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Cyanobacteria, including members of the genus Prochlorococcus, contain icosahedral protein microcompartments known as
carboxysomes that encapsulate multiple copies of the CO2-fixing enzyme ribulose 1,5-bisphosphate carboxylase/oxygenase
(RubisCO) in a thin protein shell that enhances the catalytic performance of the enzyme in part through the action of a shell-
associated carbonic anhydrase. However, the exact mechanism by which compartmentation provides a catalytic advantage to the
enzyme is not known. Complicating the study of cyanobacterial carboxysomes has been the inability to obtain homogeneous
carboxysome preparations. This study describes the first successful purification and characterization of carboxysomes from the
marine cyanobacterium Prochlorococcus marinus MED4. Because the isolated P. marinus MED4 carboxysomes were free from
contaminating membrane proteins, their protein complement could be assessed. In addition to the expected shell proteins, the
CsoS1D protein that is not encoded by the canonical cso gene clusters of �-cyanobacteria was found to be a low-abundance shell
component. This finding and supporting comparative genomic evidence have important implications for carboxysome composi-
tion, structure, and function. Our study indicates that carboxysome composition is probably more complex than was previously
assumed based on the gene complements of the classical cso gene clusters.

Cyanobacteria of the genus Prochlorococcus dominate the
world’s temperate oceans. Considered to be the most abun-

dant photosynthetic organisms on the planet, Prochlorococcus spe-
cies are estimated to contribute up to half of the marine biological
carbon sequestration and, therefore, are important players in the
global carbon cycle (27). Remarkably, members of these tiny phy-
toplankton species are distributed throughout the water column
from the ocean surface to a depth of 200 m and as a genus are able
to utilize a broad range of light intensities. High-light-adapted
ecotypes like Prochlorococcus marinus MED4 are surface dwellers;
low-light-adapted ecotypes like P. marinus MIT9313 are found at
greater depths (27, 32). Because of the importance of Prochloro-
coccus species in the global carbon cycle, the genomes of many
different strains have been sequenced.

Prochlorococcus and marine representatives of the genus Syn-
echococcus are classified as �-cyanobacteria based on the arrange-
ment and types of genes that encode their CO2 fixation module,
the carboxysome (1, 6). The carboxysome is a protein microcom-
partment that houses the CO2-fixing enzyme ribulose 1,5-
bisphosphate carboxylase/oxygenase (RubisCO) and constitutes
the final step of a CO2-concentrating mechanism (CCM) that al-
lows the autotrophic bacteria to grow efficiently at ambient CO2

levels. The first step of the CCM is the active uptake of inorganic
carbon into the cell, followed by intracellular accumulation pri-
marily as HCO3

�. The bicarbonate is efficiently fixed onto ribu-
lose 1,5-bisphosphate (RubP) and converted to two molecules of
3-phosphoglycerate within the carboxysome by RubisCO, aided
by the rapid equilibration of HCO3

� with the RubisCO substrate
CO2 by the shell-associated carbonic anhydrase CsoSCA (20).

Despite the importance of cyanobacteria in the global carbon
cycle, their carboxysomes have not been well characterized; tech-
nical difficulties related to cell breakage and contamination with
the abundant photosynthetic membranes have prevented purifi-
cation of the organelle. Intact carboxysomes, all belonging to the
�-type, have only been isolated from a few chemoautotrophs.

Among these, the sulfur oxidizer Halothiobacillus neapolitanus has
emerged as the model organism for direct genetic and biochemical
studies because of the ease with which highly purified carboxy-
somes can be obtained from this species. The polypeptide compo-
sition of the H. neapolitanus carboxysome, which also belongs to
the �-type, has been assessed quantitatively and qualitatively. The
structure and function of most of its protein constituents, as well
as the genes encoding the microcompartment, are known (re-
viewed in reference 44). In contrast, only three individual Prochlo-
rococcus carboxysome proteins have been characterized to any ex-
tent: CsoSCA (39), RubisCO (35), and the putative shell protein
CsoS1D that is encoded by a gene outside the canonical cso gene
cluster (22). We reasoned that the small P. marinus MED4 cells
should lend themselves to carboxysome purification because they
contain few thylakoid layers and are surrounded by only a thin cell
wall (41). Here, we report the first homogeneous preparation of a
cyanobacterial carboxysome, its characterization, and evidence
for the association of CsoS1D with the carboxysome shell.

