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Abstract

Cyanobacteria are photosynthetic organisms responsible for ~25% of the organic carbon fixation 

on earth. A key step in carbon fixation is catalyzed by ribulose bisphosphate carboxylase/

oxygenase (RuBisCO), the most abundant enzyme in the biosphere. Applying Zernike phase 

contrast electron cryo-tomography and automated annotation, we identified individual RuBisCO 

molecules and their assembly intermediates leading to the formation of carboxysomes inside Syn5 

cyanophage infected cyanobacteria Synechococcus WH8109 cells. Surprisingly, more RuBisCO 

molecules were found to be present as cytosolic free-standing complexes or clusters than as 

packaged assemblies inside carboxysomes. Cytosolic RuBisCO clusters and partially assembled 

carboxysomes identified in the cell tomograms support a concurrent assembly model involving 

both the protein shell and the enclosed RuBisCO. In mature carboxysomes, RuBisCO is neither 

randomly nor strictly icosahedrally packed within protein shells of variable sizes. A time averaged 

molecular dynamics simulation showed a semi-liquid probability distribution of the RuBisCO in 
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carboxysomes and correlated well with carboxysome subtomogram averages. Our structural 

observations reveal the various stages of RuBisCO assemblies, which could be important for 

understanding cellular function.

Keywords

RuBisCO; Carboxysome biogenesis; Zernike phase contrast cryo-electron tomography; 
Convolutional neural network-based annotation; Molecular dynamics simulation

Introduction

The ability of photosynthetic organisms to fix inorganic CO2 from the atmosphere into 

organic carbon is fundamental to the maintenance of life on earth. Carbon enters the 

biosphere through the Calvin-Benson-Bassham cycle of autotrophic organisms such as 

plants, algae and bacteria. The most important enzyme responsible for carbon fixation is 

ribulose bisphosphate carboxylase/oxygenase (RuBisCO), which is the most abundant 

enzyme in the biosphere. RuBisCO catalyzes the reaction of CO2 with a five-carbon 

molecule, ribulose-1,5-bisphosphate (RuBP), and the breakdown of the resulting six-carbon 

molecule into two molecules of 3-phosphoglycerate (3PGA). In cyanobacteria, RuBisCO 

accounts for 2 to 10 percent of the total cell protein. Despite its pivotal role in carbon 

fixation, RuBisCO is an inefficient enzyme due to its slow kinetics and poor discrimination 

between CO2 and O2 substrates. When cyanobacteria first evolved, O2 concentration in the 

atmosphere was not nearly as significant. However, the current higher atmospheric O2 

concentration and RuBisCO’s high affinity for O2 compromise its carbon fixation activity, 

leading to an energy-depleting and unproductive process called photorespiration [1,2], To 

improve the efficiency of carbon fixation in an oxygen-rich atmosphere, marine 

cyanobacteria have developed a sophisticated CO2 concentrating mechanism (CCM) by 

sequestering essential carbon fixing enzymes, including RuBisCO, in a specialized 

polyhedral cellular compartment known as the carboxysome [3-5]. Found in cyanobacteria 

and chemoautotrophic bacteria, carboxysomes are icosahedral microcompartments whose 

structure is reminiscent of icosahedral viral capsids. Major shell proteins form a 

proteinaceous molecular layer, perforated with pores that facilitate the selective entry of the 

carbon fixation substrates, bicarbonate and RuBP, and exit of the product, 3PGA, but inhibit 

the entry of O2 or leakage of CO2 [6-11]. By enclosing RuBisCO in a proteinaceous shell, 

the cells produce a more localized and concentrated supply of CO2 [3, 5, 12-19].

RuBisCO complexes differ in their molecular forms. Although all RuBisCO enzymes are 

characterized by their signature multimeric composition, the number of large subunits and 

the presence or absence of small subunits provide the structural distinction between two 

major forms [12, 20-28] that are involved in carbon fixation. Form I RuBisCO, a 

hexadecameric enzyme with a core composed of eight large subunits and eight small 

subunits, is the most prevalent form in cyanobacteria, chemoautotrophs, and higher order 

plants [29]. Form II RuBisCO is composed of multimers of large subunits with only a 30% 

amino acid sequence homology to its form I equivalent [30]. Enzymatic activity analyses 

and structural studies suggested that intra-carboxysomal RuBisCO may not account for the 
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total amount of RuBisCO [31]. However, the relative distribution and organization of 

RuBisCO in cytosol vs those enclosed in carboxysomes had not been fully characterized.

