Modularity of a carbon-fixing protein organelle
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Bacterial microcompartments are proteinaceous complexes that
catalyze metabolic pathways in a manner reminiscent of organelles.
Although microcompartment structure is well understood, much
less is known about their assembly and function in vivo. We show
here that carboxysomes, CO,-fixing microcompartments encoded
by 10 genes, can be heterologously produced in Escherichia coli.
Expression of carboxysomes in E. coli resulted in the production
of icosahedral complexes similar to those from the native host. In
vivo, the complexes were capable of both assembling with carbox-
ysomal proteins and fixing CO,. Characterization of purified syn-
thetic carboxysomes indicated that they were well formed in
structure, contained the expected molecular components, and were
capable of fixing CO, in vitro. In addition, we verify association of
the postulated pore-forming protein CsoS1D with the carboxysome
and show how it may modulate function. We have developed a ge-
netic system capable of producing modular carbon-fixing micro-
compartments in a heterologous host. In doing so, we lay the
groundwork for understanding these elaborate protein complexes
and for the synthetic biological engineering of self-assembling
molecular structures.
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he spatial organization of incompatible processes is a funda-
mental design principle of biological systems (1). For exam-
ple, metabolic pathways are confined to specific organelles as
a means of ensuring pathway fidelity, catalyzing reactions against
the chemical equilibrium of other compartments, and limiting
exposure to toxic intermediates (2). Despite the generality of this
strategy in nature, the ability to rationally organize processes
in vivo remains a major challenge to bioengineering (3). Recent
work has demonstrated that engineering protein—protein inter-
actions using molecular scaffolds can be used to rewire signaling
networks and improve metabolic pathways (4, 5). A desirable
extension of this modularity would be the ability to rationally
organize pathways or networks in a topologically distinct com-
partment, or synthetic organelle. If available, a synthetic organ-
elle would have numerous applications in bioengineering, nano-
technology, and particularly metabolic engineering, where it could
be used to improve the rate and yield of cellular chemical reactions
while lowering toxicity to the host.
One biological assembly that could form the basis of such
a synthetic organelle is the bacterial microcompartment (BMC).
BMCs are enzyme-containing proteinaceous complexes that cat-
alyze metabolic pathways incongruous with the cytoplasm (Fig. 1).
Structurally, BMCs are formed from thousands of shell proteins
that self-assemble into an icosahedral structure 100-200 nm in
diameter (Fig. 14) (6-8). These shell proteins surround a lumen
containing tens to hundreds of copies of two to four specific
enzymes that constitute a short metabolic pathway. This metabolic
pathway is the distinguishing feature between BMC compart-
ments of different organisms. There are currently three known
classes of BMCs: the CO,-fixing carboxysome (CB), the 1,2-pro-
panediol utilization microcompartment (PDU), and the ethanol-
amine utilization microcompartment (9). BMC protein domains
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appear in roughly 20% of bacteria, suggesting the existence of
a large functional diversity of uncharacterized BMCs (10).

The CB was the first BMC to be discovered and remains a
model system for elucidating how BMCs assemble and function
in the cell (11). Its shell is assembled from roughly 800 protein
hexamers, which form the facets of the icosahedron, and 12
pentamers, which form the vertices (8, 12). Inside the lumen
are the enzymes ribulose 1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) and carbonic anhydrase (CA), which are directed to
this location by protein—protein interactions with the shell and/or
shell interaction mediators (13). Depending on the organism,
genes for these shell proteins and luminal enzymes can occur
either together in a single operon or, alternatively, in several
operons across the genome (9).

Biochemically, the CB plays a central role in the carbon-
concentrating mechanism (CCM) (14, 15). In the CCM, in-
organic carbon (i.e., CO, and bicarbonate) is actively transported
into the cell. Bicarbonate, the major inorganic carbon species at
pH ~7, passively diffuses across the CB shell and is rapidly
converted by CA into CO,. Alone, RuBisCO exhibits both low
CO,, affinity and low selectivity against the competing substrate
O5. In the context of the CCM, however, it is postulated that the
CB lumen contains elevated levels of CO, and that RuBisCO is
able to fix CO; near its V¢ With high specificity. After fixation,
the product 3-phosphoglycerate diffuses out of the carboxysome
and enters the central carbon metabolism (Fig. 1B). High local
concentrations of CO, and the possible selective nature of the
shell proteins may be instrumental in excluding the competing
RuBisCO substrate O, from the lumen, but this hypothesis
remains unproven. In other BMCs, the shell is known to act as
a barrier to prevent both the loss and toxicity of pathway inter-
mediates (16, 17). Finally, it was recently shown that a unique
class of trimeric shell proteins with pseudo-sixfold symmetry,
notably CsoS1D, forms larger pores and shows evidence of gat-
ing, suggesting that these proteins may be crucial to substrate
and product permeability (18, 19).

