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Photosynthesis in C3 plants is limited by features of the carbon-fixing enzyme Rubisco, which
exhibits a low turnover rate and can also react with O,, leading to photorespiration. In
cyanobacteria, bacterial microcompartments known as carboxysomes improve photosynthetic
efficiency by concentrating CO, near Rubisco. Thus transferring the carbon-concentrating
mechanism from cyanobacteria to C3 plants is an attractive approach to improve crop
photosynthesis. Here we review recent progress in engineering cyanobacterial 3-carboxysomes
into plant chloroplasts and in replacing C3 plant Rubisco with cyanobacterial Rubisco.

SUMMARY

Photosynthesis in C3 plants is limited by features of the carbon-fixing enzyme Rubisco, which
exhibits a low turnover rate and can react with O, instead of CO,, leading to photorespiration. In
cyanobacteria, bacterial microcompartments known as carboxysomes improve the efficiency of
photosynthesis by concentrating CO, near the enzyme Rubisco. Cyanobacterial Rubisco
enzymes are faster than those of C3 plants, though have lower specificity toward CO, than the
land plant enzyme. Replacement of land plant Rubisco by faster bacterial variants with lower
CO; specificity will improve photosynthesis only if a microcompartment capable of concentrating
CO; can also be installed into the chloroplast. We review current information about
cyanobacterial microcompartments and carbon-concentrating mechanisms, plant transformation
strategies, replacement of Rubisco in a model C3 plant with cyanobacterial Rubisco, and
progress toward synthesizing a carboxysome in chloroplasts.
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INTRODUCTION

Improving the efficiency of photosynthesis has been progressively more recognized as a
strategy for increasing yield of biomass and food crops (Long et al. 2015, Ort et al. 2015). While
plant breeding has been enormously successful in increasing the percentage of a plant’s
resources that comprise the desired product, many crop species have reached a plateau from
which further improvement by traditional means is unlikely (Long et al. 2006, Long, et al. 2015).
Synthetic biology offers the opportunity to increase the conversion of solar energy through such
strategies as altering light capture and conversion and carbon uptake and conversion (Ort et al.
2015). This review will focus on a possible tactic to improve carbon fixation: installation of a
carbon concentrating mechanism (CCM) presently utilized by cyanobacteria but not by vascular
plants (Price et al. 2008, Price et al. 2013, Zarzycki et al. 2013). The cyanobacterial CCM
requires the presence of a bacterial microcompartment known as the carboxysome, as well as
bicarbonate transporters (Rae et al. 2013). We will discuss current progress and prospects for
engineering functional carboxysomes into chloroplasts.

CARBON-CONCENTRATION MECHANISMS: COMPENSATION FOR THE
UNFAVOURABLE TRAITS OF THE CARBON- FIXING ENZYME RUBISCO

Catalysis of the reaction of ribulose-1,5-bisphosphate (RuBP) with atmospheric CO, by the
enzyme Rubisco results in fixation of carbon into organic molecules. However, as the name
indicates, “Ribulose-1,5-bisphosphate carboxylase/oxygenase” can also catalyze a reaction with
oxygen (0,), leading to the process known as photorespiration (Figure 1a). Reaction with O,
rather than CO, results in loss of some fixed carbon as CO,, loss of NHs, as well as
consumption of ATP, thus decreasing the efficiency of photosynthesis (reviewed by (Parry et al.
2013).

The specificity factor (S¢io) of Rubisco defines the relative reactivity of the enzyme
towards the two gaseous substrates, CO, and O,. S¢io = V:xK,/V XK., where V. and V,
represent the maximum velocities of carboxylation and oxygenation, and K. and K, represent
the Michaelis-Menten constants for CO, and O,. Environmental changes through geological
time have shaped evolution and diversification of Rubisco by providing selective pressures that
favour changes in Rubisco structure resulting in improved performance (Tcherkez et al. 2006,
Christin et al. 2008b). Rubisco in higher plants is a rather complex enzyme, composed of
nuclear-encoded small subunits and chloroplast-encoded large subunits (Spreitzer and Salvucci
2002), and dependent on interaction with diverse molecular chaperones essential for biogenesis
and catalysis (Hauser et al. 2015b). Even a single point mutation in the Rubisco sequence can
disrupt the assembly of Rubisco in tobacco (Foyer et al. 1993). As a consequence, Rubisco
evolution and diversification is relatively slow. Yet, significant variation is known to exist in
nature and Rubisco enzymes with higher turnover or superior catalytic efficiency and/or
specificity towards CO, have been identified. Even among the same Form 1B type Rubisco
enzymes shared by higher plants including both C3 and C4 species and some cyanobacteria,
remarkably diverse kinetic properties can be found (Figure 1b). Models suggest that some of
these have the potential to improve photosynthetic CO, assimilation in major C3 crops such as
wheat (Delgado et al. 1995, Galmes et al. 2005, Carmo-Silva et al. 2015, Prins et al. 2016).