Cryo-electron tomography (CryoET) is an imaging technique that is well-suited for 

visualization of individual macromolecules and their interacting partners inside a cell 

[32-36]. We used a 200 keV cryo-electron microscope equipped with Zernike phase optics to 

investigate the distribution and structures of RuBisCO inside cyanobacteria both as free-

standing enzyme molecules and in their various stages of assembly during carboxysome 

biogenesis. The Zernike phase plate substantially enhances the image contrast, as shown 

previously [37-39], In this study, we used cyanobacteria Synechococcus sp. WH8109 cells 

as a model system. The cells, infected with cyanophage Syn5 prior to being prepared for 

tomographic imaging, revealed detailed structural features of intracellular macromolecular 

complexes.

Because of its central role in carbon fixation, RuBisCO has long been a focus for genetic 

engineering. Improving its carboxylation efficiency and enhancing substrate specificity 

would directly improve plant or bacterial productivity. Novel insights into RuBisCO 

structure and distribution and carboxysome biogenesis in cells can serve as a basis for future 

genetic applications.

Results

1. Intracellular RuBisCO exists both as cytosolic free-standing complexes and as 
packaged assemblies in carboxysomes.

Cyanobacterium Synechococcus sp. WH8109 is widely distributed in the world’s oceans. Its 

complete genome sequence has been determined and it grows robustly to high cell densities 

under laboratory conditions [40]. The Synechococcus sp. WH8109 cells cultured in a 

laboratory are usually between 0.6 μm and 1.6 μm in size. They possess internal thylakoid 

membranes embedded with photosynthetic complexes and light harvesting pigments, 

phosphate inclusions, and carbon fixing carboxysomes. Infection by phages causes cells to 

become leaky and consequently thinner than their uninfected counterparts, resulting in better 

image contrast in the electron microscope. The extent of cell membrane rupture can be 

controlled by monitoring phage infection progression. We have reconstructed 56 WH8109 

cell tomograms, 9 uninfected and 47 infected at various time points post Syn5 infection. The 

number of carboxysomes in infected cells does not appear to be correlated with infection 

progression [37], as evidenced by the average carboxysome count per cell in the infected and 

uninfected cells. In our analysis of RuBisCO distribution and carboxysome structures in this 

paper, data from infected cells are used.

Because of the relatively high image contrast with a Zernike phase plate in the electron 

microscope, we can easily recognize RuBisCO, either free-standing or in association with 

carboxysomes at different stages of assembly, from nascent to mature (Fig. 1a). However, 

there are many other subcellular structures present in these tomograms that often obscure 

views of RuBisCO. Manual picking or segmentation of these features of interest requires 

immense human effort and is subject to bias [41, 42]. In order to circumvent these 

challenges, we employed a convolutional neural network algorithm trained on subcellular 
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features of interest to detect them automatically in the tomograms (Fig. 1b, Sup. Movie 1) 

[43]. These features include the cell membrane, thylakoid membrane, ribosomes, 

cyanophage maturation intermediates, and RuBisCO existing as both free-standing units and 

assembled in carboxysomes.

RuBisCO complexes in WH8109 cell tomograms are roughly spherical to cuboidal with a 

diameter of 13 nm and often exhibit a hollow center in slice views. To validate these 

automatically annotated densities, we performed subtomogram averaging of both putative 

cytosolic free-standing RuBisCO clusters and carboxysome-enclosed RuBisCO complexes. 