Recent work has focused on the modularity of BMC assembly.
In the case of the CB from Halothiobacillus neapolitanus, in
which all genes occur in a single operon, deletion of RuBisCO-
encoding genes was found to lead to empty, yet morphologically
well-formed shells (20). This finding suggests that BMCs form
robust structures in which alternative proteins could be loaded
inside the lumen. We recently reported that proteins can be
targeted to the CB via fusion with CB proteins such as RuBisCO
(21). Work on the PDU has confirmed this modularity. A genetic
screen in Citrobacter freundii led to the isolation and refinement
of a single PDU regulon sequence for expressing functional
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Fig. 1. Physical and genetic organization of the carboxysome. (A) Molecular surface representation of a partial model of the carboxysome showing RuBisCO
(green), carbon anhydrase (orange), CsoS1ABC (blue), and CsoS4AB (red). (B) Schematic of the carbon concentrating mechanism adapted from Kaplan and
Reinhold (14). (C) Genomic organization of the carboxysome operon in H. neapolitanus. Colors match the structural model in A.

compartments in Escherichia coli (22, 23). In addition, a putative
N-terminal signal sequence capable of loading new proteins into
the PDU has been isolated; however, a targeting sequence has
not yet been elucidated for CB proteins (20, 24). Thus, although
the present work indicates that BMCs are capable of acting as
modular protein assemblies, more characterization is needed
before BMCs are ready for use in bioengineered systems.
Ultimately, a synthetic organelle will require both simplicity,
to facilitate the engineering process, and extensibility, to enable
a variety of functions. In the context of the BMC, these char-
acteristics set molecular constraints, which must be clarified
through genetic and protein engineering. These constraints in-
clude a description of the genes necessary and sufficient for
functional expression in an arbitrary host, an understanding of
shell selectivity to allow tuning of permeability to the desired
function, and a clear targeting mechanism for specifying cargo.
First and foremost, however, is the development of a model
BMC to facilitate rapid optimization of the molecular chassis.
Toward this end, here we present a genetic system for the
heterologous expression of functional BMCs. We show that ex-
pression of the CB regulon from H. neapolitanus results in the
formation of functional CBs in E. coli. We also show that the
purified synthetic CBs contain the proper protein constituents and
exhibit CO, fixation activity. Overall, our findings demonstrate
the ability to heterologously produce modular and functional
carbon-fixing BMCs. By doing so, we lay the groundwork for the
future design of protein-based synthetic organelles, including the
engineering of compartmentalized biological processes.

Results

Heterologous Formation of Carboxysomes. CBs are classified as
either a-type or f-type based on their RuBisCO coding sequence.
Generally, a-CBs also display a simplified regulatory structure in
which all genes are found together at a single genomic locus (25,
26). Thus, we reasoned that using an a-type CB operon could
simplify the expression of functional particles in a heterologous
host. We cloned the a-type CB operon from H. neapolitanus
(HnCB) containing nine genes into the isopropyl -p-1-thio-
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galactopyranoside (IPTG)-inducible plasmid pNS3 (pHnCB)
and investigated expression of the HnCB in E. coli.

We observed the formation of CBs in E. coli expressing the H.
neapolitanus operon. Cells containing pHnCB were induced with
IPTG and analyzed using ultrathin sectioning and electron mi-
croscopy (EM). As expected, the presence and morphology of
CBs was highly dependent on IPTG concentration. In the ab-
sence of IPTG, cells generally had between zero and two icosa-
hedral structures per cell (Fig. 24). This was presumably from
leaky expression of the pNS3 promoter, given that WT E. coli