MATERIALS AND METHODS
Growth of bacteria. An axenic culture of Prochlorococcus marinus subsp.
pastoris strain CCMP1986 (formerly Prochlorococcus marinus MED4;
Provasoli-Guillard National Center for Culture of Marine Phytoplank-
ton) was maintained in 25-ml tissue culture flasks (Falcon) at ambient
temperature and a light intensity of 30 �mol · m�2 · s�1. Growth was
monitored by measuring fluorescence at 680 nm using a Nanodrop 3300
fluorospectrometer (Thermo). Large-scale cultures for carboxysome iso-
lation were grown in acid-washed 20-liter polycarbonate carboys (Nal-
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gene) until fluorescent measurements peaked, usually between 200 and
250 relative fluorescence units. Small-scale cultures were maintained in
Pro99 medium, using Sargasso Seawater as a base (Provasoli-Guillard
CCMP); 20-liter cultures were grown in AMP1, using Turk’s Island salt
mix as a base (24).

Carboxysome isolation. A 20-liter P. marinus MED4 culture was con-
centrated to approximately 500 ml by filtration through a Pellicon 2 cas-
sette 0.22-�m GVPP-C unit (Millipore). The cells were pelleted by cen-
trifugation at 10,000 � g for 10 min (JA-25.50 rotor, 4°C) and
resuspended in 15 ml cold BEMB buffer (10 mM bicine, 1 mM EDTA, 10
mM MgCl2 · 6H2O, 20 mM NaHCO3, pH 8.0). To prevent proteolysis, the
protease inhibitor phenylmethylsulfonyl fluoride was added to a final
concentration of 0.6 mM. The cells were sonicated five times with 5-s
cycles (Branson Sonifier 450 with microtip, output control set at 6). To
reduce the viscosity of the lysate, DNase (100 U) was added and the sample
rocked gently at room temperature for 30 min before being subjected to a
10-min clearing spin at 10,000 � g. To the supernatant, 10% Nonidet-P40
(USBioLogic) in BEMB buffer was added to a final concentration of 1%,
and the solution was stirred for 30 min before centrifugation at 50,000 �
g for 30 min. The resulting opaque white pellet was resuspended in 200 to
400 �l of BEMB buffer and loaded onto a sucrose step gradient (1.1 ml
each of 60%, 40%, 20%, and 5% sucrose in BEMB buffer). The gradient
was centrifuged at 70,000 � g for 35 min in an L7-65 ultracentrifuge
(Beckman). The opaque carboxysome band was harvested with a syringe
and diluted with 20 ml BEMB prior to pelleting the carboxysomes by
centrifugation at 125,000 � g for 2 h. The final carboxysome pellet was
resuspended in 50 to 100 �l BEMB buffer.

TEM. Photographs of purified P. marinus MED4 carboxysomes were
obtained on a Zeiss EM-900 transmission electron microscope (TEM) as
described previously (11). An Epson Perfection V700 photo scanner was
used to obtain the final images.

Protein analyses. The protein concentrations of P. marinus MED4
carboxysome samples were determined with the bicinchoninic acid
(BCA) assay (Pierce) with bovine serum albumin as the standard. P. ma-
rinus MED4 carboxysome peptides were separated by SDS-PAGE in pre-
cast 10-to-20% Tris-Tricine Criterion gels (Bio-Rad) and visualized by
staining with GelCode Blue (Pierce). Peptides were transferred onto a
0.45-�m nitrocellulose membrane (Bio-Rad) by electroblotting for 2 h at
250 mA. Blots were probed with rabbit polyclonal antibodies raised
against various recombinant H. neapolitanus proteins; anti-P. marinus
MED4 CsoS1D antibody was provided by Cheryl Kerfeld. Goat anti-
rabbit IgG-horseradish peroxidase (HRP) secondary antibody and Super-
Signal West Pico chemiluminescent substrate (Thermo) were used to vi-
sualize reactive bands. Images were captured and processed in a VersaDoc
imaging system (Bio-Rad).