Atomic structures for biochemically purified RuBisCO from Synechococcus PCC6301 had 

been determined by X-ray crystallography [44]. The RuBisCO complexes from this 

cyanobacterial species are hexadecameric with 8 large subunits located at the corners of a 

rough cube, forming a core surrounded by 8 small subunits. Given that we imaged whole 

cells, our data collection was not aimed at high resolution, so the subtomogram averages of 

the automatically annotated RuBisCO exhibit ~40Å resolution (Fig. 2), providing 

information on the shape of the enzyme with limited structural details. Nevertheless, the 

overall sizes and shapes of the subtomogram averages from automatically annotated 

cytosolic free-standing RuBisCO agree well with subtomogram average of the (presumably 

authentic) intra-carboxysomal RuBisCO, confirming that the automatic annotated 

subcellular densities are indeed RuBisCO complexes. Note that training of the neural 

network applied only information from the tomogram densities themselves, while the atomic 

structure of RuBisCO was not used.

The free-standing RuBisCO complexes were often found in the central region of the cell 

surrounded by the thylakoid, in isolation or in clusters (Fig. 1). Sizes of RuBisCO clusters 

range from small aggregates of less than ten RuBisCO complexes, to larger assemblies of 

over thirty RuBisCO complexes (Fig. 2). Some of these clusters form organized 2D or 3D 

repeating structures, while others exhibit less structural rigidity with less order and looser 

packing. In the annotated tomograms, there is an average of 160 RuBisCO within each 

carboxysome. The number of cytosolic free-standing RuBisCO that were automatically 

annotated was estimated to be in the range of several thousand, indicating that the number of 

cytosolic RuBisCO complexes is much higher than that of carboxysome-enclosed complexes 

(Sup. table 1). Moreover, the ratio of cytosolic to carboxysome RuBisCO from our analysis 

is likely an underestimate due to the high confidence threshold we imposed for our 

automated annotation. In our neural-network based annotation, cytosolic RuBisCO located 

at top, bottom or edges of the tomogram that may have been affected more by the missing 

wedge or other reconstruction artifacts were all excluded from final quantification analysis. 

Indeed, quantitative Western blotting of the large subunit of RuBisCO complex (rbcL), 

revealed that the total amount of RuBisCO large subunit in exponential phase cells, 

including both in hexadecameric RuBisCO complexes and free, isolated subunits, is at least 

an order of magnitude higher (Sup Fig. 1). Based on our analyses, there are definitely many 

more cytosolic “free” RuBisCO than are enclosed in carboxysomes.

In order to measure the degree of association in RuBisCO assemblies, we compared the 

distance between nearest neighbors, a parameter indicating how tightly the RuBisCO 

complexes are associated. In freestanding RuBisCO clusters, defined as 3 or more RuBisCO 
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molecules within 30 nm to each other, the distance from the center of a RuBisCO molecule 

to the center of its nearest neighbor is measured and plotted. The distribution has the same 

histogram peak in their nearest-neighbor spacing as for those enclosed inside carboxysomes, 

whether partially or fully assembled (Fig. 3). The similar value for the mode in the nearest-

neighbor distance distributions of cytosolic and of carboxysome RuBisCO suggested that 

RuBisCO has an intrinsic propensity to self-assemble in the cell, and thus may play a 

functional role in carboxysome biogenesis. The progressively narrower distribution of 

nearest neighbor spacing observed in Figure 3 could simply indicate the spatial constraints 

imposed by the shell. From our tomograms, we could not distinguish if the RuBisCO 

clusters are assembly intermediates before RuBisCO acquires the shell or temporary 

products of carboxysome disassembly or dynamic RuBisCO recycling.

2. RuBisCO packing in carboxysome shows probability distributions constrained by size 
and shape of the shell

RuBisCO molecules were observed in either partially or completely assembled 

carboxysomes (Fig. 4). Some of the carboxysome intermediates may represent the early 

stage of biogenesis, since only a small portion of the shell is complete. These intermediates 

usually have a less defined shape relative to that of fully assembled carboxysomes. Particles 

in the intermediate or late stage of assembly, including those with a shell that is at least half 

assembled, usually displayed a more defined shape and shell angularity (Fig. 5). This is most 

likely attributed to incorporation of multiple pentameric units into the shell, which define the 