A

Fig. 2. Electron microscopy of carboxysomes in vivo. (A) Expression of HnCB
at 0 uM IPTG. (B) Same as A but at 50 pM IPTG. (Inset) Icosahedral structures.
(C) Same as A, but at 200 pM IPTG. (/nset) Inclusion body. (D) Appearance of
filaments (arrow) under high induction conditions. (Scale bars: 500 nm.)
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contained no such structures (Fig. S1). These structures re-
sembled CBs from H. neapolitanus (12). At higher induction (50
and 200 pM IPTG), the cells contained an increasing number of
CBs such that the entire cytoplasm was eventually filled and the
cells became filamentous (Fig. 2 B and C). Many CBs were of
varying contrast with dense shell edges and lighter facets, remi-
niscent of CBs containing a partial load of enzyme cargo (20).
Higher induction also led to a number of defects, including in-
clusion body formation and the appearance of linear filaments,
possibly indicating an imbalance in protein stoichiometry (Fig.
2C, Inset and D). High-resolution images are shown in Fig. S1.

Assembly and Function of Carboxysomes. One assay to evaluate
microcompartment assembly involves the ability to target fluo-
rescently tagged proteins to nascent particles. We recently
showed that various full-length CB proteins fused to GFP can be
targeted to functional CBs in the cyanobacterium S. elongatus
PCC7942 (21).

As in the native host, synthetic CBs in E. coli were assembled
with labeled cargo and could be imaged using fluorescence mi-
croscopy. CsoS1A, a major shell protein, and CbbL, the large
subunit of RuBisCO, were fused with a C-terminal GFP and
CFP, respectively, and cloned into the IPTG-inducible, kana-
mycin-resistant vector pDFS21, which is suitable for cotransfor-
mation with the pNS3 plasmid. Control expression of GFP or
CFP alone or with HnCB yielded no foci, consistent with unag-
gregated cytoplasmic fluorescent protein (Fig. S2).

Expression of CsoS1A-GFP in the absence of HnCB gave rise
to large polar foci (Fig. 34) that appear similar to inclusion
bodies, and is nearly identical to expression of PDU subunits
PduD and PduV in the absence of shell proteins (23). Given
CsoS1A’s hexameric quaternary structure and role as a major
component of the CB shell in vivo (Fig. 14), that this over-
expression could result in the runaway formation of protein
aggregates is not surprising (27). Expression of the remaining
BMC operon did not appear to decrease inclusion body forma-
tion, but did result in the faint appearance of cytoplasmic foci
(Fig. 3B, white arrow), consistent with labeled BMCs. In the
previous PDU study, neither protein component was found to be
a major shell protein; thus, CsoS1A’s continued aggregation in
the presence of the remaining HnCB proteins could be a result
of its inherent propensity toward self-assembly.

Like CsoS1A-GFP, expression of CbbL-CFP gave rise to polar
assemblies (Fig. 3C). CbbL normally associates with the small
subunit CbbS in forming holo-RuBisCO. Expression of CbbL in
the absence of CbbS or even the remaining CB proteins could lead
to the formation of inclusion bodies. The large subunit’s inherent
propensity toward self-assembly is well known (28), and the accu-
mulations observed in the present study support the hypothesis that
RuBisCO plays a role in BMC assembly (13, 20). However, on
coexpression of HnCB, we observed a decrease in inclusion body
signal and the formation of distinct foci throughout the E. coli
cytoplasm (Fig. 3D). These foci are reminiscent of labeled CBs
in Synechococcus elongatus and are consistent with CFP-labeled
CbbL being targeted to assembling and mature CB structures (21).

Given that the CBs appear to assemble correctly, we asked
whether the complexes are functional in vivo. In the native host,
CBs carry out the defining step of the Calvin-Benson-Basham
cycle, the fixation of CO, and p-ribulose 1,5-bisphosphate, to
produce two molecules of 3-phosphoglycerate. A heterotrophic
host catabolizing sugar is incapable of carrying out a complete
CO, fixation cycle; however, a physiological strategy for testing
CO, fixation has been developed recently (29). As part of pen-
tose phosphate metabolism, E. coli normally converts arabinose
to D-ribulose 5-phosphate (Fig. 3E). Expression of phosphor-
ibulokinase (PRK) results in the irreversible buildup of D-ribulose
1,5-bisphosphate and a concomitant growth defect as a result of
diverted carbon flux away from biosynthetic intermediates; how-
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Fig. 3. Carboxysomes assemble and are functional in vivo. (A-D) Microscopy
images of cells expressing fluorescently labeled carboxysome components in
the presence and absence of pHNCB. (Scale bar: 2.5 pm.) Controls are shown in
Fig. S2. The arrow in B highlights a likely CB particle. (E) Schematic of metabolic
complementation strategy. (F) Representative growth curves of WT, pPRK, and
pPRK/pHNCB strains showing complementation via carbon fixation.

ever, coexpression of RuBisCO, leads to the rescue of growth via
the conversion of accumulated D-ribulose 1,5-bisphosphate into
3-phosphoglycerate.