The CCM in C4 plants

Decreased CO, concentration in the atmosphere millions of years ago led to the evolution of
photosynthetic CCMs in plants and algal species (Christin et al. 2008a, Sage and Stata 2015).
In C4 plants, such as maize and sugarcane, carbon is initially fixed by phosphoenolpyruvate
carboxylase (PEPC), with production of an organic acid containing 4 carbons (hence the C4
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name). Subsequent decarboxylation of the C4 acids results in accumulation of high
concentrations of CO, around Rubisco, thus favouring carboxylation over oxygenation of RuBP.
In addition to the specialized photosynthetic biochemistry, the leaves of many C4 plants show
anatomical features associated with the CCM. These characteristics are known as Kranz
anatomy (comprehensively reviewed by (Dengler and Nelson 1999). The initial fixation of
inorganic carbon occurs in the mesophyll cells, where PEPC is exclusively located. C4 acids are
translocated to the bundle sheath cells, where they undergo decarboxylation. The released CO,
is subsequently assimilated by Rubisco, which is exclusively located in the chloroplasts of the
bundle sheath cells (Edwards et al. 1985). Chemical modification and increased thickness of the
bundle sheath cell walls, and reduction of the surface area of bundle sheath exposure to
intercellular spaces decrease leakage of CO, back to the mesophyll cells so that CO,
accumulates (Furbank et al. 1989, Brown and Byrd 1993, Evans and Von Caemmerer 1996,
Jenkins 1997, Kiirats et al. 2002).

The increased CO, concentration in the bundle sheath cells results in low RuBP
oxygenation and, consequently, low rates of photorespiration and increased rates and efficiency
of photosynthesis in C4 plants (Kanai and Edwards 1999). The presence of a CCM makes C4
photosynthesis especially competitive in conditions that promote carbon loss through
photorespiration, such as high temperatures, high light intensities and decreased water
availability causing low intercellular CO, concentrations as a consequence of stomatal closure.
As a result, C4 plants tend to have lower stomatal conductance, lower transpiration rate and
higher water use efficiency than their C3 counterparts.

The CCM in cyanobacteria
Cyanobacteria have evolved a mechanism that allows them to utilize faster Rubisco enzymes
that are more sensitive to oxygen. Inorganic carbon mainly in the form of bicarbonate ion is
accumulated within cytosol through optimally regulated bicarbonate transporters and CO,
uptake systems (Price, et al. 2008). As a result, the intracellular concentration of bicarbonate ion
in cyanobacteria is typically well over 10 mM or two to three orders of magnitude higher than
that observed outside the cells (Woodger et al. 2005). By encapsulating Rubisco and carbonic
anhydrase in a protein microcompartment known as a carboxysome and surrounding the
enzyme with higher concentrations of CO,, Rubisco is less likely to react with oxygen (Badger
and Price 2003). This strategy is so powerful that it has independently evolved in two lineages
of bacteria that contain two different types of Rubisco. Form 1A Rubisco is found in a-
carboxysomes, while Form 1B Rubisco is located in -carboxysomes (Badger et al. 2002).
Genes present in cyanobacteria that make a- or B-carboxysomes have been well studied
through analysis of mutants and considerable information is available about the structural
arrangement of proteins present in the two types of carboxysomes (Figure 2).

Incorporation of either a- or 3-carboxysomes into crop plants is an attractive strategy for
improving photosynthesis (Price, et al. 2013, Zarzycki, et al. 2013, Whitehead et al. 2014).
Each type of microcompartment has potential advantages and disadvantages as a candidate for
engineering into plants. One advantage of utilizing a-carboxysomes is the fact that their
components have already been assembled in a heterologous system along with functional
Rubisco, following expression of 10 genes from Halothiobacillus neapolitanus in E. coli (Bonacci
et al. 2012), while B-carboxysomes have not yet been synthesized in E. coli or microbes other
than cyanobacteria. However, phylogenetically, Form 1B Rubisco is related to Rubisco present
in land plants (Badger, et al. 2002), suggesting that land plant chaperones are more likely to be
effective on enzymes normally present in B-carboxysomes. Use of either a- or B-carboxysomes
in chloroplasts will require replacement of the endogenous land plant Rubisco with a
cyanobacterial Rubisco in order to take advantage of better kinetic properties in a high CO,
environment. Aside from the advantage of improved turnover rates with the cyanobacterial
enzyme, land plant Rubisco might likely be more difficult to engineer to pack into either type of
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carboxysomes than replacing the endogenous Rubisco with a cyanobacterial enzyme that
normally assembles into a microcompartment. This review will focus on (-carboxysomes
because at this writing, there are no reports of autotrophic plants that fix carbon with Form 1A
Rubisco, while plants containing cyanobacterial Form 1B Rubisco have been reported (Lin et al.
2014b, Occhialini et al. 2016).