The percent composition of individual carboxysome components was
calculated by measuring their relative intensity in stained SDS-PAGE
bands, as determined by Quantity One software. Tris-Tricine SDS-PAGE
is biased toward low-molecular-weight peptides; therefore, peptide rela-
tive intensities were determined from a 10-to-20% gradient Tris-HCl
polyacrylamide gel. The ratio of CbbS to CsoS1 observed in Tris-Tricine
SDS-PAGE was used to estimate the contribution of each peptide to the
single band observed in standard SDS-PAGE. The number of RubisCO
molecules per carboxysome was estimated by calculating the volume of an
icosahedron with a 90-nm diameter to represent the P. marinus MED4
carboxysome (41) and dividing by the average volume of form IA
RubisCO molecules (37). The observed relative intensity of RubisCO
(sum of CbbL and CbbS) was divided by the theoretical molecular weight
of a P. marinus MED4 RubisCO L8S8 octamer. This ratio was used to
calculate moles/mole of RubisCO holoenzyme for the remaining carboxy-
some components. These numbers were multiplied by the number of
estimated RubisCO molecules to determine the copy number of each
component.

For copurification experiments, a 100-�l aliquot of purified carboxy-
somes (650 �g protein) was loaded onto a 600-�l sucrose step gradient in

an 8- by 34-mm polycarbonate centrifuge tube (Beckman). The gradient
was centrifuged in an MLS-50 rotor (Beckman) at 70,000 � g for 35 min
in a Beckman Coulter Optima MAX ultracentrifuge. The gradient was
fractionated into 15 aliquots of equal volume using a Brandel fractionator.
Undialyzed aliquots were analyzed by SDS-PAGE and immunoblotting as
described above.

Carboxysome shells were disrupted by incubation for 3 h at 4°C in a
high-salt buffer (100 mM Tris, 10 mM EDTA, 0.5 M NaCl, pH 9.0) that
has been shown to disrupt the protein structure of the turnip crinkle virus
capsid (12). Incubated samples were centrifuged at 20,000 � g for 30 min
at 4°C to generate a shell-enriched pellet fraction and a free-protein-
enriched supernatant. The protein content in these fractions was analyzed
as described above.

Carboxysome functional assays. Carbonic anhydrase activity was
measured with the stopped-flow changing-indicator method (21). The
buffer-indicator mixture used was TAPS [N-tris(hydroxymethyl)methyl-
3-aminopropanesulfonic acid]–m-cresol purple (A578) at pH 8.5.

RubisCO kinetic assays were performed as described previously (11)
with the following modifications: P. marinus MED4 carboxysomes were
not desalted prior to analysis because of the low sample volumes. Conse-
quently, enzyme activation prior to starting the assay was not needed. The
appropriate amount of NaHCO3 was added to yield a concentration in the
range of 3.4 to 96.4 mM. The concentration of CO2 was calculated using
the Henderson-Hasselbalch equation (14). In parallel experiments, the
concentration of NaHCO3 was maintained at 60 mM and ribulose 1,5-
bisphosphate (RubP) was added to yield a concentration in the range of 50
to 1,600 mM.

Phylogenetic analysis. Twenty-nine �-cyanobacterial genomes were
included in the phylogenetic analysis. Because the genome of Synechococ-
cus sp. strain CB0101 is incomplete and lacks the 16S rRNA sequence,
translation initiation factor 2 (IF-2) was used as the protein phylogenetic
marker instead (43). CsoS1D was used as the �-carboxysome marker.
Protein sequences of IF-2 or CsoS1D were downloaded from IMG-ER
(http://img.jgi.doe.gov), aligned with T-Coffee (www.ebi.ac.uk/Tools
/msa/tcoffee) (26), trimmed, and then submitted to PhyML (http://www
.phylogeny.fr) (10). Maximum-likelihood trees were built with 100 boot-
straps and then visualized and edited in Dendroscope (17).