We used the growth regimen described earlier to demonstrate
HnCB-dependent CO, fixation. The gene encoding PRK was
cloned from S. elongatus PCC7942 into pDFS21 (pPRK) to allow
simultaneous coexpression with pHnCB. In the presence of both
arabinose and bicarbonate, expression of PRK in log-phase cells
resulted in increased doubling time (16.3 + 9.0 h; n = 3 for all)
compared with WT cells (5.4 + 1.6 h), consistent with the p-ribu-
lose 1,5-bisphosphate toxicity reported previously (29). Coex-
pression with HnCB resulted in rescue of growth. Cultures had
exponential growth rates (6.9 = 2.5 h) similar to that of WT but
displayed a slightly longer initial lag phase, presumably due to the
increased burden of producing both PRK and HnCB proteins.
A representative growth curve is shown in Fig. 3F. This suggests
that expression of HnCB can be used to create functional BMCs
capable of fixing CO, in the normally heterotrophic host E. coli.

Characterization of Purified Carboxysomes. To further demonstrate
the functionality of heterologous CBs, we purified particles using
sucrose gradient centrifugation and characterized them in vitro.
Negative-stain EM revealed that purified CBs were somewhat
icosahedral in shape (albeit less so than purified particles from
the native host) and contained a large number of torus-shaped
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RuBisCO octomers (Fig. 44). The average size of the purified
CBs was 136 + 30 nm (n = 34), a slightly larger size than H.
neapolitanus-derived CBs (7). Like some in vivo particles de-
scribed earlier (Fig. 2D), many CBs displayed either unfilled
lumen spaces or defective shells, possibly the result of partial
assembly or disrupted morphology (Fig. 44). RuBisCO octomers
also were occasionally visible outside of CBs (Fig. 44, box).

A tenth gene, csoS1D, located in the genome just outside of the
core operon, was recently discovered (18). Its gene product is
thought to play a role in shell permeability, and so we next in-
vestigated how the addition of this protein could affect CB
structure and function (19). csoSID was cloned into pHnCB
downstream of the operon to create the plasmid pHnCBS1D and
then expressed in E. coli. Imaging of purified particles by negative-
stain EM showed them to be slightly smaller than those expressed
from pHnCB (117 + 25 nm; n = 30). Interestingly, the mor-
phology was more reminiscent of CBs from H. neapolitanus than
of CBs from E. coli cells expressing pHnCB (Fig. 4B). The addi-
tion of CsoS1D may be important for CB assembly, given that only
35% (n = 23) of these structures displayed shell defects, com-
pared with 68% (n = 22) of those for the nine-gene construct.

The protein constituents of purified CBs were verified via gel
electrophoresis followed by liquid chromatography—mass spec-
trometry. CBs isolated from cells expressing pHnCBS1D were
analyzed by SDS/PAGE, and prominent bands were extracted,
trypsinized, and analyzed by mass spectrometry (Fig. 4C). Using
this strategy, we detected CsoS2AB, CbbL, CbbS, and Cso-
S1ABC, but did not observe a significant band for CsoS3. In-
terestingly, we were able to detect CsoS1D as a faint band
running near its theoretical MW of 23.5 kDa, which has not been
reported previously (12). Quantitation of the relative amount of
signal for each of these components (Fig. S34) was similar to
that reported by Cannon and Shively (30), except for a slight
increase in CbbL content and a decrease in CbbS content.

We used a simple centrifugation assay to investigate the in-
tegrity of heterologous CBs and examine whether RuBisCO is
associated with CBs or free in solution. CBs are known to sed-
iment at relatively low force (e.g., 14,000 x g), so we centrifuged
purified CBs to assess RuBisCO location (31). Supernatant and
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Fig. 4. Characterization of purified carboxysomes. (A) Representative
electron microscopy image of purified carboxysomes expressed using the
pHNCB plasmid. The arrow indicates a low-density lumen area, the asterisk
indicates a shell defect, and the box highlights the RuBisCO octomer. (Scale
bar: 100 nm.) (B) Same as A, but of purified carboxysomes expressed using
the pHNCBS1D plasmid. (C) SDS/PAGE gel of purified carboxysomes from B
with annotated proteomics data (arrows). (D) Carbon fixation activity of
preparations imaged in A and B as a function of p-ribulose 1,5-bisphosphate
concentration. Error bars represent SD.
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pelleted fractions were analyzed by SDS/PAGE, and Coomassie
blue-stained bands were quantified, revealing that 77% of
RuBisCO was associated with carboxysomes (Fig. S3B).