vertices [3, 8, 9, 45]. In Syn5-infected Synechococcus sp. W8109 cell tomograms, the 

number of carboxysomes varies from one to nine, with an average of 4.7 per cell. The 

intracellular carboxysomes appear to be in close proximity to the thylakoid, but no 

associations or direct interactions were detected. Of the 198 carboxysome subvolumes 

extracted from 44 cell tomograms, 168 (85%) were found to exhibit icosahedral symmetry in 

their shell, defined by i) displaying obvious pointed vertices when icosahedral symmetry 

was applied along the symmetry axes, and ii) showing stronger cross-correlation to an 

icosahedral shell model than to a spherical model. The asymmetric particles are either more 

elongated in one direction compared to a canonical icosahedron or characterized by either 

irregular shapes or lack of angularity (Fig. 4). The direction of the elongation has no 

correlation to that of the missing wedge.

The diameter of the intracellular carboxysomes, defined as two times the distance between 

the center and the peak corresponding to the outer shell layer in a 1D radial density plot of 

the particle, follows a Gaussian distribution. The dominant size group has a diameter of 106 

nm (N= 32 particles). In our WH8109 cell tomograms, we observed carboxysomes with 

sizes outside the ranges observed from purified samples [46, 47], suggesting the purification 

process might have preferentially enriched the dominant size classes. Therefore, purified 

samples may not represent the full range of sizes that are present under physiological 

conditions inside the cell [48].

RuBisCO in intracellular carboxysomes often were shown to line up on regular lattices in 

sectional views (Fig. 4a). Radial density plots of averaged maps of various size groups 

clearly showed RuBisCO molecules are arranged in three or four concentric layers residing 
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under the carboxysome shell layer (Sup Fig. 2). To study RuBisCO complex packing in 

carboxysomes, we generated three-dimensional RuBisCO distribution models for individual 

carboxysomes (Fig. 2, Sup. Movie 2). The average number of RuBisCO in individual 

carboxysome particles from different size groups increases with diameter, from 150 in the 

104 nm size group to 180 in the 110 nm size group, approximately linearly with respect to 

volume. Tomography and subtomogram averaging of purified carboxysomes were unable to 

reach a resolution that allow delineation of the shell subunits [46, 47], so it remains 

uncertain whether the size distribution of the shell is due to differences in triangulation 

number of the shell unit packing or some other form of shell protein conformational 

variation as seen in the capsid lattice of HIV and T4 phage [49, 50].

To examine the nature of RuBisCO packing in carboxysomes, we conducted molecular 

dynamics simulations by imposing the shape and size of the shell from cryoET 

subtomogram density maps as constraints and using the numbers of RuBisCO complexes 

enclosed as simulation input variables (Fig. 6). Each RuBisCO was modeled as a single 

sphere. The interaction potential was a Lennard-Jones 6-12 potential with a well depth of 1 

kJ/mol. The time averages of 100 microsecond molecular dynamics simulation snapshots 

yielded a probability distribution of the RuBisCO locations in the carboxysome. The time 

averages of initially randomly arranged RuBisCO molecules within these icosahedral shells 

of defined diameters were then compared to our subtomogram averages from the 

corresponding carboxysome size groups (Fig. 6). The 1D radial density plot of simulation 

time averages showed the same characteristic layered packing with the position of the 

outermost layer maintaining a 7 nm distance from the shell, which is consistent with the 

radius of the RuBisCO complexes. The positions of inner layers appear to be more sensitive 

to the variation in RuBisCO numbers, populating the center as the total number of RuBisCO 

increases (Fig. 6). We also calculated the number of RuBisCO that “best” fit into the shell by 

identifying the time average simulation map having the highest 1D radial plot cross-

correlation score with the subtomogram averages for each size group from experimental data 

(Fig. 6). Because no specific RuBisCO self-association potential term was included in the 

Molecular Dynamics calculation, the number of RuBisCO molecules required to give the 

best 1D correlation with the subtomogram averages is slightly higher than that actually 

found in these averages. Putting more RuBisCO molecules than actually present into the 

Molecular Dynamics simulation therefore partially compensated for the lack of such an 

attraction term. Along with our observations of RuBisCO self-association in the cytosol and 

as quantitated in Figure 3, this data suggests that inter-RuBisCO interaction is present in 

RuBisCO packing within carboxysomes [51, 52].