Components Required for Introducing Microcompartments into Chloroplasts

Recently, much progress has been made in characterization and manipulation of bacterial
microcompartments for applications in synthetic biology and metabolic engineering. A targeting
or encapsulation peptide was first identified at the N terminus of the propionaldehyde
dehydrogenase enzyme from the propanediol utilization microcompartment (Fan et al. 2010).
Similar encapsulation peptides are now known to be present as N- or C-terminal extensions in
core enzymes of bacterial microcompartments including CcmN protein from 3-carboxysomes
(Kinney et al. 2012, Aussignargues et al. 2015). These encapsulation peptides are capable of
targeting foreign proteins and introducing new functions to heterologously produced bacterial
microcompartments (Choudhary et al. 2012, Lassila et al. 2014, Lawrence et al. 2014, Lin et al.
2014a). A recent study demonstrated that a mixture of shell proteins from an a-carboxysome
and a B-carboxysome can assemble into chimeric microcompartments (Cai et al. 2015). In
addition, shell proteins with modified “pores” have been shown to be incorporated into
carboxysomes (Cai, et al. 2015). Thus, it is now a real possibility to apply synthetic biology
approaches to customize microcompartments for biotechnological purposes.

We chose to investigate the assembly of microcompartments by B-carboxysome shell
proteins from Synechococcus elongatus PCC7942 in plant chloroplasts because they represent
one of the best characterized bacterial microcompartments with regard to structural
organization. Genes encoding the protein shell and internal proteins of both a- or B-
carboxysomes have been identified through genetic analysis. Currently the proteins CcmK2,
CcmO, and CcmL are known to be the most important for synthesis of the shell layer of the (3-
carboxysome. Based on its crystal structure, it is accepted that CcmK2 represents the most
abundant protein of the icosahedral shell and forms its facets (Kerfeld et al. 2005). CcmL forms
pentamers that are believed to cap the vertices of the icosahedral shell (Tanaka et al. 2008).
Although the exact role of CcmO remains unclear, it has been proposed to occupy the edges
along two adjacent facets (Rae et al. 2012). In addition, either CcmK3 or CcmK4 may be
required for the fully functional B-carboxysome (Rae, et al. 2012). The hexameric shell proteins
form central pores that are believed to be selectively permeable.

In B-carboxysomes from S. elongatus PCC7942, CcmM58 is an internal protein that is
known to interact with Rubisco. CcmM58 carries three so-called small-subunit-like domains
(SSLD) in its C-terminal region that are also present in CcmM35, a 35kD isoform that is
translated from an internal start site (Figure 2) (Long et al. 2010). CcmM58 has also been
shown to interact with the carboxysomal carbonic anhydrase (CcaA) and another internal
protein, CcmN, which possesses a short encapsulation peptide that binds to the major shell
protein CcmK2 (Long et al. 2007, Kinney, et al. 2012).

One rapid method to investigate interaction of proteins in chloroplasts is to express them
transiently by Agroinfiltration (Fischer et al. 1999, Yang et al. 2000). The species Nicotiana
benthamiana is particularly amenable to this method, which also works reasonably well for
Nicotiana tabaccum, in our experience (Goodin et al. 2002). T-DNA vectors that will express
one or more genes are introduced into a binary vector and incorporated into an Agrobacterium
tumefaciens strain, which is then infiltrated into a leaf. More than one Agrobacterium strain,
containing T-DNA vectors carrying a different set of genes, can be infiltrated simultaneously to
express a variety of combinations of genes (Hanson and Sattarzadeh 2014). Following a brief
period for expression (2-5 days), protein expression and interactions can be monitored.



We chose to examine tissue for the localization of Yellow Fluorescent Protein (YFP)
fused to CcmO. When this protein is expressed by itself, the protein remains diffuse in the
stroma. However, when CcmO-YFP is co-expressed with different combinations of (1) CcmK2
and CcmL (2) CcmK2 and CecmM58, and (3) CcmK2, CemL and CecmM58, fluorescent punctate
loci are visualized in the chloroplast stroma (Figure 3). Characterization at a higher resolution by
transmission electron microscopy (TEM) indicates that these punctate loci are highly organized
spherical bodies about 80-110 nm in size (Lin, et al. 2014a). These structures appear to have a
double-layered shell with a less organized inner layer. In comparison, (3-carboxysomes in native
S. elongatus PCC7942 are icosahedral bodies about 175 nm in size with a single-layered shell.
The smaller size and lack of angular nature of the microcompartments formed by the shell
protein expressed in the chloroplasts indicate the importance of internal components in the
proper assembly of B-carboxysomes. This is in agreement with recent studies illuminating the
central role played by Rubisco-CcmM35 interaction during the assembly process of [3-
carboxysomes (Cameron et al. 2013). In our previous study, we also demonstrated that the
encapsulation peptide from CcmN that is 17 amino-acid long (N17) is able to target YFP to the
shell assembly formed by CcmK2 and CcmO-YFP (Lin, et al. 2014a). The observation that a
foreign protein can be targeted into carboxysomes by the N17 peptide opens up the possibility
of engineering microcompartments with new functions in chloroplasts.