RESULTS
P. marinus MED4 carboxysome purification and composition.
Initial, small-scale carboxysome isolation trials with batch cul-
tures of P. marinus MED4 yielded promising results that
prompted the standardization of the growth conditions in 20-liter
culture vessels and the development of a robust, large-scale car-
boxysome purification procedure (detailed in Materials and
Methods). Cells harvested when the fluorescence of the culture
had reached its peak value yielded pellets of 0.25 to 0.5 g wet
weight 20 liter�1, a sufficient amount of starting material for a
standard carboxysome purification run. As predicted, the P. ma-
rinus MED4 cells lysed readily. A key step proved to be the incu-
bation of the cell lysate with Nonidet P-40 to dissolve the thyla-
koids. As seen in Fig. 1, the sucrose gradient-purified final
carboxysome fraction was free of membrane vesicles and con-
tained apparently intact carboxysomes. The transmission electron
micrographs of negatively stained specimens contained many P.
marinus MED4 carboxysomes of the expected diameter of ap-
proximately 90 nm (41). However, like their counterparts in che-
moautotrophs (18), the P. marinus MED4 organelles displayed
some size heterogeneity; particles with diameters that range from
70 to 100 nm were also seen in the purified fraction. The purifica-
tion procedure detailed in Materials and Methods routinely
yielded 300 to 400 �g of carboxysome protein per 20 liters of
culture.
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Compared to the well-established polypeptide composition of
H. neapolitanus carboxysomes (8), standard SDS-PAGE yielded a
much simpler polypeptide pattern for P. marinus MED4 carboxy-
somes (Fig. 2A). The most abundant band corresponded to the
large subunit (CbbL) of RubisCO (Fig. 2B) at an apparent molec-
ular mass of 53.5 kDa. Only one polypeptide of approximately 101
kDa corresponded to the CsoS2 protein (Fig. 2B), whereas in H.
neapolitanus carboxysomes, this protein is represented by two
polypeptides (CsoS2A and CsoS2B). The faint band above the
CbbL band in Fig. 2A is probably the carbonic anhydrase CsoSCA,
although its identity was not assessed by immunoblotting because
the antibody that recognizes the H. neapolitanus ortholog did not
cross-react with the P. marinus MED4 ortholog. Furthermore, the
low abundance of this polypeptide prevented identification by
mass spectrometry. The single CsoS1 protein and the small sub-
unit of P. marinus MED4 RubisCO (CbbS) migrated as one band
of 10.7 kDa but could be separated into separate CbbS and CsoS1
bands (insert in Fig. 2A) by electrophoresis in a 10-to-20% gradi-
ent gel Tris-Tricine system. In contrast, the H. neapolitanus
CsoS1A and CsoS1C polypeptides migrate as one band together
with CsoS4A and CsoS4B, while CbbS and CsoS1B form separate,
more slowly migrating bands (Fig. 2A) (8). The P. marinus MED4
CsoS1 band probably also contains the two CsoS4 paralogs that
are encoded by the P. marinus MED4 cso gene cluster (22); like
CsoSCA, their identity could not be verified because they did not
cross-react with the antibody raised against the H. neapolitanus
orthologs and their abundance is very low (4). The intensity of the
stained bands was used to estimate mass percentages and copy
numbers for the P. marinus MED4 carboxysome proteins (Table
1). Assuming that the polypeptides listed in Table 1 include all
major protein constituents, the mass of the P. marinus MED4
carboxysome was estimated to be approximately 131 MDa. This
value is two-thirds of the H. neapolitanus carboxysome mass cal-
culated in the same manner (15).

Purified P. marinus MED4 carboxysomes are functional.
The presence of the unique �-carbonic anhydrase CsoSCA is char-
acteristic of �-carboxysomes, and the enzymatic activity of re-
combinant P. marinus MED4 carboxysomal carbonic anhydrase

was established previously (39). Using the stopped-flow
changing-indicator assay (21), carbonic anhydrase activity was
detected in sucrose gradient-purified P. marinus MED4 carboxy-
somes (Fig. 3). The turnover number (kcat) of the enzyme for the
hydration of CO2 in intact P. marinus MED4 carboxysomes was
0.87 � 104 � 0.5 � 104 s�1 at pH 8.5. This value is approximately
half of the lowest value reported (1.7 � 104 s�1) for other recom-
binant �-carbonic anhydrases (16, 38) and for the carbonic anhy-
drase activity of H. neapolitanus carboxysomes (1.8 � 104 s�1) (16).

The CO2 fixation ability of purified P. marinus MED4 carboxy-
somes was assessed with the radiometric RubisCO assay described
previously (8). At saturating levels (60 mM) of bicarbonate, a Vmax

of 1.28 � 0.03 �mol · min�1 · mg�1 and an apparent Km for RubP
of 169.3 � 14.6 �M were calculated; saturating levels (0.5 mM) of
RubP yielded an apparent KCO2 of 295.1 � 31.9 �M and a Vmax of
1.27 � 0.05 �mol · min�1 · mg�1.