Discussion

Individual RuBisCO complexes and their distribution inside the cyanobacteria have not been 

studied in detail by cryoET, partly because the thickness of the cell and the low image 

contrast intrinsic in cellular tomograms obscure recognition of individual enzymes inside the 

cell. Images taken with the Zernike phase contrast electron microscope showed an improved 

contrast compared to conventional imaging and enabled direct recognition and identification 

of individual RuBisCO complexes, free in cytosol or enclosed in carboxysomes, from cell 

tomograms. The capability of visualizing individual enzymes inside a cell opens the 
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opportunity to derive the assembly process of large macromolecules and assemblies like the 

carboxysome by cryoET, image analysis, and annotation methods.

Biochemical evidence suggested that there is cytosolic RuBisCO activity [31, 53]. Our 

cryoET and quantitative Western analysis support the notion that RuBisCO in the cytosol 

may account for the observed cytosolic carbon fixation activity. An interesting question is 

why there are more cytosolic RuBisCO than those in the carboxysomes. One possibility is 

that a high amount of RuBisCO in the cytosol may be required in order to achieve assembly, 

and the cytosolic pool represents a necessary cost. Another possibility is a genuine structural 

and functional difference between the cytosolic and carboxysomal RuBisCO. Previous 

studies suggested that in some proteobacterial species, cytosolic form IAq RuBisCOs exhibit 

a higher affinity and specificity for CO2 even in the presence of O2 [53]. During periods of 

high dissolved inorganic carbon (DIC) and NH3-limited conditions, cells favor upregulated 

production of the cytosolic form RuBisCO because of its higher sensitivity to fluctuating 

inorganic carbon concentrations compared to the carboxysomal counterpart [54].

Regulation of RuBisCO expression is not well understood in cyanobacteria. It may be 

possible that, like proteobacteria, Synechococcus WH8109 cells also possess multiple forms 

of RuBisCOs, an adaptation that confers flexibility with carbon sequestration and fixation in 

volatile environments where CO2 and O2 levels constantly fluctuate [53]. At our current 

resolution and with the number of tomograms we have collected, we will not be able to 

distinguish if the cytosolic RuBisCO clusters are structurally different compared to the ones 

that are incorporated into carboxysomes. Furthermore, we also cannot rule out the 

possibility that the cytosolic clusters are products of carboxysome disassembly. Tracking 

structural elements during carboxysome assembly or disassembly will require integration of 

genetic manipulation, and use of biochemical and biophysical tools.

Carboxysome biogenesis appeared to be a relatively rare or rapid event because we observe, 

on average, less than 1 partially assembled particle per cell tomogram. Often, these partially 

assembled particles were located near mature carboxysomes, suggesting the carboxysome 

biogenesis may be a spatially-confined system, in which the major structural and functional 

proteins are translated locally or are transported to these locations for more efficient 

assembly.

There are two major types of carboxysomes, α-carboxysomes and β-carboxysomes, that 

differ in gene organization and evolutionarily distinct forms of protein components [55]. 

While oceanic cyanobacteria such as Synechococcus WH8109 possess predominantly α-

carboxysomes containing RuBisCO form 1A, the β-carboxysome type encapsulating 

RuBisCO form 1B is distributed mainly in freshwater cyanobacteria. Although functional 

similarity is conserved between both carboxysome types, they differ in protein composition 

and the process by which RuBisCO enzymes are packaged into the carboxysomes. The β-

carboxysomes are characterized by their sophisticated internal structure facilitated by 

scaffolding proteins, whereas α-carboxysomes appear less ordered and smaller in size with 

thinner shell [56, 57]. In the biogenesis of beta-carboxysomes, RuBisCO molecules first 

assemble into large preformed pre-carboxysomes. The subsequent integration of the shell 

defines these preformed structures into mature carboxysomes [13, 56, 57]. Through live cell, 
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time-lapse fluorescent microscopy, it has been shown that the carboxysome biogenesis in the 

