volume of the carboxysome, coupled with the recent revelation that
CsoS3 is a shell-associated carbonic anhydrase10, contradicts the model that carboxysomes
contain a centrally located carbonic anhydrase that provides CO2 to peripheral RuBisCOs
organized to function as a barrier to CO2 diffusion30. More information is still clearly needed
to elucidate the function and mechanism of this important molecular machine.

Materials and methods
Carboxysome purification

Carboxysomes were purified as described previously17. Briefly, S. species cells were grown
for 15 days and collected by centrifugation. The cell pellet was resuspended in 25 mM N-Tris
(hydroxymethyl)methyl-2-aminoethanesulfonic acid (TES)-NaOH, pH 7.0, containing 1 mM
EDTA (ethylenediaminetetraacetate) and 1mM PMSF (phenylmethylsulfonyl fluoride) and
passed through a French press system (Emulsiflex-C5TM; Avestin Inc., Ottawa, Ontario). The
lysates were cleared of large cellular debris by centrifugation at 12 000 g and then the
supernatant was centrifuged further at 40 000 g to pellet the carboxysomes. The carboxysome
pellet was resuspended in the above TES buffer also containing 20 mM MgSO4 and 33% (v/
v) YPERS™, centrifuged again at 40 000 g, and resuspended once more in TES buffer.

Electron microscopy
The solution of purified carboxysomes was combined in a ratio of 4:1 with 10 nm colloidal
gold (Ted Pella, 20x conc.) and plunge-frozen onto holey carbon grids (R1.2/1.3, Quantifoil;
or lacey carbon, Ted Pella) with a Vitrobot (FEI, Netherlands). The grids were imaged with a
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300 kV FEG “G2 Polara” TEM (FEI, Netherlands) using a 2048 × 2048 GIF CCD. Energy-
filtered (20 eV slit width) single- and dual-tilt image series were acquired with the UCSF
tomography package39 at either 34 or 27.5kx magnification (CCD pixel sizes corresponding
to 6.7 and 8.2 Å, respectively). The data used for analysis came from 8 dual-tilt and 3 single-
tilt tomograms, collected with total doses ranging from 120 to 180 electrons/Å2; defocus values
of −10, −12, −14, −15 or −16 μm (corresponding to the first CTF zero at 44.4, 48.6, 52.5, 54.3,
and 56.1 Å, respectively); and an angular range of +/− 66° in fixed steps of 2 or 3°.

Data processing and analysis
Tomographic reconstructions were generated with IMOD40. Individual carboxysomes were
selected, denoised41 and aligned to a standard icosahedron using Bsoft42. The shapes of the
outer shells were segmented and visualized using Amira (Mercury Computer Systems) after
the carboxysome reconstructions were subjected to 200 cycles of denoising. The segmentation
was used to create a solid object that was subsequently oriented with respect to a standard
icosahedron (having x, y, and z as the 2-fold axes). Icosahedral and spherical radial density
plots of the oriented, non-denoised carboxysomes were calculated with custom-written Amira
(Mercury Computer Systems) modules.

The number of RuBisCOs and their locations within carboxysomes were determined using a
template-matching program27 with the crystal structure of RuBisCO as a reference (PDB
1RCX)28. The carboxysome outer shell segmentation was used as a mask to eliminate the
cross-correlation peaks that were present on the shell. Cross-correlation peaks were further
selected by imposing an 11 nm inter-peak minimum distance, corresponding to the diameter
of RuBisCO. The projection of densities in icosahedral shells onto surfaces was performed
with custom Amira modules developed in-house. The numbers of RuBisCOs per face were
estimated by measuring their average separation as well as simple counting.