Finally, we verified the in vitro activity of purified CBs. Carbon
fixation was measured by recording 3-phosphoglycerate—de-
pendent NADH oxidation in a coupled enzyme reaction system.
Initial enzymatic rates were measured under varying concen-
trations of the substrate D-ribulose 1,5-bisphosphate (Fig. 4D),
and the data were fit to a Michaelis—-Menten model using non-
linear regression. The affinity for p-ribulose 1,5-bisphosphate
between CB preparations was similar, with determined K, values
of 200 + 30 pM for pHnCB and 204 + 71 pM for pHnCBS1D.
Activity was higher in the pHnCB-derived CBs, however (Vax
value, 11.7 + 0.5 pmol-min~"mg~!, compared with 6.9 + 0.3
pmol-min—"-mg™ for pHnCBS1D). The K, value is similar to
that previously reported for purified CBs from H. neapolitanus
(174 uM), whereas the rate is higher (1.7 pmol-min~"-mg~") (32).

Discussion

Modular Expression of CBs in Nonnative Hosts. It has been postu-
lated that a-type CBs are synthesized from a single operon con-
taining all of the necessary genetic components for mature
particle formation (33). Here we validate this hypothesis by
demonstrating that heterologous expression of the CB genomic
locus from H. neapolitanus, containing 10 genes encoding enzymes
and shell proteins, is sufficient to synthesize BMCs in E. coli that
are very similar to those of the native host. EM imaging of par-
ticles both in situ and in vitro shows that heterologous HnCB
complexes display the same icosahedral morphology as CBs from
H. neapolitanus. GFP-based fluorescence microscopy indicates
that cargo proteins are targeted to assembling CBs. Moreover,
HnCBs are capable of fixing CO, both within E. coli and in iso-
lation. Thus, we have determined the genetic information suffi-
cient for transplanting a carbon-fixing protein organelle into new
hosts that otherwise do not reductively fix carbon.

One potential area for improving the function of the synthetic
CBs is optimization of the HnCB operon for specific hosts. Our
microscopy and biochemical data suggest both a propensity to-
ward inclusion body formation and malformation of some CB
structures (Fig. 4 A and B). Most likely, the regulation of ex-
pression for each HnCB protein is partially lost in the translation
from H. neapolitanus to E. coli. In H. neapolitanus, expression
from the HnCB operon results in a 10-fold steady-state mRNA
copy number variation for the individual genes, presumably by
regulation from cis sites and mRNA structure (33). Translation
of this varied pool of mRNA, which is regulated by numerous
factors including RNA secondary structure, ribosomal binding
site strength, and codon use, ultimately results in a copy number
difference of two orders of magnitude between the most and
least expressed proteins (Fig. 14). Misinterpretation of this
regulation in E. coli could lead to the synthesis of a slightly in-
correct stoichiometry for each type of HnCB protein, such that
particles are generally well formed but display elements of
malformation.