β-cyanobacteria, S. elongatus PCC 7942, occurs preferentially at the site of preexisting 

carboxysomes and requires a RuBisCO foci prior to colocalization of shell proteins [7]. The 

concurrent assembly of carboxysomes in Synechococcus sp. WH8109 cells contrasts with 

the biogenesis of beta-carboxysomes [7, 48]. The presence and abundance of cytosolic 

RuBisCO clusters (Sup Fig. 3a, b) in WH8109 cell tomograms suggested that they might 

play some role in initiation of carboxysome assembly. These cytosolic RuBisCO clusters 

may recruit shell protein subunits to form partially assembled carboxysomes that we 

observed in our tomograms (Sup Fig. 3c). The interactions between the first layer of 

RuBisCO complexes with the shell protein subunits might seed the addition of shell subunits 

to deposit and envelop the RuBisCO complexes. Addition of new RuBisCO complexes to 

the core and recruitment of shell protein subunits continue until the shell seals up to form a 

complete carboxysome particle (Sup Fig. 3d). The shell protein subunits may play a role in 

carboxysome size and morphology determination.

Carboxysome shell protein subunits had been shown to self-assemble into icosahedral cages 

in vitro [8, 9]. We did not observe such empty carboxysome shells within cyanobacteria 

WH8109 cells. This could be partially due to “cell crowdedness” that affects shell protein 

interaction kinetics. In α-carboxysomes, an 850 amino acid protein CsoS2 is shown to be 

critical for carboxysome assembly [57-59]. In our study, we were unable to detect if this 

protein is involved in RuBisCO self-clustering or aggregation. Future work on the presence 

or absence of RuBisCO clusters in CsoS2 deletion mutants would reveal possible functional 

roles of CsoS2 in self-clustering of RuBisCO complexes.

Materials and Methods

Cell culture

The Synechococcus sp. WH8109 cells were grown in gas dispersion bottles in artificial sea 

water (ASW) with continuous aeration [40] as described previously. Cell cultures at 

exponential phase were infected with Syn5 phage at a multiplicity of infection (MOI) of 5 to 

produce the thinner cells [37]. At 65 to 75 minutes post-infection, cells were centrifuged at 

8500 g for 5 minutes. The cell pellet was gently resuspended in fresh ASW medium and 

concentrated 100-fold for subsequent cryoET imaging.

Tomographic tilt series acquisition and reconstruction

An aliquot of 3.5 μl concentrated infected or uninfected WH8109 cell samples were mixed 

with 10 nm gold fiducial markers and applied to Quantifoil holey grids (Quantifoil, 

Germany) and plunge frozen using a Vitrobot Mark VI (Thermo Fisher Scientific). The 

frozen, hydrated samples were imaged in a JEM2200FS electron microscope (JEOL, Japan). 

This electron microscope has an in-column energy filter (the slit was set to 20eV) and an 

airlock system to allow insertion of Zernike phase plates [38, 60-62]. The illumination 

setting used was: spot size 1; condenser aperture = 70 μm; objective aperture = 60 μm.

Tilt series of WH8109 cells were collected under low dose conditions on a Gatan 4k×4k 

CCD camera (Gatan, Inc.) at 25,000× microscope magnification and defocus close to 0. The 

Dai et al. Page 8

J Mol Biol. Author manuscript; available in PMC 2019 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



image pixel size was calibrated to be 4.52 Å/pixel. Typically, a tilt series ranges from −60° 

to 60° at 3° step increments. The accumulated dose for each tilt series was 40-50 

electrons/Å2. IMOD [63] was used to align tilt series and to reconstruct tomograms.