STRATEGY CONSIDERATIONS FOR REPLACEMENT OF LAND PLANT RUBISCO WITH
CYANOBACTERIAL RUBISCO

The location of the gene (rbcL) encoding the large subunit (LS) of Rubisco in the chloroplast
genome and genes for the Rubisco small subunit (SS) in the nuclear genome poses a special
challenge for engineering cyanobacterial Rubisco into plants. Transplastomic plants (plants
containing transgenes in the plastid) have been reported in which the tobacco rbcL gene has
been replaced with a large subunit gene from another species, resulting in a hybrid enzyme.
Unfortunately, the resultant transplastomic plants exhibited impaired photosynthesis, some
requiring sucrose or high CO, for growth (reviewed in (Whitney et al. 2011a, Hanson et al.
2013). Reduced function of hybrid enzymes is not unexpected, given that 8 large and 8 small
subunits must assemble into a functional complex.

Expression of both the nuclear and chloroplast-encoding subunits must be prevented for
complete replacement of a native Rubisco with a heterologous version. Most plants contain
multiple nuclear genes (rbcS) encoding the small subunit of Rubisco (Spreitzer 2003), so in
order to prevent their expression, either an RNA silencing or mutagenesis strategy must be
carried out. Antisense tobacco lines with reduced Rubisco have been previously produced
(Rodermel et al. 1988, Quick et al. 1991, Makino and Sage 2007), but any RNA silencing
strategy is susceptible to possible epigenetic loss of silencing. Another strategy for removing a
tobacco multigene family is to use recently developed CRISPR-Cas9 technology (Belhaj et al.
2013, Jiang et al. 2013), though at this writing the method has not yet been used to mutagenize
a large plant gene family.

For those plant species in which plastid transformation is feasible, the rbcL gene can
easily be targeted for deletion or replacement by the natural homologous recombination system
that exists in chloroplasts (Maliga 2004)(Figure 4). Often the knockout of either a nuclear or
plastid component of a complex that contains subunits encoded by both genomes results in loss
of all proteins in the complex due to protein instability when one partner is missing (Stern et al.
2004). Therefore, loss of the LS in a species is likely to lead to loss of the corresponding SS
(Rodermel, et al. 1988). Replacement of the LS with a different species’ LS might rescue the
endogenous SS, but only if the hybrid enzyme can assemble and stabilize the endogenous SS.

Different strategies can be envisioned for replacement of an endogenous C3 plant
Rubisco with a different species’ Rubisco. A knockout of the rbcL gene is readily accomplished
in those species in which chloroplast transformation is possible. By simultaneously deleting the
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endogenous rbcL and replacing it with genes encoding a foreign Rubisco, it should be possible
to obtain autotrophic plants, though perhaps ones requiring high CO, or growth on sucrose
unless the new Rubisco is highly functional in air and expressed at adequate levels. For those
species in which no chloroplast transformation method is available, either a targeted or
untargeted mutagenesis of rbcL will be required, and the mutant plants will require sucrose
unless functional foreign rbcL and rbcS genes have been incorporated into the nucleus before
undertaking the mutagenesis.

A barrier to the use of nuclear transgenes for introducing foreign Rubisco has been the
lower expression level of nuclear-encoded transgenic proteins that is typically achieved in stably
transformed plants, less than 1% total soluble protein (TSP) when a single gene including a
standard 35S promoter cassette is used (Conley et al. 2011). However, new methods are
promising for increasing the levels of protein from nuclear transgenes. For example, a system
based on a DNA virus amplification system resulted in accumulation of foreign protein as 10%
of total soluble protein (Dugdale et al. 2014). Another possibility is to use the same strategy that
appears to have evolved in C3 plants for high-level nuclear expression of the SS of Rubisco:
express the protein from multiple nuclear loci. The amount of Rubisco needed to support
adequate rates of photosynthesis and plant growth will depend on the catalytic properties of the
new Rubisco to be incorporated. Most C3 plants have leaves in which Rubisco represents 25-
50% of total soluble protein. If the new Rubisco is 5 times faster, and able to carboxylate at such
speed, then only 5-10% Rubisco soluble protein should be needed for growth at the same rate,
though more will be needed if the goal is to enhance growth.