CsoS1D is a component of the P. marinus MED4 carboxy-
some shell. To determine whether the double-BMC-domain pro-
tein CsoS1D, which is encoded by a gene upstream of the canon-
ical cso operon (see Fig. 6C and Table 2), was associated with P.
marinus MED4 carboxysomes, sucrose gradient fractions were
probed with anti-P. marinus MED4 CsoS1D and with anti-H. nea-
politanus CsoS1 antisera. The fractions that yielded CsoS1D and
CsoS1 bands of the highest signal intensity clearly coincided (Fig.
4, arrows), suggesting that CsoS1D and CsoS1 copurified during
carboxysome purification. Furthermore, blots of purified car-
boxysomes, when developed with anti-P. marinus MED4 CsoS1D
antiserum, identified a very faint polypeptide of approximately 33
kDa in stained SDS-polyacrylamide gels as CsoS1D (Fig. 2A). The
relative abundance of CsoS1D was estimated by spot densitometry
to be approximately 0.9% of the total carboxysome protein, which
corresponds to 38 monomer copies or 6 stacked pseudohexameric
trimers (22) per carboxysome.

To further ascertain the association of CsoS1D with the shell, P.
marinus MED4 carboxysomes were disrupted by incubation in a

FIG 2 Polypeptide composition of isolated P. marinus MED4 carboxysomes.
(A) Stained SDS-polyacrylamide gel of isolated H. neapolitanus (Hn) and P.
marinus MED4 (PMM) carboxysomes. Inset: P. marinus MED4 CbbS (upper
band) and CsoS1 (lower band) separated in the Tris-Tricine gel system. The
arrow marks the CsoS1D polypeptide. M, molecular mass ladder (kDa). (B)
Immunoblots of P. marinus MED4 carboxysomes developed with antibodies
against P. marinus MED4 CsoS1D, anti-Hn CsoS1, anti-Hn CsoS2, and a com-
mercially available anti-form I RubisCO antibody, respectively.

FIG 1 Negatively stained TEM image of isolated P. marinus MED4 carboxy-
somes. The scale bar represents 100 nm.
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high-salt buffer (12) and fractionated by centrifugation into a
shell-enriched pellet and soluble proteins that had been freed
from carboxysomes. Although this procedure did not completely
break the P. marinus MED4 organelles (Fig. 5), substantial enrich-
ment of proteins in the pellet and of RubisCO in the supernatant
fraction was clearly evident in the stained SDS-polyacrylamide gel
and in the immunoblots developed with anti-CbbL and anti-
CsoS1 antisera. The fact that CsoS1D protein could only be de-
tected in the shell-enriched pellet fraction firmly established the
tight association of the double-domain BMC protein with the P.
marinus MED4 carboxysome shell, as was predicted from its
structure (22).

Evidence for an expanded carboxysome gene cluster. The
confirmation that CsoS1D is a component of the carboxysome
and its position slightly outside the canonical carboxysome gene
cluster in many organisms prompted a reconsideration of the in-
ventory of genes that may be carboxysome associated or coregu-
lated with carboxysome-associated proteins.

The canonical cso gene cluster (from csoS1 to csoS4B, boxed in
red in Table 2), which encodes known components of the
�-carboxysome, features the relatively short intergenic distances,
conservation across species of gene order and orientation, and
functional correlation among clustered genes that are commonly
associated with operons (19, 31, 34, 45). The cluster is assumed to
be an operon (2, 5, 9), and its genes have been experimentally
confirmed to be controlled by a common promoter in Haloth-
iobacillus neapolitanus (3; S. Neidler, F. Cai, and S. Heinhorst,
unpublished data). However, a comprehensive survey of the
neighborhood of the cso gene cluster in currently available cya-

nobacterial genomic sequence data revealed additional genes
that may be related to carboxysome function and may be coor-
dinately regulated with other known carboxysome genes (Ta-
ble 2 and Fig. 6). Similar observations have also been made in
�-carboxysome-containing chemoautotrophic bacteria (3). In
Table 2, cyanobacterial genomes encoding �-carboxysomes
are grouped based on their complement of (putative)
carboxysome-associated genes and the organization of those
genes. Notably, the previously confirmed cso genes (type I in
Fig. 6; boxed in red in Table 2) form a conserved core across
species. The csoS1D gene is always located upstream from the
cso operon, separated by a gene annotated as HAM1 (except in
the Synechococcus sp. strain WH5701 genome). Remarkably,
the Synechococcus sp. WH5701 genome has two csoS1D genes
which fall into different phylogenetic clusters (Fig. 6B). The
csoS1D of Sy_WH5701_b groups with Sy_BL107 with a very
short branch length and good support (78%), suggesting that
this csoS1D copy was gained via a horizontal gene transfer event
from a type IV �-cyanobacterium.