Modeling and simulation
The carboxysome was modeled as an icosahedron of diameter 123 nm, the average
experimentally measured carboxysome diameter. RuBisCOs were modeled as spherical
particles with fixed diameter. Initially, particles were placed sequentially at random but non-
overlapping locations (Random Sequential Addition). This algorithm is unable to create
random configurations that are denser than a saturation limit, which is about 38% 36. With
RuBisCO spheres of diameter 12.3 nm, this corresponds to about 214 spheres per carboxysome.
In order to achieve higher RuBisCO packing densities, particles were placed at random (and
potentially overlapping) initial locations within the icosahedron. An energy function meant
only to impose volume occlusion was constructed with a single step-function force repelling
pairs of overlapping spheres. Thus at each time step, a force was applied to spheres whose
centers were closer than a RuBisCO diameter, pushing them directly away from each other.
The overlapping spheres in the initial configuration seeded the model with a set of starting
velocities and the predicted movements of the spheres were then simulated. The magnitude of
the force and time step were set empirically (in abstract units of mass, distance, and time) so
that spheres “bounced” off of each other and typically traveled several time steps in one
direction before hitting the next particle. The spontaneous emergence of layers was insensitive
to perturbations in the force or time step used. The simulation was performed at constant
temperature, i.e. the average particle velocity was normalized every 100 steps to reduce the
cumulative impact of integration errors. The locations of the particles after 5000 time steps
were recorded and used for subsequent analysis. The procedure was repeated 14 times each
for packing densities of 124-344 spheres in steps of 20 and RuBisCO diameters of 11, 11.5,
12.3 and 13.3 nm (i.e. 168 sets of coordinates for each RuBisCO diameter).
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Example image and reconstruction slice
(a) The nominally untilted image from a single-axis tilt series. (b) 6.7 nm-thick slice through
the corresponding (undenoised) 3-D reconstruction. Scale bar 100 nm.
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Fig. 2. Carboxysomes are icosahedral
Four individual reconstructed carboxysomes are shown (one per row). From left to right appear
the manually segmented surface, the best-fitting regular icosahedron, and three orthogonal
central slices (xy, yz, and xz) through the denoised carboxysomes. The central slices are
surrounded by the fit icosahedra, enlarged slightly and with the same color-coded faces to allow
comparison of the actual shells with the corresponding cross sections of regular icosahedron.
The anisotropic resolution is due to the limited tilt range accessible in ECT. Scale bar 50 nm.
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Fig. 3. Histogram of carboxysome diameters
Each bin is 1 nm wide. The diameter of icosahedra with all possible T-numbers in the same
size range built from hexagons of edge length 4 nm (corresponding to crystal structure PDB
2AIB of CcmK2) are also shown.
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Fig. 4. Radial density profiles
Radial density profiles of individual carboxysomes (thin lines) and their average (thick line),
scaled to normalize the densities of the outermost peaks (the shell). The positions of the well-
defined peaks (the three internal RuBisCO layers and the carboxysome shell) are marked with
arrows. For absolute scale, the average radius was 62 nm.
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Fig. 5. Identification of individual RuBisCOs through template-matching
Densities identified as RuBisCO by template matching followed by a customized peak search
are circled in red on 6.7 nm slices through the (a) undenoised and (b) denoised carboxysome.
(c) 3-D representation of the same carboxysome in which the densities have been replaced by
the RuBisCO template.
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Fig. 6. Number of RuBisCOs per carboxysome as a function of carboxysome volume
The number of RuBisCOs was assessed by template matching followed by a customized peak-
search algorithm, and the volume calculated as that of the best fitting regular icosahedron.
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Fig. 7. Relative arrangement of RuBisCOs and the presumed hexagonal lattice of the shell
All the densities (red) in the outermost layer of RuBisCO were projected on the faces of the
icosahedron fit to the carboxysome shell. The presumed hexagonal lattice (with hexagonal
spacing of 7 nm) for the corresponding T=81 icosahedron is shown in blue. No correspondence
was discerned.
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Fig. 8. Spontaneous generation of nested layers in icosahedral packing simulations
Icosahedral containers of average size (123 nm) were filled with randomly diffusing hard
spheres of various diameters spanning the range of molecular dimensions present in RuBisCO.
The resulting radial average density profiles from 14 independent packing simulations are
shown in each case. (a) Profiles for 304 spheres of different diameters. The spheres
spontaneously pack into layers in all cases. (b) Profiles for different numbers of 12.3 nm
diameter spheres. As the number of spheres gets larger, the layers move slightly closer to the
container boundary. (c) The average profile from the experimentally reconstructed
carboxysomes (including an additional outer peak corresponding to the shell) (black) and the

Iancu et al. Page 19

J Mol Biol. Author manuscript; available in PMC 2008 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



profile of the closest matching simulation, a 123 nm container filled with three hundred and
four 12.3 nm spheres (red).
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