A second area of investigation is shell structure and perme-
ability. Heterologous CBs containing the shell protein CsoS1D
are reminiscent of CBs from H. neapolitanus despite the fact that
CsoS1D is a minor component (Fig. 4C), suggesting an essential
role for this protein in assembly. CsoS1D also might play a role
in activity, given the lower V.. values in CBs containing
CsoS1D than in CBs without this protein. Accordingly, it is
tempting to posit a specific role of CsoS1D in modulating ac-
tivity, but, unfortunately, we cannot distinguish between this
possibility and the general effect of morphologically disrupted
structures seen in the pHnCB construct (Fig. 44). Thus, sys-
tematically exploring the expression level of each protein, espe-
cially CsoS1D, will be essential in elucidating the structural and
functional for each component.
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Synthetic Bacterial Microcompartments for Biotechnology and
Nanotechnology. Photosynthetic CO, fixation dominates anthro-
pogenic carbon emissions (roughly 120 Pgyr~" vs. 7 Pgyr™"), and
biologically catalyzed carbon fixation is clearly essential to both
fulfilling society’s demand for liquid transportation fuels and
mitigating the effects of greenhouse gases (34). The central en-
zymatic player in these carbon-fixation reactions, RuBisCO, is
both slow and nonselective, and most oxygenic photosynthesizers
have evolved elaborate mechanisms for dealing with these defi-
ciencies (35). One current model for the CB is that it facilitates
the fixation process by increasing the local concentration of CO,
near RuBisCO, thereby allowing the enzyme to function closer
to its Vi with high specificity. By taking advantage of the
modularity and portability demonstrated here, CBs could be
used to engineer unique carbon-fixing organisms or improve the
fitness of existing oxygenic photosynthesizers. For instance, there
is an emerging interest in developing bacteria capable of taking
up electrons and using this reducing power to fix carbon as
a means of synthesizing energy-dense molecules from electricity
(36). Alternatively, it has been postulated that C3 plant pro-
duction could be improved through the introduction of an im-
proved carbon-concentrating mechanism. In such a scheme,
integration of the CB and its associated transporters could result
in lower water and nitrogen use, while simultaneously improving
overall yields (15).

Due to their inherent modularity, CBs are also an attractive
molecular chassis for engineering cellular functions beyond
carbon fixation. Recent work has shown that BMCs facilitate
substrate channeling while minimizing the loss of intermediates
between consecutive enzymatic steps and thus improve meta-
bolic processes in much the same way as organelles. Although
the spatial engineering of enzymes on protein scaffolds can be
used to improve the flux of molecules through metabolic path-
ways, there is currently no way to compartmentalize reactions
in vivo in a similar manner (5). Fundamentally, BMCs are mo-
lecular compartments that could serve this function.

In addition, BMCs also may find uses beyond biology as
nanometer-scale configurable molecular devices. A major goal of
nanotechnology is to develop molecular systems that are ho-
mogenous, modular, robust, have favorable self-assembly prop-
erties, and are easy to chemically functionalize. Viral capsids
display many of these properties, and a number of self-assem-
bling viral proteins have been engineered for the construction of
nanocrystals with novel optoelectrical properties (37, 38). Much
of this work has centered around the use of chemically modified
viral capsid proteins to create particles that are loaded with cargo
and assembled ex vivo (39). BMCs offer the same supramolec-
ular advantages, yet assemble in vivo under moderate conditions
via a modular protein-based cargo targeting system, and thus
may be a more general system. However, engineering BMCs will
require (/) identification of the genes necessary and sufficient for
robust shell formation, (i) improved understanding of shell
permeability and how its selectivity might be altered, and (iii)
development of a targeting system such that novel cargo proteins
can be selectively integrated into assembling structures. To this
end, we have elucidated here a modular genetic system for
expressing functional carbon-fixing BMCs that lays the ground-
work for the future engineering of synthetic microcompartments.

Materials and Methods

Cloning and Cell Culture. Genes (Table S1) were cloned from purchased ge-
nomic DNA (strain ATCC 23641) into either pNS3 or pDFS21 using the oligos
listed in Table S2 (21, 40). All cloning was carried out using the E. coli strain
DH5a grown in lysogeny broth (LB) with the addition of antibiotics at
a concentration of 25 pg/mL for kanamycin or chloramphenicol individually
and at 10 pg/mL each under double selection. Reagents were acquired from
Sigma-Aldrich unless noted otherwise.
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Fluorescence Microscopy. The E. coli strain DH5a was transformed with
pDFS21-GFP, pCsoS1A-GFP, or pCbbL-CFP with or without pHNnCB, and single
colonies were chosen and grown until late log phase at 30 °C. Log-phase cells
were centrifuged, washed in 1x PBS solution, loaded onto 2% agarose pads,
and placed in a glass-bottomed dish (MatTek). Cells were imaged using
a Nikon TE-2000 microscope equipped with an ORCA-ER CCD camera
(Hamamatsu) using standard filter sets for each fluorophore (Chroma).