Downstream from the canonical cso operon there is an ad-
ditional, absolutely conserved gene with unknown function
(COG2154 in Table 2; purple arrow in Fig. 6). This gene has
homology to pterin-4�-carbinolamine dehydratase (PCD),
with identities and similarities ranging from 18.5% to 27.4%
and 36.2% to 49.4%, respectively, in comparison to the pri-
mary structure of PCD from Thermus thermophilus (PDB
1USO). However, in the �-cyanobacterial homolog of PCD,
the signature motif for pterin-4�-carbinolamine dehydratase
activity (40) is absent. This carboxysome-related PCD-like
gene is also present downstream from all known cso gene clus-
ters of chemoautotrophic bacteria (3).

With the exception of the high-light-adapted Prochlorococcus
species (type I), all of the marine cyanobacteria contain a gene,
csoS1E, encoding an �200-amino-acid protein with a single BMC
domain, between the canonical cso operon and the PCD-like gene.
The correlation of light quality with the presence/absence of this
gene suggests that CsoS1E might be important for carboxysome
function under low-to-medium light conditions. Due to its high
isoelectric point (average pI of 10.4 for all 21 csoS1E genes cur-
rently in the database), the translation product of this gene has
been difficult to characterize.

DISCUSSION

Cyanobacterial carboxysomes have proven refractory to purifica-
tion largely because of difficulties encountered with cell breakage
and with the separation of intact organelles from other cellular
components, notably the abundant thylakoid membranes (13, 29,
33). Consequently, their protein composition is not known and

TABLE 1 Protein composition of the PMM carboxysome

Identity

Molecular mass (kDa)

% of composition

Copy no.

Theoretical Observed Monomer Oligomer

CsoS2 81.9 101 12.0 163
CsoSCA 57.3 64 2.7 58 29
CbbL 52.6 53.5 44.3 1,216 152
CsoS1D 27.5 33 0.9 38 12 (6)a

CbbS 12.9 12.9 13.6 1,216 152
CsoS1 10.4 10.7 25.4 3,232 538
a The number in parentheses indicates the copy number for dimers of stacked trimers (22).

FIG 3 Carbonic anhydrase activity of P. marinus MED4 carboxysomes. The
stopped-flow changing-pH-indicator assay (21) was used to measure rates of
CO2 hydration in isolated P. marinus MED4 (�) and H. neapolitanus carboxy-
somes (Œ) and compare them with the rates in the uncatalyzed reaction (�).
The amounts of P. marinus MED4 and H. neapolitanus carboxysomes used
corresponded to a 0.20 �M CsoSCA concentration, as determined by percent
composition data (Table 1).
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has been inferred mainly from genetic (reviewed in reference
15) and more recent structural genomic evidence (reviewed in
reference 7). Because of the unique features of the P. marinus
MED4 cso operon and the intriguing possibility that the
double-BMC-domain protein CsoS1D, which is encoded by a
gene outside the cso operon, is part of the organelle (22), puri-
fication and analysis of the P. marinus MED4 carboxysome was
of particular interest to us.

Important for our choice of the MED4 strain of Prochlorococcus
were the ultrastructural studies by Ting et al. (41), which sug-
gested that the reduced number of photosynthetic membranes,
combined with the lack of a prominent peptidoglycan layer, might
facilitate the purification of carboxysomes from this cyanobacte-
rium. Indeed, breakage of P. marinus MED4 cells required only
light sonication, a treatment that was mild enough to preserve the
structural integrity of the carboxysomes. Contaminating thyla-
koid membranes could be removed by incubation of the cell lysate
with the nonionic detergent Nonidet P-40 prior to the final puri-
fication step. Carboxysomes in the final fraction were structurally
intact, enzymatically active, and remarkably stable compared to
other cyanobacterial carboxysomes, which do not withstand
sucrose gradient centrifugation (13). It is possible that
�-carboxysomes in general are more robust than the larger and
less regularly shaped �-carboxysomes found in most cyanobacte-
ria. P. marinus MED4 carboxysomes appear to be particularly re-
silient, since they were found to be refractory to breakage by the
repeated freeze/thaw cycles that easily disrupt H. neapolitanus car-
boxysomes (39) and instead required prolonged incubation in
high-salt buffer at alkaline pH for RubisCO to be released from
their interior.