A FIRST STEP FOR STABLE INCORPORATION OF CARBOXYSOMES INTO
CHLOROPLASTS

We decided to replace the tobacco rbcL gene with both the rbcL and rbcS genes from S.
elongatus PCC7942, without altering the tobacco nuclear rbcS genes (Figure 4) (Lin, et al.
2014b, Occhialini, et al. 2016). For expression of a foreign gene from a chloroplast genome, a
transgene construct must carry a 5’ untranslated region (UTR) that provides translation signals
and a terminator region for stabilization of the RNA transcript. One of the most effective such &’
UTRs is derived from the bacteriophage T7 gene 10 (Maliga 2004, Yang et al. 2013). Multiple
tandem copies of the Shine-Dalgarno sequences from gene 10 have been shown to improve
translation over single copies (Drechsel and Bock 2011). An issue regarding multigene
constructs is the possibility of unwanted homologous recombination between components of the
same transgene operon, or between transgenes and homologous regions of the chloroplast
genome from which a gene regulatory sequence was derived (Gray et al. 2009). Thus, it can be
advantageous to use a gene regulatory sequence such as a promoter or terminator from a
different plant species, provided that the sequence is effective in the heterologous system.
Alternatively, if the endogenous sequence that is used is not large, the probability of undesirable
recombination is reduced (Mudd et al. 2014).

Two or more chloroplast genes can be transcribed in a polycistronic transcript from a
single promoter. However, in chloroplasts, downstream coding regions in transcripts are
sometimes not efficiently translated from polycistronic transcripts, unlike in bacteria. To
enhance the possibility of effective translation, an Intercistronic Expression Element (IEE),
which carries a sequence recognized by a nuclease, can be placed between different
transgenes on a polycistronic transcript (Zhou et al. 2007). Presence of the IEE has been
reported to result in processing of polycistronic transcripts into monocistronic transcripts,
enhancing protein accumulation (Bock 2013, Bock 2015)(Figure 4b).

Another enhancement of expression of foreign proteins in chloroplasts can sometimes
result from changing the codon usage of the gene of interest to avoid codons that are rarely
used in chloroplasts (Reed et al. 2001, Franklin et al. 2002). Nevertheless, the optimal codon
usage in a transgene is not always straightforward to identify (Weiss et al. 2012, Sugiura 2014)
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and may need empirical optimization. A further aspect of the codon region that can be
important is the N-terminal region, either because of the presence of a downstream box
sequence that affects protein accumulation (Gray et al. 2011) or N-terminal features that affect
protein stability (Apel et al. 2010, Elghabi et al. 2011, Gray, et al. 2011).

Chloroplast transformants (transplastomic plants) are usually made by particle
bombardment with a biolistic device (Maliga and Tungsuchat-Huang 2014). Tungsten or gold
microparticles can be coated with plasmid DNA and then propelled into plant cells, now usually
accelerated by a blast of helium. If regenerated transgenic plants are desired, the tissue that is
bombarded must be capable of regeneration from tissue cultures. While transplastomic plants
can be made from a variety of crop plants in addition to tobacco (Hanson, et al. 2013, Bock
2015), Nicotiana species remain the superior model system for chloroplast transformation, due
to high regenerability and rapid growth in culture. The spectinomycin/streptomycin resistance
gene aadA, used in the initial report of stable transplastomic plants (Svab et al. 1990), continues
to be the most effective selectable marker for chloroplast transformation. Following
bombardment of tobacco leaf tissue with plasmids carrying the transgene operons and the
selectable marker and incubation without selection for a few days, tissue is removed to
regeneration media containing the antibiotic and induced to regenerate shoots. Usually such
shoots contain a mixture of transformed and untransformed chloroplasts, a state termed
“heteroplasmy”. Each cell that was bombarded contained multiple chloroplasts and each
chloroplast within that cell contained multiple chloroplast genomes. In order to obtain shoots
with a uniform chloroplast genome (a state termed “homoplasmy”), repeated rounds of
regeneration are often needed. During dedifferentiation of leaf cells in culture cell and
redifferentiation into shoot meristems, the number of plastids/cell is reduced, facilitating random
segregation of transgenic and non-transgenic plastids. Selection ensures that only shoots
resistant to the selectable marker will regenerate (Lutz et al. 2007, Maliga and Tungsuchat-
Huang 2014). In our experience, homoplasmic plants can usually be obtained after a second
round of regeneration and selection.