Automated RuBisCO annotation and nearest neighbor analysis

Free-standing RuBisCO in WH8109 cell tomograms were semi-automatically annotated 

using a convolutional neural-network based tool in EMAN2 [43, 64, 65]. RuBisCO in partial 

and fully assembled carboxysome are more difficult to annotate reliably using the same 

procedure due to their lower contrast. Therefore, we determined the coordinates of 

carboxysome RuBisCO complexes by calculating the cross-correlation of shell-subtracted 

carboxysome subtomograms with a missing wedge corrupted RuBisCO model. This model 

has a diameter of 13 nm, the size of a RuBisCO molecule. In the calculation of the number 

of carboxysome-enclosed RuBisCO in a cell, the average number of RuBisCO in 

carboxysomes was used. RuBisCO complexes outside the cells were manually removed 

from the result. Distance between RuBisCO molecule and its nearest neighbor were 

calculated from the coordinates of each RuBisCO. A RuBisCO was considered to be in a 

cluster when it had more than two RuBisCO complexes within a 30 nm radius.

RuBisCO Subtomogram averaging

Subvolumes of the annotated RuBisCO were extracted from WH8109 cell tomograms using 

EMAN2. Reference-free 2D class averaging was performed with the 2D projections of the 

subvolumes using the EMAN2 single particle reconstruction protocol. Good 2D class 

averages were used to generate a 3D initial model of the RuBisCO (Sup. Fig. 4). 

Subvolumes of RuBisCO were aligned and averaged using the EMAN2 single particle 

tomography tools. Only RuBisCO molecules in clusters were used to generate the final 

average. D4 symmetry was applied in the subtomogram averaging.

Quantification of rbcL by Western Blot

Synechococcus sp. WH8109 cell growth curve was plotted by measuring cell growth 

(OD750 on a Denovix DS-11 FX+ spectrophotometer/fluorometer) and cell count (on a 

Beckman Coulter Counter) vs the culture time. From the growth curve, we established a 

strong correlation (R2 = 0.99) between the OD750 reading and the cell density. 

Synechococcus sp. WH8109 cells growing at exponential phase were harvested for 

quantitative Western blot. The cell density (cell count / ml) was calculated based on OD 

reading of the culture using the growth curve as a reference. Cells were then lysed by freeze 

and thaw cycles. An aliquot of 2.7 μl of cell lysate samples containing 4 μg of total protein 

were loaded on a mini protein TGX stain-free gel (4-20%) under denaturing conditions 

(65°C water bath for 5 min). Samples from three independent cell cultures were loaded. The 

blotted bands were immunodetected with a specific anti-rabbit rbcL antibody and 

subsequently by an HRP-conjugated chicken anti-rabbit secondary antibody. Western 

blotting images were obtained using a chemiluminescence (ECL detection solution) and 

visualized by ChemiDoc MP Imaging System. Quantification of rbcL was done using a rbcL 

standard purchased from Agrisera. Number of RuBisCO large subunits per cell was 

calculated based on cell density, volume of cell culture collected, total volume of cell lysate, 

and volume of sample loaded to the gel.

Dai et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2019 October 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Molecular dynamic simulation

In the present work, we model each RuBisCO as a Lennard-Jones sphere with a diameter of 

13 nm corresponding to the crystal structure of cyanobacterial RuBisCO. A small attraction 

(<kT) showed no tendency for the system to spontaneously associate. The icosahedral 

carboxysome shell potential was adjusted to allow the position of the outermost layer of 

RuBisCO to be 7 nm from the shell as discussed above. The simulations were performed for 

100 μs or 100 million time steps in the microcanonical ensemble at 300 K (with variation 

less than ±1 K) with a 1 ps time step. Coordinates were sampled with 500,000 total 

snapshots recorded at 200 step intervals. The time averaged densities were not symmetry 

averaged. Most packing densities were found to be liquid-like, while the highest densities 

explored a glassy state. The software used for the Molecular Dynamic simulation was the 

Extended System Program from the Pettitt group.

Carboxysome subvolume classification and averaging

Subvolumes of carboxysomes were extracted from WH8109 tomograms manually. These 

subvolumes were subjected to a symmetry search algorithm (e2symsearch.py from EMAN2 

[65]) to align the subvolumes to their symmetry axis, if present. After the alignment, a 

spherical radial plot (average density in spherical shells of different radii) as well as an 

icosahedral radial plot (average density in icosahedral shells of different radius) was 

calculated for each carboxysome. Carboxysomes with a higher density peak in the 

icosahedral radial plot than the spherical radial plot (i.e. more similar to an icosahedron than 

to a sphere) were classified as icosahedral, while others were considered non-icosahedral. 