The CO2 fixation activity of purified P. marinus MED4 car-
boxysomes was lower than that measured with isolated H. neapoli-
tanus organelles. The calculated Vmax of the carboxylation reac-
tion was two-thirds of that reported for H. neapolitanus (11). The
Km values of RubisCO for RubP were comparable between the two
organisms, but the KCO2 for P. marinus MED4 RubisCO was
nearly twice as high as that reported for the H. neapolitanus en-
zyme (11). These differences in KCO2 values may reflect differences
in the intrinsic properties of the two RubisCO species. Scott et al.
(35) reported a remarkably high KCO2 for recombinant Prochloro-
coccus marinus MIT9313 RubisCO expressed in Escherichia coli,

suggesting that all members of the genus Prochlorococcus may con-
tain particularly inefficient RubisCO enzymes. It is also possible
that the low turnover number of the carboxysome-bound P. ma-
rinus MED4 CsoSCA, which rapidly supplies RubisCO inside the
carboxysome with its substrate, CO2, limits the catalytic perfor-
mance of RubisCO and may explain its high apparent KCO2. Dis-
tinction between these possibilities requires more extensive
comparisons of the catalytic properties exhibited by the carboxy-
some-bound enzymes and by RubisCO alone. Because of the limited
amounts of purified P. marinus MED4 carboxysomes available, those
assays could not be performed in the current study.

In addition to functional characterization of the enzymatic
constituents, P. marinus MED4 carboxysome components were
identified immunologically using antibodies specific for H. nea-
politanus and P. marinus MED4 proteins. Through a combination
of both methods, all expected products of the P. marinus MED4
cso operon except the low-abundance CsoS4 proteins were shown
to be present in the purified P. marinus MED4 organelles. The
estimated 152 RubisCO holoenzyme copies per P. marinus
MED4 carboxysome contribute approximately 60% to the total
mass, a value that is comparable to that reported for H. nea-
politanus (70%) (15). The higher number of RubisCO copies
(270) present in carboxysomes from the chemoautotroph re-
flects differences in average diameter, which translates to an
estimated 30 to 40% difference in internal volume between the
two carboxysomes (18, 41).

All carboxysome gene clusters, as well as those that encode
other bacterial microcompartment types, contain at least two
csoS1 (Pfam00936) homologs. In H. neapolitanus, all three csoS1
paralogs are transcribed, and their protein products are abundant
components of the carboxysome shell (3). Although the need for
multiple paralogs of the major shell protein is not clear, this ob-
servation is significant, because the P. marinus MED4 genome is
the only one known to contain a cso gene cluster with only one
csoS1 gene (22). The CsoS1D protein features two Pfam00936 do-
mains, suggesting that the protein might be a carboxysome com-
ponent. However, the csoS1D gene is not included in the canonical
cso operon that accounts for all currently known �-carboxysome

FIG 4 Copurification of CsoS1D with CsoS1 during sucrose gradient centrif-
ugation of P. marinus MED4 carboxysomes. Aliquots of all gradient fractions
(top to bottom indicated by horizontal arrow) were subjected to SDS-PAGE.
CsoS1 and CsoS1D were identified by immunoblotting with their respective
antibodies. Vertical arrows indicate peak chemiluminescence signals. H. nea-
politanus carboxysomes (Hn) and recombinant P. marinus MED4 CsoS1D (r)
were included as positive controls. M, molecular mass ladder (kDa).

FIG 5 Association of CsoS1D with the P. marinus MED4 carboxysome shell.
Carboxysomes (C) were incubated in turnip crinkle virus buffer (see Materials
and Methods) and fractionated into a shell-associated pellet (P) and a free-
protein-enriched supernatant (S) by centrifugation. CbbL, CsoS1 (lower ar-
row on stained gel), and CsoS1D (upper arrow on stained gel) polypeptides
were identified by immunoblotting as described for Fig. 2 and 4. M, molecular
mass ladder (kDa).
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proteins. Our finding that CsoS1D is indeed a component of the P.
marinus MED4 carboxysome shell suggests that this protein may
be a previously unknown component of all cyanobacterial
�-carboxysomes. Because P. marinus MED4 CsoS1D pseudohex-
amers are able to alternate the conformation of their central pore
between the open and closed state, it is believed that the protein
may play a role in gated metabolite transport, possibly of the larger
RubisCO metabolites RubP and 3-phosphoglycerate, across the
carboxysome shell (22). The biochemical evidence provided here
for the association of CsoS1D with the P. marinus MED4 carboxy-
some shell lends credence to a role for of this protein in carboxy-
some shell function.