Transplastomic tobacco plants fixing carbon with cyanobacterial Rubisco

In our initial constructs designed to replace endogenous Rubisco with S. elongatus PCC7942
Rubisco, we included either genes for the assembly factor RbcX, required for proper Rubisco
folding in some cyanobacteria (Saschenbrecker et al. 2007), or for CcmM35, a protein involved
in organization of Rubisco within the carboxysome (Cameron, et al. 2013) (Figure 2). We
thought that one of these proteins might facilitate proper folding of the cyanobacterial Rubisco,
which normally requires a GroEL chaperonin and its cofactor GroEs. Land plants contain
Cpn60, a homolog of GroEL/GroEs comprised of Cpn10 and Cpn20 subunits. Both
cyanobacteria and land plants require an additional Rubisco assembly factor known as Rafl
(Feiz et al. 2012, Hauser et al. 2015a). While some cyanobacterial Rubisco enzymes require
RbcX for assembly, S. elongatus PCC7942 does not in its native cell (Emlyn-Jones et al. 2006);
however, we considered that it might be required in a heterologous system. Recently, the
inclusion of Arabidopsis Rafl in a transplastomic plant in which the tobacco rbcL was replaced
with Arabidopsis rbcL was shown to improve hybrid Rubisco assembly and photosynthesis
(Whitney et al. 2015).

Our two initial lines, named SeLSX (for S. elongatus Rubisco Large and Small subunit
with RbcX) and SeLSM35 (CcmM35 instead of RbcX) both were able to grow autotrophically
provided that they were given elevated CO, in their environment. Though their growth rate was
much slower than wild-type, the plants had normal morphology and could flower and set seed.
By DNA blot, we demonstrated that the tobacco rbcL coding region had been completely
replaced by the cyanobacterial transgene operons. Immunoblots of total cellular protein
revealed no detectable tobacco SS or LS; evidently the absence of the tobacco LS destabilized
the tobacco SS even though the rbcS genes were intact (Lin, et al. 2014b).

7



Both SeLSX and SeLSM35 were designed with rbcL and rbcS coding regions altered to
be more similar to endogenous chloroplast transcripts. These same coding regions were used
in two subsequent transgene operons, one in which neither RbcX nor CcmM35 was expressed
(plant line designated SeLS) and a second line in which a yfp gene was fused N-terminally to
ccmM35 and expressed along with the cyanobacterial rbcL and rbcS genes (plant line
designated SeLSYM35). Elimination of rbcX resulted in attachment of the tobacco rbcL
terminator to the rbcS gene. Each of the 4 transgene operons differed in terminator
configuration; furthermore, the yfp::ccmM35 gene was synthesized with an altered codon usage,
unlike the ccmM35 gene present in SeLSM35 (Figure 4).

The two new plant lines grew much faster than the original lines in 3% CO,; in fact the
growth of the SeLS line was only slightly slower than wild-type tobacco (Figure 5). In order to
determine whether transgene expression levels could explain the different growth rates, we
examined RNA and protein-level expression. By performing RNA blots, we discovered that
transcripts carrying the Arabidopsis rps16 terminators did not accumulate, thus indicating this
terminator is not suitable for tobacco transformation vectors. A second important finding was
that the presence of the IEE sequence did not always result in efficient cleavage between the
open reading frames, resulting in the continued presence of polycistronic transcripts (Occhialini,
et al. 2016). Despite the absence of many monacistronic rbcS transcripts, evidently there was
sufficient expression of the downstream rbcS genes for adequate protein synthesis for assembly
of Rubisco. When we compared Rubisco content in the four lines in 3% CO,, we observed that
the upper leaves of SelLS contained significantly more Rubisco than SeLSX, perhaps explaining
the enhanced growth (Figure 5a-b). One possibility we cannot rule out is that the original
transgene constructs had an unknown inhibitory effect on other aspects of chloroplast gene
expression, completely unrelated to Rubisco expression. Nevertheless, the rapid growth of
SelLS in 3% CO, demonstrates that concept that nitrogen use efficiency may improve when less
enzyme is needed for carbon fixation (Carmo-Silva, et al. 2015).

Despite the fact that plants SeLSM35 and SeLSYM35 had greater Rubisco content than
SelLS or SeLSX, their growth was slower than SeLS in 3% CO, (Figure 5) (Occhialini et al.
2016). The unusual organization of Rubisco in the M35-containing plants may explain the
slower growth compared to SeLS. Chloroplasts from the SeLSX, SelLS, SeLSM35, and
SeLSM35Y plants were imaged by electron microcopy and the location of Rubisco was
determined with specific antibodies. These experiments revealed that the cyanobacterial
Rubisco was dispersed within the stroma in SeLSX and SeLS, but aggregated in large bodies in
the SeLSM35 and SeLSYM35 plants, suggesting that M35 in the chloroplast binds to the
cyanobacterial LS and results in aggregation of Rubisco (Figure 5c¢c-d). The Rubisco/M35
aggregates in tobacco chloroplasts appear analogous to aggregates observed when an
M35::YFP fusion was expressed in S. elongatus PCC7942 mutant carrying a ccmK2-ccmO
deletion (Cameron, et al. 2013).