Electron Microscopy of Whole Cells. E. coli strain DH5x was transformed with
pHNCB, and single colonies were grown at 37 °C, diluted 1:50 in LB + 50 uM IPTG,
and grown until midlog phase. Pellets of cells were fixed for 2 h at room tem-
perature in routine fixative (2.5% glutaraldehyde, 1.25% paraformaldehyde,
and 0.03% picric acid in 0.1 M sodium cacodylate buffer; pH 7.4), washed in
0.1 M cacodylate buffer (pH 7.4), and postfixed with 1% osmium tetroxide/1.5%
potassium ferrocyanide for 2 h. The pellet was then washed in water three times
and incubated in 1% aqueous uranyl acetate for 1 h, followed by two washes in
water and subsequent dehydration. The samples were then put in propylene
oxide for 1 h and infiltrated overnight. The next day, samples were embedded
in Epon (TAAB) and polymerized at 60 °C for 48 h. Finally, ultrathin sections (60
nm) were cut on a Reichert Ultracut-S microtome, stained with lead citrate, and
examined in a JEOL 1200EX transmission electron microscope.

In Vivo Carbon Fixation Assay. DH5a cells were transformed with plasmid
pHNCB/pPRK, pNS3/PRK, or pNS3/pDFS21 (WT), inoculated into LB, and
grown overnight at 37 °C. The cultures were then diluted 1:50 in LB + 20 pM
IPTG for 3 h more. Cells in exponential phase were pelleted, washed twice in
M9 salts, and resuspended in M9 salts plus 0.2% arabinose, 20 uM IPTG, 20
mM NaHCO3, and 1 pg/mL thiamine, and adjusted to pH 7.0 using HCl. The
cells were then incubated at 37 °C with constant shaking, and the optical
density at 600 nm was measured continuously in a spectrophotometer
(Varian Cary 300 Bio). To prevent evaporation, mineral oil was layered over
cultures, and cuvettetes were covered with aluminum foil.

CB Purification. An overnight culture of DH5a transformed with pHNCB was
diluted 1:50 and grown at 20 °C overnight in terrific broth or LB. Protein
expression was induced with 50 uM IPTG. Cells were lysed with an Emulsiflex-
C3 homogenizer (Avestin), and the purification was carried out using
a protocol for sucrose gradient centrifugation derived from Cannon and
coworkers (31). Fractions from the gradient were assayed using a combina-
tion of EM, SDS/PAGE with Coomassie blue staining, Western blot analysis,
and RuBisCO activity kinetics to identify fractions enriched in CBs. Typical
yields were ~20 mg of purified protein per L of starting culture.

Electron Microscopy of Purified CBs. Purified CBs were adsorbed for 1 min to
a carbon-coated grid that had been made hydrophilic by a 30-s exposure to
glow discharge. Excess liquid was removed with filter paper (Whatman #1),
and the samples were stained with 1.0% uranyl formate for 30 s. After the
excess uranyl formate was removed with filter paper, the grids were ex-
amined using a JEOL 1200EX, Tecnai G? Spirit, or Tecnai 12 transmission
electron microscope, and images were recorded with a CCD camera.

Protein Mass Spectrometry. Individual components of the CB-enriched fraction
were identified via liquid chromatography-tandem mass spectrometry. The CB
fractions were separated using SDS/PAGE and stained with Coomassie brilliant
blue to resolve individual species. Bands were cut and sent to the University of
California Davis Genome Center Proteomics Core Facility for analysis.

In Vitro Fixation. CO, fixation by purified CBs was measured using a 3-
phosphoglycerate-dependent enzyme system coupled to NADH oxidation
(41). First, 3 pg/mL of purified CBs was added to a reaction buffer containing
100 mM Tris (pH 8.0), 25 mM NaHCO3, 20 mM MgCl,, 10 mM KCl, 3.5 mM
ATP, 5 mM creatine phosphate, 2 mM DTT, 0.25 mM NADH, 5 U/mL creatine
phosphokinase, 5 U/mL 3-phosphoglycerate kinase, and 5 U/mL NAD-de-
pendent glyceraldehyde 3-phosphate dehydrogenase and allowed to acti-
vate for 10 min at 30 °C. After addition of p-ribulose 1,5-bisphosphate, the
reaction was mixed and monitored spectrophotometrically at 30 °C by fol-
lowing NADH oxidation in a plate reader (Wallac/Spectromax). Initial enzyme
rates were fit to a Michaelis-Menten type model using nonlinear regression in
MATLAB (Mathworks) to derive V.x and K, parameters. Kinetic values were
normalized using total protein, as assayed by absorption at 280 nm.
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