Carboxysome subtomograms with identified icosahedral symmetry were then aligned to a 

common icosahedral orientation.

For the carboxysome subvolumes found to have icosahedral symmetry, the radii were 

calculated by a 1D radial density plot. The icosahedral carboxysome subvolumes were then 

further classified into 11 size groups with diameters ranging from 94 nm to 114 nm. In each 

size group, a subtomogram average of the corresponding size group is achieved by averaging 

particles that are aligned to their icosahedral symmetry axis.

To compare with simulation results, radial plot of averaged density map from each size 

group is generated and compared to corresponding radial plots of simulated maps with 

different RuBisCO numbers. Peak positions of the three outermost RuBisCO layers of the 

radial plot were used to measure the similarity between experimental data and simulation 

results. For each size group, simulation result with peak positions that correlates best with 

the average density map is defined as the best fit.

Visualization

Visualizations of the cell tomograms and averaged carboxysome maps of various size groups 

were done in Chimera [66].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• RuBisCO catalyzes a key step in carbon fixation in cyanobacteria.

• CryoET identified RuBisCO as free-standing molecules and as packed in 

carboxysomes.

• Carboxysome assembles by concurrent recruitment of RuBisCO clusters and 

the shell.

• Spatial dispositions of RuBisCO may be related to its physiological 

conditions.
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Figure 1. Zernike phase contrast cryoET enables direct visualization of subcellular structures in 
Synechococcus sp. WH8109 cells.
(a) A 54Å slab taken from a WH8109 cell tomogram. (b) Volume rendering of the entire cell 

tomogram shown in (a). Carboxysome shell is segmented and colored in orange. RuBisCO 

complexes are colored in magenta. (c) Zoom-in view of the region boxed in (a).
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Figure 2. Applying automated neural-network based annotation and subtomogram analysis to 
study RuBisCO distribution and packing in individual carboxysomes.
Left: slice views of a carboxysome and a cytosolic RuBisCO cluster; Middle: isosurface 

views of a carboxysome and of a RuBisCO cluster. The carboxysome is radially colored 

with blue representing the innermost layer of RuBisCO, green, representing the middle 

layer, and red to represent the outermost layer. Right: top and side views of RuBisCO 

subtomogram averages from carboxysomes (top) and from cytosolic clusters (bottom).
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Figure 3. Comparison of distance to the nearest neighbors of RuBisCO complexes inside 
WH8109 cells.
The insets are representative clusters or particles in each class.
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Figure 4. Carboxysome size distribution and the numbers of icosahedral and non-icosahedral 
particles in each size group.
(a) Central slabs of 54 Å of representative icosahedral and non-icosahedral particles. (b) 
Carboxysome size distribution histogram including both non-symmetric and icosahedral 

particles in each size group. Intracellular carboxysome subtomograms were classified into 

various size groups based on their diameters by radial density plotting.
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Figure 5. Partially assembled carboxysomes identified in Synechococcus WH8109 cell 
tomograms.
(a) Section view of a tomogram of a cell that has just completed cell division showing a 

partially assembled carboxysome labeled by “C”. (b) Slice and color isosurface views of 

partially assembled carboxysomes. The carboxysomes were arranged from particles with a 

small number of RuBisCO and shell units, probably representing particles in the early stage 

of carboxysome biogenesis, to particles that are close to completion of assembly. Magenta: 

shell; yellow: RuBisCO.
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Figure 6. Molecular dynamic simulation vs experimental subtomogram averages of 
carboxysomes.
(a) Radial density plots of individual carboxysome simulations with variable numbers of 

RuBisCO (N) enclosed were compared to those of experimental subtomogram averages (red 

line). The red dashed lines denote the locations of the density peaks in the radial density 

plots. The cross sectional views of best matching simulation maps were shown with 

corresponding subtomogram average maps in (b).
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