Aggregation of Rubisco in the absence of a functional carboxysome could potentially
prevent supply of CO, to the enzyme, thereby reducing plant growth rate. Purified Rubisco
isolated from the transgenic lines expressing the cyanobacterial Rubisco (SeLS and SelLSX)
had essentially identical kinetic constants (Figure 6) to wild type Rubisco isolated from the
cyanobacteria (Figure 1b). However, where the enzyme was expressed in association with
CcmM35, the Rubisco was slower and had a slightly greater affinity for CO,. This suggests that
the incorporation of CcmM35 into the Rubisco complex disrupts the enzyme structure possibly
by displacing the Rubisco small subunits and changes the catalytic properties; 3D structural
determination of the complexes will be required to clarify the mechanism for these changes.

While SeLS grows substantially faster than SeLSX 3% CO,, we have observed that
growth rates of the two lines are quite similar in 0.9% CO,. This observation is in line with the
observation that CO, assimilation in SeLS and SeLSX is quite similar when measured on a leaf
area basis. Also, Rubisco pmole sites/m? is not significantly different into the two lines when
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grown in 0.9% CO, (Occhialini, et al. 2016). Currently we do not understand why there is
relatively more Rubisco in SeLS in 3% CO, than in 0.9% CO,.

ADDITIONAL ENGINEERING NEEDED TO INSTALL THE CYANOBACTERIAL CCM IN
CHLOROPLASTS

As the next step, shell proteins such as CcmK2, CcmO and CcmL and other internal proteins of
the B-carboxysome including CcmM58, CcaA and CcmN will need to be co-expressed with the
core components, made up of Rubisco and CcmM35. These additional proteins may be
expressed from similar synthetic operons from chloroplast genome as described above.
Alternatively, proteins that are known to be less abundant such as CcmL, CcaA, and either
CcmK3 or CcmK4 may be expressed through nuclear transformation and imported into
chloroplast stroma with stromal transit peptides. A recent study described the surprising finding
that a chimeric protein derived from fusing the three SSU domains from CcmM58, CcaA and the
encapsulation peptide from CcmN is able to functionally replace four internal proteins, CcmM58,
CcmM35, CcaA and CcmN, thus greatly simplifying the engineering of 3-carboxysomes into
chloroplasts (Gonzalez-Esquer et al. 2015).

It may be necessary to use synthetic operons with different gene arrangements and
regulatory elements such as the ribosome binding sites to attain the optimal expression ratios
for successful assembly of these proteins into functional 3-carboxysomes in chloroplasts. In
addition, the number of carboxysomes per chloroplast will also need to be optimized so that the
metabolic flux through these carboxysomes is efficiently integrated into the Calvin Cycle. In
considering only the relative volume of a cyanobacterium vs. a chloroplast, to maintain the same
number of microcompartments per unit volume, a typical tobacco chloroplast would need about
70 carboxysomes (Figure 7). However, a recent theoretical analysis indicates that
approximately 2700 carboxysomes per chloroplast would be needed to achieve the same
amount of Rubisco per chloroplast as in wild-type plants (McGrath and Long 2014). On the
other hand, we expect the optimal number of carboxysomes per chloroplast would be much
lower than 2700 due to the significantly higher catalytic rate of the cyanobacterial Rubisco and
altered metabolic flux through photorespiration upon installation of the cyanobacterial CCM in
the chloroplast.

Incorporating a functional microcompartment containing Rubisco and other internal
proteins is not sufficient for creating a complete CCM in plants.

Chloroplasts naturally contain carbonic anhydrase within the stroma (the soluble portion
of the chloroplast). Expression of stromal carbonic anhydrase must be prevented through RNA
silencing or mutagenesis in order for the carboxysome to function properly. In previous studies
with transgenic plants in which stromal carbonic anhydrase was knocked down, little effect on
photosynthetic efficiency in mature leaves was detected (Majeau et al. 1994, Ferreira et al.
2008). In cyanobacteria, when carbonic anhydrase was expressed in the cytoplasm (the
bacterial equivalent of the chloroplast stroma), the cells required high CO, because the carbon-
concentrating mechanism did not function (Price and Badger 1989).

In addition to the carboxysome, transporters will be needed to supply the chloroplast
with bicarbonate, which can then be converted to CO, by carbonic anhydrase within the
carboxysome. Heterologous expression of such transporters has already begun (Pengelly et
al. 2014, Atkinson et al. 2015). Transporters alone, without a microcompartment, are predicted
to be able to enhance photosynthesis (McGrath and Long 2014), but additional transporter
types and further engineering will be needed to realize potential gains.
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FIGURE LEGENDS