Unidentified polypeptide bands have been documented in
SDS-polyacrylamide gels of purified H. neapolitanus carboxy-

somes (8, 11, 15) and are generally assumed to represent low-level
contaminants or aggregates of bona fide carboxysome proteins.
However, the presence of CsoS1D in the P. marinus MED4 car-
boxysome and comparative genomics evidence (Table 2) point to
the possibility that additional genes not located within the classic
cso operon may encode proteins that contribute to carboxysome
structure and/or function. In addition to the obvious choices,
csoS1E and the PCD-like gene, the CCM-related genes sbtA/B,
cbbX, and chpX are also present upstream or downstream from the
canonical cso operon in many cyanobacterial genomes. SbtA is a
low-CO2-inducible, Na�-dependent bicarbonate transporter that
was originally identified in Synechocystis sp. strain PCC6803 (36).
Although originally proposed to be a single-component Na�/
HCO3

� symporter, a small open reading frame (ORF) located

FIG 6 Phylograms of �-cyanobacteria based on IF-2 (A) or CsoS1D (B). Trees are constructed with maximum likelihood (PhyML) with 100 bootstrap replicates.
Numbers along the internodes are the percentage of instances each node was supported in 100 bootstrap replicates. Color coding shows types as indicated in panel
C. Pro, Prochlorococcus; Sy, Synechococcus; Cy, Cyanobium; a, also known as MED4 or CCMP1378; b, also known as SS120; c, exception—no cbbX and having
three additional open reading frames (details in Table 2); d, csoS1D is not present upstream from the cso operon but there are 2 copies of csoS1D genes elsewhere
in the genome, marked as “Sy_WH5701_a” and “Sy_WH5701_b” in panel B; e, exception—no cbbX. (C) Schematic diagram of type I to type VI cso gene clusters.
The color scheme for genes uses warm colors for previously known cso genes and cold colors for proposed putative cso genes.
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directly downstream from sbtA, designated sbtB, is clustered with
sbtA and coinduced in Synechocystis sp. PCC6803 under inorganic
carbon limitation (42). To date, SbtA has been analyzed geneti-
cally and physiologically only in �-cyanobacteria (30, 36); this is
the first report that sbtA/B homologues in �-cyanobacteria are
clustered with carboxysome genes (Table 1; type VI in Fig. 6C).

The product of the cbbX gene is a form I RubisCO activase (25).
The chpX gene encodes a CO2 hydration protein (23). In Synechoc-
occus elongatus PCC7942, the ChpX protein is associated with the
NDH-I4 complex, of which NAD(P)H dehydrogenase subunits L
and M are two major components. This is consistent with the
presence of NADH_L, NADH_M, and chpX in type IV, V,
and VI (Table 1) carboxysome gene clusters. In contrast to
�-cyanobacteria, in which both ChpX/NDH-I4 (low-affinity/con-
stitutive CO2 uptake activity) and ChpY/NDH-I3 (high-affinity/
low-CO2-inducible CO2 uptake activity) complexes have been
found (28), �-cyanobacteria only have the genes for the ChpX/
NDH-I4 complex or none at all. Synechococcus sp. WH5701 is the
only exception; it contains both complexes (28). The activity and
affinities of these complexes have yet to be characterized in
�-cyanobacteria. Interestingly, a previous study (23) revealed that
the CO2 hydration activity of the ChpX/NDH-I4 complex of the
�-cyanobacterium Synechococcus elongatus PCC7942 relied on
NADPH- and ferredoxin (Fd)-dependent PSI cyclic electron
transport; genes encoding ferritin, ferredoxin, and thioredoxin
are also found in the neighborhood of canonical cso gene clusters
(Table 1).

The grouping of �-cyanobacterial genomes by cso gene cluster
organization matches their phylogenetic clustering (Fig. 6). This
match is also confirmed by comparing phylograms based on a
phylogenetic marker (IF-2) or an �-carboxysome marker
(CsoS1D) (Fig. 6A and B). Among the different clusters, type I,
represented by P. marinus MED4, seems to have the least complex
carboxysome gene cluster, while other types, for example, type VI,
might need extra components coordinated with other parts of the
CCM to facilitate carboxysome function and form a “super-
operon.” Whether these extra genes directly contribute to car-
boxysome biogenesis and/or function is still an open question.
Clearly, our findings have important implications for the struc-
ture, function, and regulation of �-carboxysomes and suggest that
the protein composition of these important bacterial organelles
warrants a closer look beyond what was assumed to be a solved
problem.
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