Figure 1. (a) Diagram of Rubisco-catalyzed reactions in C3 plants. Carboxylation of RuBP
initiates the Calvin Cycle and leads to production of carbohydrates. Oxygenation of RuBP
initiates photorespiration and results in the net loss of fixed CO, and NHs, and consumption of
energy. The carboxylation of RuBP by Rubisco and subsequent reactions in the Calvin Cycle
are shown in green arrows. The oxygenation of RUBP by Rubisco and the subsequent
photorespiration process are shown in red arrows. RuBP = Ribulose-1,5-bisphosphate; 3PGA =
3-phosphoglycerate; 2PG = 2-phosphoglycolate; G3P = glyceraldehyde 3-phosphate. (b)
Rubisco specificity (Scio) and maximum carboxylation rate (V¢) in tobacco (C3 model species),
wheat (C3 crop), limonium (L. gibertii, C3 with high specificity), maize and sorghum (C4 crops),
S. elongatus (cyanobacteria, B-carboxysome species) and Rhodospirilum rubrum (purple
bacteria, a-carboxysome species). Data are averages of values reported by: (Jordan and Ogren
1981, Jordan and Ogren 1983, Jordan and Ogren 1984, Makino et al. 1985, Parry et al. 1987,
Parry et al. 1989, Sage and Seemann 1993, Kane et al. 1994, Delgado, et al. 1995, Uemura et
al. 1996, Whitney et al. 1999, Whitney et al. 2001, Pearce 2006, Mueller-Cajar et al. 2007, Parry
et al. 2007, Kubien et al. 2008, Mueller-Cajar and Whitney 2008, Sharwood et al. 2008, Carmo-
Silva et al. 2010, Genkov et al. 2010, Whitney et al. 2011b, Occhialini, et al. 2016, Prins, et al.
2016).

Figure 2. (a) Structural model of B-carboxysome in S. elongatus PCC7942. Data on protein
location and assembly as described by Cameron et al., (2013). Please note that the role of
CcmO remains unclear although it is represented as pseudohexamers here. Carboxysome
model courtesy of Kevin Hines. (b) Operons present in S. elongatus PCC7942 (Heinhorst et al.
2014).

Figure 3. Transient expression of cyanobacterial shell proteins in Nicotiana benthamiana. (a)
Diffuse localization of CcmO-YFP within chloroplasts when CcmK2 and CcmL are absent. (b)
Formation of YFP fluorescent punctate loci (green) within the chloroplasts (red) of N.
benthamiana transiently expressing CcmK2, CcmL and CcmO-YFP. (c) and (d) Spherical
structures formed in plants transiently expression CcmK2-YFP, CcmL, and CcmO-YFP.
Microscopic images from Lin et al., (2014), with permission.

Figure 4. Schematics of gene arrangements in synthetic operons to express cyanobacterial
Rubisco from chloroplast. (a) Replacement of the tobacco rbcL gene with cyanobacterial
transgenes and a selectable marker by homologous recombination. (b) A typical gene
arrangement in a synthetic operon with two generic cyanobacterial genes, ccm1 and ccm?2.
Each gene is followed by a different terminator sequence denoted as T1 or T2. In the intergenic
region between ccml and ccm2, an intercistronic expression element (IEE) and a ribosome
binding site (RBS) are inserted immediately upstream of ccm2 for processing of the dicistronic
transcript into monocristronic ones for more efficient translation of the downstream gene, ccm2.
(c) Schematics of synthetic operons in four different constructs to express cyanobacterial
transgenes from the tobacco rbcL locus (Occhialini, et al. 2016). Se LS, Se SS, RbcX, and M35
represent rbcL, rbcS, rbcX, and ccmM35 genes from S. elongatus PCC7942 respectively. RBS:
ribosome binding site. Single (SD) or triple (SD18) Shine-Dalgarno sequences from T7 gene 10
(Drechsel and Bock 2011).
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Figure 5. (a) Relative size of wild-type (wt) and SeLS, SeLSX and SeLSM35 tobacco plants
when grown for 42 days in 3% CO,. (b) Rubisco content per leaf area in wt tobacco growing in
air vs. wt and transgenic lines growing in 3% CO.. (c-d) Localization of cyanobacterial Rubisco
in the chloroplast stroma of the SeLS (c¢) and SeLSYM35 (d) tobacco transplastomic lines
probed with anti-Se Rubisco antibody and a secondary antibody conjugated with 10 nm gold
particles (black circles or dots). Scale bars = 500 nm. Modified from Occhialini et al. 2016, with
permission.

Figure 6. Rubisco specificity (Scj0) and maximum carboxylation rate (V¢) in wild-type and SeLS,
SelLSX, SeLSM35 and SeLSYM35 transplastomic tobacco plants. Data from Occhialini et al.
(2016).

Figure 7. Diagram of carboxysomes in cyanobacteria and hypothetically in a chloroplast.
Diagram visualizes approximate relative size of S. elongatus cell and typical tobacco
chloroplast. A typical S. elongatus cell contains an average of 4 carboxysomes (Savage et al.
2010). However, modeling indicates more will be needed for adequate Rubisco to be present
(McGrath and Long 2014).
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